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平成 30 年度 箱守仙一郎賞 

（Sen-itiroh Hakomori Glycoscience Award 2018） 
 
東北糖鎖研究会（http://tohokut-tousa.strikingly.com）の世話人による厳正な審査

の結果、第二回箱守仙一郎賞の研究奨励賞および優秀論文賞の受賞者が決定し、

弘前で行われた第１２回東北糖鎖研究会で授賞式および奨励賞受賞講演が行われ

ました。 
 
奨励賞 

稲森 啓一郎  東北医科薬科大学分子生体膜研究所 機能病態分子学 准教授 
ガングリオシド生合成不全は肥満モデル KKAy マウスのレプチンおよびメ

ラノコルチンシグナルを改善する 
Deficient ganglioside synthesis restores responsiveness to leptin and melanocortin 
signaling in obese KKAy mice 

 
優秀論文賞 
目黒 康洋  東北大学大学院農学研究科 生物有機化学分野 博士後期課程二年 

Glycosyl Bunte Salts: A Class of Intermediates for Sugar Chemistry 
Organic Letters, 20, 76-79 (2018) 

 
村上 友太  福島県立医科大学医学部脳神経外科学講座 博士研究員 

Spontaneous intracranial hypotension is diagnosed by a combination of 
lipocalin-type prostaglandin D synthase and brain-type transferrin in cerebrospinal 
fluid 
Biochim Biophys Acta Gen Subj, 1862, 1835-1842 (2018) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
左より、井ノ口所長，村上友太博士、稲森啓一郎博士、目黒康洋さん(D2) 
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Abstract

Since the successful molecular cloning in 1998 of GM3 synthase (GM3S, ST3GAL5), the
enzyme responsible for initiating biosynthesis of all complex gangliosides, the efforts
of our research group have been focused on clarifying the physiological and patho-
logical implications of gangliosides, particularly GM3. We have identified isoforms of
GM3S proteins having distinctive lengths of N-terminal cytoplasmic tails, and found
that these cytoplasmic tails define subcellular localization, stability, and in vivo activity
of GM3S isoforms. Our studies of the molecular pathogenesis of type 2 diabetes,
focused on interaction between insulin receptor and GM3 in membrane microdo-
mains, led to a novel concept: type 2 diabetes and certain other lifestyle-related
diseases are membrane microdomain disorders resulting from aberrant expression
of gangliosides. This concept has enhanced our understanding of the pathophysio-
logical roles of GM3 and related gangliosides in various diseases involving chronic
inflammation, such as insulin resistance, leptin resistance, and T-cell function and
immune disorders (e.g., allergic asthma). We also demonstrated an essential role of
GM3 in murine and human auditory systems; a common pathological feature of GM3S
deficiency is deafness. This is the first direct link reported between gangliosides and
auditory functions.

1. INTRODUCTION

The presence of sialic acid at the surface of animal cell membranes

was first demonstrated in 1951 by Tamio Yamakawa.1 He isolated a sialic

acid-containing glycolipid, which he called “hematoside,” from 100 g of dried

ghosts obtained from 10 L of packed horse erythrocytes.1,2 Hematoside

(now termed “GM3 ganglioside”) is the first product in the biosynthetic

pathway of ganglio-series gangliosides, and the common precursor of complex

gangliosides, such as a- and b-series gangliosides (Fig. 1). Gangliosides are

expressed in a cell type-specific manner on the outer leaflet of cell membranes,

and interact with various molecules on plasma membranes and certain intra-

cellular membranes based on potentials of noncovalent bondings, for example,
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hydrogen bonding and electrostatic and hydrophobic interactions. Members

of the various ganglioside families participate in numerous cellular activities by

forming dynamic functional complexes termed “membrane microdomains”

or “lipid rafts.”3,4 Expression levels of cellular gangliosides are affected by

various extracellular stimuli, including inflammatory cytokines. The presence

of gangliosides in membrane microdomains thus reflects characteristics of

individual cells under various physiological and pathological environments.

Since molecular cloning of GM3S was achieved in 1988,5 the activity of our

research group has been focused on elucidating the biological functions

of GM3 and related gangliosides. Here, we review our recent discoveries

and advances regarding the molecular biology of GM3S, and the pathophys-

iological significance of GM3 and related gangliosides.6–8

2. MOLECULAR BIOLOGY OF GM3S/ST3GAL5

GM3S is a type II membrane protein having a catalytic domain in the

luminal side (Fig. 2). Human and mouse GM3Ss initially undergo modifi-

cation with two or three N-glycans, respectively, in the endoplasmic
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reticulum (ER).9 N-glycans are further modified in the Golgi apparatus,

and glycan structures are converted from high-mannose type (immature

form) to complex type (mature form). The presence of high-mannose

type sugar chains is essential for enzyme activity.9 Lactosylceramide

(LacCer), the acceptor substrate for GM3S, is synthesized in the luminal

side of Golgi.10 CMP-sialic acid, a donor substrate for GM3 synthesis, is

synthesized in cytosol and transported to the luminal side by CMP-sialic

acid transporter localized in Golgi.11 GM3 synthesis occurs subsequently

in the luminal side of trans-Golgi.12 This section describes regulation

of intracellular dynamics of three GM3S isoforms (M1, M2, and M3)

we discovered.
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2.1 Tissue Distribution of GM3S mRNATranscriptional Variants
Human GM3S has five mRNA variants,5,13–15 which are categorized into

a-, b-, and c-type based on differences in transcription start sites (TSSs).16

a-Type and b-type are further subdivided into a1- (type 1), a2- (type 2),

b1- (type 3), and b2-type (type 4) based on differences in splicing. a2-Type is

expressed in a variety of tissues.16 c-Type (type 5) is expressed specifically and

exclusively in pancreas.15

Mouse GM3S has two transcriptional variants: a- and b-type.13,17 The

TSSs of these variants are very close, and their transcriptional regulation is

therefore considered to be similar. Tissue distribution of the two variants is

nearly identical.16 We recently discovered a liver-specific transcriptional

variant, c-type.18 The c-type TSS is located downstream and far away from

the TSSs of a- and b-type. We are currently investigating the liver-specific

expression mechanism of c-type.

2.2 Translation of GM3S Isoforms by Leaky Scanning System
In general, the first AUG codon is recognized by ribosomes as an initiation

codon (first-AUG rule).19 In mammals, the optimal context for recognition

of the AUG start codon is GCCRCCAUGG (underline: initiation codon;

R: A or G). When the first AUG residue is presented in a weak context, in

particular, lacking both R in position -3 and G in position +4, the first AUG

codon is sometimes skipped and a downstream AUG is recognized as an

initiation codon. This process is termed a leaky scanning system.19 By using

this system, GM3S isoforms (M1,M2,M20, andM3 in human;M1,M2, and

M3 in mice), each having a distinctive length of N-terminal cytoplasmic tail,

are translated from each mRNA variant. The lengths of isoforms M1, M2,

M20, and M3 are respectively 69, 42, 47, and 14 aa.

Three isoforms (M1,M2,M3) or two isoforms (M2,M3) were detected,

respectively, in cells expressing mouse a- or b-type variant. In contrast, one

isoform (M3) or two isoforms (M1 and M3) were detected respectively in

cells expressing human a1- or a2-type variant.16 M20 and M3 isoforms were

detected in cells expressing human c-type variant.20 Thus, the leaky scanning

system seems to elicit coexistence of various GM3S isoforms in cells.

2.3 Regulation of ER Export of GM3S by R/K-Based Motif
Transport of GM3S from ER to Golgi is the first regulatory step for GM3

synthesis. Glycosyltransferases are loaded efficiently into COPII vesicles

through interaction between [R/K](X)[R/K] motifs in the cytoplasmic tail
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and small GTPase Sar1, a COPII coated-protein.21,22 All GM3S isoforms

carry RR sequence just above the transmembrane domain. However, two

lysine residues located downstream of the RR sequence are also involved in

ER export signal [2R3R(X)5
9K(X)3

13K] in M3-GM3S.23 We therefore

propose this “R/K-based motif” as a new ER export signal (Fig. 2).

Formation of COPII-coated vesicles begins with conversion from Sar1-

GDP to Sar1-GTP by the guanine nucleotide exchange factor, Sec12.24

Sar1-GTP is anchored to ERmembrane and recruits Sec23–Sec24 complex

by interacting with Sec23.25 The Sar1-Sec23-Sec24 complex recruits

many cargo proteins containing ER export signals (DXE and FF sequences)

through interaction with Sec23 or Sec24 to generate a prebudding

complex.26–30 Sec23 also exhibits GTPase-activating protein activity for

Sar1-GTP.Once Sar1 forms a prebudding complex, Sar1-GTP is hydrolyzed

by Sec23 and is dissociated from prebudding complex.31 Prebudding com-

plex without Sar1 is unstable, but Sar1 is immediately reactivated by Sec12

and incorporated into the complex. When prebudding complex without

Sar1 contains unfolded proteins, it breaks before reassembly of Sar1-GTP

because of weak interaction between the proteins and Sec23/Sec24. The

GTP/GDP cycle of Sar1 thus functions as a selective sorting system for cargo

proteins.31 If R/K-based motif interacts only with Sar1, the cargo proteins

dissociate from prebudding complex when Sar1-GTP is converted to Sar1-

GDP. The interaction by itself is therefore insufficient for glycosyltransferases

to be efficiently concentrated in COPII-coated vesicles. Our current

hypothesis is that R/K-based motif functions as a guide to prebudding

complex through interaction with Sar1.23 Glycosyltransferases carrying

R/K-based motif may be transferred to other cargo proteins (receptors) in

prebudding complex.

2.4 Regulation of Retrograde Transport of M1-GM3S Isoform
by R-Based Motif
Among three isoforms, onlyM1-GM3S has a retrograde transport signal (R-

based motif) in its N-terminal cytoplasmic tail (Fig. 2).16 Accordingly, most

M1-GM3S is transported fromGolgi to ER byR-based motif, and localized

in ER. As R-based motifs interact with an acidic pocket of β-COP-δ-COP

complex in COPI subunits, proteins carrying R-based motif are efficiently

concentrated in COPI-coated vesicles involved in retrograde transport.32

R-based motifs must be positioned at a certain distance from the lipid bilayer

to function,33 indicating that R/K-based motif (ER export signal) just above

transmembrane domain cannot function as a retrograde transport signal. In
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vivo enzymatic activity of M1-GM3S is lower than those of M2-GM3S and

M3-GM3S. However, GM3 synthesis is not completely eliminated when

GM3S-KO cells express only M1-GM3S, suggesting that some M1-GM3S

is sorted to trans-Golgi by escaping retrograde transport.

What is the biological significance of ER targeting of M1-GM3S? One

possibility is that M1-GM3S has functions other than GM3 synthesis in

ER. For instance, protein O-fucosyltransferase (OFUT1) is known as a gly-

cosyltransferase localized in ER, similar to M1-GM3S.34 OFUT1 has an ER

targeting signal (KDEL-like motif) in its C-terminus and is localized in ER.

OFUT1 glycosylates the epidermal growth factor (EGF)-like domain

of Notch in Golgi, but displays Notch chaperone activity in ER.34

Glycosylation activity of OFUT1 is not necessary for chaperone activity.

The strong protein-protein interaction between OFUT1 and EGF-like

domain of Notch presumably allows the unusual function. In contrast,

GM3S recognizes the glycosphingolipids (GSLs), LacCer and galactosylcer-

amide (GalCer) as substrates. GM3S does not display sialylation activity toward

lactose and N-glycans of glycoproteins,17 so the active site of GM3S presum-

ably recognizes both carbohydrate (hydrophilic) and ceramide (hydrophobic)

portions. The partial hydrophobic pocket may interact with unfolded proteins,

but the folding site is limited within the lipid bilayer. It therefore seems

unlikely that M1-GM3S is involved in protein folding, in contrast to OFUT1.

Another possibility is that M1-GM3S regulates expression levels of

M2-GM3S and M3-GM3S in Golgi. As indicated by expression patterns

of mRNA variants in tissues, three GM3S isoforms usually coexist within a

single cell. All GM3S isoforms are capable of interacting with each other

(unpublished data); therefore, M2-GM3S and M3-GM3S may partially

localize in ER by coexpression with M1-GM3S. Total amounts of GM3S

isoforms in Golgi are consequently maintained at low level. We were able to

establish stable clones expressingM2-GM3S orM3-GM3S only at low level,

but easily established stable clones expressingM1-GM3S at high level. These

findings suggest that excessive amounts of GM3S in Golgi are cytotoxic.

M1-GM3S may promote cell survival by suppressing accumulation of

M2-GM3S and M3-GM3S in Golgi.

2.5 Golgi Retention and Maturation of N-Glycans in GM3S
Golgi cisternae (cis, medial, and trans) are characterized by Golgi-resident

enzymes. In the cisternal maturation model, the Golgi apparatus is regarded

as a dynamic structure.35,36 According to this model, a new cis cisterna is
continually formed by vesicles supplied from ER, and progressively matures
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to a medial cisterna and then a trans cisterna. Retrograde transport of Golgi-

resident enzymes by COPI-coated vesicles explains their distinctive distri-

bution and Golgi retention. The (F/L)(L/I)XX(R/K) motif of Kre6, which

is involved synthesis of β1-6 glycans synthesis, functions as a Golgi retention
signal in Saccharomycescerevisiae.37 This motif interacts with Vps74 in COPI-

coated protein complex. Golph3 andGolph3L, the mammalian homologs of

Vps47, cannot function complementarily in vps47Δ strain and (F/L)(L/I)

XX(R/K) motif is not conserved in mammalian glycosyltransferases. Golgi

retention of enzymes in mammals therefore presumably occurs by other

mechanisms.

The half-life of M3-GM3S is longer than that of M2-GM3S, although

both are localized in Golgi.16We recently found that partial mutations of R/

K-based motif (R2A, R3A, R2A/R3A, K9A/K13A) in M3-GM3S lead to

altered localization from Golgi to endosomes and to rapid degradation,23

suggesting that R/K-based motif also functions as a Golgi retention

signal (Fig. 2). The motif is presumably involved in retrograde transport

from Golgi. Masking of R/K-based motif by the long cytoplasmic tail of

M2-GM3S may contribute to its low stability.

The differences of N-glycan structures among GM3S isoforms are note-

worthy. The N-glycan structure of M1-GM3S is high-mannose type (imma-

ture form), as evidenced by the immediate relocation ofM1-GM3S fromGolgi

to ER by R-based motif. The N-glycan structure of M2-GM3S localized in

Golgi is also high-mannose type, whereas that of M3-GM3S is complex type

(mature form).16The proportion ofmatureN-glycans inM3-GM3S is reduced

by mutations (R2A, R3A, R2A/R3A, K9A/K13A) of Golgi retention signal

(R/K-based motif).23 Our findings, taken together, suggest that Golgi-reten-

tion time of glycoprotein determines maturation level of N-glycans. For full

maturation of N-glycans, glycoproteins must undergo modification by several

glycosyltransferases in dynamic Golgi cisternae. A single passage through Golgi

is not sufficient to convert all glycosyltransferases to mature forms.

2.6 Perspectives
Our studies of GM3S isoforms help clarify the regulatory mechanism of

ganglioside synthesis in dynamic Golgi cisternae. Issues to be addressed in the

future studies include:

1. Determination of three-dimensional structure of GM3S by X-ray

crystallography.

2. Identification of molecules involved in ER export and Golgi retention of

GM3S.
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3. Examination of the heterooligomer formation by GM3S isoforms, and

cytotoxic effects of GM3S by the accumulation in Golgi.

4. Elucidation of N-glycan maturation mechanism through analysis of

N-glycan structures of GM3S isoforms and their mutants, which cannot

be tethered to Golgi.

Elucidation of the posttranslational regulation of GM3S will contribute

to more effective therapeutic strategies for pathological conditions resulting

from abnormal GM3 synthesis.

3. INSULIN RESISTANCE IN ADIPOCYTES AND
MACROPHAGES

Visceral adipose tissues are comprised of not only adipocytes; but also

immune cells, including resident macrophages, T lymphocytes, and other

types of cells.38–41 It remains unclear how interactions between adipocytes

and resident macrophages are affected by expression of specific GSLs. We

have shown that expression of GSLs and their corresponding synthase

genes in adipocytes is maintained by soluble factors secreted from resident

macrophages under not only inflammatory states, but also steady-state

physiological conditions. Obese GM3S-deficient mice fed a high-fat diet

were resistant to development of proinflammatory states in adipose tissues.

This section focuses on association of GM3 with metabolic syndrome, and

the physiological and pathological implications of GM3 present in adipose

tissues.

3.1 GM3 is an Inducer of Insulin Resistance
Insulin elicits a wide variety of biological activities, which can be categorized

into metabolic and mitogenic actions. Binding of insulin-to-insulin receptor

(IR) activates IR internal-tyrosine (Tyr) kinase activity. Tyr-phosphorylated

and activated IR is able to recruit and phosphorylate adaptor proteins, such as

IR substrate (IRS). Phosphorylated IRS activates PI3-kinase (PI3K).

Activated PI3K is translocated to lipid rafts and converts PIP2 to PIP3, and

PIP3 then recruits PDK1 to phosphorylate Akt. Full activation of Akt may

be required for signaling by phosphorylation of the other site by mTORC2

(mTOR complex 2).42 This IR-IRS-PI3K-Akt signaling cascade is a

representative metabolic pathway triggered by insulin, and results in trans-

location of glucose transporter 4 (GLUT-4) to plasma membrane to facilitate

glucose uptake.
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When mouse adipocytes were cultured in low concentrations of TNFα
that did not cause generalized suppression of expression of adipocyte genes

(e.g., IRS-1, GLUT-4), TNFα interfered with insulin action.43 Prolonged

treatment (≥72 h) was required for this effect, in contrast to many acute

effects of this cytokine. The slowness of the effect suggests that insulin

resistance in adipocytes treated with 0.1 nM TNFα was associated with

progressive increases in cellular GM3 content, GM3S activity, and GM3S

mRNA content, and that such treatment upregulates GM3 synthesis at the

transcriptional level in cultured adipocytes.44,45 In contrast, ceramide levels

under TNFα treatment increased transiently up to 6 h, and returned to

normal by 24 h. These observations reflect the distinct and independent

roles of GM3 and ceramides in development of insulin resistance in adipo-

cytes.44,45 To determine whether elevated GM3 in 3T3-L1 adipocytes

treated with TNFα is involved in insulin resistance, we used D-threo-1-
phenyl-2-decanoylamino-3-morpholino-1propanol (D-PDMP), an inhibi-

tor of glucosylceramide synthase,46 to deplete cellular GSLs derived from

GlcCer. D-PDMP treatment counteracted TNFα-induced increase of GM3

content in adipocytes, and reverted to normal the TNFα-induced defect in

Tyr phosphorylation of IRS-1 in response to insulin stimulation.7 These

findings are consistent with the observation that insulin signaling was

enhanced in GM3S-knockout mice.47 It has been reported that TNFα
treatment of adipocytes induces an increase in serine phosphorylation of

IRS-1.48 Such phosphorylation is important because immunoprecipitated

IRS-1 that has been serine phosphorylated in response to TNFα is a direct

inhibitor of IR Tyr kinase activity. We found that TNFα-induced serine

phosphorylation of IRS-1 in adipocytes was completely suppressed by D-

PDMP inhibition of GM3 biosynthesis, suggesting that TNFα-induced
increase of GM3 synthesis causes upregulation of serine phosphorylation

of IRS-1.45 An improved PDMP analog and a different type of GlcCer

synthase inhibitor,49,50 had therapeutic value when orally administered in

diabetic rodent models.

TNFα levels were fairly high in two obese diabetic rodent models

(Zucker fa/fa rats and ob/ob mice),48 but much lower in adipose tissues from

lean control animals. We, therefore, examinedGM3SmRNA expression in

epididymal fat of the diabetic models. Northern blot analysis showed that

GM3SmRNA content in adipose tissues of the twomodels was significantly

higher than in lean controls.45 TLC comparison of GM3 band mobility

revealed the appearance of GM3 species with lower mobility (i.e., more

hydrophilic) in the models.

160 Jin-ichi Inokuchi et al



We also examined GM3 expression in diet-induced obese (DIO) mice.51

Following 10 weeks of feeding, mean body weight of standard diet (SD) and

high-fat diet (HFD) groups were 31.0 ± 0.6 g and 46.0 ± 0.8 g and fasted

blood glucose levels were 137 and 203 mg/dL, respectively.51 GM3 level in

epididymal fat was threefold higher in HFD than in SD group. mRNA level

of GM3S gene was also threefold higher in HFD group.51

These findings strongly indicate that increased expression of GM3 in

abdominal adipose tissues tends to induce malfunctions of adipose tissue, for

example, chronic low-grade inflammatory states in obesity. In recent studies

of omental adipose tissues in obese and insulin-resistant women, adipocyte

hypertrophy, and macrophage infiltration were associated with increases of

GM3 content and GM3S gene expression.52 Therefore, drugs that target

GM3 biosynthesis may be useful for treating insulin resistance in obesity.

3.2 Insulin Resistance as a Membrane Microdomain Disorder
In studies of TNFα-induced insulin resistance in adipocytes, we showed

that transformation to a resistant state might result from increased GM3

biosynthesis following upregulation of GM3S gene expression. Increased

GM3 level during chronic exposure to TNFα may therefore suppress insulin

signaling.45 GSLs, includingGM3, are important components of lipid rafts.We

considered the possibility that increased GM3 levels in lipid rafts confer insulin

resistance in TNFα-treated adipocytes. We examined GM3-protein interac-

tionswithin plasmamembranes of living cells by performing cross-linking assay

with a photoactivatable, radioactive GM3 derivative. Adipocytes were prein-

cubated with [3H]GM3(N3) and then irradiated to induce crosslinking

of GM3. Target proteins were separated by SDS-PAGE and visualized by

autoradiography. A specific radioactive band corresponding to the 90-kDa

IRβ-subunit was immunoprecipitated with anti-IRβ antibodies, indicating

direct association of GM3 with IR. We concluded that IR forms complexes

with caveolin-1 and GM3 independently in 3T3-L1 adipocytes.53

Lipids are asymmetrically distributed in the outer and inner leaflets of

plasma membranes. In typical mammalian cells, most acidic phospholipids

are located in the inner leaflet, and acidic GSLs, such as sulfatides and

gangliosides are in the outer leaflet. Binding of proteins to lipid membranes

is often mediated by electrostatic interactions between protein basic domains

and acidic lipids. Gangliosides, which bear sialic acid residues, are ubiqui-

tously present in the outer leaflet of vertebrate plasma membranes. GM3 is

the most abundant ganglioside, and the primary ganglioside found in

adipocytes.54 Glycan chains of GSLs, including gangliosides are oriented
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at a defined angle to the axis of ceramide.55 GM3s spontaneously form

clusters via hydrophobic interaction between their own saturated acyl chains,

regardless of any repulsion between negatively charged sialic acids in the

glycan chains.56 GM3 clusters, together with other cell surface gangliosides,

thus form GSL-enriched microdomains (GEM) and produce a negatively

charged environment just above the plasma membrane. On the other hand,

IR has a sequence in its transmembrane domain, that is, homologous

(conserved) in mammals and presents the basic amino acid lysine (IR944)

just above the transmembrane domain. During lateral diffusion, electrostatic

interaction may occur between the lysine residue at IR944 and the negative

charge of GM3 cluster, because of their close topological proximity on the

plasma membrane. In a study using FRAP technique in living cells, we found

that the mechanism for dissociation of IR-caveolin-1 complex is based on

interaction of a lysine residue localized just above the transmembrane domain

of IRβ-subunit with GM3 clusters at the cell surface.53 Based on these

observations, we proposed a mechanism that determines insulin resistance

state through localization shift of IR from caveolae to GEM in adipocytes.

Insulin signaling in skeletal muscle was shown to be higher in GM3S
knockout (GM3S-null) mice than in wild-type (WT) C57BL/6 mice.47

On the other hand, inhibition of insulin signaling by exogenous addition

of saturated fatty acids into C2C12 myotubes was not eliminated by treat-

ment with a GlcCer synthase inhibitor (D-PDMP analog).57 The involve-

ment of GM3 in pathophysiology of insulin resistance in mammalian skeletal

muscle requires further study.

We explored the role of acyl chain length of ceramides in insulin signaling

using ceramide synthase 2 (CerS2)-null mice that lack the ability to synthe-

size very long acyl chain (C22-C24) ceramides.58 These mice did not display

IR or Akt phosphorylation in liver in response to insulin. The absence of IR

phosphorylation was correlated with its inability to translocate into deter-

gent-resistant membranes (DRMs). The properties of DRMs in the CerS2-

null mice differed significantly from those in WT mice, indicating that

altered sphingolipid acyl chain length directly affects IR translocation to

lipid rafts and subsequent signaling.

3.3 GM3 Functions as a Physiological Regulator for Insulin
Signaling and Adipogenesis
Visceral adipose tissues, particularly mesenteric adipose tissue, play key

roles in the pathogenesis of metabolic syndrome.38–40,59–63 To investigate

the fundamental characteristics of mesenteric adipocytes, we established a

162 Jin-ichi Inokuchi et al



physiologically relevant differentiation system in which rat mesenteric-

stromal vascular cells (mSVC) were induced to differentiate into mesen-

teric-visceral adipocytes (mVAC).64,65 We optimized the concentrations of

insulin and insulin-like growth factor (IGF-1) at levels comparable to those

in vivo: 0.85 and 200 ng/mL. IGF-1 and insulin were shown to function

synergistically; IGF-1 by itself enhanced CCAAT/enhancer binding pro-

tein alpha (C/EBPα) and adipocyte lipid binding protein (aP2) mRNA

expression, but in the absence of insulin at physiological concentration

IGF-1 did not induce lipid droplet accumulation associated with adipocyte

maturation.

We used the same differentiation system to elucidate the role of resident

macrophages in mesenteric adipose tissue in physiological adipogenesis.

Adipogenesis of mSVCs in the system was increased by removal of resident

macrophages, along with enhanced insulin signaling and concomitant

decrease of GSLs, including GlcCer, LacCer, and GM3. Phosphorylation

levels of IR and IRS-1 after insulin stimulation were enhanced by deple-

tion of macrophages, and protein level of IR per se was increased in

mSVCs.51

Levels of GSLs (particularly GM3) in preadipocytes and mature adipo-

cytes are thus precisely maintained by soluble factors secreted from resident

macrophages to control physiological adipogenesis (Fig. 3). Adipogenesis of

MEFs prepared fromGM3S-null mice was accelerated, in combination with

enhanced insulin signaling.51 GM3 is directly involved in insulin signaling

and adipogenesis.

3.4 Serum GM3 as a New Biomarker of Metabolic Syndrome
GM3 is the major ganglioside in serum and is associated with serum lipo-

proteins.66 We examined the relationships of serum GM3 levels with: (i)

adiposity indices, and (ii) metabolic risk variables.66 Serum GM3 levels were

significantly elevated in type 2 diabetes patients with severe obesity (visceral

fat area > 200 cm2, BMI > 30). GM3 level was positively correlated with

LDL-c (0.403, P = 0.012) in type 2 diabetes mellitus, but not related to

blood pressure. High levels of small dense LDL (>10 mg/dL) were associated

with increased GM3. Serum GM3 levels were affected by abnormalities of

glucose and lipid metabolism, and by visceral obesity. Small dense LDL levels

are associated with atherosclerosis development,67,68 and GM3 has been

detected in atherosclerotic lesions.67,68 Thus, GM3 is a potentially useful

marker for management of metabolic syndrome, including insulin resistance,

and for early diagnosis of atherosclerosis.
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The structural diversity of ceramide species arises from several types of

modification in N-acyl chains [chain length (C16-24); alpha hydroxyl-

ation; desaturation] and in sphingoid bases (d18:1, d18:0; hydroxylation at

C4), resulting in a large number of possible molecular species. We per-

formed LC-MS/MS analysis to identify serum GM3 molecular species in

125 Japanese residents.69 Individuals were categorized based on presence

versus absence of metabolic disease risk factors, including visceral fat

accumulation, hyperglycemia, and dyslipidemia. A total of 23 GM3

molecular species were identified, of which 8 were significantly elevated

in individuals with visceral fat accumulation and metabolic disease

(defined as the presence of hyperglycemia and dyslipidemia). All of the

GM3 molecular species were composed of sphingenine [d18:1(Δ4)], and
six of the eight elevated species contained α-hydroxylated acyl chains.

Hydroxylated GM3 species were, in order of decreasing abundance,

d18:1-h24:0 = d18:1-h24:1 > d18:1-h22:0 >> d18:1-h20:0 > d18:1-h21:0

> d18:1-h18:1. We conducted univariate and multiple linear regression
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Fig. 3 GM3 as homeostatic and pathogenic mediator in adipogenesis and insulin
signaling. Interactions between macrophages and adipose progenitor cells may
influence the number of preadipocytes and/or their differentiation capacity, and
induce adipose tissue dysfunction by inhibiting overall adipogenic capacity. Control
of GM3 levels is a potential therapeutic intervention strategy for restoring healthy
adipose tissue function in obese individuals, distinct from weight-reduction strategies.
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analyses using numerous clinical health variables associated with obesity,

type 2 diabetes, metabolic disease, atherosclerosis, and hypertension. GM3

(d18:1-h24:1) was selected as the best candidate for metabolic screening. This

molecular species showed significant correlation with intima media thickness

(a criterion for diagnosis of atherosclerotic disease in humans) and other

metabolic disease risk factors, including autotaxin, LDL-c, and homeostatic

model assessment insulin resistance (HOMA-IR).69

3.5 Pathogenic Control of Adipocytes by Increased Expression
of GM3
Adipose tissue macrophages are classified into two major subtypes: M1 and

M2. A concept ofM1/M2 polarization has been developed based on expres-

sion patterns of cytokines, surface markers, and metabolic enzymes.70 M1

macrophages are potent effector cells that produce inflammatory cytokines,

such as TNF-α, IL1-β, and IL-6. M2 macrophages are present as resident

cells in nearly all organs under physiological conditions, and help maintain

tissue homeostasis.71,72 They exert antiinflammatory effects by producing

IL-10 and arginase I enzyme (Arg1). IL-10 potentiates insulin signaling in

adipocytes,72,73 and Arg1 reduces nitric oxide synthesis and inflammation by

metabolizing arginine to ornithine.71 Consumption of HFD shifts cytokine

expression of murine adipose tissue macrophages from M2- to M1-like

patterns by decreasing expression of IL-10 and Arg1 and increasing expres-

sion of TNFα and iNOS.73

We analyzed gene expression profiles in epididymal adipose tissue of

GM3S-null mice fed with HFD, but not with SD.51 In comparison with

expression levels in GM3S+/� mice, proinflammatory cytokine TNFα was

significantly decreased, whereas antiinflammatory cytokine IL-10 was

increased. Levels of adiponectin were increased, while those of atherogenic

genes, such as PAI-1 and iNOS were reduced. M2 signature genes, such as

MGL1 and Arg1 showed increased expression in the GM3S-null mice.

Glucose tolerance test (GTT) and insulin tolerance test (ITT) both revealed

significant improvement of insulin resistance under HFD condition. Thus,

GM3 plays key roles in development of obesity-induced chronic low-grade

inflammatory states and of insulin resistance (Fig. 4).51

3.6 Perspectives
Adipocytes are more than inert energy depots; adipose tissue is a biologically

active organ responsible for important physiological processes, including

energy homeostasis and whole-body insulin sensitivity. Dynamic remodeling
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of adipose tissue architecture occurs during its expansion. Under positive

caloric balance, development of metabolic disease is more closely related to

how fat is stored (through adipocyte hypertrophy vs. hyperplasia) than simply

to the amount of stored fat. Inhibitors of adipogenesis were frequently

proposed in the past as potential antiobesity drugs. However, results from a

variety of recent mouse and human experiments indicate that adipogenesis

inhibitors are poor candidates for amelioration of metabolic disease states,

because limitation of fat cell expansion is associated with insulin resistance. It
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Fig. 4 Regulation of adipose tissue remodeling by GM3 during chronic positive energy
imbalance. Chronic positive energy imbalance [high fat diet (HFD)] leads to obesity.
Macrophage phenotype may affect the mechanism whereby adipose tissue expands. In
the obese state, an adipose tissue mass increase through hyperplasia and hypertrophy,
and the latter is associatedwith activation of stress signaling.When proinflammatoryM1
macrophages are predominant, the preadipocyte reservoir may be inadequate because
of reduced preadipocyte survival, proliferation, and/or adipogenic capacity. Energy
storage occurs via exaggerated adipose hypertrophy, resulting in dysfunctional
adipose tissue and contributing to an inflamed insulin-resistant state. Chronic
increase of GM3 through upregulation of St3gal5 gene by proinflammatory cytokines,
such as TNFα and IL-β may promote development of insulin resistance.45,53 In obese
St3gal5-deficient mice, insulin action was enhanced without any significant impact on
diet-induced obesity.51 These mice showed anti-inflammatory M2-like phenotypes in
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interleukin-10 (IL-10) in comparison with obese WT mice. IL-10 and adiponectin play
essential roles in maintaining insulin sensitivity of adipocytes.72,73
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was proposed over a decade ago that type 2 diabetes might result from

failure of adipocyte differentiation.74 This hypothesis is now generally

accepted, and has been supported by several independent lines of investiga-

tion in adipocyte biology.

Interactions between macrophages and adipose progenitor cells must be

considered, because macrophages affect numbers of preadipocytes and/or

their differentiation capacity, and induce adipose tissue dysfunction by inhi-

biting overall adipogenic capacity. The existence of resident and infiltrating

macrophages is well documented, and studies during the past decade suggest

that such macrophages are modulated in obesity and type 2 diabetes.

Proinflammatory TNFα75 and IL1-β76 are potent inhibitors of adipocyte

differentiation, and both of these cytokines induce insulin resistance in

adipocytes.77,78 TNFα expression is induced in adipose tissue of obese

diabetic rodents48 and humans.79 TNFα detected in adipose tissue has been

shown to be secreted from macrophages.80 These studies, taken together,

indicate that macrophages in adipose tissue produce TNFα and IL1-β, which
can inhibit differentiation of preadipocytes and induce insulin resistance in

mature adipocytes. Less attention has been paid to the ability of these cyto-

kines to induce insulin resistance by inhibiting adipogenesis. Recent studies

using new model systems demonstrate that limitation of adipose tissue

expansion is associated with insulin resistance. Mice that are very obese

but have unlimited adipose tissue expansion are metabolically healthy and

insulin-sensitive.81 Overall, these studies support the concept that adequate

numbers of differentiation-competent preadipocytes allow for hyperplastic

growth by preserving metabolic function in obesity.

As described earlier, our studies usingGM3S gene andGM3S-knockout
mice have shown that GM3 is crucially involved in both homeostatic adi-

pogenesis (by controlling insulin signaling) and development of obesity-

induced chronic low-grade inflammatory states and insulin resistance in

adipose tissue. GM3 expression in adipocytes is controlled by soluble factors

secreted from resident macrophages, to execute physiological adipogenesis.

GM3 expression in adipose tissue is further increased under obesity-induced

proinflammatory conditions, and GM3S-deficient mice fed a high-fat

diet are less likely to develop insulin resistance or chronic low-grade inflam-

matory states (Fig. 4).51 GM3 thus functions as a novel homeostatic and

pathogenic mediator in adipose tissue (Fig. 3).

Our findings provide a rationale for design of novel therapies against

metabolic syndrome (including type 2 diabetes) through inhibition of GM3

biosynthesis to maintain homeostatic insulin signaling. Extensive reduction
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of all complex gangliosides by inhibition of GM3 biosynthesis produces

widespread physical and chemical modifications of all cellular plasma mem-

branes, particularly of lipid microdomains, and is therefore drastic and of little

therapeutic value. Such extensive ganglioside depletion is not necessary

for treatment of metabolic disorders. We have demonstrated the effectiveness

of D-PDMP on impaired insulin signaling in TNFα-treated 3T3-L1 adipo-

cytes, and that normalization of elevated GM3 levels was sufficient to

ameliorate the state of insulin resistance.45

In humans, GM3 is expressed predominantly in insulin-responsive organs

(skeletal muscle, liver, adipose tissue) and lymphocytes. The presence of

GM3-enriched membrane microdomains (lipid rafts) reflects the character-

istics of individual cells. For accumulation of gangliosides in lipid

rafts, critical roles are played by hydrogen donors and acceptors; and the

abundance of (relative to phospholipids) long, saturated acyl chains in the

ceramide backbone of gangliosides. Structural diversity of sphingoid bases

and N-acyl chains in the ceramide moiety is essential in determining

the behavior of gangliosides in cell membranes, and the localization of lipid

rafts. A “sphingolipidomics” approach must be used to precisely characterize

the ceramide structures actually present in cell membranes.

4. LEPTIN SIGNALING AND RESISTANCE IN
HYPOTHALAMUS

Leptin is a 16-kDa protein required for maintenance of energy

homeostasis and body weight.82 White adipose tissue produces and secretes

leptin into the bloodstream, and circulating levels are correlated with body

fat content.83 Leptin signals adiposity status to the brain, particularly to the

mediobasal hypothalamus (MBH), which plays a key role in control of

feeding, body weight, and energy expenditure. Within the MBH, the arcu-

ate nucleus (ARC) is an important site of leptin action. The ARC contains

two interconnected groups of neurons. One group is orexigenic and releases

agouti-related peptide (AgRP) and neuropeptide Y (NPY). The other group

is anorexigenic and releases α-melanocyte-stimulating hormone (α-MSH),

generated from proopiomelanocortin (POMC) precursors, which binds to

melanocortin receptor 4 (MC4R) in the paraventricular nucleus (PVH) and

other hypothalamic regions, and exerts anorectic effects. NPY binds to its

cognate receptor, thereby stimulating feeding and reducing basal energy

expenditure. AgRP acts as an inverse agonist of MC4R and inhibits
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α-MSH activity.84 AgRP/NPY neurons and POMC neurons thereby

regulate melanocortin signaling in a coordinated manner to maintain energy

balance.

Elevated levels of leptin reduce food intake and body weight through the

long form of the leptin receptor, LepRb,85 which is highly expressed in

certain hypothalamic nuclei, including the ARC and ventromedial hypo-

thalamus (VMH). LepRb is expressed in both AgRP/NPY neurons and

POMC neurons. Leptin regulates energy balance by inhibiting neuronal

activity and expression of NPY and AgRP in AgRP/NPY neurons, and

promoting synthesis of α-MSH in POMC neurons.86 Leptin increase can

generate a strong, beneficial signal to prevent or reduce obesity. However,

leptin activity may be disrupted by development of leptin resistance, a

phenomenon defined by reduced ability to suppress food intake and body

weight gain.87

Gangliosides play important roles in neural development and func-

tions.88,89 Recent studies using ganglioside-deficient mouse models have

helped elucidate the functions of specific gangliosides in hypothalamic leptin

signaling.

4.1 Leptin Receptor Signaling
Leptin action is transmitted by long form receptor LepRb, which is highly

expressed in brain regions involved in control of feeding and energy expen-

diture.90 LepRb is a transmembrane receptor and a member of the class I

cytokine receptor family.85 Six LepR isoforms (LepRa, b, c, d, e, f) have been

identified in mice; they arise from the single Lepr gene by alternative mRNA

splicing,91,92 and have been categorized into three classes: secreted (LepRe),

short (LepRa, LepRc, LepRd, LepRf), and long (LepRb) forms. The six

isoforms share an N-terminal extracellular domain with the ability to bind

leptin, but differ in their C-terminal cytoplasmic domains. Only long-form

LepRb is capable of mediating leptin signaling. LepRb-deficient db/dbmice

have an obese phenotype similar to that of leptin-deficient ob/ob mice.93

LepRb has no inherent enzymatic activity, but produces a signal through

binding to a cytoplasmic Tyr kinase, Janus kinase 2 (JAK2).94 Leptin binding

to the extracellular domain of LepRb results in conformational change of the

receptor and JAK2 activation, and JAK2 subsequently phosphorylates other

Tyr residues within LepRb and JAK2 itself.95 Three tyrosine residues

in LepRb (Tyr985, Tyr1077, Tyr1138) undergo phosphorylation, and recruit

Src homology 2 (SH2) domain-containing proteins to the LepRb-JAK2

complex, thereby enabling JAK2 to phosphorylate these signaling proteins.96
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In addition to JAK2, certain members of the Src Tyr kinase family are involved

in control of leptin signaling. Phospho-Tyr1138 binds to the SH2 domain

of signal transducer and activator of transcription 3 (STAT3). STAT3 is sub-

sequently phosphorylated by JAK2, resulting in nuclear translocation and

transcriptional initiation of target genes including POMC and suppressor of

cytokine signaling 3 (SOCS3), a negative-feedback regulator of leptin signal-

ing.97 Numerous studies have demonstrated the essential role of the JAK2/

STAT3 pathway in antiobesity action of leptin in the brain. STAT5 is similarly

recruited to phospho-Tyr1077 in response to leptin, and phosphorylated and

activated by JAK2. Phospho-Tyr985 serves as a binding site for the SH2 domain

of protein Tyr phosphatase 2 (SHP2), which mediates leptin-dependent

activation of the extracellular signal-regulated kinase (ERK) pathway. The

SHP2/ERK pathway is also involved in the antiobesity effect of leptin.98,99

4.2 Leptin Resistance
Leptin resistance is a key risk factor for obesity. Diet-induced obese (DIO)

mice and obese human patients typically show high circulating leptin levels

and reduced responsiveness to leptin’s antiobesity effects.87 Even after exog-

enous leptin administration, obese subjects do not show reductions of

food intake or body weight.100 Various molecular mechanisms have been

proposed to explain leptin resistance; these include impairment of leptin

transport across the blood–brain barrier (BBB), suppressed leptin signaling,

and impaired leptin-targeted neural circuits.96,101

4.2.1 The BBB and Leptin Resistance
Circulating leptin, as an energy regulator, must across the BBB to reach the

neurons responsible for suppressing food intake and increasing energy

expenditure. Impaired leptin transport across the BBB has been observed

in obese mice,102,103 suggesting a possible cause of leptin resistance in obese

humans and rodents.104 The median eminence (ME), located on the floor of

the third ventricle, forms a BBB structure that regulates passage of metabolic

hormones and nutrients from blood to cerebrospinal fluid and energy-

sensing MBH neurons.105 Tanycytes, which are specialized radial glial cells

that line the walls of the third ventricle, have been identified as gatekeepers

controlling entry of leptin into the hypothalamus.106 Tanycytes express all six

LepR isoforms, activate STAT3 and ERK in response to leptin, and thereby

take up leptin through clathrin-coated vesicles. Internalized leptin is then

released into the MBH under the control of LepRb-ERK signaling. This

pathway is disrupted in DIO mice.
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4.2.2 Suppression of LepRb Signaling
In obese rodents and humans, chronically elevated levels of circulating leptin

activate an inhibitory negative feedbackmechanism, resulting in impairment

of LepRb signaling. SOCS3 is a member of a large family of cytokine-

inducible inhibitors of signaling. Its gene expression is induced by leptin,

and also by cytokines, such as interleukin-6.97,107 SOCS3 binds to JAK2 and

inhibits its kinase activity,108 and also inhibits LepRb signaling through

binding to phospho-Tyr985 of LepRb.109 Peripheral leptin administration

rapidly induces SOCS3 mRNA in the hypothalamus of leptin-deficient

ob/ob mice, but not of LepRb-deficient db/db mice.110 In leptin-resistant

obese mouse model Ay/a, SOCS3 expression in the ARC and dorsomedial

hypothalamic nuclei is elevated, suggesting that SOCS3 is a mediator of

leptin resistance in obesity. Mice with heterozygous Socs3 deficiency or

neuron-specific Socs3 knockout showed increased leptin sensitivity and resis-
tance to DIO,111,112 supporting the concept that SOCS3 is a physiological

negative regulator of LepRb signaling.

LepRb signaling is also suppressed by many other molecules, including

protein Tyr phosphatases (PTPs). PTP1B, a nonreceptor Tyr phosphatase

known to inhibit insulin signaling, suppresses LepRb signaling in vivo by

dephosphorylating and thereby inhibiting JAK2.113 PTP1B-null mice are

hypersensitive to leptin and resistant to DIO.113,114 Mice with neuronal

deletion or POMC-neuron-specific deletion of PTP1B show increased

leptin sensitivity and energy expenditure, and are less susceptible to

DIO.115,116 These findings suggest that increased PTP1B expression med-

iates leptin resistance in obesity.

4.2.3 Impairment of Downstream Signaling of LepRb
Melanocortin receptor 4 (MC4R) plays a central role as a leptin-targeted

neural circuit in energy homeostasis. MC4R gene mutations with associated

loss of function are the most common monogenic form of obesity in

humans.117 Mc4r-deficient mice develop obesity associated with hyperpha-

gia,118 and do not respond to the anorectic action of MTII, a synthetic

analogue of α-MSH.119 In Ay/amice, melanocortin signaling is systemically

disrupted by ectopic expression of agouti signaling protein (ASP), a homo-

logue of AgRP.120 Constitutive expression of ASP in theAy/a hypothalamus

blocks the effect of α-MSH and inhibits activation of MC4R, resulting in

disruption of hypothalamic control of feeding and energy expenditure, and

in development of leptin resistance.100 Downstream ofMC4R, expression of

brain-derived neurotrophic factor (BDNF) in the VMH is regulated by the
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leptin-MC4R axis, and inhibition of the BDNF/TrkB pathway results in

leptin resistance.121,122

4.3 Leptin Signaling in Ganglioside-Deficient Mice
Adult mammalian brain gangliosides consist mainly of a- and b-series gang-

liosides, such as GM1, GD1a, GD1b, and GT1b (Fig. 1).89 GM3S-deficient

mice that lack these ganglioside species have enhanced insulin signaling and

are less susceptible to DIO.47,51 On the other hand, GD1a has an enhancing

effect on EGFR activation.123 In a 2013 study of mice with deletion of

inducible neuron-specific Ugcg (the gene encoding GlcCer synthase),

Nordstrom et al. reported possible functions of neuronal ganglioside species

in LepR.124 These mice lacked gangliosides, as well as GlcCer and LacCer in

distinct populations of forebrain neurons following administration of tamox-

ifen. Loss of GlcCer synthase in hypothalamic neurons inhibited LepR

signaling, and the mice developed progressive obesity. The authors demon-

strated that GM1 andGD1a in hypothalamic neuronal cell line N-41 interact

closely with LepR, suggesting that these a-series gangliosides enhance the

action of leptin in hypothalamic neurons. Ji etal., in 2015 and 2016 studies,

showed that GD3 synthase (GD3S)-null mice, which lack all b-series gang-

liosides, show reduced leptin secretion from adipocytes and increased leptin

sensitivity.125,126 Serum leptin levels in the GD3S-null mice were strongly

reduced and leptin was accumulated in adipose tissues, indicating impaired

leptin secretion. Addition of exogenous b-series gangliosides intomedium of

primary adipocyte culture restored leptin secretion.125 These findings

suggest that b-series gangliosides are involved in leptin secretion from adi-

pocytes, although the mechanism is unknown. GD3S-null mice did not

develop obesity, even though levels of circulating leptin were greatly

reduced. Leptin signaling was altered in the hypothalamus of these mice.

LepRb signaling in the hypothalamus, as measured by phosphorylated

STAT3 levels, was enhanced in the mice, and GD3S overexpression in

N-41 cells reduced responsiveness to leptin.126 Increased levels of a-series

gangliosides in GD3S-null mice enhance leptin sensitivity, which may

explain the apparently normal energy expenditure observed.

An obese mouse model, KK-Ay, was established by introducing Ay
mutation into KK mice, resulting in more severe and earlier onset of obesity

and diabetic pathology.127 Based on our finding thatGM3S-null mutation in

C57BL/6 mice resulted in no overt difference in obesity phenotype relative

toWT,47,51 we introducedGM3S-null mutation in KK-Ay mice to evaluate

the pathophysiological roles of GM3 and related gangliosides in obesity.
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Whereas KK-Ay mice were hyperphagic and developed morbid obesity, the

KK-Ay/GM3S-null mice had much lower body weight and food intake,

comparable to values in control KK mice (unpublished data). The KK-Ay/

GM3S-null mice were less susceptible to central leptin resistance, suggesting

that GM3 and/or related ganglioside species negatively regulate hypotha-

lamic leptin signaling.

4.4 Perspectives
Numerous recent studies indicate that GM3 and related gangliosides

play essential roles in hypothalamic control of energy homeostasis. GM1

and GD1a have been implicated as positive regulators of leptin signaling.

KK-Ay/GM3S-null mice, which do not express a- or b-series ganglio-

sides, are less susceptible to leptin resistance. We observed enhancement of

leptin-dependent ERK phosphorylation in GM3S-deficient hypothalamic

neuronal cells (unpublished data), suggesting differential roles of specific

gangliosides in LepR signaling (Fig. 5). Altered expression of gangliosides

may also affect other signaling pathways (e.g., insulin signaling) involved

in hypothalamic control of feeding and energy balance.

[(Fig._5)TD$FIG]

Fig. 5 Leptin receptor-signaling pathway, and alterations in signals observed in
ganglioside-deficient models. Increased or decreased activation of each pathway
component is indicated by an arrow with respective color.
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There is increasing evidence for association of hypothalamic inflamma-

tion with development of leptin resistance and obesity.128 Activation of

inflammatory pathways in the hypothalamus is increased by DIO, even

without overt weight gain. GM3 levels are elevated in visceral fat of obese

model animals and in sera of obese patients.45,64,69 It is therefore conceivable

that inflammation resulting from DIO alters ganglioside expression in the

hypothalamus. Such alteration could affect interactions between neurons and

nonneuronal cell populations and play a pathophysiological role in regulation

of energy homeostasis.

5. T-CELL IMMUNITY AND IMMUNE DISORDERS

T cells are lymphocytes that have differentiated under the influence of

the thymus and are responsible for cell-mediated immunity. T-cell activation,

mediated by T cell antigen receptors (TCRs) in combination with costimu-

latory receptors, requires recruitment of both extracellular and intracellular

molecules into specific cell membrane regions termed “lipid rafts.”129 T cells

are functionally subdivided into T helper (Th) cells and T cytotoxic (Tc)

cells, which typically express specific cell surface molecules CD4 and CD8,

respectively. CD4+ Th cells and CD8+ Tc cells have distinctive immuno-

logical functions, but are similar in terms of mechanisms of TCR-mediated

signaling. Th and Tc cells have differing ganglioside levels and ganglioside

species composition, providing distinctive intracellular signaling events for

their respective immune functions.130 This section summarizes ganglioside

species-specific functions in activation of the two T cell subsets, and roles of

gangliosides in immune diseases.

5.1 Ganglioside Expression in CD4+ and CD8+ T-Cell Subsets
Gangliosides are classified into several series based on the absence (o-series)

or presence of one (a-series) or two (b-series) sialic acid residues linked

to the galactose residue in the second position from ceramide backbone

(Fig. 1).131,132 GM3, the simplest member of the a-series, is synthesized by

GM3S. GM3 can be altered by GM2/GD2 synthase (GM2/GD2S, also

termed B4galnt1) to form GM2 (a downstream a-series ganglioside), or by

GD3S to form GD3 (the simplest b-series ganglioside). GM2/GD2S also

elongates LacCer to form GA2, the simplest precursor of the o-series gang-

liosides. At each branching point in the various ganglioside biosynthetic
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pathways, competition among responsible enzymes determines the relative

expression levels of o-, a-, and b-series gangliosides.

T cells interact with and help activate antigen-presenting cells (APCs)

through a unique immunological synapse, and lipid rafts are involved in this

interaction.133–137 GM1 (a downstream a-series ganglioside) accumulates at

the site of contact between TCRs and beads coated with TCR-stimulating

antibodies in CD4+ T cells, but not in CD8+ T cytotoxic cells.138 GM1 and

GM3 define different types of raft membrane domains that segregate respec-

tively to the leading pole or the trailing uropod of polarized human

T cells.139 Expression of GM1 varies depending on cell type and develop-

mental stage, and staining with cholera toxin B subunit (CTx-B) is com-

monly used for visualization of rafts. CTx-B also reacts with an o-series

ganglioside termed extended-GM1b (Fig. 1). Elucidating the ganglioside

compositions of CD4+ and CD8+ T cells is essential for understanding

the role of rafts in differentiation, maturation, and activation processes of

these two T-cell subsets. Differences have been reported in ganglioside

composition of primary T-cell subsets freshly isolated from lymphoid organs

versus cultured T cells, including cloned cell lines and blasted cells stimulated

by concanavalin A.

Biochemical analyses (TLC, HPLC) of whole T cell populations have

traditionally been used to evaluate ganglioside expression patterns in primary

T cells. However, whole T cell populations (i.e., all cells that express TCRs)

are highly mixed populations, and such results are therefore of limited value

for studies of specific T cell subsets. Flow cytometric techniques allow

multiparameter analysis of target cells at the single-cell level, and therefore

provide a valuable tool for determining levels of specific gangliosides in each

T cell subset. Flow cytometric analyses using mAbs specific for various

gangliosides revealed differential ganglioside expression by mature CD4+

and CD8+ T cells.140,141 We used LC-MS/MS for structural analysis

of gangliosides in immature thymocytes, and in CD4+ and CD8+ T cells

isolated frommouse lymphoid organs.130 The twoT cell subsets both express

six ganglioside species (GM1a, GM1b, GD1b, GD1c, GalNAcGM1b,

extended-GM1b), but differ markedly in their expression levels of these

six species. Expression of o-series gangliosides (GalNAcGM1b, extended-

GM1b) increases greatly following differentiation of thymocytes to CD4+

and CD8+ T cells. Most of the gangliosides expressed in CD8+ T cells are

o-series. GM1b is expressed strongly in both subsets, whereas GM1a is

expressed strongly in thymocytes and CD4+ T cells; but at only trace levels

in CD8+ T cells.
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GM2/GD2S gene expression is markedly higher in CD4+ and CD8+ T

cells than in thymocytes. GM3S gene expression is higher in CD4+ T cells

and lower in CD8+ T cells relative to thymocytes.130 These gene expression

patterns account in part for the differential ganglioside expression profiles

during the differentiation processes from immature thymocytes to mature

CD4+ and CD8+ T cells. In regard to GD1c, CD4+ T cells can be separated

into GD1c-positive IL-2-producing Th1-like cells and GD1c-negative

IL-4-producing Th2-like cells.141 Thus, it is possible to classify T cell subsets

into distinctive functional subpopulations based on differences in ganglioside

expression profiles.

5.2 Ganglioside Expression in TCR-Mediated T Cell Activation
T cell activation is initiated and maintained by engagement of TCRs with

major histocompatibility complex (MHC)-peptide complex on APCs, and

by engagement of costimulatory molecules. CD4 and CD8 are coreceptors

that bind to nonpolymorphic regions of MHC and facilitate signaling by

TCRs during T cell activation. T cell activation requires recruitment of both

extracellular and intracellular molecules into specific cell membrane regions

(lipid rafts).

Cholesterol, a major raft lipid component, plays a key role in maintaining

raft structure. It fills the space between hydrocarbon chains of sphingolipids,

and functions as a “glue” holding the raft assembly together. Treatment with

drugs (e.g., methyl-β-cyclodextrin) that deplete cholesterol from cell mem-

branes typically results in disruption of raft-mediated cellular functions.142 In

spite of some concerns regarding side effects of the drug on signaling

events,143 experimental approaches involving methyl-β-cyclodextrin have

beenwidely used to document the important functions of cholesterol in rafts.

Many studies have been based on manipulation of cholesterol level in lipid

rafts, but a much smaller number have addressed the role of gangliosides in

raft functions.

We highlighted one important aspect of ganglioside expression in T cells

in our 2012 study of two strains of mice with distinctive genetic character-

istics.130 One strain, carrying a defective GM3S enzyme, expressed o-series,

but not a- or b-series gangliosides. The other strain had an altered form of

GM2/GD2S enzyme, and expressed GM3 and GD3; but no other ganglio-

sides (Fig. 1). In WT mice, expression of a-series GM1a is higher in CD4+

than in CD8+ T cells. In GM3S-null mice, CD4+ T cells show severe

impairment of TCR-mediated proliferation and cytokine production.

These defects are reversed by preincubation of cells with a-series
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(GM3, GM1a), but not with b-series gangliosides. Most gangliosides

expressed in WT CD8+ T cells are o-series (GA1, GM1b, GalNAcGM1b,

extended-GM1b). T cells from GM2/GD2S-null mice also show severe

impairment of TCR-mediated proliferation and cytokine production.

These defects are reversed by preincubation of cells with o-series GA1 and

GM1b, but not with a- or b-series gangliosides. These findings indicate that

the two T cell subsets have specific raft microenvironments involving dif-

ferent gangliosides, and that these raft microenvironments are the basis of

distinctive functions following TCR stimulation (Fig. 6). The two T cell

subsets, although they have common mechanisms of TCR-mediated signal-

ing, have differing cellular and molecular modifications. CD4 and CD8 are
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Fig. 6 Distinct expression signatures of ganglioside species during T-cell development.
Lineage commitment from thymocytes (CD4/CD8 double positive) to mature single
positive T cell subsets is accompanied by selective ganglioside expression. CD4+ T
helper (Th) cells express predominantly a-series gangliosides because of upregulation
of St3gal5 gene, while CD8+ T cytotoxic (Tc) cells carry o-series gangliosides because of
downregulation of St3gal5 and upregulation of B4galnt1 genes. Evidently, each T cell
subset has unique lipid rafts composed of differing ganglioside species, and these rafts
are the basis for distinctive functions in intracellular events following TCR-mediated
stimulation. The ganglioside selection process is thus essential for formation of distinct,
functional lipid rafts in mature T cells.
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localized to lipid rafts by palmitoylation (a process whereby lipids are attached

to other molecules), but raft localization is not determined solely by this

process.144,145 To ensure movement of CD4 and CD8 to specific, correct

locations on the membrane, it may be essential that these molecules interact

with rafts carrying specific ganglioside species. Specific roles of the various

gangliosides in regulation of membrane microenvironments remain to be

elucidated.

5.3 T Cell Gangliosides in Autoimmune and Allergic Diseases
Almost all T cells that recognize self or harmless antigens are killed or

inactivated in normal individuals. Failure of normal self-tolerance mechan-

isms leads to development of autoimmune and allergic diseases. The four

T helper cell subpopulations (Th1, Th2, Th17, Treg) produce different

cytokines and have distinctive effector functions, presumably based on

differing organization of TCR signaling complexes in lipid rafts.146 Lipid

composition of lipid rafts and TCR signaling ability differ in Th1 versus Th2

cells.147–150 Studies of clinical cases and mouse models indicate that some of

these disease processes are related to ganglioside composition of T cells; we

will review three of these diseases in this section.

Allergic asthma, a type 1 hypersensitivity reaction, is a manifestation of

immediate and late-phase reactions in the lung. Innate immune cells, such as

mast cells, basophils, and eosinophils are the effector cells of airway inflam-

mation.151,152 Adaptive immunity contributes to initiation of allergic

reactions. CD4+ T cells play a crucial role in production of Th2 cytokine

(IL-4 and IL-13), which then help B cells produce IgE antibodies specific for

the “harmless” antigens.153,154 We examined mechanisms of allergic airway

inflammation and airway hyperresponsiveness triggered by inhalation of

ovalbumin (OVA) antigen in OVA-sensitized mice. GM3S-null mice

showed striking reduction of allergic airway responses normally induced

by OVA inhalation, that is, extensive mucus hypersecretion (characteristic

of asthma), airway infiltration of inflammatory cells, OVA-specific IgE pro-

duction, and increased Th2 cytokine levels in serum.130 CD4+ T cells from

these mutant mice lack GM1a, and self-reactive CD4+ T cells display

enhanced GM1a expression resulting in persistence of abnormal cell activa-

tion.155,156 Karman et al. demonstrated suppression of airway inflammation

by administration of antisense oligonucleotides against GM3S gene.157

These findings indicate that a-series ganglioside GM1a is essential for

T helper cell function. The novel CD4+ T cell subsets Th17 and Treg were

described recently. In allergic airway inflammation, the balance between
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effector Th2 cells and suppressive Treg cells is skewed toward Th2 predom-

inance.158 It has been suggested that Th17 cells contribute to neutrophilic,

steroid-resistant severe asthma and enhance Th2-mediated airway inflam-

mation, although the precise role of Th17 cells in asthma remains unclear.159

GM3S-null mice displayed a reduction of Th17 cell number induced by in

vitro culture.160

Systemic lupus erythematosus (SLE), one of the most common autoim-

mune diseases, presents with multisystem clinical manifestations, including

rashes, arthritis, glomerulonephritis, hemolytic anemia, thrombocytopenia,

and central nervous system involvement.161,162 A variety of autoantibodies

are typically found in sera of SLE patients, and autoreactive T and B cells are

involved in pathogenesis of this disease. T cells from SLE patients have intrinsic

alterations of lipid components of lipid rafts.155,163,164 GM1a expression levels

in CD4+ T cells (but not CD8+ T cells) from SLE patients, in comparisonwith

healthy controls, are significantly higher. LacCer,GA2,Gb3,GM1a, andGD1a

are also upregulated in SLE CD4+ T cells.165 Increased GM1a expression is

moremarked inCD45RO-positiveCD4+T cells (memoryT cells) from active

SLE patients than from inactive SLE patients.155 Activated human T cells show

upregulation ofGM1a levels.155,164,166,167 GM1a expression is also enhanced in

self-reactive CD4+ T cells, resulting in persistence of abnormal cell activa-

tion.155,156 These findings, taken together, clearly indicate that gangliosides are

key factors in SLE pathogenesis and pathology. In a 2014 study by McDonald

etal., SLE CD4+ T cells were stimulated for 72 h with a combination of anti-

CD3 mAb, anti-CD28 mAb, and GlcCer synthase inhibitor NB-DNJ. In the

treated cells, expression levels of GM1a and LacCer were similar to those

observed in healthy controls, and defects in TCR signaling were partially

reversed.165 Expression levels of cellular GSLs are determined by the coordi-

nated effects of de novo synthesis, turnover, and recycling.168 The increased

GSL expression in SLE CD4+ T cells was associated with accelerated internal-

ization of GSLs from plasma membrane into intracellular compartments and

rapid recycling of GSLs back to plasmamembrane, resulting in a net increase in

plasma membrane expression. SLE T cells display both increased GSL biosyn-

thesis and accelerated trafficking to and from plasma membrane, which

presumably lead to aberrant accumulation of gangliosides in lipid rafts.169

Rheumatoid arthritis (RA), another common autoimmune disease, is

characterized by synovial inflammation associated with destruction of joint

cartilage and bone.170 Both cell-mediated and humoral immune responses

evidently contribute to RA development. Fluid around inflamed synovia

and joints contains numerous types of inflammatory cells (Th1 cells, Th17
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cells, activated B cells, macrophages) and cytokines (IL-1, IL-8, TNFα, IL-6,
IL-17, IFNγ).171,172 GM3 andGM3S gene expression levels were higher in

synovia of RA patients than in those of patients with osteoarthritis, which is

not an autoimmune disease.173 Progression of collagen-induced inflamma-

tory arthritis, a mouse model of RA, was accelerated in GM3S-null mice,

and induction of IL-17-producing cells in regional lymph nodes was

enhanced by collagen immunization.173 In another report, on the other

hand, GM3S-null mice exhibit a decreased number of Th17 cells induced

by in vitro culture.160 Future studies will clarify whether a-series gangliosides

expressed in Th17 cells are involved in RA development. CD4+ T cells

can be separated into GD1c-positive IL-2 producing Th1-like cells and

GD1c-nagative IL-4 producing Th2-like cells.141 It appears likely that each

subpopulation of CD4+ T cells has a unique, characteristic ganglioside

expression pattern in its lipid rafts, and these patterns are responsible for

specific functions of Th effector cells.

5.4 Perspectives
Results of numerous recent studies indicate that pathogenesis of allergic and

autoimmune diseases are controlled in part by a variety of lipid rafts with

differing ganglioside profiles in individual CD4+ T cell subsets. Differentiation

events of T cells in thymus are associated with differential ganglioside expres-

sion patterns in individual T cell subsets. The various subpopulations of

effector CD4+ T cells in peripheral lymphoid organs appear to have unique

ganglioside expression patterns in their rafts, which are responsible for specific

Th functions. Thus, the ganglioside selection process is essential for formation

of distinct, functional lipid rafts in mature T cells. Although allergic reactions

share certain common features, they differ greatly in the types of antigens

involved. Reduction of a-series gangliosides by GM3S inhibition, and

consequent modulation of ganglioside expression in lipid rafts, is potentially

a powerful technique for therapy of immune system disorders.

6. GM3S DEFICIENCY AND HEARING LOSS

6.1 GM3S Deficiency in Humans
GM3S deficiency is a rare neurological disorder in which mutations

of this enzyme result in a complete lack of GM3 and its downstream

biosynthetic derivatives. The clinical manifestations of GM3S
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deficiency include infantile-onset epilepsy, severe intellectual disability,

irritability, failure to thrive, blindness, choreoathetosis, and cutaneous

dyspigmentation. The disorder was first reported in Old Order

Amish174,175 and more recently in French and Korean families or

individuals.176,177

Infants with GM3S deficiency display feeding difficulties and vomiting

within the first few weeks after birth, which prevent normal growth and

weight gain. Seizures begin to occur within the first year and worsen over

time. Multiple types of seizures have been reported, and include symptoms,

such as muscle rigidity, convulsions, and loss of consciousness. Affected

children typically have severe intellectual disability and do not develop skills,

such as speaking, unsupported sitting, walking, and reaching for objects.

Vision and hearing abilities decline over time, although they are present

at birth.174–182 In some cases, there are alterations of skin coloring on the

arms, legs, and face (e.g., dark freckle-like spots or light patches),178 or

respiratory chain dysfunction.

Two homozygous mutations have been reported: c.862C>T

(p.Arg288*) and c.994G>A (p.Glu332Lys). The nonsense mutation

c.862C>T in Old Order Amish patients results in protein truncation

between sialyl motif L and S. The c.994G>A mutation in an

African–American family, within sialyl motif S, results in disruption of

sialyl motif S function (interaction with LacCer acceptor and a sugar

donor). The reported Korean patients had compound heterozygous

and missense mutations in sialyl motif L (c.584G>C/p.Cys195Ser, and

c.601G>A/p.Gly201Arg). These patients displayed various Rett-like phe-

notypes, but not epilepsy or blindness. These differences in symptoms may

reflect differences in the mutation region of ST3GAL5. Humans who lack

all a- and b-series gangliosides because of ST3GAL5 c.694C>T mutations

display major disruptions of auditory function, neonatal-onset hearing

impairment, weak or absent middle ear muscle reflexes (MEMRs) and

distortion product otoacoustic emissions (DPOAEs), abnormal auditory

brainstem response (ABR) morphology and thresholds, absent cochlear

microphonics (CMs), and delayed cortical auditory evoked potentials

(CAEPs). Absent DPOAEs and CMs indicate severe outer hair cell

(OHC) impairment. The presence of ABRs in seven of eight patients in

our 2015 study suggested at least partial inner hair cell (IHC) function.

However, numerous abnormalities revealed by MEMR and ABR testing

indicated significant dysfunction of IHCs and/or central auditory

pathways.181
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6.2 Significant Increase of GSLs During Postnatal Maturation of
Murine Cochlea
We investigated GSL expression inWTmurine cochlea during the postnatal

period of auditory system maturation. Mice began to recognize sound by

postnatal day 12 (P12), designated the “onset of hearing.” On P1, GM3 was

the dominant cochlear GSL. After P3, there were marked increases of

cochlear GM3 GlcCer, complex gangliosides (GM1, GD1a, GD3, GD1b,

GT1b), and sulfatides (SM3, SM4). In contrast, cerebral gangliosides

achieved stable, mature expression as early as P3.181

Significant alterations of ganglioside expression in murine cochlea after

P3 reflect their essential role in hearing onset.181 Following auditory matu-

ration, GM3 and GM1 are distributed discretely among IHCs, OHCs,

Deiters cells, and pillar cells of the organ of Corti (Table 1). Both IHCs

and OHCs express GM3, which is localized on the apical surface, cuticular

plate, and stereocilia. GM1 is the primary IHC ganglioside. It is also the

predominant ganglioside on the apical surface of supporting cells, but is

largely absent from OHCs.181

6.3 Glycocalyx Integrity and Membrane Cycling in
GM3S-Deficient Mice
Apical membranes of stereocilia are covered with a glycocalyx composed of

sialic acid-containing glycoproteins and glycolipids (including ganglio-

sides),183 creating a dense negative charge field that normally prevents fusion

of adjacent stereocilia. In animal models, aminoglycoside administration

reduced expression of sialoglycoconjugates in the OHC glycocalyx and

enhanced fusion of stereocili.184,185

To elucidate the roles of various ganglioside species in hearing, we

compared auditory function in GM3S-null versus GM2/GD2S-null mice,

which have distinctive GSL expression patterns within the organ of Corti.

GM2/GD2S-null cochlea had high GM3 content and was associated with

Table 1 Comparison of GM3 and GM1 Expression of Specific Regions in the Organ
of Corti at P14.

OHC IHC DC PC
Stereocilia Cuticular

Plate
Cell
Body

Stereocilia Cuticular
Plate

Cell
Body

Cell
Surface

Cell
Body

Cell
Body

GM3 ++ + � ++ + � � + �
GM1 � � � ++ + + ++ + +

DC, Deiters cell; IHC, inner hair cell; OHC, outer hair cell; PC, pillar cell.
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intact hair bundles and normal auditory function; whereas GM3S-null
cochlea had no GM3 and was associated with deafness. Confocal

laser microscopy with phalloidin staining revealed normal IHC and OHC

morphology in 4-week-old GM2/GD2S-null mice. In contrast, OHCs in

GM3S-null mice had blebs and intracellular vesicles composed of membra-

nous structures, indicative of lack of balance between endocytosis and

exocytosis.181 GM3 is expressed in IHCs and OHCs of WT mice, whereas

only IHCs express GM1. This may account for the observation that OHCs

in GM3S-null mice degenerate prior to IHCs.

6.4 GM3-Enriched Membrane Organization, PTPRQ-Myosin
VI Complex Localization and Hair Cell Morphology
Cochlear hair cells are specialized for auditory and vestibular transduction.

Projecting from their apical surface are filopodial processes (stereocilia) that

contain hundreds of cross-linked actin filaments. Proteins, such as uncon-

ventional myosins, Usher proteins, and deafness-related gene products

[protein Tyr phosphatase receptor Q (PTPRQ), cadherin23, protocad-

herin15, usherin, VLGR1] are expressed predominantly or exclusively in

stereocilia, forming a structured interactive network for mechanoelectrical

transduction.186

In the normal organ of Corti, functional PTPRQ-myosin VI complexes

are essential to maintain integrity of this network.187 PTPRQ, a shaft

connector at the tapered base of stereocilia, consists of an extracellular

domain with 18 fibronectin III (FNIII) repeats, a membrane spanning

domain, and a cytoplasmic domain having phosphatidylinositol and Tyr

phosphatase activities.187,188 Myosin VI is an actin-based motor protein

whose complex with PTPRQ mediates interactions between plasma mem-

brane and cytoskeleton.189 PTPRQ-deficient mice are deaf and have fused

stereocilia that do not taper at the base.190 Myosin VI-deficient mice are

also deaf and have comparable structural changes of hair cells, accompanied

by maldistribution of PTPRQ along the stereocilia.190–192

In bullfrogs (Rana catesbeiana), PTPRQ is colocalized with ganglioside-

richmembrane domains in basal stereocilia.193We examined the relationship

between gangliosides and basal PTPRQ-myosin VI complex by immunos-

taining (Fig. 7). PTPRQ is localized exclusively in bases of stereocilia in

WT murine IHCs. In contrast, in GM3S-null mice PTPRQ is maldistrib-

uted along shafts of fused stereocilia (Fig. 7B), and myosin VI is present from

base to midshaft but absent from distal regions (Fig. 7A). These structural

disruptions presumably result in loss of normal ciliary motor action. In
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OHCs of GM3S-null mice, myosin VI is expressed mostly at the cuticular

plate surface, close to vestigial kinocilia.

These findings, taken together, indicate that GM3-enriched membrane

microdomains are essential for formation and proper localization of

[(Fig._7)TD$FIG]
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Fig. 7 Maldistribution of protein Tyr phosphatase receptor Q (PTPRQ) and myosin VI in
stereocilia of GM3S-null mice. (A) Confocal images show stereocilia of inner hair cells
(IHCs) and outer hair cells (OHCs) from WT and GM3S-null mice stained for myosin VI,
(B) PTPRQ (green), and F-actin (phalloidin; magenta). (C) Schematic depiction of
maldistributed PTPRQ and myosin VI in GM3S-null IHC stereocilia.181
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PTPRQ-myosin VI complexes in hair cells. Aberrant expression

of PTPRQ-myosin VI complexes resulting from absence of GM3 alters

the structure of stereocilia and impairs their ability to transduce auditory

signals (Fig. 7C).

6.5 Perspectives
GM3 plays a specific and essential role in development, function, and

viability of cochlear hair cells. In humans with GM3S deficiency, hearing

is already impaired at birth. However, studies of auditory phenotype in

GM3S-null mice suggest that ganglioside addition may partially restore

auditory function during a critical postnatal “window.” These findings are

relevant to our understanding of hearing loss in humans with GM3S defi-

ciency, but do not explain the broader neurological phenotype associated

with this condition. Further studies are needed to more precisely character-

ize the role of lipid rafts generally, and GM3 specifically, in development and

function of the central nervous system.

New concepts and techniques are giving rise to novel strategies to reverse

hearing impairment. Oshima et al. generated functional hair cell-like cells

from embryonic and induced pluripotent stem cells.194 Such strategies will

help promote research on the auditory functions of GSL-enriched micro-

domains, and lead to new, more effective therapies to overcome hearing loss

in humans.

7. CONCLUSIONS AND FUTURE DIRECTIONS

Functional roles of GM3 have been investigated indirectly based on

addition of exogenous GM3 to culturemedium, or on depletion of precursor

GSLs by GlcCer synthase inhibitors.195 Results of these studies suggested

that GM3 is involved in transmembrane signaling through regulation of

growth factor receptor activities, and in cell adhesion and motility through

interaction with integrins and/or integrin-related molecule(s). However, it

was not possible to definitively conclude that the effects of exogenously

added or pharmacologically depleted gangliosides reflected the physiological

functions of endogenous GM3.

Our studies during the past decade using GM3S-null mice have

helped demonstrate the crucial roles of GM3 in diabetes, insulin resis-

tance, leptin resistance, helper T cell function, and hearing function. Our

findings provide a foundation for novel therapies against metabolic
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syndrome, type 2 diabetes, and immunological disorders (e.g., allergies),

based on inhibition of GM3 biosynthesis. Extensive depletion of all

gangliosides by GM3 biosynthesis inhibition results in excessive physical

and chemical modifications of all plasma membranes, and particularly

of lipid microdomains in membranes. However, effective treatment

of metabolic disorders will not require such extensive ganglioside deple-

tion. In our study of D-PDMP effect on impaired insulin signaling in

TNFα-treated 3T3-L1 adipocytes, normalization of elevated GM3 levels

was sufficient to restore proper insulin resistance status.130 We expect

that comprehensive studies of functional suprabiomolecular complexes

consisting of gangliosides and functional proteins in microdomains

will lead to a novel concept and strategy of “membrane microdomain

orthosignaling therapy.”

Our studies have shown that GM3 functions as a physiological regulatory

factor to maintain homeostasis in adipocytes by modulating insulin signal-

ing,45,51,53,130 and that serum GM3 concentration is elevated in patients with

metabolic syndrome.69 Further analysis of these sera by LC-MS/MS revealed

increased levels of GM3 containing very long acyl chains with or without

α-hydroxy modification (C24:0, αOH-C24:0), and reduced levels of GM3

carrying long acyl chains (C16:0, C18:0).69 Inflammatory cytokines, hypoxic

conditions, and ER stress increase the biosynthesis of GM3 in the adipocytes,

and inflammatory reactions in GM3S null mice are suppressed when these

mice are fed with high fat diets.51 Our ongoing studies are focused on

the molecular mechanisms underlying these responses. We have observed

that C24:0-GM3 and αOH-C24:0-GM3 induce secretion of inflammatory

cytokines when monocytes or macrophages are stimulated by TLR4 ligand,

LPS, or HMGB1; whereas C16:0-GM3, 18:0-GM3, and 24:1-GM3 suppress

secretion of inflammatory cytokines. The effects are triggered by induction

of TLR4/MD2 supramolecular complex formation and upregulation of

signal transduction. Based on these findings, we propose a novel inflammation

loop triggered by specific GM3 molecular species (MS submitted).
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Gangliosides [glycosphingolipids (GSLs) that contain 
sialic acid] are key components of membrane microdo-
mains, where they participate in a variety of biological 
processes, including cell growth, adhesion, and signal 
transduction (1). GM3, a precursor molecule in synthesis 
of a- and b-series gangliosides, shows increased levels in as-
sociation with obesity, inflammation, and certain metabolic 
diseases (2–4). GM3 synthase (GM3S)-null mice display en-
hanced insulin sensitivity and reduced development of 
high-fat diet (HFD)-induced insulin resistance and chronic 
low-grade inflammatory states (4, 5). Our group observed 
associations between numerous metabolic disease risk fac-
tors and GM3 molecular species in human serum (6).

The mediobasal hypothalamus, which includes the arcu-
ate nucleus (ARC) and paraventricular nucleus (PVH), 
plays essential roles in control of feeding, body weight, and 
energy expenditure. ARC contains two interconnected 
groups of neurons; one is orexigenic (appetite-stimulating) 
and releases agouti-related peptide (AgRP) and neuropep-
tide Y (NPY), while the other is anorexigenic (appetite-sup-
pressing) and releases �-melanocyte-stimulating hormone 
(�-MSH) produced from proopiomelanocortin (POMC) 
precursors. �-MSH binds to melanocortin receptor 4 
(MC4R) in PVH and other hypothalamic areas, and exerts 
anorectic effects. NPY binds to its cognate receptor, stimu-
lates feeding, and reduces basal energy expenditure. AgRP 
acts on MC4R as an inverse agonist and inhibits �-MSH (7). 
AgRP/NPY neurons and POMC neurons thus regulate 

Abstract GM3, a precursor for synthesis of a- and b-series 
gangliosides, is elevated in adipocytes of obese model ani-
mals and in sera of obese human patients with type 2 diabetes 
and/or dyslipidemia. GM3 synthase (GM3S)-KO C57BL/6 
mice display enhanced insulin sensitivity and reduced devel-
opment of high-fat diet-induced insulin resistance. However, 
the pathophysiological roles of GM3 and related ganglio-
sides in the central control of feeding and metabolism re-
main unclear. We found that a mouse model (KKAy GM3S 
KO) generated by KO of the GM3S gene in the yellow obese 
strain, KKAy, displayed significant amelioration of obese 
phenotype. Whereas KKAy mice were hyperphagic and de-
veloped severe obesity, KKAy GM3S KO mice had signifi-
cantly lower body weight and food intake, and greater glucose 
and insulin tolerance. The hypothalamic response to intra-
peritoneal administration of leptin was greatly reduced in 
KKAy mice, but was retained in KKAy GM3S KO mice. In 
studies of a cultured mouse hypothalamic neuronal cell line, 
enhanced leptin-dependent phosphorylation of ERK was ob-
served in GM3S-deficient cells. Furthermore, KKAy GM3S 
KO mice did show altered coat color, suggesting that GM3S 
is also involved in melanocortin signaling.  Our findings, 
taken together, indicate that GM3-related gangliosides play 
key roles in leptin and melanocortin signaling.—Inamori, 
K-i., H. Ito, Y. Tamura, T. Nitta, X. Yang, W. Nihei, F. Shishido, 
S. Imazu, S. Tsukita, T. Yamada, H. Katagiri, and J-i. Inokuchi. 
Deficient ganglioside synthesis restores responsiveness to 
leptin and melanocortin signaling in obese KKAy mice.  
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melanocortin signaling in a coordinated manner to main-
tain energy balance.

Leptin, an adipocyte-derived circulating hormone whose 
expression is correlated with adipose mass, is essential for 
maintenance of energy homeostasis and body weight. In-
creased levels of leptin lead to reduction of food intake and 
body weight through the long form of its receptor, LepRb 
(8), which is highly expressed in ARC, ventromedial hypo-
thalamic nucleus, and other hypothalamic nuclei. LepRb is 
expressed in both AgRP/NPY neurons and POMC neurons. 
Leptin inhibits AgRP neuronal activity and NPY and AgRP 
expression in AgRP/NPY neurons, and stimulates POMC 
synthesis in POMC neurons (9).

Diet-induced obesity leads to a state of low-grade inflam-
mation in peripheral insulin target tissues that is associated 
with development of insulin resistance and type 2 diabetes 
(10). Diet-induced activation of inflammatory pathways in 
the mediobasal hypothalamus has been reported (11). 
There is increasing evidence for an association between hy-
pothalamic inflammation and development of leptin resis-
tance and obesity (12), but the detailed molecular basis for 
such an association is unclear.

An obese diabetic mouse model, KKAy, was established 
by introducing Ay mutation into strain KK, resulting in ec-
topic expression of agouti signaling protein (ASP), which 
is homologous to AgRP. ASP acts as an antagonist at the 
melanocortin 1 receptor (MC1R) on hair follicular mela-
nocytes to block �-MSH-induced eumelanin production, 
resulting in the subterminal band of pheomelanin (13). In 
the KKAy mouse, it is believed that the ectopic expression 
of ASP causes obesity due to disruption of melanocortin 
signaling outside the hair follicle. Onset of obesity and dia-
betic pathology appear earlier and are more severe in 
KKAy mice than in KK mice (14, 15). We and Proia’s group 
observed previously that body weight following a HFD feed-
ing regime did not differ significantly between GM3S-null 
C57BL/6 mice and WT mice (4, 5). In the present study, 
we generated GM3S-null mice in a KKAy genetic back-
ground (KKAy GM3S KO) to evaluate the pathophysiologi-
cal roles of GM3 and related gangliosides in obesity. KKAy 
mice are hyperphagic and typically develop leptin resis-
tance and morbid obesity. In contrast, KKAy GM3S KO 
mice were less likely to develop leptin resistance and had 
significantly lower body weight and food intake, compara-
ble to values in control KK mice. The coat color was grayish 
in homozygous KKAy GM3S KO mice, but yellow in hetero-
zygotes (similar to KKAy mice), suggesting that GM3 is 
involved in melanin synthesis, possibly through MC1R sig-
naling. Our findings indicate that GM3 and/or related 
ganglioside species play an essential role in leptin and mel-
anocortin signaling.

MATERIALS AND METHODS

Reagents
Phospho-STAT3 (Tyr705, D3A7), STAT3 (79D7), ERK1/2, 

and c-fos antibodies were from Cell Signaling Technology (Beverly, 

MA). Phospho-ERK (E-4) antibody was from Santa Cruz Biotech-
nology (Santa Cruz, CA). Recombinant mouse leptin was from 
R&D Systems (Minneapolis, MN).

Generation of GM3S-deficient mice in KK/KKAy 
background

KK (a/a) and KKAy (Ay/a) mice were from CLEA Japan. GM3S 
(St3gal5)-deficient mice were generated from C57BL/6 mice as 
described previously (16). These mice were backcrossed over 
eight times into the KK background, and KK/GM3S+/� or KK/
GM3S�/� females were crossed with KKAy males to obtain KKAy/
GM3S+/� mice. Genotyping for the a/Ay alleles was performed by 
PCR of ear DNA using primers 5′-GGCCACACTTAGGGAGTTCA-3′ 
(forward primer for a ‘nonagouti’ and Ay ‘lethal yellow’ alleles), 
5′-TGCCTTATTCTGTTTTTGTTCC-3′ (reverse primer for a  
allele), and 5′-GGTTGGCCACCATGTCTAGT-3′ (reverse primer 
for Ay allele), according to the Jackson Laboratory website (KK.
Cg-Ay/J 002468). Genotyping PCR for the GM3S gene was per-
formed using the following primers: 5′-GGAATCCATCCCTTTTCT-
CACAGAG-3′ and 5′-TGAACTCACTTGGCATTGCTGG-3′ for WT 
allele, and 5′-ACTGGGCACAACAGACAATCGG-3′ and 5′-TG-
GATACTTTCTCGGCAGGAGC-3′ for the KO allele (17). KK and 
KKAy mice with WT GM3S alleles were used as control for each 
experiment. Body weight and food consumption were measured 
once per week.

GSL analysis
Lyophilized brain tissue was extracted with chloroform/metha-

nol 2:1, 1:1, 1:2 (v/v), in succession. Total lipids were purified, 
separated into acidic and neutral fractions, deesterified by metha-
nolysis, and analyzed by HPTLC as described previously (18).

RNA isolation, reverse transcription, and quantitative PCR
Total RNA was extracted using the RNeasy Lipid Tissue Mini 

kit (Qiagen). cDNA was generated from 500 ng of RNA, and 
quantitative PCR was performed on a StepOnePlus real-time PCR 
system (Applied Biosystems) using SYBR Premix Ex Taq II 
(TaKaRa Shuzo, Kyoto, Japan). Relative mRNA levels were calcu-
lated either by a standard curve and normalized to peptidylprolyl 
isomerase B (Ppib) expression or as 2–��±CT with glyceraldehyde-
3-phosphate dehydrogenase.

Glucose and insulin tolerance tests
Mice were either fasted for 16 h and administered glucose solu-

tion (1.5 g/kg body weight) orally or fasted for 6 h and injected 
intraperitoneally with insulin solution (0.75 U/kg body weight). 
Glucose levels in blood (from tail vein) at various time points be-
fore and after these treatments were measured with an Accu-Chek 
Aviva glucometer (Roche Applied Science).

Plasma parameters
Plasma levels of triglycerides (TGs), NEFAs, total cholesterol, 

and HDL cholesterol were determined using (respectively) the 
Triglyceride E-test kit, the NEFA C-test kit, the Cholesterol E-test 
kit, and the HDL-Cholesterol E-test kit (Wako Pure Chemical,  
Japan). Serum insulin and leptin levels were determined using 
ELISA kits (Morinaga Institute of Biological Science, Yokohama, 
Japan).

Generation of GM3S-deficient N41 cells
Exon 5 of the mouse St3gal5 (GM3S) gene, which contains the 

coding sequence for sialyl motif L, was chosen to design targeting 
guide RNAs using the online CRISPR Design Tool (19). A primer 
pair (5′-CACCGCAGGTACGCGAAGACGGCTA-3′ and 5′-AAAC-
TAGCCGTCTTCGCGTACCTGC-3′) was cloned into plasmid 
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pSpCas9(BB)-2A-GFP (Addgene; #48138). The plasmid was intro-
duced into embryonic mouse hypothalamic N41 cells (CELLutions 
Biosystems, Ontario, Canada) using a Nucleofector device with 
Cell Line Nucleofector Kit V (Amaxa), as per the manufacturer’s 
protocol. The above plasmid without targeting sequence served as 
control. GFP+ cells were isolated using a FACSAria II flow cytometer 
(BD Biosciences); clonal cell lines were obtained by limiting dilu-
tion; and expression levels of gangliosides were evaluated by TLC.

Leptin administration and immunohistochemistry
Intraperitoneal injection of leptin and immunohistochemical 

detection of c-fos protein were performed as described previously 
(20, 21). In brief, mice were fasted for 24 h, intraperitoneally in-
jected with either leptin (4 mg/kg body weight) or saline, anes-
thetized 2 h later with pentobarbital, and perfused transcardially 
with saline followed by 4% paraformaldehyde in PBS. Brains were 
removed, postfixed in the same fixative overnight, embedded 
in OCT compound (Sakura Finetek, Tokyo, Japan), frozen, and 
sectioned coronally (thickness 40 �m). Floating sections were 
pretreated for 10 min with 3% hydrogen peroxide, blocked with 
3% BSA for 1 h, incubated in c-fos antibody (dilution 1:2,000) for  
72 h at 4°C, washed, incubated with Simple Stain MAX-PO (Nichirei 
Biosciences, Tokyo, Japan) for 1 h, washed, incubated in 0.05% 
DAB solution for 10 min (for visualization of c-fos protein), 
stained with hematoxylin, dehydrated, and mounted on cover-
slips. The c-fos-positive cells in ARC were counted at regular inter-
vals in three sections for each animal.

Lentiviral construct and establishment of stably  
LepRb-expressing cells

To generate a lentiviral construct for stable expression of full-
length mouse leptin receptor (mLepRb), a 3.5 kb mLepRb cDNA 
fragment was subcloned into CSII-EF-RfA vector (developed by 
Dr. H. Miyoshi, Keio University, Tokyo, Japan and provided by 
RIKEN BioResource Research Center, Tsukuba, Japan). HEK293T 
cells cultured in DMEM supplemented with 10% FBS were trans-
fected with mLepRb/CSII-EF-RfA, pCAG-HIVgp, and pCMV-VSV-
G-RSV-Rev plasmids using Lipofectamine 2000 (Invitrogen), and 
incubated for 24 h at 37°C. Medium was replaced by fresh medium 
containing 10 �M forskolin, and cells were cultured for another 
24 h at 32°C. Lentivirus-containing supernatant was harvested by 
centrifugation at 200 g for 3 min. For lentiviral transduction of 
cultured N41 cells, the supernatant was added; the cells were incu-
bated for 24 h at 32°C; the temperature was increased to 37°C; the 
incubation was continued for 48 h; the medium was replaced; and 
the culture was continued for 1 week prior to experiments. Cells 
established by this procedure were designated as N41-LepRb cells.

Leptin treatment of N41 cells and immunoblotting
Phosphorylation assays of ERK and STAT3 were performed using 

N41 and N41-LepRb cells, respectively. Near-confluent cells were 
washed twice with DMEM, incubated for 2 h with DMEM containing 
0.5% FBS, stimulated for various durations with 0.5 �g/ml leptin, 
washed twice with ice-cold PBS, lysed, and analyzed by Western 
blotting with appropriate antibodies, as described previously (2).

Statistical analysis
Data were analyzed by Student’s t-test and ANOVA followed by 

Tukey’s post hoc test, using the GraphPad Prism software program.

RESULTS

Mouse strain KKAy was established in 1969 by Ay muta-
tion of strain KK, resulting in ectopic expression of ASP 

and associated hyperphagia, obesity, and hyperglycemia 
(22). To investigate the roles of GM3 and/or related gan-
gliosides in the pathogenesis of obesity, we knocked out 
the GM3S gene in KKAy to generate strain KKAy GM3S 
KO. These mice showed notable amelioration of obese 
phenotype in terms of reduced body weight, daily food in-
take, and blood glucose level (Fig. 1A–C). mRNA expres-
sion levels of ASP, Pomc, and Mc4r did not differ significantly 
in the hypothalami of KKAy versus KKAy GM3S KO mice 
(Fig. 1D). The coat color was grayish for KKAy GM3S KO 
homozygotes, but yellow (similar to KKAy) for heterozy-
gotes (Fig. 1E). The a/Ay genotype was confirmed by geno-
typing PCR (Fig. 1F) and it was found that whereas all the 
KKAy GM3S+/+ or GM3S+/� mice had yellow coat color, only 
6.1% of KKAy GM3S�/� mice had yellow and all of the rest 
had gray coat color. Brain ganglioside expression patterns 
for KKAy GM3S KO were similar to those reported previ-
ously for GM3S-deficient mice in a C57BL/6 background 
(5, 17). Brains of KKAy GM3S KO animals lacked a- and 
b-series gangliosides (GM1, GD1a, GD1b, and GT1b), the 
major ganglioside species in WT brain; rather, they ex-
pressed predominantly o-series gangliosides, such as GM1b 
and GD1� (Fig. 1H, I).

At age 14 weeks, the glucose tolerance of KKAy GM3S 
KO mice was significantly greater than that of KKAy mice 
(Fig. 2A). Even in the KK background, GM3S KO mice 
showed a slight improvement of glucose tolerance at age 
24 weeks (Fig. 2B), similarly to our previous findings for 
HFD-fed C57BL/6 GM3S KO mice (4). KKAy GM3S KO 
mice also showed greatly increased insulin tolerance at age 
24 weeks (Fig. 2C), and reduced expression levels of the 
gluconeogenesis genes, G6pc and Pepck, in liver (Fig. 2D). 
Plasma insulin levels at ages 16 and 24 weeks were low in 
KKAy mice, but significantly higher in KKAy GM3S KO 
mice, probably due to preserved insulin secretion (Fig. 3A). 
Plasma TG and non-HDL cholesterol levels at ages 10 and 
16 weeks in KKAy mice were higher than in KK mice, while 
these levels in KKAy GM3S KO mice were lower than in 
KKAy mice (similar to those in KK) (Fig. 3B, D). Plasma 
leptin levels at age 8 weeks in KKAy GM3S KO mice were 
significantly higher than in KKAy mice (Fig. 3E). HDL cho-
lesterol and NEFA levels did not differ notably between 
KKAy and KKAy GM3S KO mice (Fig. 3C, F).

KKAy mice develop obesity (associated with hyperglyce-
mia and hyperinsulinemia), hyperleptinemia, and leptin 
resistance (23). We examined possible changes in central 
responsiveness to leptin in KKAy GM3S KO mice. In KKAy 
mice, intraperitoneal injection of leptin had only a slight 
effect on neuron activation, as assayed by c-fos expression 
in ARC (Fig. 4A), supporting the concept that develop-
ment of obesity in these mice induces increased leptin re-
sistance. In contrast, injection of leptin in KKAy GM3S KO 
mice caused a notable increase of c-fos expression (Fig. 4A, B),  
indicating that responsiveness to leptin is maintained in 
these mice.

To examine the possible effects of loss of GM3S activ-
ity on leptin receptor signaling, we established a GM3S-
deficient mutant of mouse hypothalamic neuronal N41 
cells. We used the CRISPR/Cas9 system to target exon 5, 
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GM3S KO ameliorates hyperphagia and obese phenotype 1475

Fig. 1. GM3S KO prevented development of hyperphagia and obesity in KKAy mice. A–C: Body weight (A), food intake (B), and nonfast-
ing blood glucose levels (C) of KKAy and KK mice with or without deletion of the GM3S gene (GM3S KO) (n � 5 for each group). *P < 0.05, 
**P < 0.01 versus KKAy GM3S KO. D: Quantitative RT-PCR analysis of mRNA for ASP, Pomc, and Mc4r in KKAy and KKAy GM3S KO hypo-
thalami. White bar, KKAy; black bar, KKAy GM3S KO (n = 3 for each group). *P < 0.05, **P < 0.01 versus KKAy GM3S KO. E: Coat color 
phenotype of GM3S KO (GM3S�/�) observed in the KKAy (a/Ay) background. F: Representative genotyping PCR results for KKAy GM3S KO 
mice. Top panel: Genotyping results for the a/Ay allele. The a and Ay alleles generate PCR products of 839 bp and 163 bp, respectively. Coat 
color: B, black; Y, yellow; G, gray. Bottom panel: Genotyping results for GM3S KO. The WT and mutant alleles generate PCR products of 276 
bp and 120 bp, respectively. G: The percentage of yellow- or gray-coat-colored offspring compared with the total number of Ay/a offspring 
born with each GM3S genotype. The number of each group is indicated on the top of each bar. Because of the infertility of KKAy females, 
KKAy males (Ay/a, GM3S+/� or �/�) and KK females (a/a, GM3S+/� or �/�) were used for breeding. Data of the a/a offspring (black coat 
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which contains sialyl motif L, a conserved sequence motif 
essential for catalytic activity of mammalian sialyltransfer-
ases (24). GSL analysis showed that several obtained clones 
lacked GM3 and related gangliosides (Fig. 5A, left), but 
contained LacCer (Fig. 5A, right). A major GM1-like band 
(Fig. 5A, left) was found to be GM1 by LC/MS/MS multi-
ple reaction monitoring (supplemental data), and most 
likely GM1b, an o-series ganglioside also observed in KKAy 
GM3S KO brain (Fig. 1D). LepRb is highly expressed in the 
mediobasal hypothalamus and mediates anti-obesity sig-
naling by leptin via the Janus-activated kinase 2/signal 
transducers and activators of transcription 3 (JAK2-STAT3) 
pathway. The hypothalamic ERK pathway plays a key role 
in mediating control of food intake and thermogenesis by 
leptin (25). Leptin, at a concentration 0.5 �g/ml, greatly 
enhanced ERK phosphorylation in GM3S-deficient N41 

cells (Fig. 5B). In contrast, we could not detect STAT3 
phosphorylation by leptin, even at 1 �g/ml, in either pa-
rental or GM3S-deficient N41 cells (data not shown). To 
evaluate leptin-induced phosphorylation of STAT3, we es-
tablished stable expression of LepRb by lentiviral transfer 
of the mouse LepRb gene. LepRb-expressing cells responded 
to leptin at 0.5 �g/ml, and STAT3 phosphorylation was 
slightly reduced in GM3S-deficient cells (Fig. 5C). These 
findings indicate that the leptin-dependent ERK pathway 
was enhanced by deficient ganglioside synthesis in KKAy 
GM3S KO.

The observed coat color change and reduction of food 
intake and body weight in KKAy GM3S KO mice suggested 
that GM3 and related gangliosides play an important role 
in melanocortin receptor signaling. We examined possible 
effects of GM3 deficiency on MC4R signaling in HEK293T 

Fig. 2. GM3S KO-enhanced glucose and insulin tolerance in KKAy mice. A, B: Glucose tolerance tests at age 14 weeks (A) and 24 weeks 
(B). C: Insulin tolerance tests at age 24 weeks. D: Quantitative analysis of mRNA for G6pc and Pepck in liver at age 24 week (n � 4 for 
each group). *P < 0.05, **P < 0.01 vs. KKAy GM3S KO.

color) were excluded. H: TLC of acidic (left) and neutral (right) GSLs from KKAy (+/+) and KKAy GM3S KO (�/�) brains. GSLs were 
detected using orcinol-sulfuric acid reagent. The asterisks indicate o-series gangliosides whose biosynthesis is independent of GM3S [see text 
and references (5) and (17) for details]. (I): Biosynthetic pathway of ganglio-series gangliosides. GM3S is a sialyltransferase required for 
initiation of synthesis of a- and b-series gangliosides.

 at Tohoku M
edical and Pharm

aceutical U
niversity, on M

arch 4, 2019
w

w
w

.jlr.org
D

ow
nloaded from

 

.html
http://www.jlr.org/content/suppl/2018/06/07/jlr.M085753.DC1
Supplemental Material can be found at:



GM3S KO ameliorates hyperphagia and obese phenotype 1477

cells. Parental and GM3-deficient cells were transfected 
with the mouse Mc4r gene; intracellular cAMP production 
was evaluated; and G protein-coupled receptor activa-
tion was assayed by TGF-� shedding assay, as described 
previously (26), using �-MSH with or without synthetic 
mouse AgRP or ASP. No clear difference was observed be-
tween parental and GM3-deficient cells (data not shown; 
see Discussion).

DISCUSSION

Previous reports by our group and others have demon-
strated the increased insulin sensitivity of GM3S KO mice 
in a C57BL/6 background relative to WT mice. KO mice 
developed HFD-induced obesity (as did WT mice), but 
exhibited reduced development of insulin resistance 
and chronic low-grade inflammatory states (4, 5). In the 

Fig. 3. Blood parameters in KKAy GM3S KO and control mice. Blood plasma or serum samples were collected from mice fed ad libitum at 
the indicated times.Insulin (A), TG (B), HDL cholesterol (HDL Chol) (C), non-HDL Chol (D), leptin (E), and NEFAs (F) (n � 4 for each 
group). *P < 0.05, **P < 0.01.
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present study, we used a GM3S KO strain of obese mouse 
model KKAy to evaluate the pathophysiological effects of 
GM3 or related gangliosides in hyperphagic and obese phe-
notypes. The coat color was grayish in KKAy GM3S KO ho-
mozygotes, but yellow (similar to KKAy) in heterozygotes. 
The yellow Ay mutation (in the agouti gene) causes ectopic 
expression of the gene product, ASP, resulting in a switch of 
follicular melanocytes from synthesis of eumelanin (black) 
to phaeomelanin (yellow) through inhibition of MC1R sig-
naling as an endogenous antagonist, by blocking �-MSH 
(13). The observed coat color change of KKAy GM3S KO 
mice may suggest involvement of GM3/related ganglio-
sides in MC1R signaling in melanocytes, possibly through 
direct effect on MC1R function (e.g., cell surface expres-
sion or �-MSH binding) or direct or indirect modulation 
of ASP binding to MC1R, although functional analysis will 
be required to establish this point. Mutations of the GM3S 
(ST3GAL5) gene were identified in patients with salt-and-
pepper syndrome, an autosomal recessive neurocutaneous 
disorder characterized by altered skin pigmentation (27).

In contrast to the previous results from GM3S KO 
C57BL/6 mice, the obese model KKAy mice that have per-
turbed melanocortin signaling that thereby cause defects 
in the central control of feeding behavior, showed remark-
able reductions of body weight and food intake by GM3S 
KO, suggesting that the anti-obese effects observed in the 
present study are mediated at least in part by the central 
defects in the synthesis of GM3/ related gangliosides. 
Given that the reduced body weight and food intake in the 
KKAy GM3S KO mice were observed as early as 6 weeks of 
age, we believe that the food intake effects are central in 
origin. The observed food intake effects suggest that hypo-
thalamic MC4R function may also be modulated by GM3/
related gangliosides (Fig. 6, a schematic illustration of our 
current model). We used GM3-deficient HEK293T cells to 

examine �-MSH-dependent MC4R activation in the pres-
ence/absence of ASP and AgRP. For this assay, we used 
commercially available synthetic mouse ASP(93-132)-NH2 
and AgRP(82-131)-NH2, which are conserved Cys-rich C-ter-
minal domains sufficient for melanocortin receptor antag-
onism (28). The synthetic ASP and AgRP both strongly 
inhibited MC4R activation, but the inhibitory effect did not 
differ notably in parental versus GM3S-deficient cells. 
(data not shown). However, we cannot exclude a possibility 
that the cell system may not reflect the conditions in neu-
rons (e.g., intrinsic properties and ganglioside expression 
pattern) and thus, further investigation will be needed to 
conclude whether gangliosides are involved in the MC4R 
function.

Body weight and food intake were notably lower in KKAy 
GM3S KO mice than in KKAy mice, but no striking differ-
ence was observed between KK GM3S KO and KK mice 
(Fig. 1A, B). These findings suggest a function of GM3/
related gangliosides in hyperphagia and obesity develop-
ment, perhaps through altered ASP expression or function 
in KKAy mice. No significant changes were observed in Asp, 
Pomc, or Mc4r gene expression in KKAy GM3S KO hypo-
thalamus at age 6 weeks (Fig. 1D).

In the leptin administration experiments, KKAy GM3S 
KO mice were less susceptible to central leptin resistance 
than were KKAy mice. In GM3S-deficient hypothalamic 
neuronal cells, leptin-dependent STAT3 phosphorylation 
was slightly reduced, whereas leptin-dependent ERK phos-
phorylation was greatly enhanced, suggesting differential 
roles of specific ganglioside(s) in LepRb signaling. Numer-
ous studies have demonstrated an essential role of the 
JAK2-STAT3 pathway in the anorectic and metabolic ef-
fects of leptin. Leptin binding to LepRb activates JAK2, and 
JAK2 subsequently phosphorylates other Tyr residues within 
LepRb and JAK2 itself (29, 30). Phospho-Tyr1138 serves as a 

Fig. 4. KKAy GM3S KO mice retained leptin responsiveness in ARC. A: Representative images of basal (saline) and leptin-induced c-fos 
immunoreactivity in ARC of KKAy and KKAy GM3S KO mice (male, age 10 weeks). Fasted mice were injected intraperitoneally with either 
saline or leptin. ARC sections were stained with c-fos antibody. Scale bars: 300 �m. B: The c-fos positive cells in ARC were counted (n = 3 for 
each group). *P < 0.05.
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Fig. 5. Leptin-induced ERK phosphorylation was greatly enhanced in GM3S-deficient N41 cells. A: TLC of acidic (left) and neutral (right) 
GSLs from control and GM3S-deficient cell clones generated from N41 cells. Std, standard; Pa, parental cells; Cnt, control cells transfected 
with vector without targeting sequence. An asterisk indicates a GM1-like band, which is most likely GM1b, an o-series ganglioside. B, C: WT 
and GM3S-deficient cells were treated with leptin and then lysed at the indicated times. For pSTAT3 assay (C), the LepRb gene was introduced 
for stable expression (see text). The blots are representative of three independent experiments. Bottom: quantification of immunoblots  
(n = 3). *P < 0.05, **P < 0.01. D: Leptin receptor signaling pathway. Thick arrows: increased and decreased phosphorylation of ERK and 
STAT3 (respectively) observed in GM3S-deficient cells.
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binding site for STAT3, and STAT3 is subsequently phos-
phorylated by JAK2 and translocated to the nucleus to 
modulate expression of its target genes, which include 
POMC and suppressor of cytokine signaling 3 (SOCS3) (31). 
Protein tyrosine phosphatase 2 (SHP2) is recruited to 
phospho-Tyr985 in response to leptin, and phosphorylated 
by JAK2. Phosphorylated SHP2 can bind the adaptor pro-
tein, growth factor receptor-bound protein 2 (Grb2), 
which facilitates ERK activation. The SHP2/ERK pathway is 
involved in the anti-obesity effect of leptin (25, 32).

Nordstrom et al. (33) reported that loss of GlcCer syn-
thase in hypothalamic neurons inhibited LepRb signaling, 
using mice with deletion of inducible neuron-specific Ugcg, 
the gene encoding GlcCer synthase. These mice developed 
progressive obesity, and the obese phenotype was signifi-
cantly ameliorated by adeno-associated virus-mediated Ugcg 
delivery to ARC. GM1 and GD1a in N41 cells interacted 
with LepRb, suggesting that these a-series gangliosides en-
hance leptin signaling in hypothalamic neurons. In a study 
of GD3S-null mice, which lack all b-series gangliosides, Ji  
et al. (34) observed enhanced LepRb signaling in the hypo-
thalamus, as indicated by phosphorylated STAT3 levels. 
Overexpression of GD3S in N41 cells reduced responsive-
ness to leptin, supporting the concept that certain a-series 
gangliosides positively regulate LepRb signaling. The 
GM3S KO mice used in the present study lacked all a-series 
gangliosides (Fig. 1F, G), but still retained hypothalamic 
responsiveness to leptin. Our findings in GM3S-deficient 
N41 cells (Fig. 5B, D) suggest that GM3S KO mice may be 
protected from central leptin resistance by enhancement 
of leptin-dependent ERK phosphorylation. We speculate 

that there are at least two possibilities; that i) loss of GM3, 
GM1a, or GD1a or ii) increased GM1b, enhanced the 
ERK signaling. Future studies will address the detailed 
mechanism of this effect.

Increasing evidence indicates that hypothalamic inflam-
mation contributes to the development of leptin resistance 
and obesity (11, 12). A HFD may result in activation of in-
flammatory pathways in the hypothalamus even in the ab-
sence of notable weight gain. In animal obesity models, 
GM3 and GM3S gene expression is upregulated in adipose 
tissues (2, 4). In obese human patients, serum GM3 levels 
are elevated and associated with metabolic risk factors (3, 6). 
It is conceivable that ganglioside expression in the hypo-
thalamus is altered by HFD- and/or obesity-induced in-
flammation. Such alteration may play a pathophysiological 
role in the regulation of energy homeostasis through ef-
fects on receptor signaling involved in feeding behavior 
and energy expenditure.
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Cholesterol is an important component of cell mem-
branes. It is a precursor for biosynthesis of steroid hor-
mones and bile acids and is present in the circulatory 
system. Lowering cholesterol levels in plasma reduces the 
risk of coronary heart disease, a major cause of death in 
developed countries (1, 2). The transmembrane protein 
Niemann-Pick C1-like 1 (NPC1L1) plays an essential role 
in dietary cholesterol absorption and biliary cholesterol re-
absorption (3–5). NPC1L1 mediates cellular cholesterol 
uptake through vesicular endocytosis and is a target of the 
cholesterol absorption inhibitor ezetimibe (6–10). NPC1L1 
is localized in ganglioside-enriched membrane domains 
and requires lipid raft proteins flotillin-1 and -2 to create 
cholesterol-enriched membrane microdomains for effi-
cient cholesterol uptake (11, 12).

Gangliosides (glycosphingolipids [GSLs] that contain at 
least one sialic acid) are enriched in the outer leaflet of 
plasma membranes and concentrated in specialized mem-
brane microdomains, termed lipid rafts, that function as 
platforms for cell-cell interaction and cell signaling (13, 
14). The ganglioside monosialodihexosylganglioside (GM3), 
synthesized by GM3 synthase (GM3S), is a precursor of a-, b-, 
and c-series gangliosides, interacts with transmembrane 
receptors such as the epidermal growth factor and insulin 
receptors, and regulates receptor functions by creating a 
specialized lipid environment (15, 16). There is often a 
close functional relationship between gangliosides and 
flotillins in membrane microdomain organization (17, 18); 
however, no study to date has addressed the role of gangli-
osides in NPC1L1-mediated cholesterol absorption. We 
demonstrate in the present study that i) NPC1L1-dependent 
cellular cholesterol uptake is inhibited in GM3S-deficient 
cells and ii) genetic hypercholesterolemia, diet-induced 

Abstract Intestinal cholesterol absorption is a key regulator 
of systemic cholesterol homeostasis. Excessive dietary cho-
lesterol and its intestinal uptake lead to hypercholesterol-
emia, a major risk factor for cardiovascular disease. Intestinal 
cholesterol uptake is mediated by Niemann-Pick C1-like 1 
(NPC1L1), a transmembrane protein localized in membrane 
microdomains (lipid rafts) enriched in gangliosides and cho-
lesterol. The roles of gangliosides, such as monosialodihexo-
sylganglioside (GM3) and its synthesizing enzyme GM3 
synthase (GM3S), in NPC1L1-dependent cholesterol uptake 
have not been examined previously. Here, we examined 
NPC1L1-dependent cholesterol uptake in a cell model as 
well as in wild-type and apoE-deficient mice fed normal or 
high-cholesterol diets. We showed that NPC1L1-dependent 
cholesterol uptake was impaired in GM3S-deficient cells and 
that GM3S deficiency promoted resistance to hypercholes-
terolemia in both wild-type and apoE-deficient mice fed the 
high-cholesterol but not the normal diet.  Our findings sug-
gest that GM3 and related gangliosides are essential for 
NPC1L1-mediated intestinal cholesterol absorption and are 
potential targets for hypercholesterolemia therapy.—Nihei, 
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hypercholesterolemia, and the intestinal cholesterol ab-
sorption rate are reduced in GM3S-deficient mice. Our 
findings suggest that gangliosides, particularly GM3, are 
potential targets for hypercholesterolemia therapy.

MATERIALS AND METHODS

Animals
C57BL/6 mice and apoE-deficient mice (B6.KOR/stm Slc-Apoeshl) 

were from Japan SLC, Inc. (Hamamatsu, Japan). GM3S (St3gal5)-
deficient mice were generated in our lab as described previously 
(19). To generate ApoEshl/GM3S+/� mice, ApoEshl mice were crossed 
with GM3S�/� mice.

ApoEshl/GM3S�/� mice and littermate controls were generated 
by heterozygous mating. Mice were analyzed for the GM3S geno-
type by PCR and for apoE protein expression by immunoblotting 
as described previously (20, 21). Mice were fed a regular chow 
diet (CE-2; CLEA Japan, Tokyo, Japan) or high-cholesterol diet 
(Research Diets; New Brunswick, NJ) ad libitum. All animal ex-
periments were approved by appropriate institutional review board 
committees at Tohoku Medical and Pharmaceutical University.

Materials, antibodies, and plasmid
Cholesterol and lipoprotein-deficient serum were from Sigma-

Aldrich (St. Louis, MO), methyl-�-cyclodextrin (M�CD) and 
compactin were from Tokyo Chemical Industry (Tokyo, Japan), 
and ezetimibe was from AdooQ Bioscience (Irvine, CA). Rabbit 
anti-NPC1L1 antibody was from Novus Biologicals (Littleton, 
CO). Alexa 594-conjugated goat anti-rabbit IgG was from Thermo 
Fisher Scientific (Waltham, MA). pCMV6-hNPC1L1-turboGFP 
plasmid vector was from OriGene (Rockville, MD).

Cell culture
HEK293T cells were cultured in DMEM (Nacalai Tesque, 

Kyoto, Japan) supplemented with 10% FBS, 100 U/ml penicillin, 
and 100 μg/ml streptomycin at 37°C in a 5% CO2 atmosphere. 
Cholesterol-depleting medium was DMEM containing 5% lipo-
protein-deficient serum, 2 μM compactin, and 25 mM HEPES. 
Cholesterol-M�CD complex was prepared as described previously 
(22).

Generation of GM3S-deficient HEK293T cells
A single exon of the human ST3GAL5 (GM3S) gene containing 

the coding sequence for sialyl motif L was selected for the design 
of targeting guide RNAs using an online CRISPR design tool (23). 
Guide oligos (5′-CACCGCAAGACCTGTCGGCGCTGTG-3′ and 
5′-AAACCACAGCGCCGACAGGTCTTGC-3′) were annealed and 
inserted into plasmid pSpCas9(BB) (Addgene, Cambridge, MA). 
The plasmid was introduced into HEK293T cells using Lipo-
fectamine 2000 (Thermo Fisher) per the manufacturer’s instruc-
tions, clonal cell lines were obtained by single-cell cloning, and 
expression levels of gangliosides were evaluated by TLC.

Measurement of cellular cholesterol
Cells were seeded in DMEM in 60-mm dishes at a density of 8 × 

105 cells/dish and transfected at 24 h with the indicated plasmid 
using Lipofectamine LTX (Thermo Fisher) per the manufacturer’s 
instructions. The medium was replaced by cholesterol-depleting 
medium at 48 h, cells were cultured overnight, and cholesterol-
M�CD complex was added to the medium the next day. For ezeti-
mibe treatment, cells were preincubated with 30 μM ezetimibe for 
30 min, incubated with cholesterol-M�CD complex for 60 min, 

and washed with PBS, and total cellular lipids were extracted as 
described by Bligh and Dyer (24). Lipid extracts were dried by an 
N2 stream and resuspended in 1 ml 1% Triton X-100 in chloro-
form, chloroform was evaporated by an N2 stream, and detergent-
solubilized lipids were resuspended in 1 ml distilled water. Total 
cholesterol and phospholipid concentrations were determined 
using LabAssayTM cholesterol and phospholipid test kits (Wako 
Pure Chemical Industries, Osaka, Japan).

Visualization of living cells and fluorescence 
quantification

For time-lapse fluorescence imaging, cells were seeded onto  
35-mm glass-bottom dishes (Greiner Bio-One, Frickenhausen, 
Germany) coated with poly-L-lysine (Sigma-Aldrich) and trans-
fected at 24 h. The medium was replaced by cholesterol-depleting 
medium at 48 h, and cells were cultured overnight. Cholesterol-
M�CD complex was added to the medium the next day with or 
without 30 μM ezetimibe. Living cells were visualized by confocal 
laser scanning microscopy (FluoView FV1000; Olympus, Tokyo, 
Japan) for 60 min. The relative intensity of plasma membrane- 
localized NPC1L1-GFPturbo was quantified as described previously 
(6). The intensity at various time points was normalized relative 
to the intensity at time zero (defined as 100%). Fluorescence inten-
sity was calculated using the FluoView software program (Olympus).

Blood cholesterol and lipoprotein analyses
Plasma total cholesterol was analyzed using the Cholesterol 

E-Test kit (Wako Pure Chemical Industries) per the manufacturer’s 
instructions. Serum lipoproteins were analyzed by an HPLC sys-
tem at Skylight Biotech (Akita, Japan) according to the procedure 
described by Usui et al. (25).

Lipid and LC/MS/MS analyses
Lipids were analyzed as described previously (26). Intestinal 

samples were obtained by perfusing mice with saline and scraping 
off small-intestinal mucosa with a plastic spatula. LC/MS/MS 
analysis was performed as described previously (27).

Intestinal cholesterol absorption rate
The fecal dual-isotope ratio method (28) was used to deter-

mine the intestinal cholesterol absorption rate in 6- to 8-week-old 
ApoEshl mice and ApoEshl/GM3S�/� mice. Animals were orally ga-
vaged with 100 μL corn oil containing [14C]cholesterol (1 μCi) 
and [3H]sitostanol (2 μCi), feces were collected once per day 
for 3 days, and [14C]cholesterol and [3H]sitostanol levels were 
determined.

Cholesterol feeding and immunohistochemical  
analysis of NPC1L1

The mice were fasted for 16 h and then gavaged with 200 μL 
corn oil containing 40 mg/ml cholesterol, anesthetized after 
30 min, and perfused with saline. Intestinal tissues were removed, 
fixed in 4% paraformaldehyde in PBS, dehydrated in 30% sucrose 
overnight at 4°C, embedded in OCT compound (Sakura Finetek, 
Sendai, Japan), and frozen at �80°C. Sections (thickness: 8 μm) 
were prepared by cryostat, blocked with 3% BSA for 1 h, incu-
bated with anti-NPC1L1 primary antibody (1:200) for 24 h at 4°C, 
washed twice with PBS, incubated with Alexa 594-conjugated 
secondary antibody (1:500) for 30 min at room temperature, 
and viewed by fluorescence microscopy (Axioskop2; Carl Zeiss, 
Göttingen, Germany).

Statistical analysis
Data were expressed as mean ± SD, and means were compared 

by Student’s t-test or ANOVA followed by Tukey’s post hoc test.
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RESULTS

To evaluate the possible involvement of gangliosides 
(GM3) in NPC1L1-mediated cholesterol absorption, we first 
examined cholesterol content in control HEK293T and 
GM3S-deficient (GM3S KO) cells. The two cell lines were 

transfected with NPC1L1-GFPturbo, and cellular choles-
terol content was measured. GM3S deficiency had no effect 
on endogenous cholesterol levels (Fig. 1). In NPC1L1- 
expressing control cells, the cholesterol level was increased by 
cholesterol supplementation, and the increase was blocked 
by pretreatment with ezetimibe. In NPC1L1-expressing  

Fig. 1. GM3S deficiency inhibits cholesterol uptake 
via an NPC1L1-dependent pathway. NPC1L1-expressing 
control HEK293T cells and GM3S KO cells were  
incubated in cholesterol-depleting medium to reduce 
cellular cholesterol. For cholesterol replenishment, 
cholesterol-M�CD complex (30 μg/ml) was added 
directly to the medium, and cells were cultured for 
60 min with or without ezetimibe pretreatment. Total 
lipid extraction was performed, and cholesterol and 
phospholipid contents were measured. Cholesterol 
content was normalized relative to phospholipid con-
tent. **P < 0.01.

Fig. 2. Cholesterol-dependent internalization of 
NPC1L1-GFPturbo is ameliorated by GM3S depletion. 
A: Control HEK293T and GM3S KO cells were seeded 
in 0.001% poly-L-lysine-coated 35-mm glass-bottom 
dishes on day 0 and transfected with NPC1L1-GFPturbo 
on day 1. The medium was replaced with medium con-
taining 5% lipoprotein-deficient serum and 2 μM 
compactin on day 2 to deplete cellular cholesterol, 
and cells were supplemented with 60 μg/ml choles-
terol with or without ezetimibe treatment on day 3. 
Time-lapse images were taken by confocal microscopy. 
Representative images are shown. B: Quantification of 
plasma membrane-localized NPC1L1-GFPturbo in the 
cells shown in panel A. Intensity at time zero was de-
fined as 100%. *P < 0.05 for comparison of control 
versus GM3S KO.
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GM3S KO cells, cholesterol uptake was significantly lower 
than in control cells, and ezetimibe pretreatment had no no-
table effect (Fig. 1). Previous studies indicate that the dy-
namic translocation of NPC1L1 between the cell surface 
and intracellular region is essential for NPC1L1-mediated 

cholesterol uptake and that cholesterol is required for the 
active endocytosis of NPC1L1 (6, 10).

Next, experiments were performed to evaluate the  
effect of GM3S deficiency on NPC1L1 translocation. In 
control cells, cholesterol supplementation following 
cholesterol depletion resulted in the translocation of 
NPC1L1 from the plasma membrane to the intracellular 
region. In contrast, NPC1L1 translocation was much 
lower in GM3S KO cells and at a level similar to that of 
ezetimibe-treated cells (Fig. 2). These findings indicate 
the involvement of GM3 in NPC1L1-dependent choles-
terol absorption.

We accordingly hypothesized that experimentally in-
duced hypercholesterolemia in GM3S KO (GM3S�/�) 
mice can be ameliorated by inhibiting NPC1L1-mediated 
intestinal cholesterol uptake. To test this hypothesis, we 
crossed apoE-deficient, spontaneously hyperlipidemic 
mice (ApoEshl) with GM3S�/� mice and examined plasma 
cholesterol levels. Plasma cholesterol was not significantly 
reduced in GM3S�/� mice, whereas levels in ApoEshl/ 
GM3S�/� mice were strikingly lower than the high levels in 
ApoEshl mice (Fig. 3A). Next, we examined the possible re-
sistance of GM3S�/� mice to diet- induced hypercholester-
olemia. Plasma cholesterol levels were increased by a 
high-cholesterol diet in WT mice but not in GM3S�/� mice 
(Fig. 3B). These findings indicate that GM3S�/� mice were 
resistant to hypercholesterolemia induced by either apoE 
deficiency or a high-cholesterol diet.

Fig. 3. Hypercholesterolemia is ameliorated in GM3S KO mice. 
A: Plasma total cholesterol was measured in four groups as indi-
cated (n = 18–35 per group). B: Diet-induced hypercholesterolemia 
was normalized in GM3S KO mice. Plasma cholesterol levels were 
determined after 10 weeks of a normal diet (cholesterol-free; ND) 
or high-cholesterol diet (1.25% cholesterol; HCD) (n = 10–30 per 
group). **P < 0.01.

Fig. 4. Lipoprotein profiles of ApoEshl and ApoEshl/GM3S�/� mice. Lipoprotein-associated cholesterol levels in 16- to 18-week-old male mice 
were determined by HPLC. A, B: Representative HPLC patterns of (A) ApoEshl and (B) ApoEshl/GM3S�/� serum. A 5 �l serum sample was 
injected onto two tandem gel permeation columns and eluted with TSK eluent LP-1 at a flow rate of 0.7 ml/min. Pink lines represent cho-
lesterol, and blue lines represent triglyceride. Serum total cholesterol and total triglyceride levels are 587 ± 65 and 59 ± 33 mg/dl (A) and 
259 ± 75 and 35 ± 11 mg/dl (B), respectively. Lipoprotein subclasses determined from observed elution times are presented. C–F: Chylomi-
cron, VLDL, LDL, and HDL, respectively (n = 3 per group). *P < 0.05 and **P < 0.01.
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Plasma lipoprotein profiles were obtained for ApoEshl 
and ApoEshl/GM3S�/� mice. In ApoEshl/GM3S�/� mice, 
cholesterol content was significantly reduced in chylomi-
cron, VLDL, and LDL fractions but not in the HDL frac-
tion (Fig. 4). The reduction of cholesterol content was 
most striking for the chylomicron fraction (Fig. 4C), in-
dicating defective intestinal cholesterol absorption in 
these mice.

We next examined the GSL composition of intestinal 
mucosa, where NPC1L1-mediated cholesterol absorption 
occurs. It has been reported that intestinal GM3S expres-
sion level is high in neonatal mice and declines during the 
course of development (29). We detected GM3 expression 
in WT and ApoEshl mice by TLC and LC/MS/MS analyses. 
Trace amounts of GM3 molecular species were also de-
tected in GM3S KO mice (Figs. 5A, 6), likely as the result of 
a newly identified transcriptional variant in GM3S�/� mice 
generated by targeting exon 3 of the GM3S gene (30). Levels 
of neutral GSLs in intestinal mucosa were not notably 
altered in GM3S�/� mice (Fig. 5B).

To test the hypothesis that resistance to hypercholester-
olemia in GM3S�/� mice is due to impaired NPC1L1 func-
tion, we compared the intestinal cholesterol absorption 
rates of ApoEshl versus ApoEshl/GM3S�/� mice based on the 
oral administration of radiolabeled cholesterol. Uptake of 
cholesterol from the intestine was significantly lower in 
ApoEshl/GM3S�/� than in ApoEshl mice (Fig. 7).

It has been demonstrated that the oral administration of 
cholesterol in mice induces the translocation of NPC1L1 

Fig. 5. TLC analysis of ganglioside composition in mouse intesti-
nal mucosa. Acidic (A) and neutral (B) GSLs equivalent to 2 or 1 mg 
intestinal mucosa wet weight, respectively, were applied to plates.

Fig. 6. LC/MS/MS analysis of GM3 molecular species in mouse 
intestinal mucosa. Six species were detected (arranged according to 
abundance in WT mice).

Fig. 7. GM3 plays an important role in intestinal cholesterol up-
take. Mice (n = 5–6 per group) were orally gavaged with [14C]choles-
terol and [3H]sitostanol, and the cholesterol absorption rate was 
determined by the fecal dual-isotope ratio method as described in 
Materials and Methods. **P < 0.01.
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from the intestinal epithelial surface to the intracellular re-
gion (31, 32). We examined the possibility that GM3S  
deficiency impairs cholesterol-dependent NPC1L1 translo-
cation in vivo by immunostaining of intestinal NPC1L1. In 
both ApoEshl and ApoEshl/GM3S�/� mice, in the absence of 
cholesterol feeding, NPC1L1 localized mainly at the apical 
side of enterocytes (Fig. 8). Cholesterol feeding induced 
NPC1L1 internalization in ApoEshl but not in ApoEshl/ 
GM3S�/� mice. Taken together, these findings clearly indi-
cate that GM3 and/or related gangliosides are essential for 
NPC1L1-dependent intestinal cholesterol absorption.

DISCUSSION

The protein NPC1L1 is known to be localized in deter-
gent-resistant, ganglioside-enriched microdomains (11, 12, 
32). The role of gangliosides in NPC1L1-dependent cho-
lesterol absorption is unknown. Our previous studies have 
shown that GM3 plays key roles in certain metabolic disor-
ders and that the inhibition of GM3 biosynthesis may help 
ameliorate metabolic imbalance (27, 33, 34). Results from 
the present study indicate that GM3S deficiency promotes 
resistance to hypercholesterolemia by inhibiting NPC1L1-
mediated cholesterol uptake. NPC1L1-expressing GM3S 
KO cells displayed cholesterol uptake significantly lower 
than that of control cells (Fig. 1) and impairment of the 
cholesterol-dependent translocation of NPC1L1 from the 
plasma membrane to the intracellular region (Fig. 2).  
Consistent with these findings, GM3S�/� mice showed re-
ductions of intestinal cholesterol uptake and cholesterol-
dependent translocation of NPC1L1 (Figs. 7, 8). Plasma 

cholesterol levels in WT, GM3S�/�, ApoEshl, and ApoEshl/ 
GM3�/� mice are summarized in Fig. 3A. GM3S-deficient 
mice were resistant to hypercholesterolemia induced by 
the high-cholesterol diet, and the hypercholesterolemia 
characteristic of ApoEshl mice was significantly ameliorated 
in ApoEshl/GM3S�/� mice. On the other hand, plasma cho-
lesterol levels were similar for WT and GM3S�/� mice fed a 
normal diet. Taken together, these observations suggest 
functional involvement of GM3S in the exogenous pathways 
of cholesterol metabolism, including intestinal NPC1L1 
activity.

Developmental changes in intestinal GSL composition 
have been found to be synchronized with expression levels 
of intestinal nutrient transporters (29). The knockdown 
of intestinal glucosylceramide synthase resulted in re-
tarded growth and early death in mice because of de-
fects in intestinal intracellular vesicular transport (35). 
These studies suggest that GSLs are physiologically im-
portant for intestinal nutrient absorption, but they did 
not address the role of GSLs in the NPC1L1 pathway. It 
has been shown that NPC1L1 requires a cholesterol- 
enriched membrane microdomain to function as a cho-
lesterol transporter (11, 12, 32).

In the present study, cholesterol uptake by NPC1L1 was 
reduced in GM3S-deficient cells and mice. We therefore 
conclude that NPC1L1 requires not only cholesterol but 
also GM3 (or related gangliosides) to form functional 
membrane microdomains for cholesterol transport. Two 
possibilities can be considered: i) gangliosides interact di-
rectly with NPC1L1 via electrostatic interactions with mul-
tiple oligosaccharide chains to facilitate conformational 
change leading to translocation from lipid rafts to clathrin-
coated pits, and ii) gangliosides are required for the asso-
ciation of NPC1L1 with proteins such as flotillins. The 
present findings provide novel insights into the mecha-
nism of NPC1L1-mediated cholesterol absorption, which 
can be regulated by membrane lipid composition as well 
as by protein- protein interactions. The detailed mecha-
nisms whereby GM3 and related gangliosides function in 
NPC1L1-mediated cholesterol absorption remain to be 
elucidated.

Gangliosides, particularly GM3, and its synthesizing en-
zyme GM3S appear to be potential targets for hypercholes-
terolemia therapy. Genetic variation in NPC1L1 is closely 
associated with interindividual variation in response to 
ezetimibe (36). Moreover, the loss of ezetimibe-binding 
mutations in the extracellular loop of NPC1L1 has been 
reported (9). Taken together, one can speculate that muta-
tions in the region lead to unresponsiveness to the ezeti-
mibe treatment. Membrane lipid modification such as 
GM3S inhibition can be used regardless of the binding af-
finity of compounds to the NPC1L1 and provide an alter-
native therapy for nonresponsive individuals.

The authors are grateful to all members of the Inokuchi and 
Fukase laboratories for valuable scientific discussions and 
technical support, to the Tohoku Medical and Pharmaceutical 
University Center for Laboratory Animal Science for their services, 
and to S. Anderson for English editing of the manuscript.

Fig. 8. Immunostaining of NPC1L1 in the small intestine of 
ApoEshl and ApoEshl/GM3S�/� mice with or without oral cholesterol 
administration. Frozen sections were stained with anti-NPC1L1 an-
tibodies. Arrows: plasma membrane-localized NPC1L1. Arrowheads: 
internalized NPC1L1.
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Abstract

Sphingomyelin (SM) in combination with cholesterol forms specialized membrane lipid 

microdomains in which specific receptors and signaling molecules are localized or recruited to 

mediate intracellular signaling. SM-microdomain levels in mouse thymus were low in the early 

CD4+CD8+ double-positive (DP) stage prior to thymic selection and increased >10-fold during late 

selection. T-cell receptor (TCR) signal strength is a key factor determining whether DP thymocytes 

undergo positive or negative selection. We examined the role of SM-microdomains in thymocyte 

development and related TCR signaling, using SM synthase 1 (SMS1)-deficient (SMS1−/−) mice 

which display low SM expression in all thymocyte populations. SMS1 deficiency caused reduced 

cell numbers after late DP stages in TCR transgenic models. TCR-dependent apoptosis induced by 

anti-CD3 treatment was enhanced in SMS1−/− DP thymocytes both in vivo and in vitro. SMS1−/− DP 

thymocytes, relative to controls, showed increased phosphorylation of TCR-proximal kinase ZAP-

70 and increased expression of Bim and Nur77 proteins involved in negative selection following 

TCR stimulation. Addition of SM to cultured normal DP thymocytes led to greatly increased surface 

expression of SM-microdomains, with associated reduction of TCR signaling and TCR-induced 

apoptosis. Our findings indicate that SM-microdomains are increased in late DP stages, function 

as negative regulators of TCR signaling and modulate the efficiency of TCR-proximal signaling to 

promote thymic selection events leading to subsequent developmental stages.

Keywords: lipid raft, SM-microdomain, TCR signaling, thymic selection

Introduction

T-cell development in the thymus requires multiple stages 

to generate a T-cell population having a huge repertoire of 

antigen specificities but lacking autoreactivity determined 

by the T-cell receptor (TCR) (1–3). The early T-cell progeni-

tors, CD4−CD8− double-negative (DN) thymocytes, produce 

a  functional pre-TCR which promotes further development 

into CD4+CD8+ double-positive (DP) thymocytes. During 

the DP thymocyte stage, developing cells rearrange their 

TCRα genes and express a  mature TCR on their surface. 

Only cells that bear a TCR subsequently undergo both posi-

tive and negative selection to become mature CD4 or CD8 

single-positive (SP) thymocytes, which then exit the thymus 

to enter the peripheral circulation.

DP thymocytes that recognize major histocompatibility 

complex (MHC) molecules are either positively or negatively 

selected, depending on the  degrees of affinity and avidity 

of the  TCR for MHC–peptide complexes, and the  strength 

of intracellular signaling following TCR engagement (4, 5). 

Negative selecting ligands with high avidity induce stronger 

TCR signaling, leading to a variety of intracellular signaling 

cascades such as ERK5 and other MAPK activation path-

ways (6). These signaling pathways cooperatively trigger 
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overt expression of Nur77 family and proapoptotic Bim pro-

teins, resulting ultimately in mitochondrial dysfunction and 

apoptosis (7, 8). Both loss- and gain-of-function studies of 

TCR signaling regulators have demonstrated that the thresh-

old between positive and negative selection is defined by the 

balance between positive and negative signaling (9).

Studies during the past two decades have shown that the 

initial events of T-cell activation involve movement of the TCR 

into specialized membrane lipid microdomains, often termed 

‘lipid rafts’, on the cell surface (10). The structure of such 

microdomains plays a crucial role in efficiency of TCR signal-

ing; in both thymocytes and peripheral mature T cells, these 

microdomains are clearly involved in TCR signaling and in 

the  localization and function of proximally located proteins 

(11, 12).

The term ‘lipid raft’ was introduced by K.  Simons and 

E.  Ikonen because of the close association of cholesterol 

and various sphingolipids, including glycosphingolipids 

(GSLs) and phosphocholine-containing sphingomyelin (SM), 

as components of the detergent-resistant complex of signal-

ing molecules present in membrane lipid microdomains (13, 

14). Ganglioside-microdomains on the cell surface are easily 

detected using cholera toxin B subunit (CTx-B), which binds 

with high sensitivity and specificity to gangliosides GM1 and 

extended-GM1b (15, 16), and the role of these microdomains 

in thymocyte development has been extensively studied 

(17). However, the role of lipid microdomains in thymocytes 

remains controversial because (i) thymocytes express far 

fewer GSLs including gangliosides than do peripheral mature 

CD4 and CD8 T cells and (ii) GM1 and extended-GM1b are 

extremely minor ganglioside species in thymus (18). Popovic 

et  al. showed recently that conditional deletion very early 

in T-cell development of glucosylceramide synthase, a key 

enzyme in GSL biosynthesis, resulted in near-total absence of 

GSLs in DP thymocytes but had no effect on the development 

of conventional T-cell populations in the thymus (19).

Individual lipid species were recently shown to be localized 

in distinct, non-overlapping microdomains in plasma mem-

brane; e.g. GM1-microdomains, GM3-microdomains and 

SM-microdomains (20). Lactosylceramide-microdomains are 

directly involved in phagocytosis mediated by the integrin 

CD11b/CD18 and chemotaxis induced by a kind of beta-glu-

can from Candida albicans (21, 22). SM is the most abundant 

sphingolipid in mammalian plasma membranes and is accu-

mulated in TCR activation domains immunoisolated by anti-

CD3 monoclonal antibody (mAb) from TCR-stimulated Jurkat 

cells (23); however, little is known regarding the involvement 

of SM-microdomains (in comparison with microdomains eas-

ily detected by CTx-B) in thymocyte TCR signaling events 

and thymic selection.

We investigated the role of SM-microdomains on TCR 

signaling and selection events in DP thymocytes. SM syn-

thase 1 (SMS1)-deficient (SMS1−/−) mice were used for this 

purpose because SMS1 is the enzyme responsible for de 

novo SM synthesis (24). In normal mouse thymocytes, levels 

of SM-microdomains and SMS1 gene were low at the early 

DP stage but much higher in the late DP stages. Thymocytes 

of SMS1−/− mice showed reduced DP populations and 

almost no SM expression. TCR-mediated signals involved 

in negative selection were strongly enhanced in SMS1−/− DP 

thymocytes, resulting in increased apoptosis induced by TCR 

stimulation. Normal DP thymocytes (which normally have no 

SM-microdomains), when treated with SM, acquired surface 

expression of SM-microdomains and became resistant to 

TCR-induced apoptosis. Our findings, taken together, indicate 

that (i) membrane SM lipids suppress apoptosis of DP thymo-

cytes by reducing TCR signaling and (ii) SM-microdomains 

modulate the TCR signal intensity and the outcomes of thymic 

selection.

Methods

Mice

SMS1−/− mice, from the  C57BL/6 background, were estab-

lished as described previously (25). OT-I and HY TCR trans-

genic mice were obtained from Dr K. Ikuta (Kyoto University, 

Japan) (26, 27). All mice were maintained under defined 

pathogen-free conditions in the animal facility of Tohoku 

Medical and Pharmaceutical University, in compliance with 

institutional guidelines. Animals used in experiments were 

usually aged 5–7 weeks. Gender- and age-matched litter-

mates of wild-type and heterozygotes were used as controls.

Antibodies and FACS analysis

Thymus and spleen cells were stained with appropriate fluo-

rochrome-conjugated antibodies. The following mAbs were 

from BioLegend (San Diego, CA, USA): CCR7 (4B12), CD4 

(GK1.5), CD5 (53-7.3), CD8α (53-6.7), CD11b (M1/70), CD24 

(M1/69), CD25 (PC61), CD28 (E18), CD44 (IM7), CD62L 

(MEL-14), CD69 (H1.2F3), cKit (2B8), CD16/32 (93), Gr-1 

(RB6-8C5), NK1.1 (PK136), TCRβ (H57-597), TCRγδ (GL3), 

TCRVα2 (B20.1), TCRVβ5.1 5.2 (MR9-4), HY (MR14-1), Qa2 

(695H1-9-9), TER119 (TER-119). For regulatory T-cell analy-

sis, CD4SP thymocytes were identified by anti-CD4/CD8 sur-

face staining, then fixed and permeabilized for intracellular 

staining with PE-conjugated anti-Foxp3 (MF-14, BioLegend) 

mAb. PE-conjugated, isotype-matched mAbs were used as 

controls. Stained cells were analyzed using a FACSAria II cell 

sorter (BD Biosciences, San Jose, CA, USA) and the FlowJo 

software program (Tree Star Inc., Ashland, OR, USA). Data 

shown are mean ± SD.

Detection of SM using the specific probes

The physical status of SM present in biological membranes 

was assessed using two SM-binding proteins: lysenin (Lys) 

from Eisenia fetida (earthworm) and equinatoxin II (EqtII) from 

Actinia equina (sea anemone) (28). These are pore-forming 

protein toxins that bind specifically to SM on target cell mem-

branes, but their manners of binding are different: Lys binds 

to clusters of 5–6 SM molecules, whereas EqtII binds to single 

SM molecules (Supplementary Figure S1A) (29, 30). A con-

struct of non-toxic Lys fused with enhanced green fluorescent 

protein (EGFP-NT-Lys), pQE30/His
6
-EGFP-NT-Lys containing 

EGFP at the N-terminus of the DNA fragment of Lys amino 

acids 161–297 was prepared as described previously (31). 

A  construct of EqtII fused with EGFP (EqtII-EGFP), pET28/

EqtII (8-69)-EGFP-His
6
 containing EGFP at the C-terminus of 

EqtII sequences was provided by the  RIKEN BioResource 

Research Center (BRC) through the National Bio-Resource 
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Project of MEXT (Ministry of Education, Culture, Sports, 

Science and Technology), Japan. These lipid probes were 

prepared as described previously (32). To block hemolytic 

activity of EqtII without disrupting its SM-binding activity, a 

disulfide bridge was introduced between Cys8 and Cys69 

of EqtII-EGFP by incubation with 0.5  mM 1,10-phenan-

throline and 0.1 mM CuSO
4
 for 1 h at 30°C (33). For FACS 

analysis, thymocytes were washed with phosphate-buffered 

saline (PBS) and labeled with EGFP-NT-Lys or EqtII-EGFP 

in PBS, together with cell surface markers described in 

Supplementary Figure S2. Stained cells were analyzed using 

a FACSAria II.

Immunohistochemistry

Whole thymic lobes were fixed in 4% paraformaldehyde–

PBS, dehydrated in 20% sucrose, embedded in OCT com-

pound (Sakura Finetek, Tokyo, Japan) and cut into 8-µm 

sections by cryostat (Microm HM560 MV, Thermo Scientific). 

For Lys staining, sections were blocked with 3% bovine 

serum albumin–PBS, and then serially incubated with Lys 

(Peptides International, Louisville, KY, USA) for 45 min, Lys 

anti-serum (1:500 dilution, Peptides International) or con-

trol rabbit polyclonal IgG (Santa Cruz Biotechnology, Santa 

Cruz, CA, USA) for 1 h, and Alexa594-conjugated anti-rabbit 

IgG antibody (1:200 dilution, Invitrogen) for 30 min at 20°C. 

Images were acquired with an Axioskop 2 Plus (Carl Zeiss, 

Inc., Thornwood, NY, USA).

Lipid analysis by thin-layer chromatography

Lipid analysis of plasma and thymocytes was performed as 

described previously (34, 35). Total lipids were extracted 

with chloroform/methanol and separated into neutral and 

acidic lipid fractions using DEAE-Sephadex A-25 columns 

(GE Healthcare, Chalfont St. Giles, UK). Fractions were 

dried, treated with 0.1 M NaOH in methanol for cleavage 

of phospholipids and neutralized. Solutions were desalted 

with Sep-Pak C18 reversed-phase cartridges (Waters Corp., 

Milford, MA, USA). Neutral lipid samples with equal protein 

content were separated on silica gel thin-layer chromatogra-

phy (TLC) plates, half-developed with chloroform/methanol/

water (60:25:4), dried and redeveloped with 1-butanol/ace-

tic acid/water (3:1:1, for SM analysis) or with hexane/diethyl 

ether/acetic acid (50:50:1, for neutral sphingolipid analysis). 

Phosphorus-containing lipids such as SM were visualized 

by spraying plates with Dittmer reagent (36), and total lipids 

were visualized by spraying with 3% cupric acetate/8% phos-

phoric acid reagent.

In vitro thymocyte stimulation

Total thymocytes were incubated with various concentra-

tions of immobilized anti-CD3 (2C11, BioLegend) plus anti-

CD28 (PV-1, Southern Biotechnology, Birmingham, AL, USA) 

mAbs, with phorbol 12-myristate 13-acetate (PMA)/ionomycin 

(50 ng ml−1/1 µM, BioLegend) or with dexamethasone (3 nM, 

Wako Pure Chemical, Osaka, Japan) at 37°C for various 

time periods. Apoptotic cells were determined by annexin-

V and 7-AAD staining with a Vybrant Apoptosis Assay Kit 2 

(Molecular Probes, Invitrogen). For Nur77 expression assay, 

stimulated cells were stained with CD4 and CD8, fixed and 

permeabilized with a True-Nuclear Transcription Factor Buffer 

Set (BioLegend), and incubated with PE-conjugated anti-

Nur77 (eBioscience) and mouse IgG1 control (BioLegend) 

mAbs. Total thymocytes were stimulated with soluble anti-

CD3 plus anti-CD4 mAbs for 5 min at 37°C. DP thymocytes 

were identified by anti-CD4/CD8 surface staining, then fixed 

and permeabilized for intracellular staining with allophyco-

cyanin (APC)-conjugated anti-phospho ZAP-70 (Y319) and 

FITC-conjugated ZAP-70 mAbs (BioLegend). Fluorochrome-

conjugated, isotype-matched antibodies were used as con-

trols. Labeled cells were analyzed using a FACSAria II.

Immunoblotting analysis

Thymocytes were stimulated with anti-CD3 plus anti-CD28 

mAbs for 2 or 6 h at 37°C and lysed with ice-cold lysis buffer 

containing 25 mM Tris–HCl (pH 7.6), 120 mM NaCl, 5 mM eth-

ylenediaminetetraacetic acid (pH 8.0), 5 mM Na
3
VO

4
, 10 mM 

NaF, 1% TX-100, 1% deoxycholate-Na, 1 mM phenylmethyl-

sulfonyl fluoride (PMSF) and the Complete Protease Inhibitor 

Cocktail (Roche) for 30  min. Cell lysates were resolved by 

sodium dodecyl sulfate–polyacrylamide gel electrophoresis, 

transferred onto PVDF membranes (Immobilon-P, Millipore, 

Bedford, MA, USA), and probed with the following mAbs: 

anti-phospho-ERK5 (T218/T220), anti-ERK5, anti-Bim (Cell 

Signaling Technology, Beverly, MA, USA) and anti-β-actin 

(Sigma-Aldrich).

Statistical analysis

Values presented are mean ± SD. Homoscedasticity was ver-

ified by F-test. Means were compared by unpaired Student’s 

t-test or Welch’s t-test for two-group comparison. For data 

with non-Gaussian distribution, comparisons were made by 

Mann–Whitney U-test. For multigroup analysis, homoscedas-

ticity was verified by Bartlett’s test, and data were compared 

by the Tukey–Kramer test or Scheffe’s F-test. Notations used 

to indicate significant differences were: *P < 0.05, **P < 0.01, 

***P < 0.001.

Results

Expression of SM-microdomains in thymocytes increases 

greatly in late stages of thymic selection

SM is expressed ubiquitously in mammalian cell membranes 

and, in combination with cholesterol, forms specialized mem-

brane lipid microdomains that regulate membrane fluidity, pro-

tein trafficking and signal transduction. To investigate the role 

of SM-microdomains in thymocyte development in our mouse 

model, we first examined SM expression profiles in thymocyte 

sub-populations. TLC analysis revealed that the SM content 

decreased sharply when DN thymocytes developed into DP 

thymocytes, and then increased when these developed into 

SP thymocytes (Fig. 1A). SM expression was higher in CD4SP 

than in CD8SP thymocytes.

Lys binds to clustered SM molecules, while EqtII binds to 

single SM molecules (see Methods  “Detection of SM using 

the specific probes”). We therefore presumed that Lys reac-

tivity characterized SM-enriched membrane microdomains 
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Fig. 1. SM-microdomain levels are greatly increased in late stages of thymic selection. (A) Total SM expression in mouse thymocyte sub-popula-

tions defined by CD4/CD8 expression. Neutral lipids purified from DN, DP, CD4SP and CD8SP sub-populations were separated on TLC plates, 

and SM was detected by Dittmer reagent. Std: standard lipid. (B) Cell surface staining of gated DN, DP and SP sub-populations with EGFP-NT-

Lys (left; n = 4) and EqtII-EGFP (right; n = 3). (C, D) Cell surface staining with EGFP-NT-Lys (C) and EqtII-EGFP (D), together with thymocyte 

developmental markers as described in Supplementary Figure S2. n = 3. (E) Relative mean fluorescence intensity (MFI) for EGFP-NT-Lys and 

EqtII-EGFP from small DP to CD4+CD8int populations. Data are relative to MFI values from the small DP population. (F) Immunohistochemistry 

(using Lys) of thymus. For negative control staining, Lys anti-serum (b) was replaced by non-immune rabbit polyclonal IgG (a). Scale bar: 

100 µm. (G) Five stages of thymocyte development (designated I through V) were defined according to CD69 and CCR7 expression as indi-

cated. Dot plots of CD4 versus CD8α and histograms of Lys, EqtII and TCRβ staining are shown for each stage. Solid lines: with staining. 

Dashed lines: without staining. Data shown are representative of three independent experiments. * P < 0.05, ** P < 0.01.
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(termed ‘SM-microdomains’), whereas EqtII reactivity char-

acterized single SM molecules dispersed in membrane 

(termed ‘dispersed-SM’) (Supplementary Figure  S1A) (19, 

20). Consistent with this presumption, treatment of thymo-

cytes with 4  mM methyl-β-cyclodextrin (MβCD), a choles-

terol-depletion reagent commonly used for disruption of lipid 

rafts, completely eliminated Lys staining but not EqtII stain-

ing (Supplementary Figure  S1B). We therefore used these 

two probes to evaluate the physical status of SM present in 

plasma membranes at each stage of thymocyte development.

Expression patterns of SM-microdomains (detected by 

EGFP-NT-Lys) and of dispersed-SM (detected by EqtII-

EGFP) on the cell surface were similar to those of total SM 

analyzed by TLC (Fig. 1A and B). To assess SM-microdomain 

levels during thymocyte development, we labeled whole 

thymocytes with Lys and with several surface markers that 

identify various sub-populations during progression from DN 

to SP thymocytes and performed FACS analysis (Fig.  1C). 

Surface markers, and the hierarchical gating strategy 

used (37), are summarized in Supplementary Figure  S2. 

SM-microdomain levels were lower in DP stages than in DN 

and SP stages in general, and particularly low at the small 

DP stage prior to thymic selection. After the small DP stage, 

the SM-microdomain level increased during progression from 

CD69+ DP to CD4+CD8int thymocytes following thymic selec-

tion (Fig. 1C). There was a consequent >10-fold increase of 

cell surface SM-microdomains after versus before thymic 

selection. The dispersed-SM level was lowest at the  small 

DP stage and nearly twice as high in the CD4+CD8int stage 

(Fig. 1D). There was a striking difference in up-regulation of 

the SM-microdomain level (>10-fold) versus the dispersed-

SM level (<2-fold) during DP thymocyte development 

(Fig. 1E). These findings suggest that de novo synthesized 

SM molecules are used almost entirely for microdomain for-

mation rather than simply floating on the plasma membrane.

T-progenitor cells, after entry into the thymus, differentiate 

into DP thymocytes in the cortex (38, 39). DP thymocytes 

receive survival signals and undergo further differentiation 

into SP thymocytes. These signals also induce relocalization 

of thymocytes from the cortex to the medulla; therefore, most 

thymocytes in the medulla are SP thymocytes (40). Staining 

intensity by Lys for SM-microdomains was much higher in 

the medulla than in the cortex, indicating high formation of 

SM-microdomains during DP-to-SP differentiation (Fig. 1F). To 

examine this process in more detail, we performed multicolor 

staining of thymocytes with Lys or EqtII, in combination with 

the early activation marker CD69 and the chemokine recep-

tor CCR7. CD69 and CCR7 are used to classify developing 

thymocytes into five stages in terms of selection, migration 

and maturation (41, 42). CD69−CCR7− thymocytes are local-

ized in the cortex and have not yet received TCR selection 

signals (stage I). CD69+CCR7− thymocytes have received 

TCR signals and show increased CD69 expression (stage 

II). CD69+ thymocytes that receive continuous TCR signals 

begin to express CCR7 (stage III) and migrate to the medulla. 

CD69+CCR7hi medullary thymocytes (stage IV) show reduced 

CD69 expression and then become competent to exit the thy-

mus (stage V) (42). Lyshi thymocytes, which show increased 

SM-microdomain expression, begin appearing in stage 

III, and are predominant in stage IV (Fig.  1G). Positively 

selected thymocytes up-regulate surface TCR expression to 

become SP thymocytes (43). The time course of appearance 

of the  TCRhi population during stages I  to V was similar to 

or slightly earlier than that of the Lyshi population (Fig. 1G), 

even though thymocytes in stage II had already received TCR 

signals. These findings indicate that SM-microdomains are 

formed in the late stages of positive selection, up to or just 

before the DP-to-SP transition, probably as a consequence 

of TCR signals.

GSLs and SM form a variety of microdomains in plasma 

membranes, some of which are based on a physical associa-

tion of cholesterol with SM (44–46). We used CTx-B (binds 

to GM1 and extended-GM1b) and filipin III (binds to choles-

terol) to determine whether cell surface levels of GSLs and 

cholesterol fluctuate similarly to that of SM during thymocyte 

development. Levels of CTx-B-binding gangliosides did 

fluctuate, but (in contrast to SM-microdomain levels) did not 

increase from small DP to CD4+CD8int stages (Supplementary 

Figure  S3A). Cholesterol level increased in parallel with 

the  SM-microdomain level from small DP to CD4+CD8int 

stages (Supplementary Figure S3B). These findings suggest 

that the  SM-microdomain level specifically increases after 

versus before thymic selection, because SM is able to form 

membrane microdomains in combination with cholesterol.

SM expression in mammalian cells is controlled by two SM 

synthases, SMS1 and SMS2 (Supplementary Figure S4) (24, 

47). SMS1 is primarily responsible for de novo SM synthesis 

in the Golgi, while SMS2 is involved in regenerating SM from 

ceramide hydrolyzed by sphingomyelinases on the cell sur-

face (24, 47, 48). We detected SMS1 mRNA, but not SMS2 

mRNA, in thymocytes (Supplementary Figure S5A). In con-

trast, expression of SMS2 mRNA was much higher than that 

of SMS1 mRNA in liver, consistent with findings by Jiang's 

group (49, 50). Changes in SMS1 expression patterns among 

DN, DP and SP thymocytes as revealed by quantitative PCR 

analysis (Supplementary Figure  S5B) were comparable to 

those of SM-microdomains (Fig.  1B). Thus, SMS1 but not 

SMS2 is evidently the enzyme primarily responsible for SM 

biosynthesis in mouse thymocytes.

To further evaluate the similarity of expression patterns of 

the SMS1 gene and SM-microdomains during DN-to-SP thy-

mocyte development, we examined global microarray data-

sets from the Immunological Genome Project (www.immgen.

org), which detail gene expression in >200 mouse immune 

cell populations (51). The pattern of SMS1 expression dur-

ing DN-to-SP thymocyte development (Supplementary 

Figure S5C) was similar to that of Lys fluorescence intensity 

(Fig. 1C). Thus, cell surface SM-microdomain levels during 

thymocyte development appear to be strictly regulated by 

SMS1 gene expression levels.

SM-microdomains are essentially absent in  

SMS1-deficient thymocytes

The role of SM in thymocyte development was further evalu-

ated using SMS1−/− mice. Jiang et  al. reported that serum 

SM levels in SMS1−/− were ~50% of levels in controls (49). 

Similarly, our TLC analyses showed that in SMS1−/−, 46% 

of SM remained in plasma. In SMS1−/− thymocytes, cellu-

lar SM was present in <10% of thymocytes in control mice 
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(Fig. 2A and Supplementary Figure S6A). SM-microdomains 

were essentially absent in SMS1−/− thymocytes, and a small 

amount of dispersed-SM was present (Fig. 2B), suggesting 

that the amount of cell surface SM was insufficient to cluster 

and form SM-microdomains. We next examined the effect of 

SMS1 deficiency on the content of ceramide, the precursor 

of numerous sphingolipids, including gangliosides and SM. 

Levels of ceramide on the cell surface and inside cells were 

not notably altered in SMS1−/− thymocytes (Supplementary 

Figure S6A and B), indicating that SMS1 deficiency did not 

cause a compensatory increase of ceramide. In SMS1−/− 

mice, levels of CTx-B-binding gangliosides were slightly 

increased in CD4SP thymocytes, and unchanged in other 

types of thymocytes (Supplementary Figure S6C).

Aberrant thymic selection in SMS1−/− mice

Thymocyte cellularity was evaluated in SMS1−/− mice. Total 

numbers of thymocytes and splenocytes were similar in 

SMS1−/− versus control mice (Fig. 2C). The DP sub-population 

was smaller in SMS1−/− versus control thymocytes (Fig. 2E), 

but DN sub-populations were similar (Fig. 2D). There are no 

significant differences in δ T and T
reg

 populations between 

control and SMS1−/− mice (Fig. 2F).

Developmental defects associated with thymic selection 

can be masked by compensatory changes in the TCR rep-

ertoire. We therefore introduced single transgenes encod-

ing αβTCRs into SMS1−/− mice to limit compensation, and 

crossed HY and OT-I TCR transgenic mice with SMS1−/− mice. 

Numbers of TCR transgenic positive thymocytes were much 

lower in OT-I SMS1−/− and female HY SMS1−/− mice than in 

TCR transgenic controls (Fig. 3A and B). Among both OT-I 

SMS1−/− and female HY SMS1−/− thymocytes, numbers of DP 

and CD8SP thymocytes were greatly reduced (Fig. 3C and 

D). In OT-I SMS1−/− mice, numbers of stage II CD69hiCCR7− to 

stage IV CCR7hiCD69hi thymocytes were reduced (Fig. 3E). 

These findings demonstrate that SMS1 deficiency inhibits 

positive selection.

Finally, we examined the effect of SMS1 deficiency in male 

HY TCR transgenic mice. Total HY TCR+ cell number did not 

differ notably in SMS1−/− versus control thymocytes (Fig. 4A). 

One possible explanation is that HY TCR recognizes a male-

specific antigen, such that male HY mice undergo massive 

deletion of thymocytes by negative selection upon reaching 

the DP stage (52). On the other hand, the CD8SP population 

was reduced in SMS1−/− thymocytes (Fig.  4B), suggesting 

that SMS1 deficiency promotes negative selection.

TCR stimulation in SMS1−/− DP thymocytes induces 

up-regulation of apoptosis-related molecules involved in 

negative selection and apoptotic cell death

Thymic selection depends on TCR-mediated intracellular 

signaling. We examined the effect of SMS1 deficiency on thy-

mocyte apoptosis induced by anti-CD3 mAb administration. 

Following in vivo anti-CD3 mAb treatment, annexin-V+ thymo-

cytes were more numerous in SMS1−/− versus control thymus 

(Fig. 5A). In in vitro culture, DP thymocyte apoptosis induced 

by anti-CD3 + anti-CD28 mAb treatment was also higher in 

SMS1−/− versus control mice (Fig. 5B). SMS1 deficiency had 

no effect on apoptosis induced by PMA/ionomycin (which 

bypasses TCR-proximal signaling) or by dexamethasone 

(a synthetic glucocorticoid) (Fig. 5B). These findings, taken 
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Fig. 2. SMS1−/− thymocytes lack surface SM-microdomains. (A) Total 

cellular SM in SMS1−/− thymocytes. Neutral lipids were purified from 

control and SMS1−/− thymocytes and separated on TLC plates. SM 

was detected by Dittmer reagent. Std: standard lipid. Data shown 

are representative of three independent experiments. (B) Cell sur-

face staining of gated DN, DP and SP sub-populations of control 

and SMS1−/− thymocytes labeled with EGFP-NT-Lys (left) and EqtII-

EGFP (right). Data shown are representative of three independent 

experiments. Bold lines: littermate control thymocytes. Thin solid 

lines: SMS1−/− thymocytes. Dashed lines: non-labeled control thymo-

cytes. (C) Absolute numbers of total thymocytes and splenocytes. 

Dots: individual mice; n = 19 (left), n = 7 (right). Bars: means. (D) 

CD4−CD8− DN thymocytes were subdivided into DN1 (CD25−cKit+), 

DN2 (CD25+cKit+), DN3 (CD25+cKit−) and DN4 (CD25−cKit−) subsets 

by multicolor FACS analysis. Data shown are ratios of cell numbers of 

sub-populations to total DN thymocytes. n = 3. (E) Ratios of numbers 

of DN, DP, CD4SP and CD8SP thymocytes to total thymocytes. n = 3. 

(F) Ratios of numbers δ T cells (TCRγδ+) to total thymocytes (left) 

and T
reg

 cells (CD25+Foxp3+) to CD4SP thymocytes (right). n  =  3. 

*P < 0.05, **P < 0.01.
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together, suggest that aberrant thymic selection in SMS1−/− 

mice is a consequence of aberrant TCR signal intensity.

We next examined the role of TCR-mediated signaling in 

negative selection. ZAP-70, a Syk-family tyrosine kinase, 

plays a key role in both positive and negative selection (53). 

The amount of phosphorylated ZAP-70 recruited by a phos-

phorylated TCR complex affects the fate of DP thymocytes; 

i.e. differentiation into SP thymocytes or elimination by apop-

tosis (54). ZAP-70 phosphorylation induced by anti-CD3  + 

anti-CD4 mAb treatment was higher in SMS1−/− than in control 

DP thymocytes (Fig. 5C). TCR-proximal signaling, including 

ZAP-70, is divided into two cascades (ERK5 pathway and Bim 

pathway) in negative selection signals (55). ERK5 activity reg-

ulates the expression of proapoptotic Nur77 family members. 
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Proapoptotic Bim plays a key role in negative selection inde-

pendently of the ERK5-Nur77 pathway (56, 57). TCR stimu-

lation of SMS1−/− thymocytes resulted in increases of ERK5 

phosphorylation, Bim expression (Fig. 5D) and Nur77 induc-

tion (Fig. 5E). The CD5 expression level is developmentally 

regulated by TCR signaling and TCR avidity, and is therefore 

used as a marker of TCR signal intensity in thymocytes (58). 

CD5 expression in SMS1−/− DP thymocytes was up-regulated 

by TCR stimulation (Fig. 5F). The enhancement of TCR signal 

intensity in SMS1−/− DP thymocytes increased the sensitivity 

to TCR-mediated apoptosis.

SM-microdomains function as negative regulators of TCR 

signal intensity in normal DP thymocytes

The above-described findings suggest that SM-microdomains 

function as negative regulators of TCR signal intensity and 

thymocyte apoptosis during thymic selection. Expression of 

SM-microdomains in normal DP thymocytes was low prior to 

thymic selection, and increased greatly in the latter stage of 

positive selection (Fig. 1C and G). We examined the possi-

bility that addition of SM to normal DP thymocytes leads to 

a  reduction of TCR signaling and TCR-induced apoptosis. 

TCR stimulation of whole DP thymocytes resulted in a strong, 

dose-dependent increase of SM-microdomain formation in 

the latter stage of positive selection (Fig. 6A). By SM addition, 

TCR stimulation also significantly reduced CD5 expression 

and enhanced cell viability (Fig. 6B and C). These findings 

indicate that the SM content of normal DP thymocytes con-

trols the  formation of SM-microdomains, and consequent 

reduction of TCR signal intensity.

Discussion

We performed a comprehensive analysis of the expression 

and function of plasma membrane SM-microdomains as 

related to thymocyte development. Use of EGFP-NT-Lys, a 

probe that recognizes SM molecules clustered in microdo-

mains as distinct from single SM molecules dispersed in the 

outer leaflet of the  membrane lipid bilayer (Supplementary 

Figure  S1) (29, 30), allowed us to demonstrate for the first 

time a great increase in SM-microdomain levels during DP 

stages, particularly at the end of thymic selection events 

(Fig. 1). The process involved three stages: (i) the pre-selec-

tion stage, TCRβlowCD69− DP, characterized by the absence 

of SM-microdomains because of low SM expression levels; (ii) 

the CD69+ DP stage, with initiation of TCR signaling required 

for thymic selection, and an increase of SM-microdomain lev-

els; and (iii) the post-selection stage, TCRβhiCD69+CD4+CD8
low, in which SM-microdomain levels are >10-fold higher than 

in the  pre-selection stage. Levels of dispersed, single SM 

molecules increased only slightly during this process (Fig. 1). 

Up-regulation of the SM-microdomain level and TCR expres-

sion paralleled the course of thymic selection. TCR expres-

sion levels generally remain very low during thymic selection 

and are up-regulated only in successfully selected thymo-

cytes (59, 60).

Cholesterol is physically associated with SM in membrane 

microdomains (46). The plasma membrane cholesterol con-

tent during pre- to post-selection stages increased in paral-

lel with levels of SM but not of gangliosides (Supplementary 

Figure S3B). Expression levels of CTx-B-binding gangliosides 

were very low in the DP stage, increased upon differentiation 

into the CD8 SP stage, and then declined upon differentiation 

into the CD4SP stage, consistent with a report by de Mello 

Coelho et al. (61). Ganglioside-microdomains are polarized to 

TCR activation sites in response to TCR stimulation in mature 

peripheral T cells, but not in DP thymocytes (62). These 

findings, taken together, suggest that SM-microdomains 

(not ganglioside-microdomains) are formed preferentially in 

the plasma membrane during the course of selection events 

in DP thymocytes.

Analysis of SM-microdomains is necessary to elucidate 

the role of membrane lipid microdomains in thymocyte TCR 

signaling and its outcomes. We used SMS1−/− mice for this 

purpose because they express only a trace amount of SM in 

thymocytes and have no Lys-positive DP thymocytes; i.e. DP 

thymocytes in these mice have no surface SM-microdomains 

(Fig.  2). SMS1−/− mice show a slight (although significant) 
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reduction of DP thymocytes. Numbers of SMS1−/− thymo-

cytes bearing positively selected transgenic TCRs are 

relatively quite low (Fig. 3A and B). CD69+CCR7+ late devel-

opmental stages of thymic selection are particularly affected 

(Fig.  3E). Male SMS1−/− mice bearing HY TCR transgenes 

show a significant decrease in the  CD8SP compartment 

(Fig.  4C). Positive selection generally precedes negative 

selection. In SMS1−/− mice, positive selection was abolished 

at the end of selection stages, and negative selection was 

substantially enhanced.

A difference in ligand affinity for the  TCR is essential for 

shifting the threshold from positive to negative selection sig-

nals via the  TCR complex (63). Outcomes of positive and 

negative selection are determined by not only the affinity and 
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apoptotic cell death. (A) Thymocyte apoptosis induced by anti-CD3 mAb administration. Littermate control and SMS1−/− mice were injected i.p. 

with 3 µg anti-CD3 mAb or saline twice, at 24-h intervals. Mice were killed 24 h after the last injection, thymocytes were isolated and stained 

with CD4, CD8 and annexin-V, and stained cells were analyzed by FACS. Data shown are percentages of annexin-V+ DP thymocytes. (B–F) In 

vitro assays with TCR stimulation. (B) Thymocytes were cultured in the absence (−) or presence of immobilized anti-CD3 (1 µg ml−1) plus anti-

CD28 (5 µg ml−1) mAbs (CD3/CD28), 50 ng ml−1 PMA plus 1 µM ionomycin (PMA/Iono) or 3 nM dexamethasone (Dex). Cells were cultured for 

18 h, harvested and analyzed as in (A). Data shown are mean ± SD from three independent experiments. (C) Intracellular staining of phospho-

ZAP-70. Thymocytes were unstimulated (−) or stimulated with anti-CD3 plus anti-CD4 mAbs (CD3/CD4) for 5 min, and analyzed as described 
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anti-CD28 (20 µg ml−1) for the indicated periods. ERK5, phospho-ERK5, Bim and β-actin were detected by immunoblotting analysis. Data shown 

are from five independent experiments. (E) Thymocytes were cultured in the absence (−) or presence of immobilized anti-CD3 (1 µg ml−1) plus 

anti-CD28 (5 µg ml−1) mAbs (CD3/CD28) for 2 h, and analyzed as described in Methods. Histograms at left: intracellular Nur 77 expression on 

the gated DP population. Nur 77 MFI values in the Nur77+ cells were calculated for each group. Bar graphs at right: ratios of values to those of 

unstimulated cells of control mice, normalized to one. n = 3. (F) Thymocytes were cultured with immobilized anti-CD3 plus anti-CD28 mAbs for 

16 h at the indicated concentrations, stained with anti-CD5 mAb and analyzed by FACS. Histograms: CD5 expression gated on the DP popula-

tion. Horizontal lines: percent CD5+ cells. n = 4. *P < 0.05, **P < 0.01, ***P < 0.001.
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avidity of TCR-antigen engagement, but also the strength and 

duration of TCR signals (64). Induction of thymocyte apopto-

sis by in vivo administration of anti-CD3 mAb was enhanced 

in SMS1−/− mice (Fig. 5A). In mature T cells, membrane lipid 

microdomains serve as a platform for TCR-proximal pro-

teins, e.g. coreceptors CD4 and CD8, Src family kinases 

Lck and Fyn, ZAP-70, and the transmembrane adaptor LAT  

(65, 66). We demonstrated previously that splenic CD4+ T 

cells from SMS1−/− mice showed impairment of clonal expan-

sion, IL-2 and IFNγ production and phosphorylation of ZAP-

70 and LAT upon CD3- and CD4-mediated activation (25). 

Protection of SMS1−/− mice was observed in a ConA-induced 

hepatitis model (25). We therefore expected to find that 

SM-microdomains are involved in TCR signaling associated 

with thymic selection in central tolerance.

Contrary to expectation, SMS1−/− DP thymocytes showed 

enhanced ZAP-70 phosphorylation and increased expression 

of proapoptotic proteins and hyper-apoptotic phenotypes 

upon TCR ligation (Fig. 5). This finding may be attributable 

to two qualitative differences between immature thymocytes 

and mature T cells: (i) similar but not identical molecules 

involved in TCR-proximal signaling (67, 68) and (ii) forma-

tion patterns of the  immunological synapse structure at the 

thymocyte/antigen-presenting cell interface are different from 

those observed during mature CD4+ T-cell activation (69–71). 

SM expression patterns vary greatly among T-cell develop-

mental stages, e.g. DP, CD4SP and CD8SP thymocytes, and 

CD4+ and CD8+ T cells (Fig. 1; our unpublished data). The dif-

ference in need for SM-microdomains in thymocytes versus 

mature CD4+ T cells may be due to these factors.

Positive and negative selection, two contrasting develop-

mental outcomes, depend completely on signals initiated 

from the TCR, even though the TCR signaling machinery is 

qualitatively similar in composition (67). Some key players 

in the  TCR signaling network responsible for the  induction 

of negative rather than positive selection have been identi-

fied (63, 72). Negative selecting ligands for the TCR induce 

stronger activation of TCR-proximal signaling in thymocytes, 

leading to ERK5 phosphorylation, induction of Nur77 family 

members, and up-regulation of proapoptotic Bim protein. 

ERK5-Nur77 and Bim cascades cooperatively develop mito-

chondrial dysfunction, resulting in apoptosis. Among the 

TCR-proximal signaling molecules, ZAP-70 is a well-known 

kinase essential for both positive and negative selection 

(53). Phosphorylation of ZAP-70 at Y319 after 5 min of TCR 

stimulation was significantly increased by SMS1 deficiency 

(Fig. 5B). In a study by Daniels et al., nearly all thymocytes 

stimulated by negative selecting ovalbumin peptides showed 

recruitment of phosphorylated ZAP-70 at Y319 to the plasma 

membrane within 2  min, while such recruitment was much 

lower for positive selecting ovalbumin peptides (9). Thus, 

SM-microdomains function as negative regulators of TCR-

proximal signaling during thymic selection.

Expression of the  proapoptotic protein Nur77 was corre-

lated with the strength of TCR signaling, and particularly with 

ERK5 activation (55, 73, 74). Bim is an antagonist of Bcl-2 

that promotes cellular survival by inhibiting the  activities of 

the proapoptotic proteins Bax and Bak, thereby inducing 

mitochondrial dysfunction. These two major effector path-

ways of thymic deletion were promoted by SMS1 deficiency 

(Fig.  5C and D). Enhanced TCR signaling in SMS1−/− mice 

resulted in increased CD5 expression on DP thymocytes 

(Fig. 5F). The cell surface glycoprotein CD5 is used as a sur-

rogate marker for TCR signal strength during thymic devel-

opment; the degree of surface CD5 expression is correlated 

with the  strength of TCR signaling generated by cells (58, 

75). These findings suggest that SM-microdomains act as a 

platform to modulate TCR signaling during thymic selection 

events, and are involved in fine tuning of thresholds for posi-

tive and negative selection.

SMS1 deficiency inhibited the  DP-to-SP differentiation in 

transgenic models of positive selection (Fig. 3), and greatly 

reduced (by 33–50%) the  overall thymocyte cellularity, 
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particularly CD69+CCR7hi medullary thymocytes (stage 

IV). CD69+ thymocytes up-regulate TCR surface expres-

sion during stages III and IV, when positively selected 

thymocytes migrate to the  medulla to undergo negative 

selection, and develop very high surface expression of Lys-

positive SM-microdomains (Fig.  1G). Evidently, expression 

of SM-microdomains is greatly increased when positively 

selected thymocytes are no longer able to generate intense 

intracellular signaling from mass-produced TCR molecules, 

perhaps causing a switch from a positive to a negative selec-

tion signal. Thus, SM-microdomains may reduce the TCR sig-

nal strength such that positive selection signals are shifted 

from a  positive to a  negative pathway in selecting thymo-

cytes, whereas negative selection signals are enhanced.

The  roles of lipid rafts in thymocyte development have 

been investigated by many groups. Positive selection signals 

occur during the recruitment of TCR signaling molecules to 

the raft fraction (11, 12). CD4 lineage commitment from DP 

is directed by raft-associated presentation of MHC class  II 

molecules (76). Fluorescence-labeled CTx-B is often used 

for microscopic visualization of lipid rafts and immunologi-

cal synapse structures; however, CTx-B reacts only with a 

few ganglioside species which comprise a minor propor-

tion of raft-forming sphingolipids in DP thymocytes (18). 

Specific lipid species are presumed to be localized in dis-

tinct, non-overlapping microdomains in the  plasma mem-

brane. TCR signals did not cause polarization of lipid rafts 

visualized with CTx-B in DP thymocytes (62). Thus, the valid-

ity of the lipid microdomain concept in thymocytes is ques-

tionable. We demonstrate here that a  reduction or increase 

of SM-microdomains in thymocytes causes, respectively, 

an increase or reduction of TCR signaling. Zech et al. found 

that SM lipids with cholesterol and saturated phosphatidyl-

choline were accumulated in TCR activation domains immu-

noisolated by anti-CD3 mAb from Jurkat cells following TCR 

stimulation (23). These findings, taken together, suggest 

that SM-microdomains serve as a platform for TCR-proximal 

signaling, and that SM-microdomains (not ganglioside-micro-

domains) negatively modulate TCR responsiveness during 

thymic selection.

Several points remain unresolved. Do SM-microdomains 

contain TCR-associated signaling components and TCR per 

se following TCR ligation in selecting thymocytes, similarly to 

mature T cells? If so, is SM-microdomain clustering accom-

panied by immunological synapse formation on the surface 

of selecting thymocytes? The latter question is of great inter-

est in view of the diversity of immunological synapse struc-

tures (77, 78). DP thymocytes interacting with thymic stromal 

cells did not form a central supramolecular activation clus-

ter; i.e. a central area of immunological synapses observed 

between mature CD4+ T cells and B cells, where most of 

the TCR and CD28 are accumulated (70). Instead, the above 

cells, during positive selection, formed ‘multifocal’ immuno-

logical synapses in which small accumulated TCR clustered 

at multiple sites in the cell–cell interface (69). The formation 

of these multifocal synapses was the result of much lower 

TCR expression by DP thymocytes relative to peripheral T 

cells (79). In this way, pre-selected DP thymocytes inherently 

possess the ability to transduce the TCR signaling required 

for thymic selection, despite the low surface expression of 

the  TCR, SM-microdomains and cholesterol (Fig.  1C and 

Supplementary Figure  S3B) (77, 80). Positively selected 

thymocytes multiply surface TCR levels, which potentially 

could lead to triggering stronger TCR signaling, and at this 

time they also up-regulate SM-microdomains and cholesterol 

on their surface (Fig.1G and Supplementary Figure S3B). It 

was recently reported that cholesterol binding to the TCRβ 

chain maintains the TCR in an inactive status and choles-

terol removal causes it to switch to the active status (81). In 

contrast, other recent reports claim that cholesterol serves 

as a positive regulator of TCR activation because cholesterol 

extraction results in the disruption of TCR nanoclustering (82, 

83). Other membrane lipids interacting with cholesterol may 

determine which of these opposing functions dominates; 

TCRs and associated signal molecules can perceive their 

microenvironment, such as the concentration of a specific 

lipid species and the presence of a specific lipid microdo-

main, and respond accordingly. In view of these findings, we 

hypothesize that initially low amounts of SM-microdomains are 

greatly increased to prevent the persistence of TCR signals 

in positively selected thymocytes, despite the fact that TCR 

expression is strongly up-regulated at the same time in these 

cells, which potentially could trigger a stronger TCR signaling 

to cause a switch from positive to negative selection.

SM-microdomains are shown in this study to negatively 

regulate TCR signal transduction in thymocyte development. 

Expression levels of CTx-B-binding gangliosides, in contrast 

to those of SM, are higher in CD8SP than CD4SP thymocytes 

(Supplementary Figure  S6A). We demonstrated previously 

that these functions depend on distinct expression patterns 

of ganglioside species in CD4+ and CD8+ T cells (15). Optimal 

expression levels of specific sphingolipid species in specific 

types of immune cells are presumably necessary for proper 

functioning of the cells. We therefore need to elucidate the 

roles of specific lipid species in membrane microdomains. 

To understand how SM-microdomains reduce TCR signaling 

in the plasma membrane of positively selecting thymocytes, 

we require microscopic visualization of lipid microdomains 

and immunological synapse structures to clarify interactions 

between SM-microdomains and TCR-proximal signaling mol-

ecules during thymic selection. Confirmation that TCR signal 

transduction in thymic selection is controlled by ‘fine tuning’ 

of SM-microdomain levels will provide a basis for future ther-

apy of autoimmune diseases by specific elimination of auto-

reactive T cells to establish appropriate negative selection 

(central tolerance).
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Lipid rafts formed by glycosphingolipids (GSLs) on cellular membranes play

important roles in innate and adaptive immunity. Lactosylceramide (LacCer)

forms lipid rafts on plasma and granular membranes of human neutrophils.

These LacCer-enriched lipid rafts bind directly to pathogenic components,

such as pathogenic fungi-derived b-glucan and Mycobacteria-derived lipoara-

binomannan via carbohydrate-carbohydrate interactions, and mediate innate

immune responses to these pathogens. In contrast, a-series and o-series gan-

gliosides form distinct rafts on CD4
+ and CD8+ T cell subsets, respectively,

contributing to the respective functions of these cells and stimulating adaptive

immune responses through T cell receptors. These findings suggest that gan-

gliosides play indispensable roles in T cell selection and activation. This

Review introduces the involvement of GSL-enriched lipid rafts in innate and

adaptive immunity.

Keywords: acquired immunity; glycosphingolipid; innate immunity;

intracellular parasitism; lipid raft; neutrophil; phagocytosis; T cell

activation; T cell selection

Glycosphingolipids (GSLs) are composed of hydrophilic

sugar structures and hydrophobic ceramide [1]. The cer-

amide moiety of GSLs interacts hydrophobically with

cholesterol sterol-ring systems via van der Waal’s forces

and hydrogen bonds [2]. Moreover, cis interactions

between sugar moiety of GSLs facilitate lateral
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interactions of these molecules with other membrane

components. These interactions lead to the formation of

cellular membrane microdomains, so called lipid rafts,

which are rich domains in cholesterol, GSLs, sphin-

gomyelin, glycosylphosphatidylinositol, and membrane-

anchored molecules [3,4]. GSL-enriched lipid rafts

contribute innate and adaptive immune systems [5–12].
The innate and adaptive immune systems are involved

in resistance to invading pathogens, but the two systems

are functionally distinct.

Innate immune responses are the initial step in resis-

tance to invading pathogens, including viruses, bacteria,

and fungi. Many viruses, bacteria, and bacterial toxins

have been shown to bind to the carbohydrate compo-

nents of GSLs on host cell surfaces [13]. Binding studies

have revealed that several glycolipids are components of

functional receptors for microorganisms and bacterial

toxins [14]. For example, the neutral GSL, Lactosylce-

ramide (LacCer, CDw17), forms LacCer-enriched lipid

rafts on the plasma and granular membranes of human

neutrophils. LacCer-enriched lipid rafts play essential

roles in innate immune responses to bacterial pathogens,

including Candida and Mycobacteria. Indeed, LacCer-

enriched lipid rafts are capable of binding directly to

bacterial components, such as C. albicans-derived b-glu-
can and Mycobacteria-derived lipoarabinomannan

(LAM) through carbohydrate–carbohydrate interac-

tions [15,16]. The binding of bacterial pathogens to Lac-

Cer-enriched lipid rafts activates signaling cascades

involving Src family kinases, inducing chemotaxis,

phagocytosis, and phagolysosome formation (phago-

some maturation). Interestingly, pathogenic mycobacte-

ria, such as M. tuberculosis, target LacCer-enriched

lipid raft-dependent activation of the Src family kinase

Hck on phagosomal membranes of neutrophils, thereby

inhibiting phagolysosome formation [15]. These findings

show that GSLs can act as direct and functional recep-

tors for pathogen-derived ligands.

In addition to their roles as functional receptors,

GSLs can act together with other receptors via cis

interactions. Lipid rafts formed by the ganglioside (sia-

lylated GSL) GM3 are associated with insulin receptor

in adipocytes [17]. GM1 binds to TrkA protein and

regulates the receptor function [18], and GM1-enriched

lipid rafts work as signaling platforms for laminin-1-

induced TrkA/b1 integrin-associated neurite outgrowth

[19]. GM1 was also found to interact with the G pro-

tein-coupled receptor serotonin-1A receptor via the

sphingolipid-binding domain of the latter [20], suggest-

ing the involvement of GM1 in neurodegenerative dis-

eases. In innate immune responses, the phagocytosis of

non-opsonized microorganisms, such as Mycobacteria,

in human neutrophils is regulated jointly by CD11b/

CD18 (aMb2)-integrin and LacCer-enriched lipid rafts

coupled with Src family kinase Lyn [15,21]. These

observations suggest that GSL-enriched lipid rafts reg-

ulate receptor functions, resulting in various physiolog-

ical activities.

In addition to modulating innate immune systems,

GSLs have been found to play critical roles in adap-

tive immune systems. In adaptive immunity, a-series

gangliosides (a-GMs) and o-series gangliosides are

involved in the function and stimulation of T cell

receptors (TCRs) on CD4-positive (CD4+) and CD8-

positive (CD8+) T cells, respectively [22]. GQ1b and

a-GalCer were shown to function as immunomodula-

tors [23–25]. Moreover, a-GalCer, derived from a mar-

ine sponge, was found to act as a lipid antigen that

activates natural killer T (NKT) cells [23], which con-

trol innate and adaptive immune responses [26].

a-Linked glycosylceramides were shown to be the

major endogenous ligands of NKT cells [27]. These

findings suggest that GSL-mediated NKT activation

may be a potential immunotherapeutic target.

Although GSLs can mediate both innate and

adaptive immune functions through a variety of path-

ways, the pathogenesis of autoimmune diseases likely

involves immune system responses to GSL antigens.

Interestingly, the anti-LacCer monoclonal antibodies

(mAbs) T5A7 and Huly-m13 can recognize LacCer on

human neutrophils, whereas T5A7 alone recognizes

LacCer on mouse neutrophils [28]. Moreover, Huly-

m13 can be used for immunoprecipitation, whereas

T5A7 cannot [21]. These observations suggest that the

specificities of antibodies against the same GSL anti-

gens contribute to differences in the structural features

of GSL-enriched lipid rafts.

This review describes the mechanisms by which

GSLs and GSL-enriched lipid rafts recognize their

ligands and receptors, as well as describing the regula-

tory roles of GSL-enriched lipid rafts in innate and

adaptive immunity.

GSLs as immune modulators

Glycosphingolipids are abundantly expressed on the

outer leaflets of cell membranes. In addition, some gan-

gliosides are broadly distributed in body fluids of most

vertebrates. Some GSLs have been demonstrated to

function as unintentional binders of bacteria in specific

tissues.

Binding of GSLs to microorganisms

Microorganisms and toxins target GSLs for the adhe-

sion of microorganisms to specific tissues (Table 1).
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For instance, polyomavirus invades human erythrocyte

through the binding to GD1a and GT1b [29]. Globo-

triaosyl ceramide (Gb3) binds to Shiga toxin (Stx) and

verotoxin B subunit [30–33]. Human epithelial and

endothelial cell surfaces contain binding sites for Stx

[30–33], with cell surface Gb3 binding to the B subunit

of Stx [30–32]. Epithelial cells-expressing asialo GM1

(GA1) binds to Pseudomonas aeruginosa, Bifidobac-

terium bifidum, and Lactobacillus [34,35]. Simian virus

40 (SV40) [29] and Brucella suis [36] were found to

bind to GM1. Cholera toxin B subunit (CTB) also

binds to GM1 [37,38]. GM1 expressing on epithelial

cells also binds to CTB and Escherichia coli entero-

toxin [39]. In addition to GM1, CTB binds to other

gangliosides, especially fucosylated GM1 [40,41]. Gan-

gliosides in human milk are thought to protect intesti-

nal tissues from Vibrio cholerae and E. coli

enterotoxins [42]. Ganglioside content and distribution

of human milk individually alter by lactation period.

While GM3 is the main ganglioside in mature milk,

GD3 is the most abundant in colostrum. Orally

administered gangliosides are likely to catch microor-

ganisms, resulting in the intestinal protection. Indeed,

the dietary effects of ganglioside on the production of

cytokines and IgA, which are involved in the develop-

ment of the intestinal immunity, have been examined

in animal models [7]. GD3 but not GM3 was shown

to inhibit lipopolysaccharide (LPS)-induced murine

dendritic cell maturation and to modulate LPS-

induced inflammatory cytokine release [43]. However,

the detailed mechanisms underlying the different activ-

ities of GM3 and GD3 remain to be elucidated.

Lactosylceramide is expressed not only on neu-

trophils but also on intestinal epithelial cells, and binds

to various microorganisms, such as Mycobacterium

avium-intracellulare complex (MAC), M. tuberculosis,

C. albicans, Bacillus dysenteriae, Bordetella pertussis,

E. coli, and Propionibacterium freudenreichii [15,16,44–
56]. Human and bovine milk contain LacCer as a

major GSL component [57], indicating that milk-

derived LacCer is a putative trap and blocking patho-

gen binding in the intestines, and that milk-derived

LacCer protects the host from invading pathogens.

Interactions between the sugar moieties of gangliosides

and the polysaccharide moieties of Shigella LPS were

found to facilitate binding of bacteria to human

CD4+ T cells [58]. Taken together, these observations

suggest that specific carbohydrate-carbohydrate inter-

actions between sugar moieties of GSL and of patho-

gen-associated molecular pattern (PAMP) may be

related to various immune disorders.

Effects of GSL regulation on innate immunity

Innate-like T lymphocytes, such as NKT cells, recog-

nize GSLs presented by CD1d and control innate and

adaptive immune responses against not only some

inflammatory diseases but also against cancers and

infectious diseases [26]. It has been found that a

marine sponge-derived a-GalCer is a lipid antigen

molecule, which activates NKT cells [23]. Moreover,

a-GalCer was found to enhance immune reactions to

various infectious microorganisms and several cancers,

as well as inhibiting autoimmune disorders, allograft

rejection, and graft-versus-host disorders [59]. a-
Linked glycosylceramides were determined to be the

main endogenous ligands on NKT cells [27]. Macro-

phage inducible C-type lectin (Mincle) responds to

b-GlcCer, which is an endogenous ligand and possess

immunostimulatory activity [60]. These findings sug-

gest that GSL-mediated NKT activation is a potential

target for immunotherapy of several disorders.

Table 1. Binding of GSLs to pathogens and toxins.

GSLs Pathogens or toxins Ref. No.

GD1a,

GT1b

Polyomavirus [29]

GM1 Simian virus 40 [29]

Brucella suis [36]

Cholera toxin B subunit [37,38]

Escherichia coli enterotoxin [39]

Vibrio cholerae enterotoxin [42]

Gb3 Shiga toxin, Verotoxin B subunit [30–33]

Asialo

GM1

Pseudomonas aeruginosa,

Bifidobacterium bifidum, Lactobacillus

[34,35]

LacCer Mycobacterium tuberculosis [15]

Mycobacterium avium-intracellulare complex [15]

Mycobacterium gordonae [15]

Mycobacterium smegmatis [15]

Mycobacterium tuberculosis ManLAM [15]

Mycobacterium avium-intracellulare

complex ManLAM

[15]

Mycobacterium smegmatis PILAM [15]

Candida albicans b-glucan [16]

Helicobacter pylori [44]

Pneumocystis carinii b-glucan [45]

Bacillus dysenteriae [46]

Bordetella pertussis [47]

Saccharomyces cerevisiae PGG-glucan [48]

Escherichia coli [50]

Propionibacterium granulosum [51]

Propionibacterium freudenreichii [52]

Yersinia pestis [53]

Escherichia coli CFA/I protein [54]

Neisseria gonorrhoeae [55]

Borrelia burgdorferi [56]

GM1,

GM3

Shigella LPS [58]
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However, the in vivo mechanism by which GSLs recog-

nize their receptors is still unclear.

GSL regulation of adaptive immunity

The ganglioside GQ1b was shown to promote the pro-

duction of cytokines from T cells, without altering

cytokine productions in B cells and monocytes [24].

When B cells were cocultured with GQ1b pretreated T

cells, B cells produced Ig. Addition of IL-6 or IL-10 to

B cells increased Ig production, with the two together

displaying additive effects. These findings indicate that

GQ1b induces T cell production of IL-6 and IL-10,

resulting in B cell production of Ig cells [24] and that

extracellular or exogenously added gangliosides may

modulate adaptive immune responses.

GSLs in innate immunity

Glycosphingolipids form lipid rafts on the plasma and

granular membranes of host immune cells and act as

functional pattern-recognition receptors (PRRs) for

invading pathogens. LacCer and gangliosides recognize

pathogen-specific carbohydrate structures. These GSLs

mediate a variety of physiological activities, including

chemotaxis, phagocytosis, cytokine production, apop-

tosis, and autophagy. In some cases, intracellular

pathogens, such as Mycobacteria, alter GSL-enriched

lipid raft-mediated innate immune functions, allowing

these pathogens to escape killing by host phagocytes.

GSL-enriched lipid rafts as pattern-recognition

receptors

Mammalian innate immune responses are initialized

by binding of PAMPs, which are essential components

required for the microbial survival and are not present

on mammalian cells [61], to PRRs expressed on innate

immune cells. PRRs are categorized according to their

functions. Toll-like receptors [62,63], LPS-binding

receptor CD14 [64], and C-type lectin receptor dectin-1

[65] are PRRs that sense a variety of PAMPs, and

mainly mediate PAMPs-induced inflammatory signal-

ing pathways. In contrast, macrophage mannose

receptor CD206 [66], scavenger receptors [67,68], and

aMb2-integrin [69] are phagocytic PRRs that directly

recognize PAMPs covering microorganisms and induce

phagocytosis of microorganisms. Not only glycopro-

teins but also GSLs such as LacCer [16,21,70] and

GM1 [29,36], which form lipid rafts, are capable of

binding and sensing PAMPs. As described above, Lac-

Cer has binding capacities for microbial PAMPs,

including pathogenic fungi b-glucan Candida

solubilized cell wall b-glucan (CSBG) and mycobacte-

rial LAM. In addition, LacCer-enriched lipid rafts

serve as signaling platforms for both inflammatory

responses and phagocytosis through aMb2-integrin that

is devoid of signaling motif in the cytoplasm region.

b-Glucan from Pneumocystis carinii has been shown to

stimulate the production of large amounts of MIP-2

via LacCer on rat alveolar epithelial cells [45]. LacCer

is expressed on the surfaces of human dendritic cells

[71]. LacCer contained GSL-enriched lipid rafts have

been reported to participate in the activation of human

dendritic cells by Pneumocystis b-glucans [72]. These

findings suggest that GSL-enriched rafts containing

LacCer are involved in the initiation of b-glucan cellu-

lar responses and IL-23 release from dendritic cells.

CSBG induces the migration of human neutrophils

and this migration is completely inhibited by Src fam-

ily kinase inhibitor PP1 or LacCer liposomes [70]. In

contrast, capsular polysaccharide from Streptococ-

cus suis inhibits LacCer-mediated macrophage phago-

cytosis [73]. We recently reported that both mannose

capped LAM (ManLAM) from M. tuberculosis and

phospho-myoinositol capped LAM (PILAM) from

Mycobacterium smegmatis induce Lyn phosphorylation

and subsequent aMb2-integrin-mediated phagocytosis

by human neutrophils [15]. These observations suggest

that LacCer-enriched lipid rafts act as not only a sig-

naling PRR inducing inflammatory responses but also

a phagocytic PRR inducing and supporting phagocy-

tosis of microorganisms.

Organization and signal transduction by

GSL-enriched lipid rafts

Biological membranes consist of various molecules,

which form several kinds of clusters based on their

physicochemical properties and cis interactions. These

properties provide physical boundaries between outside

and inside of the cells. Therefore, cell membrane com-

ponents can undergo nonhomogeneous lateral distribu-

tion, leading to the formation of membrane domains

with a highly distinguished molecular composition and

supramolecular structures, which are stabilized by lat-

eral interactions among membrane components. The

physicochemical properties of GSLs suggest that they

form defined clusters and that certain proteins cannot

undergo free and continuous lateral diffusion, but

rather are transiently confined to microdomains (lipid

rafts) [74–76]. Several molecules can enter into these

domains to form functional domains. In addition,

palmitoylated proteins, such as Src family kinases and

small G proteins, tend to enter GSL-enriched lipid

rafts [77–80], suggesting that GSLs are involved in
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signal transduction from outside into the cells. Many

studies of the organization and immunological func-

tions of GSL-enriched lipid rafts involve LacCer

[3,15,16,21,28,70,71,81,82], a molecule that is selec-

tively expressed on the plasma and granular mem-

branes of human neutrophils, and that forms lipid

rafts with other molecules [15,21,70]. The C24 fatty

acid chain of LacCer on plasma membranes directly

binds to Lyn and Gai [81], with ligand binding to

these LacCer clusters mediating outside-in signaling

(Fig. 1) [16,21,82]. Interestingly, immunoelectron

microscopy found that only one-quarter of LacCer-

enriched lipid rafts is coupled with Lyn on cellular

membranes [82], indicating that different types of Lac-

Cer-enriched lipid rafts are present on individual mem-

branes. Although two anti-LacCer monoclonal

antibodies T5A7 and Huly-m13 bind to the lactose

moiety of LacCer, the two were shown to recognize

different areas of LacCer-enriched domains on artifi-

cial lipid layers [28]. Binding experiments suggested

that Huly-m13 binds to lactose clusters in LacCer-

enriched domains, while T5A7 binds to dispersed

LacCer clusters in the phase boundary regions of Lac-

Cer-enriched domains. Two different LacCer-enriched

lipid rafts, e.g., Lyn- and Hck-coupled LacCer-

enriched lipid rafts are present on phagosomal

membranes of neutrophils [15]. Among them, only

Hck-associated LacCer-enriched lipid rafts can mediate

phagolysosome formation. Interestingly, Hck is absent

in LacCer-enriched lipid rafts of resting neutrophils.

Thus, LacCer-mediated functions during phagocytosis

require the reorganization of LacCer-enriched lipid

rafts and the association with appropriate molecules

during phagosome maturation. LacCer should gather

with appropriate molecules to form several kinds of

lipid rafts, each of which may express different molec-

ular patterns and mediate different functions on the

same membranes.

It is unclear, however, whether LacCer in LacCer-

enriched lipid rafts can mediate outside-in signal trans-

duction. The human acute myeloid leukemia cell line

HL-60 can be induced to differentiate into neutrophilic

lineage cells by treatment with dimethyl sulfoxide. The

resulting D-HL-60 cells acquire superoxide generating

activity, but cannot phagocytose microorganisms under

non-opsonized conditions [21,70]. LacCer on plasma

membranes of D-HL-60 cells consists primarily of

C16:0-LacCer, with little C24-LacCer present [82]. In

contrast, the main molecular species of LacCer on the

plasma membranes of human neutrophils are C24:0-,

C24:1-, and C16:0-LacCer. Importantly, Lyn is able to

enter into LacCer-enriched lipid rafts of D-HL-60 cells

that are loaded with C24:0- and C24:1-LacCer

molecules. On the other hand, the loading of C16:0- and

C22:0-LacCer molecules hardly reconstruct Lyn-asso-

ciated LacCer-enriched lipid rafts. LacCer-mediated

immunological functions can be reconstructed in the

C24:0- or C24:1-LacCer molecule-loaded D-HL-60

cells. Moreover, C24- but not C16-LacCer molecules

have been demonstrated to be directly associated with

Lyn and Gai by the crosslinking experiments with pho-

toactivatable tritium-labeled LacCer analogues [81].

The interactions between C24 fatty acid chains of Lac-

Cer and palmitic chains of Lyn and Gai are thought to

be indispensable for LacCer-enriched lipid rafts-

mediated outside-in signaling (Fig. 1).

aMb2-Integrin mediates immunological functions of

neutrophils and macrophages, such as adhesion,

migration, chemotaxis, and phagocytosis of opsonized

and non-opsonized microorganisms [83]. aMb2-Integrin
does not possess a catalytic motif responsible for sig-

naling inside of the cells [84,85]. Rather, Src family

kinases are the responsible signal transduction mole-

cules for aMb2-integrin-induced functions [86,87].

Thus, the aMb2-integrin requires adaptor molecules for

connecting to Src kinases. aMb2-Integrin initiates

innate immune responses through binding to several

ligands. The aM subunit can bind not only to C3bi but

also to some kinds of PAMPs, including b-glucan and

LPS [88,89]. In plasma membranes of resting neu-

trophils, aMb2-integrin and LacCer-enriched lipid rafts

are close to but not colocalized with each other. Upon

ligand binding to aM integrin subunit, aMb2-integrins
move to Lyn-associated LacCer-enriched lipid rafts

(Fig. 1C). Anti-LacCer antibody Huly-m13 was shown

to pull down the b2 subunit from the detergent-

resistant membrane fraction (DRM) of zymosan-

containing phagosomes, whereas the b2 subunit was

not isolated from the plasma membrane DRM of rest-

ing neutrophils [21]. Gene-silencing experiments

showed that aMb2-integrin-mediated activation by

non-opsonized microorganisms depended on Lyn-asso-

ciated LacCer-enriched lipid rafts in human neu-

trophils [15,21] (Table 2). These findings suggest that

Lyn-associated LacCer-enriched lipid rafts act as signal

transduction platforms for signaling motif-deficient

molecules, such as aMb2-integrin.

Mechanism of the binding of LacCer-enriched

lipid rafts to pathogens

As described in section I, several kinds of pathogenic

microorganisms bind to LacCer, suggesting existence

of the common pattern(s) on the membranes of these

microorganisms, which can be recognized by LacCer

clusters. Fungi express b-glucans, which are
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heterogeneous glucose polymers, consisting of b-1,3-
linked b-D-glucopyranosyl units with or without b-1,6-
linked side chains of various distributions and lengths

[90,91]. CSBG consists of a b-1,3 glucopyranose glucan

backbone, with b-1,6 long glucopyranose side chains

and b-1,3 monoglucopyranose branches [91]. CSBG

binds to GSLs having galactose as the terminal resi-

due, such as GalCer, LacCer, and Gb3 [16]. The struc-

ture of yeast-derived PGG-glucan resembles that of

CSBG [92]. PGG-glucan also binds to GSLs having

galactose as the terminal residue [48].

Mycobacteria abundantly express glycolipid LAM

on their cell wall [93]. Pathogenic mycobacteria, includ-

ing M. tuberculosis and MAC, express a terminal Man-

LAM, while nonpathogenic mycobacteria, including

M. smegmatis, express a terminal PILAM or no capped

LAM [94]. LAMs have the same mannan core struc-

ture, consisting of a linear chain of a-1,6

mannopyranose backbone with a-1,2 mannopyranose

side branches [95]. Both M. tuberculosis-derived Man-

LAM and M. smegmatis-derived PILAM bind to Lac-

Cer [15]. Surface plasmon resonance (SPR) experiments

demonstrated that M. tuberculosis-derived ManLAM

binds to LacCer but not to GM3 (Fig. 2B). M. smeg-

matis a-1,2 mannosyltransferase-deficient mutant

(DMSMEG_4247) expresses mutated PILAM, which

lacks a-1,2 monomannose side branches of the mannan

core. Human neutrophils cannot phagocytose

DMSMEG_4247 bacteria. DMSMEG_4247-derived

LAM does not bind to LAM (Fig. 2C). Therefore, the

a-1,2 monomannose side branches of mannan core in

LAM of both nonpathogenic and pathogenic mycobac-

teria are important for phagocytosis of mycobacteria

by neutrophils through the binding of LacCer to LAM

and lipomannan. LacCer-enriched lipid rafts bind to

b-1,6 long glucopyranose side chains with b-1,3

Table 2. Associations of GSLs with partner molecules to mediate immune responses.

GSLs Partner molecules Cell type Phenotype Ref. No.

LacCer CD11b/CD18

(aMb2)-integrin

Neutrophils (Human) b-glucan- and LAM-induced phagocytosis of

zymosan and mycobacterial species, respectively

[15,21]

GD1a TLR2/TLR1 Monocytes (Human) LT-IIb-B5-induced NFjB activation [169]

Asialo GM1 TLR5 Lung epithelial cells NCIH292 (Human) Flagellin-induced autocrine release of ATP [170]

GM1a TrkA Lung adenocarcinoma epithelial

cell line A549 (Human)

Clostridium perfringens alpha-toxin-induced

IL-8 release

[171]

GM1 PreTCRa SCID thymocyte-derived cell

line SCB.29 (Mouse)

PreTCR signaling [114]

a-series

gangliosides

CD4, TCR T cells (Mouse) Helper T cell activation [22]

o-series

gangliosides

CD8, TCR T cells (Mouse) Killer T cell activation [22]

GM1 IgM-BCR Immature B cells (Mouse) Removal of autoreactive immature B cells (apoptosis) [153]

GM3 Caspase-8

(upon CD95/Fas

stimulation)

Lymphoblastoid T cells (Human) Apoptosis [157]

Fig. 1. LacCer-enriched lipid rafts. (A) Schematic image showing the direct association of C24-LacCer with Lyn and Gai. LacCer forms Lyn-

and Gai-coupled lipid rafts on the plasma membrane of human neutrophils. The C24 fatty acid chains of LacCer interdigitate into the inner

leaflet of plasma membranes and interact directly with the palmitic chains of Lyn and Gai. These interactions allow association of these

signal transduction molecules with LacCer to mediate signaling from outside to inside, resulting in neutrophil functions, including

chemotaxis, phagocytosis, and superoxide generation. In addition, LacCer-enriched lipid rafts also act as a signal transduction platform for

aMb2-integrin (CD11b/CD18), which is devoid of a signaling motif in its cytoplasmic region. (B) Effect of C24-LacCer on the functions of D-

HL-60 cells. Loading of C24-LacCer but not C16-LacCer into D-HL-60 cells reconstituted cellular functions, such as chemotaxis and

phagocytosis, to almost the same levels as human neutrophils. (C) Schematic image showing the interactions of Lyn-associated LacCer-

enriched lipid rafts with aMb2-integrin. Upon the binding of bacterial PAMPs, such as CSBG or LAM, to aMb2-integrin and LacCer-enriched

lipid rafts on host cells, the aM subunit is activated and undergoes a conformational change, inducing the accumulation of cytoskeletal

proteins, including talin and a-actinin (actin rearrangement). aMb2-Integrin subsequently translocates into LacCer-enriched lipid rafts,

stimulating Lyn by the direct or indirect interaction between LacCer and residues 514–553 in the C-terminal portion of the conserved

domain of the b2 subunit. These signaling cascades induce the formation of phagocytic cups, resulting in phagosome formation.
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glucopyranose branches of CSBG [16]. Therefore,

these observations provide a novel mechanism that

LacCer clusters bind to the comb-shaped common

three-dimensional structures between fungal b-glucans
and mycobacterial LAMs through carbohydrate–car-
bohydrate interactions.

Fig. 2. Binding specificity of LacCer to the structures of b-glucans and LAM. (A) Schematic images showing binding specificities of b-

glucans and LAMs to LacCer. b-Glucans are a heterogeneous group of glucose polymers, consisting of b-1,3-linked b-D-glucopyranosyl units

with b-1,6-linked side chains of various distributions and lengths. LacCer does not bind to b-glucan, which lacks b-1,6-linked long b-D-

glucopyranose side branches, such as curdlan. LAMs are major glycolipid components of all mycobacterial species. All mycobacterial LAMs

have a mannan core structure, consisting of a 21–34 residue a-1,6-mannopyranose backbone and 5–10 a-1,2 mannopyranose side chains.

LacCer recognizes the a-1,2-monomannose side branches of LAM, which are expressed by both pathogenic (M. tuberculosis) and

nonpathogenic (M. smegmatis) mycobacteria. (B) SPR analysis of the binding specificity of LAMs to LacCer. SPR analysis indicated that

M. tuberculosis-derived ManLAM binds specifically to LacCer, but not to GM3. RU, resonance unit. (C) Binding specificity of LAMs to

LacCer. ManLAM and M. smegmatis LacCer bound to PILAM derived from WT, but not from the M. smegmatis a-1,2-mannosyltransferase

deletion mutant (DMSMEG_4247), as the latter lacks the a-1,2-monomannose side branches of the LAM mannan core (reproduced from

Science signaling 9, ra101 (2016)) with slight modifications. **P < 0.01. Thus, LacCer binds not only to b-1,6 long glucopyranose side chains

with a b-1,3 glucopyranose branches of CSBG but also to a-1,2-monomannose side chain-containing mannan cores of LAM, suggesting that

LacCer recognizes the common structural patterns of fungal b-glucans and mycobacterial LAMs.
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GSL-enriched lipid raft-mediated immune

evasion by intracellular pathogens

The engulfment and killing of microorganisms by

phagocytes are well-characterized functions of innate

immunity. PRRs on phagocytes recognize microorgan-

isms, either directly or indirectly, acting as direct sen-

sors of non-opsonic infectious microorganisms in host

phagocytes. Phagocytes efficiently engulf opsonized

microorganisms through complement component C3bi

and IgG. Intracellular pathogens, including Listeria,

Salmonella, and Mycobacteria, have been shown to

target lipid rafts [96] as well as proteinaceous PRRs on

host plasma membranes. Above all, pathogenic

mycobacteria are known to exploit lipid rafts and

PRRs to gain entry into phagocytes under non-opso-

nized conditions [97,98]. These intracellular pathogens

are able to survive inside cells by manipulating a vari-

ety of signaling pathways. Once intracellular pathogens

are engulfed by phagocytes, they inhibit the fusion of

lysosomes to nascent microorganism-containing

phagosomes or escape from phagocytic vesicles to

reach the cytosol [98–105]. Lysosomes, which contain

several kinds of digestive enzymes, effectively fuse to

serum-opsonized M. tuberculosis-containing phago-

somes, but do not fuse to non-opsonized bacteria-con-

taining phagosomes [106,107], suggesting that signaling

cascades differ under opsonized and non-opsonized

conditions.

Although, regardless of pathogenicity, human neu-

trophils phagocytose mycobacteria through Lyn-asso-

ciated LacCer-enriched lipid rafts and aMb2-integrin,
the fates of these phagocytosed bacteria are distinct.

Neutrophil phagocytosis of nonpathogenic mycobacte-

ria results in the fusion of lysosomes to bacteria-con-

taining phagosomes [108]. By contrast, phagocytosed

pathogenic mycobacteria prevent lysosomal fusion to

bacteria-containing phagosomes, resulting in the sur-

vival of mycobacteria inside phagocytes. Neutrophil

granules highly express LacCer-enriched lipid rafts on

their membrane [70,109]. LacCer-enriched lipid rafts

are also expressed on bacteria-containing phagosome

membranes [15,21]. The Src family kinase Hck, which

localizes to the granular membranes [110], is essential

for lysosomal fusion to phagosomes [111]. Along

with phagosome formation, Hck associates with

LacCer-enriched lipid rafts on membrane of phago-

somes containing the nonpathogenic mycobacterium

M. gordonae but not the pathogenic mycobacterium

MAC [15]. Furthermore, these molecular associations

can be observed on phagosomes containing non-

pathogenic M. smegmatis-derived PILAM- but not

pathogenic M. tuberculosis-derived ManLAM-coated

beads. Therefore, the mannose cap motif of Man-

LAM is thought to abrogate the formation of Hck-

associated LacCer-enriched lipid rafts on phagosomal

membranes. ManLAMs derived from pathogenic

mycobacteria may therefore affect the reorganization

of phagosomal-membrane LacCer-enriched lipid rafts,

disturbing Hck association with the LacCer domains,

resulted in enhancing subsequent mycobacterial escape

from neutrophil killing (Fig. 3).

Gangliosides in adaptive immunity

T cells are indispensable players in the cell-mediated

immunity and differentiate into subsets with distinctive

functions in the thymus which is a central organ for

the education and maturation of T cells. T cell activa-

tion through T cell antigen receptors (TCRs) requires

the recruitment of both membrane molecules including

costimulatory receptors and intracellular molecules

participating in signal transduction, into the lipid rafts

[12]. T cells differentiate into helper T (CD4+ T) cells,

which are characterized with the expression of CD4 on

their cell surface, and cytotoxic T (CD8+ T) cells

which are distinguished with the expression of CD8 on

their cell membrane. CD4+ and CD8+ T cells achieve

distinctive immunological functions, and have similar

mechanisms of TCR-mediated signaling via particular

intracellular signaling events. Th and Tc cells also

express different types of gangliosides at different

levels [22]. This section covers glycan structure-specific

functions of gangliosides involved in the activation of

CD4+ and CD8+ T cells and the roles of gangliosides

in immune diseases.

Gangliosides in T cell development

Precursor cells migrating from bone marrow develop

into conventional T cells in the thymus. Developing T

cells in the thymus, usually called thymocytes, can be

broadly divided into four subsets, based on their

expression of the specific surface markers CD4 and

CD8: DN (CD4�CD8�), DP (CD4+CD8+), CD4SP

(CD4+CD8�), and CD8SP (CD4�CD8+). Cells in the

DN subset, which are regarded as the least mature

stage, can be further subdivided into four substages,

DN1 to DN4. DN3 is a prominent stage in the course

of thymocyte development. During this stage, TCRb
chain genes undergo productive rearrangement, leading

to the expression of a preTCR, which induces cell sur-

vival, proliferation and expression of both CD4 and

CD8 coreceptors [112].

Unlike TCR signaling in mature T cells, preTCR

signaling in DN3 cells does not require the recognition
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Fig. 3. The capping motif of LAM affects LacCer-enriched lipid raft-mediated phagosome maturation. Schematic images showing

mycobacterial phagocytosis in human neutrophils. Human neutrophils engulf mycobacterial species through the binding of LacCer-enriched

lipid rafts to the LAM mannan core region. Human neutrophils can therefore engulf both pathogenic and nonpathogenic mycobacteria using

the same mechanism. In contrast, pathogenic mycobacteria, such as M. tuberculosis and MAC, disrupt the reorganization of Hck-coupled

LacCer-enriched lipid rafts on phagosomal membranes through the mannose-capping motif of ManLAM, arresting phagosome maturation.
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of major histocompatibility complex (MHC) plus anti-

gen on antigen presenting cells. Rather, preTCR can

mediate autonomous signaling, based on the ability of

the preTCR component pTa to spontaneously form

oligomers [113]. Patch formation by preTCR molecules

can be assessed by fluorescence microscopy. PreTCR

can be palmitoylated and is partially enriched in lipid

rafts [114]. CTx staining, followed by fluorescent-acti-

vated cell sorting, showed that ganglioside expression

is higher in the DN than in the DP and SP popula-

tions, with ganglioside expression being much higher

at stages DN3 to DN4 than in other thymocyte popu-

lations. CTx-reacting ganglioside species (GM1 and

extended-GM1b) were shown to colocalize with

preTCR patches on DN cell surfaces [114] (Table 2).

These findings suggest that CTx-reacting gangliosides

can assist in preTCR clustering in lipid rafts enriched

with gangliosides. Phosphorylation of ZAP-70 kinase

following preTCR activation can be abolished by

treatment with methyl-b-cyclodextrin (MbCD), which

is widely used for lipid raft disruption. Forcibly target-

ing CD3Σ, a signaling component of the preTCR com-

plex, in lipid rafts by palmitoylation of the CD3Σ-
associated molecule calnexin in Rag recombinase null

DN cells, which are defective in preTCR expression,

allows the further development of DN cells [78]. How-

ever, mutated forms of preTCR, which lack putative

palmitoylated sites or all intracellular domains, have

normal preTCR signaling capacity [115,116]. Further

research is necessary to better clarify the physiological

functions of gangliosides in preTCR signaling and DN

cell development.

PreTCR signaling has been associated with cell sur-

vival and proliferation and with expression of both

CD4 and CD8 coreceptors. The resulting cells are ter-

med DP thymocytes. After TCR rearrangement, DP

cells express mature TCR and undergo positive and

negative selection to become mature CD4 and CD8 SP

cells, respectively. Because DP cells have fewer raft-

forming lipids, GSLs, and sphingomyelin, than thymo-

cytes of any other developmental stage, the profiles

and functions of lipid rafts in DP cells remain unclear.

TCR-mediated activation, such as the recruitment of

signaling molecules into immunological synapses dur-

ing positive selection of DP cells, does not involve the

accumulation of CTx-reacting gangliosides [117]. DN4

cells in TCR-null mice exhibited greater Ca2+

responses than DP cells upon stimulation with an anti-

TCR antibody. The forced expression on thymic

epithelium of CD80, a costimulatory molecule that

cooperates with CD28 on thymocytes, induces GM1

accumulation at the site of contact between thymo-

cytes and thymic epithelium, as well as reducing

positive selection and increasing apoptosis like nega-

tive selection [118]. These results suggest that DP cells

have a higher signal threshold for TCR activation and

therefore require stronger stimulation than DN cells,

as the structure and dynamics of lipid rafts on DP

cells are limited by the reduced availability of ganglio-

sides and sphingomyelin.

Although conditional targeted disruption of the

GlcCer synthase (GlcCerS) gene in early DN stage thy-

mocytes resulted in almost complete reduction of GSLs

derived from GlcCer, conventional T cell development

was not affected [119]. This was likely caused by the

ability of trace amounts of GSLs to form specific micro-

domains and induce TCR-mediated signal transduction.

Alternatively, it may have been due to the sphin-

gomyelin microdomain essential for TCR-mediated DN

thymocyte development, in that activation with anti-

CD3 antibody induced the accumulation of sphin-

gomyelin in a microdomain containing TCR [120].

Roles of gangliosides in TCR-dependent

activation of T cells

Antigen-presenting cells carrying MHC-peptide com-

plexes present peptide antigens to TCRs on the T cells,

triggering T cell activation. CD4 and CD8 as costimu-

latory molecules on T cells bind to nonpolymorphic

regions of the MHC and facilitate the signaling. Dur-

ing the activation, TCR and CD4 or CD8 on the cell

membrane and intracellular signaling molecules need

to be recruited into specific cell membrane region

called lipid rafts.

The lipid rafts are composed of sphingomyelin and

cholesterol as the major raft lipid components and

GSLs or gangliosides as the minor but significant com-

ponents. Cholesterol interacts with hydrocarbon chains

of sphingolipids, holds the raft assembly together like

a “glue”, and plays a critical role in maintaining mem-

brane fluidity. The functions of cholesterol in the lipid

rafts are very well documented on the basis of results

obtained by MbCD treatment which depletes choles-

terol from cell membranes and disrupts cellular func-

tions [121]. Despite concerns about other effects

produced by the treatment [122], experimental

approaches using MbCD have been widely used. In

contrast, fewer studies have addressed the role of gan-

gliosides in raft functions due to the lack of convenient

procedures manipulating the presence of GSLs and

gangliosides in the cell membrane.

Important aspects of ganglioside expression of T cells

can be seen in GM3 synthase knockout (GM3S�/�) and
GM2/GD2 synthase knockout (GM2/GD2S�/�) mice

[22]. GM3S transfers sialic acid to galactose residue of
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LacCer for making GM3, which the simplest molecule

of the “a-series” gangliosides. GM2/GD2S transfers

GalNAc to LacCer, GM3 or GD3, and expressed GA2,

GM3, and GD2. In wild-type (WT) mice, a-series

GM1a expression of CD4+ T cells is higher than CD8+

T cells. In contrast, expressions of o-series GM1b, Gal-

NAc-GM1b, and extended GM1b are higher in CD8+

T than in CD4+ T cells. TCR-induced proliferation and

cytokine production were severely disordered in CD4+

T cells of GM3S�/� mice, and these defects can be can-

celed by pretreatment of the cells with GM3 and GM1a,

but not b-series, gangliosides. The severe disorder of

TCR-dependent proliferation and cytokine production

also can be seen in T cells of GM2/GD2S�/� mice, and

these defects were also canceled by pretreatment of the

cells with o-series gangliosides or their precursor GSLs,

GM1b and GA1, but not with a- or b-series ganglio-

sides. These observations indicate that CD4+ and

CD8+ T cell subsets have specific raft domains com-

posed of distinct kinds of gangliosides, and this distinc-

tion is the basis of different function of TCR

stimulation of these two subsets (Fig. 4; Table 2). An

interesting possibility is proposed as that CD4 may

interact with the glycan structure common to GM3 and

GM1a, Siab2-3Galb1-4Glc, and CD8 with that of

GM1b and GA1, Galb1-3GalNAcb1-4Galb1-4Glc.

Another possibility is the involvement of ceramide

structures of these gangliosides. LC-MS analysis indi-

cated GM1a and b, GD1, GalNAc-GM1b, and

extended GM1b carry ceramides composed of d18:1-

16:0, -18:0, -20:0, -22:0, -24:1, and -24:0. Ceramide

structures of these gangliosides were not so much differ-

ent between CD4+ and CD8+ cells except for higher

content of d18:1-22:0 carrying gangliosides in CD8+

cells. Is this difference critical for the ganglioside prefer-

ence by CD4 and CD8? These possibilities need to be

addressed and, for doing this, further development of

imaging mass spectrometry which is able to cover the

m/z values of these gangliosides with much higher sensi-

tivity would become an indispensable approach. CD4

and CD8 localize to lipid rafts by palmitoylation, a pro-

cess during which acyl chains are attached to core pro-

teins, but raft localization is not determined solely by

this process [123,124]. To ensure the movement of CD4

and CD8 to specific and correct locations on the mem-

brane, these molecules must likely interact with rafts

carrying specific gangliosides. Taking these issues into

consideration, the specific roles of individual ganglio-

sides in regulating membrane microenvironments

remain to be determined as critically important molecu-

lar mechanism for maintaining membrane functions.

Involvement of gangliosides in T cell-mediated

autoimmune and allergic diseases

Negative selection of T cells is indispensable for the

prevention of autoimmune diseases during T cell devel-

opment in the thymus. Survival of self-reactive T cells

could lead to autoimmune disorders and allergic dis-

eases. There are several subsets of CD4+ T cells, e.g.,

Th1, Th2, Th17, and Treg cells. These CD4+ T cell

subsets produce different kinds of cytokines and

chemokines, and showing their specific functions. The

functional specificity of CD4+ T cell subsets may be

due to differences in the organization of TCR signal-

ing complexes in lipid rafts [125].

Allergic asthma is defined as a type 1 hypersensitiv-

ity reaction, which is a manifestation of immediate

and late-phase reactions in the lungs. Innate immune

cells, including mast cells, basophils, and eosinophils,

are effector cells during airway inflammation [126,127].

CD4+ T cells contribute to the initiation of allergic

reactions by producing Th2 cytokines, such as IL-4

and IL-13, which initiate production of IgE antibodies

against harmless antigen from B cells [128,129].

a-series 

o-series 

Thymocytes 

& 

Helper T eel I 
(CD4+ T cell) 

Activation 

Killer T cell 
(CD8+ T cell) 

TCR CD8 

Activation 

Fig. 4. Distinct expression signatures of ganglioside molecules during

T cell development. The maturation of immature thymocytes (doubly

positive for CD4+and CD8+) to mature singly positive T cell

subpopulations was accompanied by selective ganglioside expression.

Gene expression patterns, together with ganglioside analysis,

confirmed that CD8+ T cells exclusively express o-series gangliosides

due to downregulation of GM3S and upregulation of GM2/GD2S

expression. In contrast, GM1a expression was maintained in CD4+ T

cells due to the upregulation of GM3S, suggesting that each T cell

subset has unique rafts composed of different ganglioside molecules

and that these rafts provide distinct functions during different

intracellular events following receptor-mediated stimulation. This

ganglioside selection process may be indispensable in the formation of

distinct and functional lipid rafts in mature T cells.
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Administration of ovalbumin (OVA) induces allergic

airway inflammation and airway hyperresponsiveness

in OVA-sensitized mice [22]. The OVA-induced allergic

airway inflammation includes OVA-specific IgE pro-

duction, airway infiltration by inflammatory cells,

mucus hypersecretion, and increased Th2 cytokine

levels in serum. Importantly, these allergic airway

responses markedly reduced in the OVA-sensitized

GM3S�/� mice (Fig. 5). The reduction of allergic

responses in GM3S�/� mice is thought to be due to a

lack of GM1a in CD4+ T cells [22]. The expression of

GM1a is enhanced in self-reactive CD4+ T cells, and

this enhancement persists abnormal cell activation

[130,131]. Administration of antisense oligonucleotides

against the GM3S gene suppressed airway inflamma-

tion [132]. These findings indicate that the a-GMs such

as GM1a are essential for T helper cell function

(Fig. 4). The balance between effector Th2 cells and

suppressive Treg cells during allergic airway inflamma-

tion was skewed toward Th2 predominance [133]. The

particular role of Th17 cells in asthma is still

unknown. But, Th17 cells could be involved in neu-

trophilic, steroid-resistant severe asthma and enhance

the airway inflammation caused by Th2 cells [134].

Th17 cells from GM3S�/� mice reduced the number of

Th17 cells in vitro [135].

One of the most common autoimmune diseases is

systemic lupus erythematosus (SLE), which presents

with multisystem clinical manifestations, including

rash, arthritis, glomerulonephritis, hemolytic anemia,

thrombocytopenia, and central nervous system involve-

ment [136,137]. The pathogenesis of SLE involves the

appearance of many types of autoantibodies and

autoreactive T and B cells. T cells from patients with

GM3S–/–

Fig. 5. The role of gangliosides in the pathogenesis of allergic asthma. a-GMs in CD4+ T cells are critical for signal transduction through

immunological synapses, resulting in the synthesis and release of Th2 cytokines, such as IL-4, IL-5 and IL-13. These cytokines play a central

role in the development of airway narrowing by activating eosinophils, B cells and mast cells, which cause mucus secretion and airway

hyperresponsiveness.
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SLE were reported to show intrinsic alterations in lipid

components of lipid rafts [130,138,139]. The levels of

expression of GM1a in CD4+, but not CD8+, T cells

were significantly higher in SLE patients than in

healthy controls. LacCer, GA2, Gb3, GM1a, and

GD1a were also upregulated in SLE CD4+ T cells

[140]. The increase in GM1a was greater in CD45RO-

positive CD4+ memory T cells from patients with

active than inactive SLE [130]. In addition, the expres-

sion of GM1a is enhanced in activated human T cells

[130,139,141,142] and in self-reactive CD4+ T cells,

resulting in the persistence of abnormal cell activation

[130,131]. Taken together, these findings indicate that

gangliosides are key factors in the pathogenesis and

pathology of SLE. GlcCerS inhibitor normalized the

increases in GM1a and LacCer levels in SLE CD4+ T

cells after stimulation with anti-CD3 and anti-CD28

mAbs, as well as partially reversing the defects in TCR

signaling [140]. The levels of expression of cellular

GSLs are systematically controlled by de novo synthe-

sis, turnover, and recycling [143]. The biosynthesis of

GSLs and their trafficking to and from plasma mem-

branes are increased in SLE T cells, leading to the

aberrant accumulation of gangliosides in lipid rafts

[144].

Rheumatoid arthritis (RA) is a typical autoimmune

disease and typically results in warm, swollen, and pain-

ful joints, and adaptive immune systems are involved in

RA development [145]. In RA patients, macrophages,

Th1 cells, Th17 cells, and activated B cells migrates into

inflamed tissues, and inflammatory cytokines, including

IL-1, IL-6, IL-8, IL-17, TNFa, and interferon-gamma,

can be detected in the fluids surrounding inflamed syn-

ovia and joints [146,147]. Moreover, the gene expression

of GM3S and the GM3 expression levels were higher in

the synovia of patients with RA than with osteoarthritis

[148]. In GM3S�/� mice, the progression of collagen-

induced inflammatory arthritis, a mouse model of RA,

was accelerated, and the induction of IL-17-producing

cells in regional lymph nodes was enhanced by collagen

immunization [148]. In contrast, GM3S�/� mice exhib-

ited a smaller number of Th17 cells after culture in vitro

[135]. Further studies are needed to clarify the patholog-

ical significance of GM3 molecular species in RA devel-

opment.

CD4+ T cells can be subclassified as GD1c-positive

IL-2-producing Th1-like cells and GD1c-negative IL-4-

producing Th2-like cells [149]. The lipid rafts of each

of these subpopulations have a unique, characteristic

ganglioside expression pattern, with these patterns

being responsible for the specific functions of Th effec-

tor cells.

Role of GM1 in B cell antigen receptor (BCR)

signaling

B cell antigen receptors (BCRs) are critical for the clo-

nal selection of B cells and the differentiation of B

cells into plasma cells. Mature B cells express not only

IgM-type but also IgD-type BCRs. These IgM and

IgD type BCRs possess identical antigen-binding sites,

but differ in their membrane-bound heavy chain iso-

forms. GM1-enriched membrane lipid rafts involved in

BCR signaling may be responsible for the ganglioside-

related immune functions of B lymphocytes [150–153].
IgM-BCR is not closely localized to GM1-enriched

lipid rafts in resting B cells, whereas IgD-BCR is

located adjacent to these lipid domains [151]. BCR

stimulation induces the translocation of IgM-BCRs

into GM1-enriched lipid rafts in a caveolin-1-depen-

dent manner, whereas IgD-BCRs are excluded from

these lipid domains [153], resulting in the clustering of

IgM- and IgD-BCR nanoclusters. The mechanisms by

which IgM and IgD nanoclusters are organized in

GM1-enriched lipid rafts and modulate BCR signaling

remain unknown.

GSL-enriched lipid raft-mediated
apoptosis and autophagy in immunity

Apoptosis is generally recognized as a principal mech-

anism that modulates cell death, occurring not only in

cellular damages or stress but also in the normal devel-

opment and morphogenesis [154]. In innate immunity,

apoptosis is a significant mechanism for the elimina-

tion of neutrophils from inflamed tissues by tissue-resi-

dent macrophages, which are crucial for confining

inflammatory tissue injury and subsequent resolution

of inflammation [71]. Phosphatidylglucoside (PtdGlc)

is a unique glycophospholipid that forms PtdGlc-

enriched raft-like domains on human neutrophil

plasma membranes [71]. Furthermore, PtdGlc-enriched

raft-like domains mediate the death receptor CD95/

Fas-mediated apoptosis pathway. These findings sug-

gest that lipid raft-mediated apoptosis regulation is

essential in innate immune systems.

GM3 is the major component of lipid rafts in

human lymphocytic cells [155]. Furthermore, the

disialoganglioside GD3 is also abundant, and concen-

trated in lipid rafts [156]. Following treatment of

human lymphoblastoid T cells with anti-CD95/Fas,

GM3 was reported to associate with caspase-8, a com-

ponent of the death-inducing signaling complex [157],

suggesting that gangliosides are structural components

of the membrane multi-molecular signaling complex

involved in the apoptosis pathway mediated by CD95/
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Fas receptor. In general, two different cascades are

known to occur during apoptosis, the plasma mem-

brane-associated death receptor-mediated cascade and

the mitochondria-mediated cascade. GD3 permeabi-

lizes mitochondria in MH1C1 rat hepatoma cells in a

manner dependent on reactive oxygen species (ROS)

and calcium [158]. TNF-a stimulation induces physical

association and GD3 accumulation in mitochondria of

rat hepatocytes [159]. Moreover, GD3-enriched raft-

like domains have been reported present on the mito-

chondrial membranes that recruit Bcl-family proteins

in human lymphoblastoid T cells [160]. Taken

together, these findings suggest that GSLs play pivotal

roles in apoptotic pathways of both innate and adap-

tive immune cells. In addition, GSLs form lipid rafts

not only on plasma membranes but also on subcellular

compartments, with these subcellular GSL-enriched

lipid rafts mediating important signaling pathways

involved in various physiological functions. Indeed,

LacCer forms lipid rafts on both granular compart-

ments and nascent microorganism-containing phago-

somes [15], with the association of phagosomal

LacCer-enriched lipid rafts with Hck, which facilitates

lysosomal fusion, being indispensable for the matura-

tion of microorganism-containing phagosomes.

Apoptosis and autophagy are well regulated and

intertwined biological processes [154,161]. Under stress

conditions, autophagy is unable to assist cell survival,

and apoptosis pathways are activated in cells to ensure

their effective elimination without triggering local

inflammation [162]. Thus, efficient regulation of cross

talk between apoptosis and autophagy is likely to be

advantageous to cells [154]. Interestingly, GD3 was

shown to associate with phosphatidylinositol(3)phos-

phate (PtdIns3P) and microtubule-associated protein

light chain 3 in fibroblasts, indicating the important

roles of GD3 in the timing of initiation of autophagy

and autophagosome biogenesis [163]. Formation of

autophagosomes at the endoplasmic reticulum–mito-

chondria contact site [mitochondria-associated mem-

branes (MAM)] in mammalian cells has been suggested

[164]. Recently, GD3 was shown to form lipid raft-like

domains in MAM [165] and to interact with core-

initiator proteins of autophagy. These observations

suggest that lipid raft-like domains in MAM are impor-

tant in the organelle scrambling activity that leads

to autophagosome biogenesis. Detailed elucidation of

the mechanisms by which GSLs interact with autop-

hagy-related proteins and contribute to autophagosome

biogenesis may suggest new treatments for many human

diseases, because autophagy has been shown to be an

important regulator not only of innate and adaptive

immunity but also of other biological conditions,

including cellular responses to starvation, cell death,

cancer, and neurodegenerative diseases [166].

Perspectives

Glycosphingolipids expressed on cells play essential

roles in a variety of immunological functions. Neutral

GSLs, such as LacCer and Gb3, are important in ini-

tializing host defense responses through binding to

their ligands [15,30]. Exogenously added C24-LacCer

can regulate cellular functions, such as chemotaxis and

phagocytosis [21,81]. a-Linked glycosylceramides were

identified as the major endogenous ligands of NKT

cells [27], which control innate and adaptive immune

responses. In addition, b-GlcCer was identified as an

endogenous ligand for Mincle [60], suggesting that

GSL-receptor trans-interactions may regulate immune

responses. GSLs may play important roles in tuning

the cross talk of signaling pathways in immune sys-

tems, by regulating their expression and release.

Immune reactions to GSL antigens may be involved in

the pathogenesis of autoimmune diseases, such as

encephalomyeloradiculoneuropathy (EMRN), as

autoantibodies against LacCer are present in patients

with EMRN [167]. The binding sites of anti-LacCer

antibody clones differ, even in LacCer-enriched rafts

[28], suggesting that the antigenic specificity of GSLs is

complicated on plasma membranes.

Recent studies have indicated that individual CD4+

T cell subsets express different ganglioside-enriched

lipid rafts on plasma membranes, which affect the

pathogenesis of allergic and autoimmune diseases.

Thymus T cell differentiation is associated with differ-

ential expression patterns of gangliosides in individual

T cell subsets. In peripheral lymphoid organs, the sub-

populations of effector CD4+ T cells possess distinct

lipid rafts with unique ganglioside patterns, which are

responsible for specific Th functions. Therefore, the

selective ganglioside expression is indispensable for the

formation of distinct, functional lipid rafts of T cells

during their maturation. Allergic reactions have some

common features. However, these reactions are some-

how reflected by greatly different molecular patterns

responsible for antigens specificities. Reduction of a-

GMs by suppression of GM3S causes changing of dif-

ferent ganglioside-enriched lipid rafts. Such kind of

technique is a potentially powerful tool for the treat-

ment of immune system disorders.

Glycosphingolipids having different types of sugar

motifs and/or acyl chains are likely able to form dis-

tinct lipid domains [71,168]. Elucidating the functions

of GSLs requires further technical advances to identify

raft-associated molecules that maintain their
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physiological status. These technical advances may

lead to the development of new pharmacological

agents for several types of disease, including infectious,

inflammatory and autoimmune disorders.
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Abstract

Alteration of glycosphingolipid (GSL) expression plays key roles in the pathogenesis and patho-

physiology of many important human diseases, including cancer, diabetes and glycosphingolipi-

dosis. Inflammatory processes are involved in development and progression of diabetic

nephropathy, a major complication of type 2 diabetes mellitus. GSLs are known to play roles in

inflammatory responses in various diseases, and levels of renal GSLs are elevated in mouse mod-

els of diabetic nephropathy; however, little is known regarding the pathophysiological role of

these GSLs in this disease process. We studied proinflammatory activity of GSLs in diabetic

nephropathy using spontaneously diabetic mouse strain KK. Mice were fed a high-fat diet (HFD)

(60% kcal from fat) or normal diet (ND) (4.6% kcal from fat) for a period of 8 wk. HFD-feeding

resulted in quantitative and qualitative changes of renal globo-series GSLs (particularly Gb3Cer),

upregulation of TNF-α, and induction of renal inflammation. Gb3Cer/Gb4Cer treatment enhanced

inflammatory responses via TLR4 in TLR4/MD-2 complex expressing cells, including HEK293T,

mouse bone marrow-derived macrophages (BMDMs) and human monocytes. Our findings sug-

gest that HFD-induced increase of Gb3Cer/Gb4Cer positively modulate TLR4-mediated inflamma-

tory response, and that such GSLs play an important pathophysiological role in diabetic

nephropathy.

Key words: diabetic nephropathy, Globo-series GSLs, renal inflammation, TLR4 ligands, Toll-like receptor 4

Introduction

Diabetic nephropathy, a major complication of type 2 diabetes mel-
litus (T2DM), is defined histologically by renal changes such as dif-
fuse mesangial cell proliferation, mesangial matrix expansion,
diffuse or nodular glomerulosclerosis, podocyte loss, glomerular
basement membrane thickening, tubulointerstitial fibrosis and

atrophy, hyaline arteriolosclerosis, and arterial sclerosis, and is asso-
ciated with (micro)albuminuria and reduced glomerular filtration
rate (Alsaad and Herzenberg 2007; Fioretto and Mauer 2007).
Morphological changes as above involve genetic factors, and are
based on biochemical and hemodynamic changes (Vardarli et al.
2002; Lee et al. 2005; Freedman et al. 2007; Kanwar et al. 2011).
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Biochemical changes arise from immune cell-mediated inflammation,
a key causative factor in pathogenesis of diabetic nephropathy.
Inflammatory cytokines (e.g., TNF-α, IL-6, IL-1β) are secreted from
infiltrated and activated macrophages, and are enhanced by oxida-
tive stress through increased levels of reactive oxygen species (ROS)
(Pai et al. 1996; Das and Elbein 2006; Yoshida and Tsunawaki
2008; Elmarakby and Sullivan 2012; Badal and Danesh 2014).

Glycosphingolipids (GSLs) consist of hydrophilic oligosacchar-
ides and hydrophobic ceramide (Figure 1A). Ceramide species are
composed of sphingosine linked to a particular fatty acyl chain by
amide bond (Figure 1B). Ceramide acyl chains vary in chain length,
degree of saturation and presence/absence of α-hydroxylation
(Figure 1B). GSLs containing a variety of ceramide structures are
crucial components of plasma membranes. GSLs play key roles in
fundamental biological processes such as development, cell adhe-
sion, and signaling (Hakomori and Igarashi 1995; Hakomori et al.
1998; Tagami et al. 2002; Yu et al. 2009). Numerous previous
reports have demonstrated pathophysiological involvement of GSLs
in kidney diseases, including lupus nephritis, polycystic kidney dis-
ease, Fabry disease, renal cancer, hemolytic uremic syndrome and
diabetic nephropathy (Obrig et al. 1993; Zador et al. 1993;
Deshmukh et al. 1994; Biswas et al. 2006; Biancini et al. 2012;
Grove et al. 2014; Nowling et al. 2015; Subathra et al. 2015). A
2015 study showed involvement of glucosylceramide (GlcCer) and
lactosylceramide (LacCer) in fibrosis, extracellular matrix produc-
tion, and hypertrophy of kidney cells (Subathra et al. 2015). Aside
from this, little is known regarding roles of GSLs in pathophysiology
of diabetic nephropathy. GSLs evidently play important roles in
inflammatory responses contributing to various diseases (Kim et al.
2002; Ohmi et al. 2011; De Francesco et al. 2013), but no study to
date has focused on such role of GSLs in diabetic nephropathy.

To test the hypothesis that GSLs play a pathophysiological role
in inflammatory responses contributing to diabetic nephropathy, we
used a mouse model of T2DM with high-fat diet (HFD). T2DM and
diabetic nephropathy in humans are complex diseases that involve
polygenic factors and environmental factors, such as obesity and
sedentary lifestyle (Vardarli et al. 2002; Lee et al. 2005; Freedman
et al. 2007; Kanwar et al. 2011; Wu et al. 2014). We analyzed asso-
ciations between renal GSLs and renal inflammation using KK mice.
This strain is a useful model for studies of T2DM and diabetic
nephropathy because it displays correlations between polygenic fac-
tors and susceptibility to these disease processes (Shike et al. 2001;
Fan et al. 2003). We fed KK mice with HFD to more closely simu-
late pathological conditions associated with human T2DM and

diabetic nephropathy, and observed for the first time increased levels
of renal globo-series GSLs under such condition. Globo-series
GSLs enhanced TLR4-mediated inflammation in both mouse bone
marrow-derived macrophages (BMDMs) and human monocytes.
Our findings indicate that globo-series GSLs act as a positive modu-
lator on TLR4-mediated inflammatory response, and play a role in
pathophysiology of diabetic nephropathy.

Results

HFD feeding induces obesity, hyperglycemia and renal

inflammation in KK mice

Inbred mouse strain KK was established in 1957 from an inbred strain
of native Japanese mice that spontaneously developed diabetes of poly-
genic origin. Many diabetic characteristics (glucose intolerance, insulin
resistance, hyperinsulinemia, moderate hyperglycemia, hyperlipidemia,
hypercholesterolemia, hyperleptinemia, histological changes of renal
glomerulus) are associated with obesity in KK mice (Makino et al.
1985; Igel et al. 1998; Suto et al. 1998; Okazaki et al. 2002), and these
mice are often used in studies of diabetes and diabetic complications.
To elucidate the pathophysiological role of GSLs in diet-induced dia-
betic nephropathy, we introduced HFD at age 8 wk in one group of
KK mice, while another group was maintained on normal diet (ND) as
a control. Initial body weight (at age 8 wk) and final weight (at age 16
wk) for the two groups are shown in Figure 2A. Comparative values of
three parameters at 16 wk in the two groups (hereafter referred to sim-
ply as “HFD” and “ND” for convenience) were: final body weight
(ND, 35.4 ± 2.5 g; HFD, 45.9 ± 2.4 g; P < 0.001) (Figure 2A), weight
gain (ND, 127 ± 8.5%; HFD, 163 ± 8.5%; P < 0.001) (Figure 2B),
non-fasting blood glucose (ND, 214 ± 51mg/dL; HFD, 328 ± 126mg/
dL; P < 0.01) (Figure 2C). Each of these parameters was significantly
increased in HFD relative to ND. Blood glucose level in HFD was indi-
cative of hyperglycemia. Renal inflammation was assessed by measur-
ing TNF-α gene expression level by quantitative PCR. TNF-α level was
significantly higher in HFD than in ND (Figure 2D). These findings
indicate that HFD feeding induced nephritis in KK mice.

Increased levels of renal GSLs in HFD-fed KK mice

GSL levels are elevated in kidneys of mice with various renal dis-
eases (diabetic nephropathy, lupus nephritis, polycystic kidney dis-
ease) (Deshmukh et al. 1994; Nowling et al. 2015; Subathra et al.
2015). We examined quantitative and qualitative changes of GSLs
in kidneys of ND and HFD. HPTLC analysis revealed that levels of
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neutral GSLs were significantly higher in HFD, whereas acidic GSL
levels did not differ notably between the two groups (Figure 3A, B).
Increase in HFD was particularly notable for globo-series GSLs
(Gb3Cer and Gb4Cer) (Figure 3A). We further analyzed Gb3Cer
level, which showed the greatest increase. Densitometric analysis of
HPTLC data showed a 4.7-fold increase of Gb3Cer level in HFD
(Figure 3C). Gb3Cer is synthesized from LacCer by A4GALT, and
is then converted to Gb4Cer by B3GALNT1 (Figure 1A). In a search
for possible causes of Gb3Cer metabolism abnormalities in HFD,
we assessed renal expression levels of A4galt (Gb3Cer synthase
gene) in HFD vs. ND. A4galt expression level was significantly high-
er in HFD (Figure 3D). The higher contents of Gb3Cer/Gb4Cer in
HFD can therefore be explained, at least in part, by increased
Gb3Cer synthase expression level. LC-ESI-MS/MS analysis detected
26 molecular species of Gb3Cer and 18 molecular species of
Gb4Cer carrying ceramide (Figure 4A, B) or phytoceramide (phyto-
Gb3Cer, phyto-Gb4Cer) (Figure S1). These species were increased
significantly in HFD compared to ND. In particular, there were
elevated levels of three species, d18:1-16:0, d18:1-22:0 and d18:1-

24:0, in Gb3Cer/Gb4Cer species (Figure 4A, B). Total Gb3Cer level
(calculated as sum of values from the 26 molecular species) was
6.2-fold higher for HFD than for ND (Figure 4C), consistently with
results from HPTLC/densitometry (Figure 3C). Total Gb4Cer level
(calculated as sum of values from the 18 molecular species) was
2.8-fold higher for HFD than for ND (Figure 4D).

For our analyses, we define fatty acids (FAs) with chain length
≤20 carbons as long chain fatty acids (LCFAs) and those with chain
length >20 carbons as very long chain fatty acids (VLCFAs) accord-
ing to previous report (Kihara 2012). In KK mouse kidney, the three
most abundant species, d18:1-16:0, d18:1-22:0 and d18:1-24:0,
accounted for more than half of the total in Gb3Cer (Figure S1E) or
Gb4Cer (Figure S1F) species. Among these species, the proportion
of d18:1-22:0 species, VLCFA, was increased markedly in HFD
(Figure S1E, F). The elevated levels of renal Gb3Cer/Gb4Cer carry-
ing VLCFAs (saturated FAs: 22:0, 23:0, 24:0; monounsaturated
FAs: 24:1; α-hydroxy FAs: h22:0, h23:0, h24:0; monounsaturated
and α-hydroxy FAs: h24:1) were higher than the elevated levels of
Gb3Cer/Gb4Cer carrying LCFAs (saturated FAs: 16:0, 18:0, 20:0;
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α-hydroxy FAs: h16:0, h18:0, h20:0) in comparison between ND
and HFD (Figure 4E, F). These findings indicate that HFD feeding
produces quantitative and qualitative changes of renal Gb3Cer and
Gb4Cer, and suggest that these alterations of Gb3Cer and Gb4Cer
molecular species plays a pathophysiological role in diet-induced
diabetic nephropathy.

Involvement of globo-series GSLs in renal

inflammatory responses

In view of the greatly altered renal Gb3Cer/Gb4Cer levels in HFD-
induced diabetic nephropathy, we examined the roles of globo-series
GSLs in inflammatory responses associated with diabetic nephropa-
thy. Enzyme-linked immunosorbent assay (ELISA) was used to
measure production of TNF-α by mouse BMDMs or human mono-
cytes stimulated with LPS (0.25 ng/mL and 0.1 ng/mL, respectively)
plus Gb3Cer or Gb4Cer (each 0, 2.5, 5, 10 μM) (Figure 5A, B). We
used commercially available Gb3Cer/Gb4Cer carrying VLCFAs
(C22, C24) as major molecular species (Figure S2), and these
molecular species were selectively increased in kidney by HFD feed-
ing (Figure 4A, B). A higher TNF-α level was produced by co-
stimulation with LPS and Gb3Cer/Gb4Cer than by stimulation with
LPS alone (Figure 5A, B), but the degree of this effect declined as
Gb3Cer/Gb4Cer concentration increased (Figure 5A). Human IL-6
and IL-12/23 levels also higher by co-stimulation with LPS and these
GSLs than by stimulation with LPS alone (Fig. S4).

To determine the selectivity of Gb3Cer/Gb4Cer for TLR4, we
assessed specificity of these GSLs for TLRs using TLR4/MD-2-over-
expressing HEK293T cells or TLR ligands for TLR4, 1/2, 5, 7/8 and
2/6. We observed that a higher NF-κB activity was induced in
response to co-stimulation with LPS (20 ng/mL) and Gb3Cer/
Gb4Cer (each 3, 10, 30 ng/mL) than by stimulation with LPS alone
in TLR4/MD-2 overexpressing HEK293T (Figure 5C). The degree
of NF-κB activity declined as these GSLs increased, consistent with
the result of co-stimulation of mouse BMDMs as shown in figure
5A. Gb3Cer/Gb4Cer also selectively enhanced human IL-6 (hIL-6)
production induced by TLR4 ligands, LPS and HMGB1, but not by
ligands for TLR1/2, 5, 7/8 and 2/6 (Figure 5D). However, these
GSLs alone did not have the ability to produce hIL-6 via TLR4.
These results indicated that Gb3Cer/Gb4Cer selectively and posi-
tively modulates TLR4-mediated inflammatory response in human
and mouse monocytes/macrophages.

Discussion

Diabetic nephropathy is a major complication of T2DM arising
from genetic factors and environmental factors. Associations
between renal GSLs and diabetic nephropathy have been reported in
several animal models (Masson et al. 2005; Grove et al. 2014;
Subathra et al. 2015). The db/db mouse model used in the above
studies has a diabetic phenotype resulting from a single gene
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mutation for leptin receptor. However, obesity, T2DM, and diabetic
nephropathy in humans are polygenic diseases. We therefore used
mouse strain KK, a polygenic disease model, for analysis of diabetic
nephropathy. Levels of renal globo-series GSLs (Gb3Cer, Gb4Cer)
were strikingly increased in HFD (Figure 3A). These GSLs were also
increased by HFD feeding in nondiabetic C3H/HeN mice
(Figure S3). L.J. Siskind’s group (Subathra et al. 2015) and J.A.
Shayman’s group (Zador et al. 1993) reported increased levels of
renal GSLs (HexCer, LacCer, GM3) in db/db mice with diabetic
nephropathy and in Sprague-Dawley rats with streptozotocin-
induced diabetes. Our findings and previous reports implicated the
GSL species in pathophysiology of diabetic nephropathy.

In the present study, enhanced levels of globo-series GSLs
resulted, at least in part, from increased gene expression of Gb3Cer
synthase (Figure 3D). Increased Gb3Cer synthase expression has
been observed in response to LPS and inflammatory cytokines such
as IL-1 and TNF-α (van Setten et al. 1997; Hughes et al. 2000;
Okuda et al. 2010; Kondo et al. 2013). Indeed, renal expression of

TNF-α gene was higher in HFD than in ND in the present study
(Figure 2D).

We used LC-ESI-MS/MS to evaluate differential levels of renal
Gb3Cer/Gb4Cer molecular species in HFD vs. ND. Contents of
d18:1-16:0, 22:0, 24:0 species were significantly higher in HFD than
in ND (Figure 4A, B). The proportion of d18:1-22:0, VLCFA, to the
total Gb3Cer/Gb4Cer species was increased markedly in HFD com-
pared to ND (Figure S1E, F). These results suggest that these species,
specifically VLCFA species, are involved in pathophysiology of
diabetic nephropathy. Hyperglycemia typically results in renal
macrophage infiltration and renal inflammation, both of which con-
tribute to pathogenesis and pathophysiology of diabetic nephropathy
(Chow et al. 2004; Navarro-Gonzalez et al. 2011). Therefore, we
assessed proinflammatory activity of Gb3Cer/Gb4Cer in TLR4/MD-
2-overexpressing HEK293T cells, mouse BMDMs and human
monocytes (Figure 5A–D). Gb3Cer/Gb4Cer enhanced inflammatory
response in the presence of TLR4 ligands, LPS and HMGB1, but nei-
ther in the absence of the ligands nor in the presence of the other
ligands (Figure 5D). The effects of Gb3Cer/Gb4Cer on TLR4-
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mediated inflammatory response declined as concentration increased
(Figure 5A, C). Furukawa’s group has reported that Gb4Cer is an
endogenous ligand of TLR4/MD-2, and that Gb4Cer negatively
regulated TLR4/MD-2 complex at a dosage higher than the one we
used for immune cells (Kondo et al. 2013). Therefore, Gb4Cer
appears to be capable of enhancing inflammatory response at lower
concentrations, and suppressing inflammatory response at higher
concentrations (Figure 5A, C). These results indicated that Gb3Cer/
Gb4Cer alone would not be able to induce inflammatory response
via TLRs but selectively and positively modulate TLR4-mediated
inflammatory response in presence of TLR4 ligands. However, the
mechanism how Gb3Cer/Gb4Cer enhances TLR4-mediated inflam-
matory response remains unclear. Previous studies have been demon-
strated that GSLs implicated in TLR4 signaling on the microdomain
(Cai et al. 2013; Nikolaeva et al. 2015; Mobarak et al. 2018).
However, our results support that Gb3Cer/Gb4Cer associates with
TLR4 as a modulator, and induces TLR4 signaling through trans-
interaction rather than cis-interaction between these GSLs and TLR4
on the microdomain because Gb3Cer/Gb4Cer did not enhance
inflammatory response via TLR1/2, TLR5, and TLR2/6 that located
on the plasma membranes. In addition, Furukawa’s group has
reported recently that Gb4Cer bind to MD-2 by binding assay using
radiolabeled Gb4Cer (Kondo et al. 2013). Therefore, we propose the
current model (Figure 6) whereby Gb3Cer/Gb4Cer modulates
TLR4-mediated inflammatory response in the presence of TLR4
ligands by binding to TLR4/MD-2 complex. It is known that TLR4
signaling is required for the homo-dimerization composed of two
units of TLR4/MD-2/LPS complex after LPS binding to TLR4/MD-2
units (Park et al. 2009). Interestingly, Saitoh et al. reported that, at
least, a single TLR4 ligand could induce TLR4 dimerization
(Figure 6A) (Saitoh et al. 2004), suggesting that there is still room
for one more ligand to interact with dimeric TLR4/MD-2 complex.
Therefore, Gb3Cer/Gb4Cer might bind to the empty side of TLR4/
MD-2 units, and enhances TLR4 signaling mediated by LPS which

binds to the other side of TLR4/MD-2 units (Figure 6B). However,
Gb3Cer/Gb4Cer alone would not be able to induce activation of
TLR4/MD-2 complex (Figure 6C).

Previous reports (van Setten et al. 1997; Legros et al. 2017)
showed that Gb3Cer and Gb4Cer are abundant in human renal
glomerular cells, and that these cells and KK mouse kidney cells
have similar expression patterns of certain molecular species.
Gb3Cer in human renal glomerular cells is increased in response to
proinflammatory cytokines (van Setten et al. 1997). Circulating
endotoxin and HMGB1 levels, TLR4 ligands, are elevated in both
humans and mice with T2DM (Brun et al. 2007; Creely et al. 2007;
Al-Attas et al. 2009; Wang et al. 2015). HMGB1 is also up-
regulated in mouse mesangial cells under high glucose levels (Chen
et al. 2015). Given that Gb3Cer and Gb4Cer are up-regulated by
proinflammatory cytokines and affect TLR4-expressing cells, such
as macrophage and mesangial cells (Kaur et al. 2012), these GSLs
might exacerbate and prolong renal inflammation in diabetic
nephropathy.

Taken together, our findings suggest that the effect of Gb3Cer/
Gb4Cer via TLR4 play an important role in the pathophysiology of
diet-induced diabetic nephropathy.

Materials and methods

Animals and feeding conditions

Eight-week-old male KK/Ta mice (CLEA Japan; Tokyo, Japan) were
divided randomly into two groups. The control group was fed nor-
mal diet (ND) (CE-2; CLEA Japan), while the HFD group was fed
high-fat diet (HFD) (D12492; Research Diet; New Brunswick, NJ)
ad lib for 8 wk. Kidneys and blood (from right ventricle) were har-
vested after sacrificing animals. Non-fasting blood glucose was mea-
sured using Accu-Chek Aviva strips (Roche DC; Japan).
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Analysis of GSLs

Lyophilized kidney tissue was extracted with chloroform/methanol
(2:1 and 1:1, v/v). Total lipids were separated into acidic and neutral
fractions on DEAE-Sephadex A-25 anion-exchange columns (GE
Healthcare Life Sciences). Acidic and neutral lipids were de-
esterified by mild alkaline hydrolysis and desalted using a Sep-Pak
C18 cartridge (Waters; Milford, MA). Acidic and neutral GSLs
(respective protein equivalent 1000 μg and 200 μg) were spotted on
HPTLC plates, developed respectively with chloroform/methanol/
0.2% CaCl2 (55:45:10, v/v/v) and chloroform/methanol/water
(60:25:4, v/v/v), and visualized by orcinol/sulfuric acid staining.

RNA isolation, reverse transcription and quantitative

PCR

Total RNA was extracted using Sepasol-RNA I super G (Nacalai
Tesque; Kyoto, Japan) and Fast Gene RNA Premium Kit (Nippon
Genetics; Tokyo). cDNA was generated from 500 ng total RNA
using PrimeScript RT Reagent kit (Takara Bio). Primer-probe sets
for mouse A4galt (Mm01307145_m1) and Tnf (Mm00443258_m1)
were from Applied Biosystems (Foster City, CA) and mouse Gapdh
(Mm.PT.39a.1) was from Integrated DNA Technologies (Coralville,
IA). Quantitative PCR was performed on StepOnePlus Real-Time
PCR System (Applied Biosystems) using these primer-probe sets and
THUNDERBIRD Probe qPCR Mix (Toyobo Co.; Osaka, Japan).
Relative mRNA levels were calculated from a standard curve and
normalized to GAPDH expression.

Mass spectrometric (MS) analysis

Gb3Cer and Gb4Cer molecular species were quantified by HPLC
coupled with electrospray ionization tandem MS (LC-ESI-MS/MS)
in multiple reaction monitoring (MRM) positive ionization mode
(Supplementary Table 1). A triple stage quadrupole (TSQ) Vantage
AM instrument (Thermo Fisher; Waltham, MA) was calibrated by
directly infusing a neutral GSL mixture containing Gb3Cer and
Gb4Cer species. All ion source parameters and ionization conditions
were optimized to improve sensitivity. Neutral GSLs from mouse
kidney extract were dissolved in 100 μL methanol, and 5 μL of the
solution was injected into an HPLC pump (model Accela 1250,
Thermo Fisher) and separated on a Develosil C30 column (C30-UG-
3-1 × 50mm; Nomura Chemical Co.; Japan).

Gradient program and parameters were as follow: start with
100% solvent A (20% H2O/50% 2-propanol/30% methanol con-
taining 0.1% acetic acid and 0.1% ammonia) for 5 min; ramp up to
100% solvent B (2% H2O/50% 2-propanol/48% methanol contain-
ing 0.1% acetic acid and 0.1% ammonia) over 30min; maintain
100% solvent B for 5 min; return to 100% solvent A over 1 min,
hold there for 9 min; flow rate throughout chromatographic run:
60 μL/min; +3000 V potential applied between ion source, electro-
spray needle, and nitrogen gas; collision energy 60 eV for Gb3Cer
molecular species, 52 eV for Gb4Cer molecular species. Gb3Cer
(d18:1-17:0) (Matreya, LLC; State College, PA) was added to neu-
tral GSL samples from mouse kidney extract as internal standard
and relative abundance of each Gb3Cer/Gb4Cer molecular species
was determined based on ratio to internal standard. Total Gb3Cer/
Gb4Cer value was calculated as sums of relative abundance for the
26 and 18 (respectively) molecular species detected. A caveat regard-
ing interpretation of these MS data is that ionization efficiencies are
not the same for all molecular species. In view of the limited avail-
ability of pure molecular species standards, we assumed that all

species have ionization efficiencies comparable to those of the
internal standards used.

Purification of human monocytes

Heparinized fresh human peripheral blood was diluted to double
the volume with cold PBS (4°C; endotoxin-free; Nacalai Tesque)
containing 1 μg/mL polymyxin B (Sigma-Aldrich; St. Louis, MO).
Diluted blood was overlaid on cold lymphocyte separation solution
(4°C, Nacalai Tesque) containing 1 μg/mL polymyxin B, and centri-
fuged for 25min at 4°C, 800 × g. Peripheral blood mononuclear cell
(PBMC) fraction was collected and diluted to double the volume of
wash solution (PBS, 1% heat-inactivated FCS (Biosera), 5 mM
EDTA, pH 7.5 (Nacalai Tesque), 1 μg/mL polymyxin B). PBMCs
were separated by centrifugation for 10min at 4°C, 600 × g, and
washed twice. PBMCs were resuspended in 750 μL wash solution
and incubated with 120 μL anti-human CD14 magnetic particles
(BD Biosciences) for 30min at room temperature. CD14-positive
cells (monocytes) were separated by magnetic field and washed three
times with wash solution. Purified cells were resuspended in cold
low-glucose DMEM (Nacalai Tesque) with 0.75% FCS, left on ice
for 45min, counted, diluted to 2.0 × 105/mL with culture medium
(low-glucose DMEM, 0.75% FCS, 40 ng/mL recombinant human
granulocyte-macrophage colony-stimulating factor (GM-CSF)
(BioLegend; San Diego, CA), and cultured in 96-well plates (100 μL/
well) overnight at 37°C in 5% CO2 atmosphere.

Differentiation of mouse bone marrow-derived

macrophages (BMDMs)

Femoral and tibial bone marrows of 12- to 16-wk-old nondiabetic
C3H/HeN mice (Japan SLC, Inc.) were collected in 1% FCS-
supplemented low-glucose DMEM, and erythrocytes were lysed in
RBC lysis buffer. Bone marrow cells were washed in 1% FCS DMEM,
and then cultured for 5–7 days in 10% FCS DMEM supplemented
with 40 ng/mL recombinant human macrophage colony- stimulating
factor (M-CSF) (BioLegend). Non-adhesive cells were washed out
with PBS. Differentiated macrophages were collected in ice-cold PBS
(with 1% FCS, 5mM EDTA) by scraping, washed, counted, diluted
to 2.0 × 105/mL in 1% FCS DMEM, and cultured in 96-well plates
(100 μL/well) overnight at 37°C in 5% CO2 atmosphere.

Vector construction

Vector carrying murine MD-2 and TLR4 cDNA (pDUO-mMD2/
TLR4) was from InvivoGen (San Diego, CA). cDNA fragments,
fused with a KpnI site and one Kozak sequence (ACC) at 5’-end and
a SalI site at 3’-end, were amplified by PCR (KOD-Plus-Neo;
Toyobo), and inserted separately into pCDNA3 at KpnI and XhoI
site (Invitrogen). A set of vectors for dual luciferase assay, NF-κB
reporter gene (pGL3-ELAM; a Firefly luciferase gene controlled by
NF-κB-dependent promoter of ELAM-1), and control reporter gene
(pRL-TK; a Renilla luciferase gene controlled by constitutive active
promoter of thymidine kinase) were gifts from Dr. Takayuki
Kuraishi (Kanazawa University, Japan).

Cell culture and transfection

HEK293T cells were obtained from RIKEN Bioresource Center
(Japan) and maintained in 10% FCS low-glucose DMEM at 37°C in
5% CO2 atmosphere. Prior to transfection, cells were diluted to 2.0
× 105/mL in 1% FCS DMEM and cultured in 96-well plates (100 μL/
well) overnight. Cells in each well were transfected with vectors
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(20 ng pCDNA3-mMD-2, 0.1 ng pCDNA3-mTLR4, 40 ng pGL3-
ELAM, 20 ng pRL-TK), complexed with 0.5 μL Lipofectamine LTX
and 0.25 μL Plus reagent in 20 μL Opti-MEM (Invitrogen), and sub-
jected to stimulation 24 h after transfection.

Cell stimulation, enzyme-linked immunosorbent assay

(ELISA) and luciferase assay

Gb3Cer (from pig RBCs; Nacalai Tesque) and Gb4Cer (from pig
RBCs; Fuji-film Wako, Japan) were dissolved (1 mM) in DMSO,
and diluted with low-glucose DMEM to 100 μM just before experi-
ments. Cells were incubated with Gb3Cer/Gb4Cer, and stimulated
after 30min with TLR ligands: LPS from E. coli O111:B4 (Sigma-
Aldrich); human recombinant HMGB1 (Biolegend, San Diego, CA);
Pam3CSK4 (Novus Biologicals, Littleton, CO); Flagellin from S.
Typhmurium (ENZO Life science, Farmingdale, NY); R848 (Fuji-
film wako, Japan); MALP-2 (Novus Biologicals, Littleton, CO).
After 18 h culture, media were collected and subjected to ELISA.
ELISA kits for human IL-6, human TNF-alpha, human IL-12/23
(p40), and murine TNF-alpha were from BioLegend. Firefly and
Renilla luciferase activities were measured using Dual-Glo
Luciferase Assay System (Promega; Australia) on a microplate
reader (model Infinite 200 PRO; Tecan; Switzerland).

Statistical analysis

Data were analyzed by Student’s t-test, Welch’s t-test, Dunnett’s
multiple comparison test, one-way ANOVA, or Mann Whitney
unpaired test as appropriate, using the Microsoft Excel.

Supplementary data

Supplementary data is available at Glycobiology online.
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ABSTRACT
Purpose: Most complex gangliosides in vertebrates are formed from ganglioside GM3. GM3 deficiency
in humans can result in epilepsy and visual impairment. To investigate whether a deficiency of GM3 is
involved in visual function, ST3GAL5−/− mice with mutations in the ST3GAL5 gene-coded GM3 synthase
were employed.
Materials and Methods: Sixty mice were employed in this study. The glycosphingolipids of mice retinas
were analyzed through high performance thin layer chromatography. The morphology of the optic
nerves and retinas were evaluated by hematoxylin and eosin staining and immunohistochemical
analysis using an anti-glial fibrillary acidic protein (GFAP) antibody. An electroretinogram (ERG) was
applied on the eyes of 4, 9, 12, and 14-month-old mice. Also, visual evoked potential (VEP) was applied
on 13-month-old mice.
Results: The GM3 in the retinas was detected in ST3GAL5+/+ mice but not ST3GAL5−/− mice. Also, GM1b
and GD1α expressions and lactosylceramide accumulation were found in the ST3GAL5−/− mouse retinas.
There was no significant difference in GFAP expression in the retinas or optic discs between ST3GAL5+/+

and ST3GAL5−/− mice. Furthermore, the outcome of ERG and VEP analysis showed no disparity between
the two strains in 13 and 14-month-old mice.
Conclusion: In the eye, neither histopathological abnormalities nor abnormal functions of the retina
were found in GM3-deficient mice. Differing from the situation in patients with GM3 deficiency, the lack
of GM3 in mice did not lead to optic nerve atrophy.
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Introduction

Gangliosides are a class of glycosphingolipids ubiquitously present
in vertebrate plasma membranes. They are located in the outer
leaflet of the cell membranes where they form microdomains and
participate in transmembrane signaling and cell adhesion.1 It is
known that gangliosides are abundant in the central nervous
system, and essential for neural development.2 Among ganglio-
sides, GM3 serves as a commonprecursor toward the formation of
complex ganglioside species.3 Recent studies have shown some of
the biological roles of GM3. For example, GM3 acts as an inducer
for insulin resistance and is involved in the etiology of diabetes and
obesity.4–6 Additionally, in the immune system, GM3 is essential
for CD4+ T cell activation.7 In the auditory system, GM3 is
necessary for the development of hair cells in the organ of Corti.8,9

The ST3GAL5 gene encodes GM3 synthase, which is the
first enzyme mediating the biosynthesis of complex a- and
b-series gangliosides.3,10 The ST3GAL5−/− mutant mice have
no GM3 synthase activity. The deficiency of GM3 synthase
leads to the a- and b-series gangliosides being replaced by
o-series gangliosides. The ST3GAL5−/− mice live normal life
spans with fair fertile ability. The tissues from the brain, liver,
and muscles of ST3GAL5−/− mice do not show any

histological abnormalities.4 ST3GAL5−/− mice have higher
insulin sensitivity and a low response to a high-fat diet.4

These mice also express mild symptoms of experimental
asthma induction through suppression of CD4+ T cells.7 In
addition, studies indicate that the mice acquire deafness.8,9

A 2004 study examines several patients in a family from
the Old Order Amish community suffering from infantile
onset epilepsy syndrome with hearing loss and vision loss.11

They expressed an autosomal recessive inheritance pattern
and the plasma samples from affected family members were
GM3-deficient. The genetic screening of the patients revealed
homozygous mutations in the ST3GAL5 gene. An additional
report from France focuses on a family with two members
suffering from early onset epilepsy, deafness, and blindness.12

Those patients were identified to have homozygous mutations
in the ST3GAL5 gene. Yet another report examines GM3-
deficient patients with progressive epilepsy syndrome with
visual impairment due to optic nerve atrophy.13

In the present study, we investigated ophthalmological
differences between ST3GAL5+/+ mice and ST3GAL5−/−

mice with a C57BL/6 background to understand the role of
GM3 in the visual system.
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Materials and methods

Mice

The study protocols were approved by the Ethics Committee of
the Sapporo Medical University School of Medicine. All proce-
dures involving animals were performed in accordance with the
ARVO Resolution on the Use of Animals in Research.
ST3GAL5+/+ and ST3GAL5−/− with a C57BL/6 background
mice were generated as previously described.8 Mice colonies
were maintained on a C57BL/6 background through heterozy-
gous mating to generate a littermate control. Genotyping of
ST3GAL5 alleles was performed by PCR as previously
described.8 C57BL/6 mice were obtained from Hokudo
(Sapporo, Japan), and bred in a pathogen-free condition in the
animal resource center under 12-hour light and dark cycles.
Before each experiment, mice were anesthetized with an intra-
peritoneal injection of amixture of 0.75mg/kg ofmedetomidine,
4 mg/kg of midazolam, and 5mg/kg of butorphanol. Pupils were
dilated with tropicamide and phenylephrine eye drops for elec-
troretinogram (ERG) and visual evoked potential (VEP) study
(0.5% each). No mice were used in more than one study.

Lipid extraction

Ten eyes were collected from ST3GAL5+/+ and ST3GAL5−/−

euthanized mice. The tissues (30–50 mg of wet weight) were
transferred into a glass tube and homogenized with 800 μl of
0.25 M sucrose/10 mM Hepes (pH 7.4)/1 mM EDTA on ice. The
homogenate was subjected to a one-phase extraction in
a chloroform/methanol/aqueous solution (1:2:0.8, v/v), sonicated
for 5 min using a sonic bath, and then stood for 1 h at room
temperature. The mixture was centrifuged at 2,330 g for 30 min at
25°C. The resultant supernatant was collected and the pellet was
reextracted in 1 ml of chloroform/methanol (1:1, v/v) by a sonic
bath for 2 min. After centrifugation at 2,330 g for 30 min at 25°C,
the supernatant was combined with the first supernatant and kept
at −30°C as a retina lipid extract. A part of the extract was used for
the determination of phospholipid concentration.

Ganglioside analysis

Individual retina lipid extracts (containing 500 nmol of phospho-
lipid) obtained fromwild-type andGM3-deficientmicewere dried
down under a stream of N2 gas using a water bath, dispersed with
2 ml of chloroform/methanol (1:1, v/v) using a sonic bath, and
mixed with 0.45% (w/v) NaCl. After centrifugation at 1,000 g for
5min at 25°C, the supernatantwas collected and the organic phase
waswashedwith 1ml of chloroform, 2ml ofmethanol, and 2ml of
water. After further centrifugation at 1,000 g for 5min at 25°C, the
supernatant was again collected and the organic phase was washed
with 2 ml of methanol and 2 ml of water. After another process of
centrifugation at 1,000 g for 5 min at 25°C, the resultant super-
natant was collected and the organic phase was washed with 1 ml
of methanol and 0.8 ml of water. After a final centrifugation at
1,000 g for 5 min at 25°C, the resultant organic phase was trans-
ferred into another tube, dried by N2 gas and kept at −30°C as
a neutral glycolipid fraction. The resultant supernatant was com-
bined with other supernatants and loaded to a Sep–Pak C18
cartridge (Waters, Milford, MA), which had been prewashed

with methanol, chloroform/methanol (1:1, v/v), methanol, and
methanol/water (1:1, v/v). After rinsing with water, gangliosides
were eluted with methanol, dried by N2 gas, and applied to a high
performance thin layer chromatogram (HPTLC) plate (Merck,
Darmstadt, Germany). The plate was developed in a solvent sys-
tem consisting of chloroform/methanol/0.2% (w/v) CaCl2.2H2

O (55:45:10, v/v). After drying the plate, it was soaked in an
orcinol-sulfuric acid reagent to detect glycolipids. The uniformly
wet plate was briefly dried by a hair dryer and baked for 15 min in
a 100°C oven.

Neutral glycolipid analysis

The Individual neutral lipid fractions obtained in the gang-
lioside analysis section were dissolved with 500 μl of chloro-
form and 1 ml of 0.21 N NaOH in methanol, and incubated
for 1 h at 37°C. The reaction was terminated by the addition
of 1 ml of 0.2 N HCl. After centrifugation at 1,000 g for 5 min
at 25°C, the organic phase was transferred into a glass tube
and mixed with 2 ml of methanol plus 800 μl of 0.05 N HCl
containing 25 mM HgCl2. The reaction mixture was incu-
bated for 20 min at 37°C and mixed with 1 ml of chloroform
plus 1.2 ml of water. After centrifugation at 1,000 g for 5 min,
the organic phase was washed with 1 ml of methanol and
800 μl of 33.3 mM EDTA and then washed twice with 1 ml of
methanol plus 800 μl of 0.9% (w/v) of NaCl. The resultant
organic phase was transferred into another glass tube, dried
by N2 gas and applied to an HPTLC plate. Glycolipids were
detected as described in the ganglioside analysis section.

ERG recording

Two sets of experiments were performed. During the first set,
mice aged 4, 9, and 12 months were employed and rod and
dark-adapted maximal response ERG was performed. The
number of eyes is listed in Supplementary data 1 and 2.
During the second set, cone, rod, and dark-adapted maximal
response ERG was performed using 14-month-old mice (five
eyes for each genotype) (Figure 3).

Mice were dark-adapted overnight before the experiments.
After anesthesia and mydriasis, the mice were placed on
a heating pad for the duration of the ERG recordings. For each
mouse, an active contact lens electrode (Mayo, Inazawa, Japan)
was placed on the cornea. A reference electrode with a gold cup
was placed in the mouth, and a ground electrode with a stainless
clip was attached to the tail. The mice were placed in a Ganzfeld
dome (LKC Technologies Inc., Gaithersburg, MD) and the
response was obtained from one eye. The SG-2002 stimulator
(LKC Technologies Inc., Gaithersburg, MD) was used, and ana-
lyzed with ERG-analysis software (PowerLab Scope version 3.7;
ADInstruments Ltd., Castle Hill, NSW, Australia). According to
the ISCEV standard,14 the a-wave amplitude was determined
from the baseline to the negative peak of the a-wave (Figure 2).
The b-wave amplitude was determined from the bottom of the
a-wave to the top of the b-wave (Figure 2). For rod ERGs, four
responses were averaged with an interstimulus interval of 2 s and
stimulus strength of 0.008 cds/m2. For dark-adapted maximal
response ERGs, the single response was recorded with stimulus
strength of 2.5 cds/m2. After 10 min of light adaptation for mice,
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cone ERGs were recorded. The responses to 16 flashes were
averaged with an interstimulus interval of 0.5 s and stimulus
strength of 2.5 cds/m2 presented on a rod saturated background
of 30 cd/m2. Neutral density filters were used to reduce the
stimulus strength.

VEP recording

Five mice for ST3GAL5+/+ and six mice for ST3GAL5−/− mice,
all 13 months old, were employed. One week prior to the
experiment, under anesthesia, a stainless steel screw (1 mm
diameter, 5 mm length) was inserted into the mice through
the skull into the left visual cortex at the point of 1.5 mm lateral
to the midline and 1.5 mm anterior to the lambda, penetrating
the cortex to 1 mm in depth. For measurements, each screw
was connected to the amplifier as a measuring electrode. The
right eyes were stimulated in order to make the measurements.
VEPs were recorded using the same equipment as for ERG
under dark-adapted conditions. The responses to 128 flashes
were averaged with an interstimulus interval of 1 s and stimu-
lus strength of 2.5 cds/m2. The N1 wave was defined as the
initial negative deflection, and the P1 wave was defined as the
positive deflection following the N1 wave. VEP was measured
twice for each mouse, with the average taken as data.

Immunohistochemical analysis

After euthanasia, mouse eyes were immediately enucleated, fixed
in Super Fix (Kurabo, Osaka, Japan), and embedded in paraffin.
The 12-month-old mice were used for anti-glial fibrillary acidic
protein (GFAP) study, and 9-month-old mice were used for PKC
α study. Retinal sections were sagitally cut through the optic nerve
head at 3 μm thickness, mounted on slides, and dried. After the
deparaffinization with graded ethanol and xylene solutions, sec-
tions were sequentially incubated with a blocking reagent, and
then with an GFAP monoclonal antibody or anti-PKC α mono-
clonal antibody (cloneMC5, SigmaAldrich, St. Louis, USA). After
washing the slides with PBS, the specific staining by the antibody
was detected by the Histofine mouse stain kit (Nichirei, Tokyo,
Japan) according to the manufacturer’s protocol, and then devel-
opedwith diaminobenzidine as a chromogen. Sections were coun-
terstained with hematoxylin, dehydrated, and mounted. In the
control sections, equivalent concentrations of irrelevant antibodies
were substituted for the primary antibodies. The hematoxylin-
eosin staining was also performed on each eye sample. All the
sections were examined under a microscope equipped with
a digital camera (Nikon, model ECLIPSE Ni, Tokyo, Japan).
Three eyes for each genotype were examined for GFAP staining.
The GFAP expression at the optic nerve was estimated by NIH-
ImageJ 1.52a.

Statistical analysis

All results are expressed as mean ± SD. The values were processed
for statistical analyses (unpaired Student’s t-test) and significant
differences were considered at p < 0.05. Statistical analysis of
multiple groups in ERG experiments was performed by using two-
way ANOVA followed by the Tukey-Kramer test. P less than 0.05
was considered statistically significant.

Results

Glycosphingolipid expression in mouse retinas

The glycosphingolipid expression in mouse retinas from
ST3GAL5+/+, ST3GAL5+/−, and ST3GAL5−/− mice was exam-
ined. As shown in Figure 1, ST3GAL5−/− mouse retinas had
undetectable GM3, and expressed o-series gangliosides
(GM1b and GD1α) and a high content of lactosylceramide
(LacCer), which is the proximate substrate of GM3 synthase.

ERG responses of mice

Representive ERG waveforms of 14-month-old mice (second
set experiment), elicited by stimuli of different intensities
recorded under cone, rod, and dark-adapted maximal
response conditions are shown in Figure 2. From each strain
4, 9, 12, and 14-month-old mice were examined. The ampli-
tudes and implicit times of the a-wave and b-wave in
ST3GAL5+/+ and ST3GAL5−/− mice were statistically ana-
lyzed. The results of 4, 9, and 12-month-old mice (first set
experiment) are listed in Supplementary data 1 and 2, and
those of 14-month-old mice are listed in Figure 3. In mice at
the middle age of 4 and 9 months old, the implicit time of
the b-wave was delayed in ST3GAL5−/− mice in several
instances. Those delays were not observed in 12- and 14-
month-old mice.

VEP responses of mice

Representive VEP waveforms of 13-month-old mice are
shown in Figure 2. The amplitudes and implicit times of
the N1 peak and P1 peak in ST3GAL5+/+ and ST3GAL5−/−

mice were statistically analyzed. The results are listed in
Table 1. There was no significant difference between the
two strains at amplitude and implicit time.

Histological and immunohistological study of mouse eyes

Through hematoxylin-eosin staining, both ST3GAL5+/+ and
ST3GAL5−/− mice showed orderly formation of ocular tissues
in the retinas and optic nerves (Figure 4). Optic nerve changes
such as swelling or atrophy were not observed even in elderly
mouse eyes of either strain.

GFAP is a marker of astrocytes and is also known as
a marker of glial activation in response to neural injury.15 In
the glaucoma model, the GFAP expression in the optic nerve is
known to increase along with optic nerve damage. In the retina,
GFAP expressions are limited in layers of ganglion cells (GCL)
under normal conditions, but extend to the inner plexiform
layer and inner nuclear layer (INL) under conditions such as
uveoretinitis and retinal degeneration. In our study, the GFAP
expression of the optic discs showed a similar intensity between
12-month-old ST3GAL5+/+ and ST3GAL5−/− mice (Figure 4).
The mean arbitrary unit of positive staining intensity in the
optic nerve was 84.6 ± 5.73 × 106 (bit/area) in ST3GAL5+/+ and
87.4 ± 4.00 × 106 in ST3GAL5−/− mice (p value = 0.52). In the
retina, the GFAP expression was restricted in the GCL in both
strains (Figure 5). In addition, immunohistochemical analysis
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using an antibody against protein kinase C alpha subunit
(PKCα), described in a previous study as being a marker on
ON bipolar cells,16 was performed to examine the distribution
of these cells in the retinas.16 The PKCα-positive cells were
found at the side of the INL in the retinas of both strains of 12-
month-old mice (Figure 5).

Discussion

In the present study, we investigated the ocular features of
ST3GAL5−/− mice. First, the glycosphingolipid profiles were
examined. The retinas of ST3GAL5−/− mice showed
a complete lack of GM3 gangliosides and an increase in lacto-
sylceramide, which is a precursor of GM3. In addition, GM1b

Figure 1. Glycosphingolipid expression in mice retinas.
HPTLCs of ganglioside fraction (left) and neutral lipid fraction (right) obtained from the retinas of ST3GAL5+/+ and ST3GAL5−/− mice are presented. The ganglioside
fraction and neutral lipid fraction were prepared and developed in HPTLC plates as described in the Materials and Methods. The amount of lipid spotted per lane was
equivalent to 500 nmol retina phospholipid. Std, +/+, and −/− denote standard, ST3GAL5+/+, and ST3GAL5−/− mice, respectively.

Figure 2. Representative ERGs of 14-month-old, and VEP of 13-month-old ST3GAL5+/+ and ST3GAL5−/− mice.
The dark-adapted ERG responses to 2.5 and 0.008 cds/m2 are shown in the upper and lower left panels, respectively. The light-adapted cone response is shown
(2.5 cds/m2) in the upper right panel. Representative VEP responses are shown in the lower right panel. The waveform of ST3GAL5+/+ mice (black) and ST3GAL5−/−

mice (red) were plotted.
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Figure 3. ERG intensity-response curves of the mean amplitude and implicit time of mice.
ERGs were elicited by three different stimulus intensities. The amplitudes are shown in the upper panel, and implicit times are shown in the lower panel. The mean
amplitudes of ST3GAL5+/+ (open circles), and ST3GAL5−/− mice (closed circles) were plotted with a SD bar. Five 14-month-old mice for each strain were employed.
There was no difference between the two strains (p > 0.05).

Figure 4. Histology of 12-month-old mouse eyes at optic disc area.
Panels A and C represent ST3GAL5+/+ mice and panels B and D represent ST3GAL5−/− mice. Panels A and B show the optic disc area with hematoxylin-eosin staining.
The GFAP expression of the optic disc area is shown in panels C and D.

Table 1. VEP amplitudes and implicit times in 13 moths old ST3GAL5+/+ and ST3GAL5−/− mice.

N1 wave P1 wave

Strain Eyes amp1 I.T.1 amp1 I.T.1

(n) (μV) (ms) (μV) (ms)

ST3GAL5 +/+ 5 −51.3 ± 19.60 43.3 ± 2.50 42.2 ± 15.74 56.9 ± 3.20
ST3GAL5 −/− 6 −45.0 ± 20.74 42.5 ± 5.00 40.2 ± 5.34 57.2 ± 5.45
p Value 0.62 0.76 0.77 0.91

amp: amplitude; I.T: implicit time, 1: Mean ± SD. P value: comparison with ST3GAL5+/+.
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and GD1α were found to be upregulated in response to
a deficiency of GM3 synthase, indicating that the deficiency
of a- and b-series gangliosides are compensated by compensa-
tory o-series gangliosides (GM1b and GD1α) in the retinas of
ST3GAL5−/− mice. Although gangliosides are ubiquitously pre-
sent in most tissues, the highest concentration is found in the
gray matter of the brain.2 Gangliosides are abundant in the
central nervous system and essential for normal neural devel-
opment and function. Most of the ganglio-series gangliosides in
vertebrates are synthesized from GM3, and GM3 synthase
catalyzes the primary step for the synthesis of complex gang-
liosides from lactosylceramide. GM3 is known to be involved in
differentiation, proliferation, and signal transduction in cells.
The antisense morpholino knockdown of ST3GAL5 expression
in zebrafish embryos results in neural apoptosis.17

Next, the pathophysiological manifestation of GM3-deficient
mice was studied. It has been previously reported that the GM3
synthase deficiency caused by homozygous nonsensemutations in
the ST3GAL5 gene results in infant onset epilepsy syndrome.11,12

Some of those affected family members showed bilateral optic
nerve pallor, but rod and cone ERG waveforms were found to be

normal.13 The brainmagnetic resonance imaging of these patients
showed diffuse cortical atrophy at older ages. In chick embryos,
GM3 was detected in the retinal pigment epithelium and neural
retina.18 It was assumed that blindness resulted from cortical
atrophy in the visual cortex. In our study, we performed ERG on
normal and GM3-deficient mice to clarify whether the deficiency
of GM3 influences retinal development. In those the age of 4 and
9 months, the implicit time of the b-wave was delayed in GM3-
deficient mice. Since the b-wave is generated by bipolar cells, the
expression of PKCα in the retina was compared between two
strains resulting in a similar outcome. There was no statistical
difference in ERG results between ST3GAL5+/+ and ST3GAL5−/−

mice at ages 12 and 14 months. In addition, histological and
immunohistological examinations were applied. Abnormalities
or destruction of eyeball structure, either in the anterior or poster-
ior segment of the eyes, were not found in GM3-deficient mice,
even those aged 14 months. There was no evidence of GM3
involvement in retinal function in old age. Unlike results seen in
trials with humans, optic nerve atrophywas not observed inGM3-
deficient mice. Our VEP study did not show any influence due to
lack of GM3. Additionally, the severe neurological phenotype of

Figure 5. Histology of mouse eyes.
The retinal section of the central area between the peripapillary and peripheral areas are shown. Panels A, C, and E represent ST3GAL5+/+ mice and panels B, D, and
F represent ST3GAL5−/− mice. Panels A and B show images with hematoxylin-eosin staining. The GFAP expression is shown in panels C and D. The PKCα expression is
shown in panels E and F. A scale bar represents 50 μm.
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GM3-deficient patients was not seen in ST3GAL5−/− mice. These
disparities might be due to species differences.

In conclusion, the absence of GM3 has no influence on the
retinal or optic nerve function of mice.
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a b s t r a c t

Several G protein-coupled receptors are present in lipid rafts. We have shown that most of the P2Y2

receptor (P2Y2R) protein is fractionated into lipid rafts in COS 7 cells. In the same cells, about 25e30% of
the bradykinin B2 receptor (B2R) protein is also fractionated into lipid rafts. When both P2Y2R and B2R
are co-expressed, the distribution of P2Y2R remained unchanged, but more B2R shifted into the raft
fraction. This indicates that the interaction between both receptors recruited B2R into the lipid rafts.
After 15min of UTP stimulation, both receptors almost completely disappeared from the cell surface by
endocytosis as observed with a confocal fluorescence microscope. Furthermore, with bradykinin stim-
ulation for 15min, portions of both receptors disappeared from the cell surface and were endocytosed. As
we reported previously with both CHO-K1 cells and HEK 293 cells, continuous stimulation of COS7 cells
with GT1b and CSC resulted in the disappearance of both P2Y2R and B2R from the cell membrane surface.
Thus, both P2Y2R and B2R migrate into membrane rafts and are endocytosed in parallel with signal
crosstalk, clearly indicating that both closely interact on membrane rafts. The P2Y2R N-glycosylation
deficient mutant does not migrate to the cell surface. It remains predominantly in the endoplasmic
reticulum and is fractionated into raft fractions. In the presence of this glycosylation mutant, most of B2R
remains in the endoplasmic reticulum, and is fractionated into the raft fraction. These findings
demonstrate that in the membrane rafts of the endoplasmic reticulum, both receptors are already closely
associated, and B2R shifts into the rafts by affinity with P2Y2R.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

P2Y2R, which uses ATP/UTP as a ligand, and B2R, which uses
bradykinin as a ligand, are G protein-coupled receptors (GPCRs).
Both receptors are coupled with Gaq/11 and are involved in phys-
iological functions, such as blood pressure reduction, inflammation,
and pain. In our previous studies using both Ca2þ imaging and the
b-galactosidase a-complementation assay, we showed that both
receptors are associated closely in desensitization and internali-
zation, are co-immunoprecipitated, and are involved in signal cross
talk with each other [1].

A lipid raft, a membrane microdomain on the cell membrane, is
rich in both sphingolipids and cholesterol. Lipid rafts have char-
acteristic receptor proteins and signaling molecules and play

important roles in signal transduction through membranes, bac-
terial and viral infections, cell adhesion, intracellular vesicular
trafficking, and intracellular polarity [2,3]. Experimentally, lipid
rafts are insoluble in nonionic surfactants at low temperature, and
thus can be distinguished from other membrane regions. We
recently showed that most P2Y2Rmolecules localize to lipid rafts in
COS 7 cells [4]. On the other hand, B2R was distributed in both raft
and non-raft fractions. Therefore, we examined whether the
interaction between the two receptors affects their distribution
into rafts. The co-endocytosis of both receptors was observed by
immunofluorescence microscopy even when both molecules were
separately stimulated.

2. Materials and methods

Preparation of Plasmids. Plasmids encoding human P2Y2R and
human short variant B2R, starting at the third initiating ATG were
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prepared by insertion of each cDNA between the EcoRI and BamHI
sites of pIRES2-EGFP (Clontech). The N-glycan deficient N9Q/N13Q
P2Y2R mutant was prepared as described previously [4]. Human
P2Y2R genes with a C-terminal c-Myc epitope tag and human B2R
genes with a C-terminal HA epitope tag were prepared as described
previously [1,4].

Cell culture. COS-7 cells were grown in D-MEM supplemented
with 10% fetal calf serum and kept in a humidified incubator with
5% CO2 at 37 �C. COS-7 cells were transiently transfected using
Viafect transfection regent (Promega).

SDS-PAGE and Western blotting.Membrane fractions and protein
samples for SDS-PAGE was prepared as described previously [4].
SDS-PAGEwas performed using the Novex NuPAGE SDS-Gel system
with 4e12% Bis-Tris gels (Thermo Fisher Scientific), and proteins
were electrophoretically transferred to an Immobilon PVDF mem-
brane (Merck Millipore) using a semi-dry blotting system. After
blocking with 5% skim milk in PBS, P2Y2R-Myc was stained using
anti-Myc mouse mAb 9E10 (Roche Diagnostics) followed by
horseradish peroxidase-conjugated anti-mouse IgG (PIERCE). B2R-
HA was stained using anti-HA rat mAb 3F10 antibody (Roche Di-
agnostics), followed by horseradish peroxidase-conjugated anti-rat
IgG (#16549, Invitrogen). Then, the bound peroxidase was detected
with Luminata Forte Western HRP Substrate (Merck Millipore).

Immunocytochemistry. After one day of culture, COS-7 cells were
transfected and cultured for an additional day on glass coverslips in
24-well culture plates. The cells were exposed to the following
stimulants: either 100 mM UTP for 15min, 1 mM bradykinin (BK) for
15min, or 100 ng/mL GT1b ganglioside for 15min followed by
10 mg/mL chondroitin sulfate C (CSC) for 15min. After removing the
medium, the cells were fixed with 3% paraformaldehyde. After
blocking with 5% skim milk in PBS, P2Y2R-Myc and B2R-HA were
detected using anti-Myc monoclonal antibody (71D10 rabbit mAb;
Cell Signaling Technology) and anti-HA monoclonal antibody 3F10,
respectively, followed by Alexa Fluor 546 conjugated goat anti-
rabbit IgG and Alexa Fluor 488 conjugated goat anti-rat IgG
(Thermo Fisher Scientific), respectively. The cells were observed
using confocal laser scanning microscopy (FV1000; Olympus).

3. Results

3.1. Effect of P2Y2R on B2R membrane microdomain distribution

Since B2R and P2Y2R interact and P2Y2R localizes in lipid rafts,
the interaction between both receptors was expected on lipid rafts.
When B2R-HA was expressed in COS7 cells and immunoblotted
with anti-HA antibody after SDS-PAGE, about 25e30% of the pro-
teinwas localized to the lipid rafts and the remainder of the protein
fractionated to non-raft fractions. When P2Y2R was co-expressed,
80% or more of B2R was fractionated into the raft fraction (Fig. 1).
This result shows that the interaction between the two receptors
promotes the transition of B2R into lipid rafts by P2Y2R. The same
finding was also observed when an N-linked sugar chain deletion
mutant of P2Y2R (N9Q/N13Q) was co-expressed. This indicated that
the N-linked sugar chain of P2Y2R was not involved in association
with B2R. In addition, the N9Q/N13Q mutant is not expressed on
the cell surface and remains in the endoplasmic reticulum [4]
despite its association with B2R. The intracellular localization of
both receptors was observed with a confocal fluorescence micro-
scope. The staining of N9Q/N13Q-P2Y2R in the endoplasmic retic-
ulum was consistent with some of the B2R staining (Fig. 2).
Therefore, it was demonstrated that both receptors were already
associated in the endoplasmic reticulum.

Almost all of P2Y2R is fractionated into raft fractions in both wild
type and the N9Q/N13Q mutant. The influence of B2R co-
expression on the raft distribution of these P2Y2R molecules was
investigated. Both P2Y2R and its mutant fractionated into raft
fractions, and no migration to non-raft fractions was observed

Fig. 1. Effects of co-expression on B2R distribution in the lipid raft fraction of both wild
type (WT) and N-linked sugar chain-deficient mutant P2Y2R (N9Q/N13Q). HA-tagged
B2R was expressed either alone or with P2Y2R, and the detergent insoluble (Insol)
membrane fraction and the detergent soluble (Sol) membrane fraction were analyzed
by Western blotting using an anti-HA antibody.

Fig. 2. Confocal fluorescence microscopic images of N9Q/N13Q-P2Y2R and B2R. Myc-tagged P2Y2R mutant and HA-tagged B2R were expressed in COS 7 cells and observed with a
confocal microscope. Anti-Myc rabbit mAb and anti-HA rat mAb were used as the primary antibodies, respectively, and Alexa Fluor 546 goat anti-rabbit IgG and Alexa Fluor 488 goat
anti-rat IgG were used as the secondary antibodies, respectively."P2Y2R00 is the fluorescence (red) of the secondary antibody bound to the anti-Myc antibody and "B2R00 is the
fluorescence (green) of the secondary antibody bound to the anti-HA antibody. "Merge" is both fluorescent images superimposed. Scale bar indicates 10 mm.
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(Fig. 3). These data demonstrate that P2Y2R was fractionated into
lipid rafts with or without B2R co-expression.

3.2. Intracellular dynamics of P2Y2R and B2R

The data suggest that B2R and P2Y2R directly interact and
function together. The effects of stimulants on the localization of
both receptors were investigated with a confocal fluorescence mi-
croscope in cells co-expressing both P2Y2R and B2R (Fig. 4). When
stimulated with 100 mMUTP for 15min, most of P2Y2R disappeared
from the cell membrane surface by endocytosis. B2R was involved
in the endocytosis of P2Y2R, and most of the B2R disappeared from
the cell membrane surface. On the other hand, when the cells were
stimulated with 1 mM BK for 15min, only a portion of both B2R and
P2Y2R was endocytosed (Fig. 4). When the stained images after UTP
stimulation were merged, it was shown that P2Y2R and B2R were

present in different granules, suggesting that these receptors did
not interact with each other after endocytosis.

Since we have found that desensitization of B2R is caused by
continuous stimulation of both GT1b and CSC [5] and that P2Y2R is
also desensitized at that time [1], we investigated the intracellular
localization of both receptors. After incubation with 100 ng/mL
GT1b for 15min followed by incubation with 10 mg/mL CSC for
15min, most of both receptors disappeared from the cell mem-
brane surface. In this case too, it was shown that many of the both
receptors were present in different granules (Fig. 4).

4. Discussion

We have previously demonstrated signal crosstalk between
P2Y2R and B2R. Both receptors have a close relationship and agonist
stimulation of one receptor results in activation of both receptors
[1]. Since most of the P2Y2R protein is fractionated into lipid rafts
[4], interaction between both receptors was expected to occur in
the lipid rafts. P2Y2R fractionated into lipid rafts regardless of either
the presence or absence of its componentN-linked sugar chain or of
co-expression with B2R. B2R was fractionated into lipid rafts when
co-expressed with P2Y2R, but when B2Rwas not co-expressedwith
P2Y2R, more of the B2R protein was localized in non-raft fractions.
Since the localization of B2R into lipid rafts was affected by the
expression of P2Y2R, additional evidence was obtained that a
portion of the B2R protein was associated with P2Y2R. These find-
ings demonstrate that B2R localizes to lipid rafts due to its affinity
for P2Y2R. Both receptors signal cross talk probably by forming a
hetero-oligomer [1] in the rafts. Moreover, this association also
occurred between B2R and the N-linked sugar chain-deficient

Fig. 3. Distribution of wild type (WT) and N9Q/N13Q-P2Y2R into lipid rafts during B2R
co-expression. Wild type and mutant of Myc-tagged P2Y2R was co-expressed either
individually or with B2R, and the detergent insoluble (Insol) membrane fraction and
the detergent soluble (Sol) membrane fraction were analyzed by Western blotting
using an anti-Myc antibody.

Fig. 4. Confocal fluorescence micrograph of wild-type P2Y2R and B2R. Myc-tagged wild-type P2Y2R and HA-tagged B2R were expressed in COS7 cells and observed with a confocal
microscope as in Fig. 2. Scale bar indicates 10 mm.
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P2Y2R mutant that is not expressed on the cell surface [4]. In this
case, both receptors remained in the endoplasmic reticulum.

After a 15min stimulation with UTP, P2Y2R is endocytosed, and
B2R was also endocytosed (Fig. 4). In addition, after continuous
stimulation with GT1b/CSC, B2R is desensitized, and co-existing
P2Y2R is also desensitized [1,5]. Thus, after desensitization of
either receptor, both receptors disappeared from the cell mem-
brane surface (Fig. 4). With both UTP and continuous GT1b/CSC
stimulation, many of the receptors were localized in different
granules. This may be due to the fact that either P2Y2R and B2R
cooperate and follow different routes after being transported into
the cell or the two receptors have different transport speeds from
the early endosome to the recycling endosome.

A membrane raft is a signaling domain in the cell membrane,
and the signals of some GPCRs, such as P2Y2R [6,7] and
gonadotropin-releasing hormone (GnRH) [8] are transmitted
downstream by localizing into rafts. Also, B2R is transferred by
activation in smooth muscle cells by caveolae, a type of raft [9]. In
both adrenal chromaffin cells and PC 12 cells, a raft is involved in
sensitization of the EGFR-inducing signal by B2R [10]. In smooth
muscle cells, P2Y2R also shifts into rafts by agonist stimulation [11].
In addition, there are chemokine receptor GPCRs that transmit
different signals through inside or outside rafts [12]. Kaiser et al. [7]
reported that whereas lipid rafts are required for the activation of
P2Y2R, it is not necessary for the activation of B2R. However, lipid
rafts are required for both receptors to exert the relaxing action on
guinea pig endothelium. Our data demonstrate that the down-
stream B2R signal is regulated by the presence of P2Y2R since B2R
associates with P2Y2R and enters into the rafts.

In summary, we demonstrated that P2Y2R recruits B2R into lipid
rafts due to the close interaction between these molecules. Both
receptors disappear from the cell membrane surface after stimu-
lation of either receptor. In the future, it should be determined
whether this process after endocytosis is carried out independently
or not.
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Homodimer formation by the ATP/UTP receptor P2Y2

via disulfide bridges
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Many class C G-protein coupled receptors (GPCRs)
function as homo- or heterodimers and several class
A GPCRs have also been shown to form a homodimer.
We expressed human P2Y2 receptor (P2Y2R) in cul-
tured cells and compared SDS-PAGE patterns under
reducing and non-reducing conditions. Under non-redu-
cing conditions, approximately half of the P2Y2Rs were
electrophoresed as a dimer. We then produced Cys to
Ser mutants at four sites (Cys25, Cys106, Cys183 and
Cys278) in the extracellular domains of P2Y2R and
examined the effect on dimer formation and receptor
activity. All single mutants formed dimers similarly to
the wild-type protein, but C25S, C106S and C183S
P2Y2R lost activity, while C278S P2Y2R maintained
weak activity. Coexpression with wild-type P2Y2R re-
covered the activity of the C25S mutant. These results
show that Cys106 and Cys183 are required for mono-
mer or homodimer activity; Cys25 is required for
monomer activity, but it is not needed in one protomer
for homodimer activity; and Cys278 can be replaced in
the monomer and homodimer. Approximately, half of
C25S/C278S double mutants were electrophoresed as a
dimer, similarly to the wild-type and single mutants,
and dimers with the wild-type protein were active.
These results suggest involvement of Cys106 and
Cys183 in disulfide bonding between protomers in
homodimer formation.

Keywords: a-complementation assay; arrestin recruit-
ment; disulfide bond; GPCR homodimer; GPCR
signal cross-talk.

Abbreviations: A1R, adenosine A1 receptor; B2R,
bradykinin receptor B2; BSS, balanced salt solution;
GPCR, G-protein coupled receptor; HEPES, 4-(2-
hydroxyethyl)-1-piperazi- neethanesulfonic acid;
P2Y2R, P2Y2 receptor; PBS, phosphate buffered
saline; PCR, polymerase chain reaction; SDS-PAGE,
sodium dodecyl sulphate polyacrylamide gel
electrophoresis.

Some G-protein coupled receptors (GPCRs) form
homodimer or heteromers. Among the many class A
GPCRs, rhodopsin (1), bradykinin receptor B2 (B2R)
(2), purinergic adenosine A1 receptor (A1R) and P2Y2

receptors (P2Y2R) (3) form homodimers. Disulfide
bridges are present in B2R (4), but the bridging details
are unknown and the quaternary structure has not been
determined. All class A GPCRs except S1P1 have pre-
served Cys residues in the first and second extracellular
loops and disulfide bridges are formed between two Cys
residues in monomers, as shown by structural analysis of
several GPCRs, including rhodopsin (5), and this struc-
tural motif is presumed to be similar in other GPCRs.

P2Y2R is a GPCR activated by ATP/UTP that cou-
ples to Gaq/11 (G protein) and is involved in induction
of inflammation, hypotension and pain. P2Y2R forms
hetero-oligomers or has cross-talk with other class A
GPCRs, such as b2-adrenergic receptor (6), CXC che-
mokine receptor 2 (7), A1R (8) and B2R (9). Given that
homodimer formation by disulfide bridges was found in
SDS-PAGE, we examined how four extracellular Cys
residues in P2Y2R (Cys25, Cys106, Cys183 and Cys278)
form bridges in the monomer and dimer. Hillmann et al.
proposed Cys25�Cys278 and Cys106�Cys183 disulfide
bridges based on the effects of mutation of Cys106 and
Cys278 to Ser, homologous residues in rhodopsin, and a
similar structure to P2Y1 receptor (10), in which there is
a disulfide bond between Cys residues in N terminal
domain and third extracellular loop (11). In the current
study, we produced point mutants with each of the four
Cys residues replaced with Ser. These proteins were
used to examine disulfide bridge formation using SDS-
PAGE under reducing and nonreducing conditions, and
formation of functional homodimers based on UTP-
induced activation. Our results show that P2Y2R can
function as a monomer or homodimer and that disulfide
bonds contribute to homodimer formation.

Materials and Methods

Cell culture
HEK293T and 1321N1 cells were grown in Dulbecco’s Modified
Eagle’s Medium with 25mM glucose supplemented with 10% (v/v)
fetal calf serum and kept in a humidified 10% CO2/90% air atmos-
phere at 37�C. The cells were transiently transfected with plasmids
using Lipofectamine 2000 (Invitrogen) for western blotting and
Ca2+ imaging. Cell membranes for western blotting were prepared
from cells 48 h after transfection.

Plasmids and constructs
Plasmids encoding human P2Y2R were prepared by inserting P2Y2R
cDNA between the EcoRI and BamHI sites of pIRES2-EGFP
(Clontech). P2Y2Rs with Ser substitution at Cys25, Cys106,
Cys183, Cys278 and Cys25/278 were prepared by PCR. The C-ter-
minal of P2Y2R was fused to the H31R-substituted a donor peptide
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of a LacZ b-galactosidase reporter enzyme (P2Y2R-a) or Myc
epitope. The C-terminal of b-arrestin-2 was fused to the M15 ac-
ceptor deletion mutant of b-galactosidase (the o peptide, arrestin-o).
Plasmids encoding fusion proteins were generated by subcloning
PCR products into pAlpha-N1 or pOmega-N1 vectors, which were
constructed from pAcGFP-N1 vector (Clontech) (9).

Preparation ofmembrane fractions, SDS-PAGE andwestern
blotting
Preparation of membrane fractions (12), SDS-PAGE and western
blotting (9) were performed as described previously.

b-galactosidase complementation assay
The interaction between activated GPCR and b-arrestin (arrestin re-
cruitment) was measured using complementation between the a and o
domains of LacZ b-galactosidase (9, 13). Since P2Y2R was activated
with autocrine ATP generated by physical stimulus during cell cultiva-
tion in our original method (9), we modified the procedure to avoid
autocrine effects by cultivating the cells 24h before the assay, as
described below. HEK293T or 1321N1 cells were cultured in 10 cm
f cell culture dishes to 80% confluence. Cells were washed once with
phosphate buffered saline (PBS; 137mM NaCl, 2.7mM KCl, 1.5mM
KH2PO4, and 8.1mM Na2HPO4) and harvested by digestion with
2mL of 0.05% trypsin/EDTA for 30 s at room temperature.
Digestion was stopped by adding 2.5mL of culture medium. The har-
vested cells were spun down (700g, 5min) and washed with 3mL of
PBS. The pelleted cells were suspended in 36mL of culture medium
and dispensed as 3mL aliquots. Cell suspensions were mixed with
transfection reagents, 0.4mg of each plasmid DNA coding for
GPCR-a and arrestin-o in 200mL Opti-MEM, and 1.6mL of
Lipofectamine 2000 (Invitrogen) in 200mL of Opti-MEM. Then, a
180mL aliquot of the mixture was seeded on a white tissue culture
96-well plate (Corning 3917) and cultured at 37�C for 24h. After stimu-
lation of the cells with 20mL of 10�concentrated UTP for 1 h at 37�C,
150mL of the supernatant was discarded and 50mL of Gal Screen (B,
Applied Biosystems) was added, followed by incubation at room tem-
perature. Luminescence of the wells was read after about 40min.

Ca2+ imaging
Cells cultured on glass-bottom dishes were loaded with the Ca2+

indicator Fura-2 and exposed to stimulants using the bath applica-
tion method. Images were acquired and analyzed using balanced salt
solution (pH 7.3; 130mM NaCl, 5.4mM KCl, 20mM HEPES,
5.5mM glucose, 0.8mM MgSO4, and 1.8mM CaCl2) as the
extracellular media (14�16).

Statistical analysis
Results are presented as means±SEM. Differences between groups
were assessed by two-way ANOVA followed by a Dunnett’s multiple
comparison test, using GraphPad software (San Diego, CA).
P50.05 was considered significant.

Results

Homodimer formation by P2Y2R and effect of muta-
tion of Cys residues
P2Y2R with a C-terminal Myc tag was expressed in
HEK293T cells. Western blotting was performed
after SDS-PAGE under reducing and non-reducing
conditions. Under non-reducing conditions, western
blot analysis showed bands at the monomer position
and at a position consistent with a dimer (Fig. 1B). Cys
to Ser mutants were examined similarly, and all mu-
tants, including the C25S/C278S double mutant,
formed bands with molecular masses consistent with
the monomer and dimer. However, most dimer bands
transferred to the monomer position under reducing
conditions (Fig. 1A), which suggests that P2Y2R
forms a homodimer with disulfide bonds. The ratios
of monomer and dimer forms of wild-type and mutant
P2Y2Rs were estimated from Fig. 1B. About 60% of

wild-type P2Y2R formed a dimer, while less than 40%
of the C278S mutant formed a dimer (Table I). We
previously showed that most P2Y2R molecules in
COS7 cells are present in lipid rafts (12), and a similar
result was found in HEK293T cells, with most wild-
type and mutant P2Y2Rs in raft component fractions.

Effect on arrestin recruitment of homodimer
formation bywild-type and Cys-mutant P2Y2R
Using P2Y2R with the C-terminal attached to the LacZ
a-domain, UTP-stimulated arrestin recruitment was
determined based on reactivity to the arrestin attached
to the LacZ o-domain. In HEK293T cells, C25S, C278S
and C25S/C278S mutants had weaker activity than the
wild-type protein but were activated by UTP, whereas
C106S and C183S mutants were not activated (Fig. 2A).
Since endogenous P2Y2R is expressed in HEK293T
cells, the assay was also conducted in 1321N1 cells,
which do not have endogenous expression of P2Y2R.
In these cells, the activity of the C25S and C25S/C278S
mutants disappeared (Fig. 2B). The C278S mutant
maintained some activity, but this was weaker than
that of wild-type P2Y2R. To confirm the effect of
dimers, both wild-type P2Y2R and P2Y2R mutant-a
proteins were expressed in 1321N1 cells. Under these
conditions, results similar to those observed in
HEK293T cells were obtained (Fig. 2C). Combination
of wild-type P2Y2R with C25S, C278S or C25S/S278S
mutants gave activity of approximately 25% that of the
wild-type homodimer. C25S-a was activated in the pres-
ence of wild-type or C278S P2Y2R but was not acti-
vated in the presence of C25S/C278S mutant (Fig.
2D). This result implies that the activation signal from
wild-type or the C278S mutant was transmitted to
C25S-a and shows that activation signals from wild-
type are not transmitted to C106S-a or C183S-a.

Examination of G-protein activation
The above results show that Cys25, Cys106 and
Cys183 are required for recruitment of arrestin.
Further assays were conducted to examine whether
mutation of these Cys residues inhibited G-protein ac-
tivity, an upstream reaction in 1321N1 cells, using
intracellular Ca2+ imaging. None of the C25S,
C106S and C183S mutants caused an increase in
Ca2+, in contrast to wild-type P2Y2R (Fig. 3; results
for C106S and C183S P2Y2R are not shown but were
similar to those for C25S P2Y2R). Expression of the
three mutants with pIRES2-EGFP resulted in less ex-
pression of EGFP than with wild-type P2Y2R, for a
reason that is unclear.

Discussion

Extracellular Cys residues in proteins located on the
surface of cell membranes maintain protein structure
via disulfide bridging. Among GPCRs, rhodopsin has
four extracellular Cys residues that form disulfide
crosslinks between two central and two terminal
residues (cf. Fig. 4A). The activity of GPCRs is
regulated by formation of homodimers and heterooli-
gomers, which leads to signaling cross-talk. Many class
C GPCRs form homo- or heterodimers, and mGluRs
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(17) and Ca2+ sensing receptor (18) have disulfide
bonds that contribute to dimer formation. In
mGluRs, Cys residues in the long N terminal extracel-
lular domain contribute to homodimer formation (19).
Several class A GPCRs also form homodimers, includ-
ing rhodopsin (1), A1R and P2Y2R (3), B2R (2, 4),
D2R (20), b2AR (21) and 5-HT2C (22). Many class
A GPCRs have Cys residues in N terminal domain
and the first, second and third extracellular loops,
but the majority view is that homodimer formation
depends on interactions between transmembrane do-
mains. Only B2R (4) and P2Y2R in this study have
been shown to have disulfide bonds involved in homo-
dimer formation and it is still unclear how these Cys
residues are bridged.

Fusion of a GPCR with an a domain to facilitate a
LacZ a complementary reaction permits evaluation of
signaling cross-talk by GPCR homodimers and hetero-
oligomers (9). In this study, we found that some
P2Y2Rs formed dimers under non-reducing conditions
(Fig. 1). The dimers were formed with all of the mu-
tants examined. We examined whether extracellular
Cys residues at four sites contributed to ‘functional’
dimer formation by evaluating signaling cross-talk of
Cys to Ser mutants expressed alone or with wild-type
P2Y2R (Fig. 2). All mutants formed dimers with each
other or with wild type. The C25S mutant received
active signal from wild type revealing arrestin recruit-
ment activity. That is, it formed a ‘functional’ dimer
capable of cross-talk. The C106S and C183S mutants
were able to form dimers, but they were not activated
alone and could not engage in signal cross-talk from

wild type. This indicates that these mutants cannot
form a ‘functional’ dimer, even though they were
able to form a dimer with wild type. The C278S
mutant showed somewhat diminished dimer formation
but had activity itself and was able to transfer a signal
to the C25S mutant. Based on these results, a disulfide
bridge pattern can be proposed for P2Y2R (Fig. 4).

Cys106 and Cys183 are positioned in the first and
second extracellular loops, and mutation of either of
these residues to Ser eliminated receptor activity when
expressed alone and in coexpression with wild-type
P2Y2R. This suggests that a disulfide bond is formed
between these two residues, as Hillmann et al. pro-
posed based on homology to rhodopsin (11).
Hillmann et al. indicated that C106S P2Y2R was not
expressed on the cell surface in 1321N1 cells, as the
binding of antibodies to the HA-tag added to the
N-terminus is undetectable (11). In our observation,
the level of protein expression did not differ between
wild-type and mutant proteins in both HEK293T
(Fig. 1) and 1321N1 cells (unpublished observation).
Thus, C106S mutant protein is expressed but its sort-
ing to the cell surface is prohibited. It is probable that
bridging with an appropriate disulfide bond between
Cys106 and Cys183 is sufficient for the cell surface
expression of the receptor.

Cys106 and Cys183 are also probably involved in a
disulfide bridge between protomers in homodimer for-
mation (Fig. 4C). Ser mutations at each of these sites
formed dimers in SDS-PAGE under nonreducing con-
ditions. In the C25S/C278S double mutant, dimer
bands also occurred and were changed to monomers
by reduction. Therefore, an inter-protomer disulfide
bridge between Cys106 and Cys183 is also involved
in homodimer formation (Fig. 4C).

Mutation of Cys25 in N terminal domain to Ser did
not prevent activation in coexpression with wild-type
P2Y2R. If molecules forming homodimers are equiva-
lently expressed, the ratio of homodimer formation
with wild-type P2Y2R is approximately half; however,
the activity was less than half. Mutation of Cys278 in
the third extracellular loop to Ser attenuated activity,
but some was maintained. Therefore, Cys278 seems to
be less important for monomer and homodimer
formation. The C25S/C278S double mutant lost
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WT C25S C106S C183S C278S
C25S/
C278S
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Fig. 1 Wild-type (WT) P2Y2R-Myc and Cys to Ser mutants were expressed in HEK293T cells and detected by Western blotting. Results
are shown for detergent-resistant membrane fractions under reducing (A) and nonreducing (B) conditions. Almost no expressed protein was
fractioned in the detergent-soluble fraction. Di, dimer; Mon, monomer.

Table I. Ratio of monomer and dimer forms of P2Y2R and its Cys

to Ser mutants
a

P2Y2R Monomer (%) Dimer (%)

Wild type 38 62
C25S 48 52
C106S 42 58
C183S 53 47
C278S 69 31
C25S/C278S 62 38

aRatios were calculated from scanned image of western blot in Fig. 1B.
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Fig. 2 Difference in reaction of Cys to Ser mutants with and without wild-type P2Y2R. P2Y2R-a or mutant-a in HEK293T cells with en-
dogenous wild-type P2Y2R (A) and in 1321N1 cells that do not express wild-type P2Y2R (B�D). Wild-type or mutant P2Y2R was coexpressed
with arrestin-o and stimulated by UTP, after which arrestin recruitment activity was determined by an a complementary reaction. Activity is
expressed as a multiple of the control activity measured without the reagents. n=3. ****P50.0001; ***P50.001; **P50. 01; *P50. 05.

Fig. 3 Intracellular Ca2+ changes for wild-type and C25S P2Y2R in 1321N1 cells after UTP addition. Wild-type (A) or C25S (B) P2Y2R was
expressed in 1321N1 cells and 15 cells each were stimulated by 10 mM UTP, followed by stimulation with 1 mM BK. C106S and C183S mutants
gave similar results to those for C25S P2Y2R. (C) Non-transfected 1321N1 cells were stimulated as above and served as controls (n=21).
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activity, but this was recovered in coexpression
with wild-type P2Y2R. These results are likely to be
due to homodimer formation and thus support the
conclusion that Cys106 and Cys183 are involved in
disulfide bridges with wild-type P2Y2R; i.e. they are
involved in bridging between molecules. Therefore, a
Cys106-Cys183 intra- or interprotomer disulfide bond
is essential for receptor expression on the cell surface
and activation (Fig. 4). This hypothesis is also sup-
ported by the activation of C25S-a in the presence of
C278S P2Y2R (Fig. 2D). Signals were transduced from
C278S to C25S P2Y2R but not from C25S/C278S
P2Y2R (Fig. 2D). This suggest that Cys25 and
Cys278 form a disulfide bond, but that this disulfide
bond is not essential for homodimer formation, given
that signals were transduced from wild-type P2Y2R to
the C25S/C278S mutant (Fig. 2A and C).

In COS7 cells, most P2Y2R molecules are found in
fractions corresponding to lipid raft components (12).
The results of this study showed that most P2Y2R
molecules also fractionated to lipid raft components
in HEK293T cells. Only some of these molecules
formed dimers, which shows that dimer formation
has no relationship with distribution of P2Y2R to
raft fractions. Also, in the presence of wild-type
P2Y2R, Cys mutants had no effect on raft distribution.

Formation of B2R homodimers with disulfide bonds
is promoted by agonist binding (2). However, no agon-
ist was necessary for P2Y2R to form homodimers.
P2Y2R shows cross-reaction with B2R (9) and cross-
talk with b2-adrenergic receptor (6), CXC chemokine
receptor 2 (7), and A1R (8). Thus, P2Y2R may form
heteromers with other GPCRs, but it is unknown how
homodimer formation is related to the occurrence of
heteromers. There were many smear bands up to
100 kDa in non-reducing SDS-PAGE (Fig. 1B).
Bands above 100 kDa often appear in non-reducing

SDS-PAGE, and some of those seen in Fig. 1B may
be homo-oligomers or hetero-oligomers with other
GPCRs.

Formation of a dimer or oligomer greatly affects the
binding kinetics, signal enhancement and termination
thereof, as it regulates the density of molecules
involved in GPCR signal transduction (1). The mono-
mer and dimer are rapidly interconvertible (23), and
involvement of a disulfide bridge is likely to prolong
the presence of the dimer.

Funding

This study was supported by the Strategic Study Base
Formation Support Project for Private Universities,
Japan.

Conflict of Interest
None declared.

References

1. Fotiadis, D., Liang, Y., Filipek, S., Saperstein, D.A.,
Engel, A., and Palczewski, K. (2003) Atomic-force mi-
croscopy: rhodopsin dimers in native disc membranes.
Nature 421, 127�128

2. AbdAlla, S., Zaki, E., Lother, H., and Quitterer, U.
(1999) Involvement of the amino terminus of the B2 re-
ceptor in agonist-induced receptor dimerization. J. Biol.
Chem. 274, 26079�26084

3. Namba, K., Suzuki, T., and Nakata, H. (2010)
Immunogold electron microscopic evidence of in situ for-
mation of homo- and heteromeric purinergic adenosine
A1 and P2Y2 receptors in rat brain. BMC Res. Notes 3,
323

4. Michineau, S., Alhenc-Gelas, F., and Rajerison, R.M.
(2006) Human bradykinin B2 receptor sialylation and

106 183

278-S-S-

-S-S-

25

S
S

S
S

-S-S-

-S-S-

25 106 183 278

25278 183 106

S
S

S
S

S
S

S
S

25 106 183 278

25278 183 106

A B

C

Fig. 4 Proposed disulfide bridges in P2Y2R monomers and homodimers. In monomers, similarly to rhodopsin, Cys25 and Cys278, and Cys106
and Cys183 are likely to be bridged (A). When homodimers are formed, Cys25 is bridged with Cys278 in the other protomer. Consequently, it is
possible that bridges between Cys106 and Cys183 occur within one protomer (B) and between two protomers (C).

P2Y2 receptor homodimer via disulfide bridges

479
Downloaded from https://academic.oup.com/jb/article-abstract/163/6/475/4816400
by Tohoku Yakka Daigaku Toshokan user
on 16 May 2018



N-glycosylation participate with disulfide bonding in sur-
face receptor dimerization. Biochemistry 45, 2699�2707

5. Palczewski, K., Kumasaka, T., Hori, T., Behnke, C.A.,
Motoshima, H., Fox, B.A., Le Trong, I., Teller, D.C.,
Okada, T., Stenkamp, R.E., Yamamoto, M., and
Miyano, M. (2000) Crystal structure of rhodopsin: a G
protein-coupled receptor. Science 289, 739�745

6. Suh, B.C., Kim, J.S., Namgung, U., Han, S., and Kim,
K.T. (2001) Selective inhibition of b2-adrenergic recep-
tor-mediated cAMP generation by activation of the P2Y2

receptor in mouse pineal gland tumor cells. J. Neurochem
77, 1475�1485

7. Werry, T.D., Wilkinson, G.F., and Willars, G.B. (2003)
Cross talk between P2Y2 nucleotide receptors and CXC
chemokine receptor 2 resulting in enhanced Ca2+ signal-
ing involves enhancement of phospholipase C activity and
is enabled by incremental Ca2+ release in human embry-
onic kidney cells. J. Pharmacol. Exp. Ther. 307, 661�669

8. Suzuki, T., Namba, K., Tsuga, H., and Nakata, H.
(2006) Regulation of pharmacology by hetero-oligomer-
ization between A1 adenosine receptor and P2Y2 recep-
tor. Biochem. Biophys. Res. Commun. 351, 559�565

9. Yashima, S., Shimazaki, A., Mitoma, J., Nakagawa, T.,
Abe, M., Yamada, H., and Higashi, H. (2015) Close as-
sociation of B2 bradykinin receptors with P2Y2 ATP re-
ceptors. J. Biochem. 158, 155�163

10. Hoffmann, C., Moro, S., Nicholas, R.A., Harden, T.K.,
and Jacobson, K.A. (1999) The role of amino acids in
extracellular loops of the human P2Y1 receptor in sur-
face expression and activation processes. J. Biol. Chem.
274, 14639�14647

11. Hillmann, P., Ko, G.-Y., Spinrath, A., Raulf, A., von
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AberrantN-glycan sialylation of glycoproteins is closely asso-

ciated withmalignant phenotypes of cancer cells andmetastatic

potential, which includes cell adhesion, migration, and growth.

Recently, phosphatidylinositol 4-kinase II� (PI4KII�), which is

localized to the trans-Golgi network, was identified as a regula-

tor of Golgi phosphoprotein 3 (GOLPH3) and of vesicle trans-

port in the Golgi apparatus. GOLPH3 is a target of PI4KII� and

helps anchor sialyltransferases and thereby regulates sialylation

of cell surface receptors. However, how PI4KII�-mediated sia-

lyation of cell surface proteins is regulated remains unclear. In

this study, using several cell lines, CRISPR/Cas9-based gene

knockout and short hairpin RNA–mediated silencing, RT-PCR,

lentivirus-mediated overexpression, and immunoblotting meth-

ods, we confirmed that PI4KII� knockdown suppresses the sia-

lylation ofN-glycans on the cell surface, in Akt phosphorylation

and activation, and integrin �3-mediated cell migration of

MDA-MB-231 breast cancer cells. Interestingly, both integrin

�3�1 and PI4KII� co-localized to the trans-Golgi network,

where they physically interacted with each other, and PI4KII�
specifically associated with integrin �3 but not �5. Further-
more, overexpression of both integrin �3�1 and PI4KII�
induced hypersialylation. Conversely, integrin�3 knockout sig-
nificantly inhibited the sialylation of membrane proteins, such

as the epidermal growth factor receptor, as well as in total cell

lysates. These findings suggest that the malignant phenotype of

cancer cells is affected by a sialylation mechanism that is regu-

lated by a complex between PI4KII� and integrin �3�1.

Alteration of the sialylation of glycoproteins has often been

observed in several types of malignant tumors, such as those

found in breast, ovary, and colorectal cancers (1–3). Sialylation

is linked via either an �2,3 or an �2,6 bond to Gal/GalNAc and

via an �2,8 bond to sialic acid in glycoproteins through a group

of sialyltransferases. The up-regulation of cell surface sialic acid

is thought to control cell phenotypes such as cell adhesion,

migration, immune response, apoptosis, and cell epithelial–

mesenchymal transition (EMT).3 Sialylation is also believed to

be essential for the differentiation potential of human mesen-

chymal stem cells (4, 5). The sialylation levels of glycoproteins

on the cell surface are mainly determined by sialyltransferase,

sialidase, and substrate expression (6, 7). Some transcription

factors are critical for transcriptional activation of sialytrans-

ferases in cancer cells. For example, the expression level of

�2,6-galactoside sialyltransferase 1 (ST6GAL1) is up-regulated
by the RAS oncogene and increases the �2,6 sialylation of �1
integrins, which promotes integrin-mediated cell migration,

adhesion, and cell proliferation (8, 9).

As described above, sialylation levels are mainly dependent

on their gene expression levels, whereas other mechanisms for

regulation are usually neglected.However, Popoff and co-workers

(10) and our group (11) independently reported that Golgi phos-

phoprotein 3 (GOLPH3), which has been identified as an onco-

genic protein and is increased in several human solid tumors (12),

could anchor sialyltransferases to regulate sialylation on cell sur-

face receptorswithout regulating the gene expression levels of sia-

lyltransferases. In particular, suppression of GOLPH3 attenuated

the levels of cellular sialylation and integrin-dependent cellmigra-

tion. Furthermore, tumor formation was significantly reduced in

mice implanted with GOLPH3 shRNA-expressing cells (11–13).

GOLPH3 has multiple cellular functions in vesicle trafficking and

in support of Golgi apparatus structure, which has specific affinity

for phosphatidylinositol 4 (PI4P) (14, 15). PI4P ismainly catalyzed

by phosphatidylinositol 4-kinase II� (PI4KII�), which is localized

to the trans-Golgi network (TGN) (16). Given the importance of
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GOLPH3 in sialylation and cell functions, it is plausible that PI4P

expression at the TGNmay influence sialylation.

Integrins are heterodimeric cell surface adhesion receptors

andmajor carriers of sialyation. The interaction between integ-

rin and the extracellularmatrix (ECM) is essential for cell adhe-

sion, migration, viability, and proliferation (17, 18). In fact, gly-

cosylation is a key regulator that plays important roles in

modulating integrin functions. For example, integrin �5�1
binding to fibronectin and integrin-mediated cell spreading

and migration are modulated by overexpression of glycosyl-

transferase genes such as N-acetylglucosaminyltransferase III

and V or ST6GAL1 (19–21). In addition, sialylated N-glycans

on the membrane-proximal domain of integrin �1 play crucial
roles in integrin activation and in complex formation between

integrin and EGF receptors and syndecan-4 to regulate cell

migration and proliferation (22).

In contrast to the regulation of integrin functions from the

extracellular domain, it is well known that integrin function is

regulated by its association with cytoplasmic molecules such as

focal adhesion kinase and phosphatidylinositol 3-kinase (23,

24). Other studies have detected PI4K activity in the immune

complex with integrin �1, suggesting that integrin might also

regulate the biosynthesis of PI4P (25–27). Mammalian PI4Ks

are classified as types II and III (28). PI4KII� plays important

roles in clathrin-dependent molecular sorting and associates

with TGN membranes (29–31), whereas PI4KIII� is enriched

in the cis-medial Golgi in breast cancer cells (32).

In this study, to further understand the underlying mecha-

nism for GOLPH3 expression on sialylation and cell functions,

we investigated the effects of PI4KII�, which is one of the reg-

ulators of GOLPH3 in breast cancer MDA-MB-231 cells. We

found that the sialylation on integrins, Akt phosphorylation,

and integrin �3-mediated cell migration all were significantly

inhibited in PI4KII� knockdown cells. It was interesting that

overexpression of both PI4KII� and integrin �3 greatly

increased sialylation. Conversely, knockout of integrin �3 sig-

nificantly inhibited sialylation in membrane proteins. These

findings suggest a novel mechanism for sialylation, which sug-

gests a new concept for the regulation of glycosylation in cell

biology.

Results

We recently reported that the expression of GOLPH3 up-

regulated cell surface sialylation and cell migration (11).

However, the molecular mechanism of posttranslational

modification of sialylation on the cell surface remains un-

clear. Considering that GOLPH3 exhibits a highly selective

affinity for PI4P that is similar to the canonical pleckstrin

homology (PH) domain in the TGN (33), we hypothesized that

the expression of PI4P in the TGN could affect sialylation and

cell properties. PI4P is produced mainly by PI4Ks, which are

classified as type II and III according to their sensitivity to

inhibitors (30). PI4KIII� is enriched in early Golgi compart-

ments, whereas PI4KII� is localized mainly in the TGN and in

the endosome (16), where sialyltransferases also are localized

(34). Furthermore, PI4KII� is a dominant PI4K in mammalian

cells (35). Therefore, we chose PI4KII� for functional analysis,

and established a line of doxycycline (DOX)–controlled

PI4KII� silencing in MDA-MB-231 breast cancer cells.

Knockdown of PI4KII� affected the sialylation of N-glycans

First, we verified the expression levels of PI4KII� and sialyl-

transferases (ST3GAL3, ST3GAL4, and ST6GAL1) that involve

major sialylated N-glycans (36). RT-PCR analysis showed that

the expression levels of PI4KII� mRNA were significantly de-

creased in knockdown cells, whereas the expression levels of

ST6GAL1 for �2,6 sialylation and those of ST3GAL3 and

ST3GAL4 for �2,3 sialylation were all similar in both cells (Fig.

1A). Second, we verified the expression levels and the distribu-

tions of PI4P in KD cells. The PH domain of four-phosphate

adaptor protein 1 (FAPP1), which preferentially recognizes

PI4P, is known for its use as a monitor for PI4P distribution

(37). In control cells, PI4P was localized near the medial Golgi

markerGM130, as expected (Fig. 1B). In contrast, PI4P staining

was significantly decreased in knockdown (KD) cells (Fig. 1B).

These data confirmed that PI4KII� is mainly involved in the

synthesis and localization of PI4P in the TGN, which agrees

with previous reports (35).

Next, we tested whether decreased PI4P affects sialylation

expression on the cell surface. As shown in Fig. 1C, top panels,

the intensities of the staining in KD cells with Sambucus nigra

agglutinin (SNA) lectin, which preferentially recognizes �2,6
sialylation of glycoproteins, was weaker than that in control

cells. However, the intensities of staining with WGA lectin,

which preferentially recognizes GlcNAc residues and hybrid-

type and lactohexoseN-glycans (38), were almost equal in both

cells (Fig. 1C, bottom panels). These data suggested that the

expression levels of sialylated glycans were decreased in KD

cells. Furthermore, the decrease was confirmed by quantitative

analysis using HPLC. Total pyridylaminated (PA) N-glycans of

cells were examined via anion exchange chromatography, and

the ratios of sialylated N-glycans versus total N-glycans were

calculated. The expression levels of sialylated N-glycans were

significantly suppressed in KD cells (Fig. 1D). A similar change

in�2,6 sialylation on specificmembrane proteins such as integ-

rin �1 was also consistently observed (Fig. 1E) using Sambucus

sieboldiana agglutinin (SSA)–agarose. These data suggest that

the expression levels of PI4P in the TGN are important for

sialylation.

Knockdown of PI4KII� significantly inhibited cell migration
and Akt phosphorylation

Alterations in N-glycosylation affect many cellular events

involved in cellular signaling and cell migration. Herewe exam-

ined the effects of PI4KII� KD on cell migration and Akt acti-

vation. As shown in Fig. 2A, cell migration on laminin-332 in a

Transwell assaywas significantly reduced inKD cells compared

with control cells. The expression levels of integrin �3�1, a
major receptor for laminin-332 and �5�1 on the cell surface

were similar in both cells (Fig. 2B). Activation of Akt is required

for integrin-mediated cell migration (39). As shown in Fig. 2C,

the level of phosphorylatedAktwas apparently decreased inKD

cells compared with control cells. These data suggest that PI4P

in the TGN plays an important role in Akt activation and in

integrin �3–mediated cell migration.

Importance of the PI4K-integrin �3�1 complex for sialylation
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Complex formation between integrin �3 and PI4KII� is
important for sialylation

As described above, PI4KII� regulated sialylation and the

integrin �3–mediated phenotype. Therefore, we examined the

interaction between PI4KII� and integrin �3 in the Golgi appa-
ratus. First, we used immunostaining to assess the intracellular

distributions of PI4KII� and �3. Immunostaining showed that

PI4KII� was localized in the vicinity of GM130 and that it was

extensively co-localized with integrin �3 (Fig. 3A). Notably, co-

immunoprecipitation with anti-integrin �1 showed that it was

�3, rather than �5, that interacted with PI4KII� in 293T cell

stable expression of PI4KII� and/or either integrin �3 or �5
(Fig. 3B). The interaction between PI4KII� and �3 was further
reciprocally confirmed by immunoprecipitation with either

anti-�3 antibody (Fig. 3C) or anti-GFP antibody (Fig. 3D).

Next we wondered whether this interaction was required for

efficient sialylation. To address this question, we precipitated

those cell lysates with SSA or Maackia amurensis mitogen

(MAM) agarose, which preferentially recognize �2,6-sialylated
and �2,3-sialylated N-glycans, respectively, and then performed

Westernblottingagainst integrin�1. Interestingly, both sialylated
N-glycans were up-regulated on integrin �1 in cells that

expressed both PI4KII� and integrin �3 but not in those that

expressed PI4KII� and �5 (Fig. 3E, top and center panels). In

contrast to SSA or MAM lectin blotting, ConA lectin blots

showed a similar level in both integrin �3- and �5-expressing
cells (Fig. 3E, bottom panel). ConA lectin equally recognized

both mature and immature forms of integrin �1 in �3-express-
ing cells but only the most immature form of �1 in �5-express-
ing cells. These data further suggest the importance of �3 for

sialylation. Data obtained from flow cytometry analysis via

MAM lectin consistently supported this observation, although

SSA lectin showed no significant changes in these cells (Fig. 3F).

Therefore, these results clearly suggest that intracellular com-

Figure 1. Effects of PI4KII� gene knockdown on the sialylation of N-glycans. A, RT-PCR using total RNA extracted from the control (Ctrl) and PI4KII� KD of
MDA-MB-231 cells were carried out to examine the expression levels of PI4KII� and sialyltransferases that involve sialylated N-glycans. The expression level of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. ST3GAL, �-galactoside �2,3-sialyltransferase. B, the amounts and distri-
bution of PI4P in KD and Ctrl cells were examined by expressing mRFP-FAPP, which specifically binds to PI4P. These cells were also immunostained with
anti-GM130 antibody, which is a medial Golgi marker. The immunostaining intensities for PI4P were quantified using ImageJ software, averaged by cell
numbers, and normalized to the control values (percent). Values represent the means � S.E. (n � 10). **, p � 0.01 (Welch’s t test). Scale bar � 10 �m. C, Cells were
incubated with biotin-conjugated SNA or WGA and then fixed and visualized by Alexa Fluor–streptavidin conjugates. Scale bar � 20 �m. D, preparation of PA
oligosaccharides and calculation of ratios of sialylated N-glycans versus total N-glycans as described under “Experimental procedures.” Data were normalized
to the control. E, equal amounts of cell lysates from Ctrl and KD cells were precipitated by SSA-agarose (preferentially recognizes the �2,6 sialylation) and
probed with anti-�1 antibody (top panel). The expression levels of integrin �1 in total cell lysates were verified by Western blotting with anti-�1 antibody (center
panel). �-Tubulin was used as a loading control. KD and Ctrl cells refer to transfectants with DOX-inducible knockdown of PI4KII� cultured with or without DOX,
respectively. IB, immunoblot.
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plex formation between PI4KII� and �3 regulates the biosyn-

thesis of sialylated N-glycans.

Expression of integrin �3 is important for efficient sialylation

To further verify the importance of complex formation

between PI4KII� and integrin �3 for cellular sialylation, we

used the CRISPR/Cas9 system to construct an integrin �3
knockout (KO) MDA-MB-231 cell line. Flow cytometric anal-

ysis revealed a KO efficiency of more than 95% (Fig. 4A), which

also was confirmed by Western blotting with anti-integrin �3
(Fig. 4B). Notably, the band mobility of integrin �1 on SDS-

PAGE inKOcells was faster than in the control cells, suggesting

that integrin �3 deficiency leads to an accumulation of the

immature �1 form without sialylation. It is well known that

integrin �3 is important for laminin-mediated cell adhesion,

migration, and several forms of cellular signaling (40–42). Con-

sistent with previous reports (42, 43), expression of �3�1
regulated cell morphology and that of the actin cytoskeleton

by promoting lamellipodium and filopodium formation on

laminin-332, a specific ligand for integrin�3,whereas lack of�3
blocked their formation (Fig. 4C). There were no significant

differences between two cells spread on collagen, which is a

specific ligand for integrin�1 and�2. Furthermore, cell spread-

ing and migration on laminin-332 were inhibited in KO cells

compared with control cells (Fig. 4, D and E).

Next, we compared total sialylated N-glycan levels between

KO and control cells, which were quantified using HPLC. Con-

sistent with the data from PI4KII� KD cells, the ratios of sialy-

lated N-glycans versus total N-glycans were greatly suppressed

in KO cells (Fig. 5A). BecauseN-glycans of integrin �1 could be
directly influenced by �3 knockout (Fig. 4B, center panel), here
we also analyzed sialylation on the EGF receptor, which has

been reported to affect receptor activation (44). As expected,

sialylation of EGF receptors obtained from KO cells was also

decreased compared with control cells (Fig. 5B). To investigate

whether the phenomenon also occurred in other cell lines,

we examined HeLa cells. The knockout efficiency of �3 was

assessed via flow cytometry analysis (Fig. 5C). Interestingly, a

similar tendency of sialylation decline was observed in �3 KO

HeLa cells comparedwith control cells (Fig. 5D). To thoroughly

examine the glycosylation states caused by knockout of integrin

�3 or knockdown of PI4KII�, we utilizedMS-based approaches

to identify the N-glycan and O-glycan structures (Fig. 6, A and

B). Consistently, hyposialylation in N-glycans was observed by

attenuation of either integrin �3 or PI4KII� (Fig. 6A), which

further suggests the importance of this pathway in the biosyn-

thesis of sialylated N-glycans. In contrast to N-glycans, there

were no significant changes in the sialylation of O-glycans

among these cells (Fig. 6B). It was also notable that a decrease in

�2,3 sialylation in N-glycans could slightly increase �2,6 sialy-

lation in total cell lysates of �3 KO and PI4KII� KD cells (Fig.

6A), which seems contrary to the observation for integrin �1
(Fig. 3E). Further study is needed to fully elucidate the mecha-

nism. Nevertheless, these data suggest that complex formation

of �3 and PI4KII� could act as a novel regulator for the sialyla-

tion of N-glycans.

Discussion

In this study, we found that PI4KII� expression played an

important role in �3�1 integrin-mediated cell migration, cellu-

lar signaling, and the expression of sialylation; PI4KII� could

specifically associate with �3 but not �5, and complex forma-

tion betweenPI4KII� and�3 enhanced sialylation; anddeletion
of integrin �3 significantly inhibited not only cell adhesion and

migration but also sialylation. These observations are the first

to directly demonstrate a novel regulatory mechanism for sia-

Figure 2. Comparison of cell migration and cellular signaling between Ctrl and KD cells. A, cell migration toward laminin-332 was determined by a
Transwell assay as described under “Experimental procedures.” The quantitative data were obtained by counting the cell number of five random fields. The p
values were calculated using Welch’s t test. Values represent the means � S.E. **, p � 0.01. B, comparison of the expression levels of �3�1 and �5�1 integrins
on the cell surface between Ctrl and KD cells. Both Ctrl and PI4KII� KD cells were incubated with (bold line) or without (gray shadow) antibodies against integrin
�3, �5, or �1 and subjected to FACS analysis. C, comparison of Akt activation upon FBS stimulation between Ctrl and KD cells. After starvation, cells were
supplied with fresh medium with (�) or without (�) 3% FBS. The cell lysates were then analyzed by Western blotting with anti-p-Akt or total Akt antibody.
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lylation, which may also partially explain the previous observa-

tion that GOLPH3 is a special regulator in the sialylation of

N-glycans and a part of the signaling events that could influence

mTOR signaling and tumor progression (11).

Many cancers are associated with sialylated structures such

as sialyl Tn, sialyl Lewis antigen (sLe), �2,6-sialylated lac-

tosamine, polysialic acid, and gangliosides (45–48). The altered

expression of these structures in cancer cells could be the result

of multiple mechanisms. Loss of expression or excessive ex-

pression of certain sialyltransferases is frequently observed. For

example, up-regulated expression of �2,3 and �2,6 sialyltrans-
ferases has been observed in many cancers, such as colon can-

cer, breast cancer, liver cancer, cervical cancer, choriocarcino-

mas, acute myeloid leukemias, and some malignancies of the

brain (49), and this type of change can affect the structures and

functions of some important target N-glycoproteins such as

integrin �1(50), EGFR (44), and platelet endothelial cell adhe-

sion molecule (51).

Recent studies have suggested that activation of the EMT

programs serves as a major mechanism for generating cancer

stem cells (52). Interestingly, high expression of ST6GAL1 has

been correlated with human-induced pluripotent stem cells

and cancer stem cells, indicating that sialylation may be in-

volved in maintaining some aspects of stem cell behavior (4, 5,

53). In fact, ST6GAL1 expression is required for transforming

growth factor �–induced EMT. Knockdown of ST6GAL1 pre-

vented a transforming growth factor �–induced increase in cell
migration (54).

Given the accumulating evidence of the importance of sialy-

lation in cancer progression, much attention has been paid

to elucidating the regulatorymechanisms of its expression. The

expression of sialylation on a tumor cell surface can be modu-

lated at different levels (49). The most frequently observed

mechanism is modulation of transcription. For example,

ST6GAL1 expression is induced by the ras oncogene in

NIH3T3 cells via its promoter (8). Beyond its promoter activity,

in this study, we clearly showed that sialylation could also be

regulated by complex formation of PI4KII� and integrin �3�1
on a posttranscriptional level. In fact, the PI4P-binding Golgi

protein GOLPH3, which functions in secretory trafficking in

Figure 3. Interaction between integrin �3�1 and PI4KII� and the effect on sialylation. A, MDA-MB-231 cells overexpressed with GFP-PI4KII� were fixed
and then stained with either anti-GM130 (top panel) or anti-integrin �3 (bottom panel) antibody, followed by detection using anti-mouse Alexa 647 conjugates.
Scale bar � 20 �m. B, three overexpressed 293T cells were established by lentivirus infection: PI4KII� alone; PI4KII�, GFP-tagged �3 and �1; and PI4KII�,
GFP-tagged �5 and �1 integrin. Equal amounts of cell lysates were immunoprecipitated (IP) with anti-integrin �1 antibody, followed by detection with the
indicated antibodies. The cell lysates were used as input to show similar expression levels of PI4KII�, integrin �3�1, or �5�1 among these cells. C and D,
reciprocal immunoprecipitation was performed using either anti-�3 antibody (C) or anti-GFP for tagged PI4KII� (D) using cell lysates from 293T cells stably
overexpressed with or without GFP tagged PI4KII�, which were further transiently transfected with or without �3 and �1 integrin. The cell lysates were used
as input to show similar expression levels of integrin �3 and GFP-PI4KII�. E, equal amounts of cell lysates were precipitated with either SSA-, MAM-, or
ConA-conjugated agarose, followed by detection with antibody against integrin �1. F, 293T cells expressing the indicated genes were incubated with (bold
line) or without (gray shading) biotin-conjugated MAM or SNA and subjected to FACS analysis.
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the Golgi, is also important for the localization of several glyco-

syltransferases (10, 55, 56). Our previous study showed that

knockdown of GOLPH3 leads to down-regulation of both �2,3
and �2,6 sialylation but has no effect on the transcription of

sialyltransferases. Therefore, regulation of biosynthetic glycan

is not only dependent on the expression levels of glycosyltrans-

ferases but also on those of substrates, chaperones, and on the

environment of the Golgi apparatus.

Considering that PI4P is a relatively abundant phosphoi-

nositide that is required for the maintenance and function of

the Golgi apparatus, which includes intracellular trafficking,

it is plausible that PI4K could be involved in membrane

transport from the trans-Golgi network to the plasma mem-

brane. In fact, PI4KII� is known to associate with several

cellular receptors such as EGFR, E-cadherin, LDL receptor-

related protein, and the Fas receptor (57–60). In addition,

alteration of the N-glycosylation of such receptors also reg-

ulates the functions of these receptors. For example, N-gly-

cosylation is required for EGFR trafficking and has an effect

on its endocytosis (61, 62).N-glycans of the LRP ectodomain

also regulate the conformation and bending angle of the

receptor (63). Cell surface sialylation protects Fas ligand–

induced apoptosis by modification of the Fas ligand receptor

(64), which could partially explain why enhancement of apo-

ptosis has been observed in PI4KII� knockdown cells (60).

Thus, the various phenotypes associated with PI4P and

membrane proteins might be partially due to alteration of

glycosylation.

The expression level of integrin �1 is negatively correlated

with the survival rates of patients with invasive breast cancer

(65, 66), particularly�3�1 expression in breast carcinoma asso-

ciatedwithmetastasis (41). During tumor progression, PI4KII�
is also significantly up-regulated alongwith tumor growth com-

pared with corresponding normal tissue (67). Given the impor-

tance of sialylation as described here, it is reasonable to expect

up-regulation of both �3�1 and PI4KII� in cancer cells.

Figure 4. Effects of integrin �3 deficiency on cell spreading and migration. Establishment of integrin �3 KO MDA-MB-231 cells using the CRISPR/Cas9
system is described under “Experimental procedures.” The efficiency of �3 KO was assessed via flow cytometric analysis (A) and Western blotting (B). A, Both �3
KO and Ctrl cells were stained with (bold line) or without (gray shading) anti-�3 or �1 integrin antibody and subjected to FACS analysis. B, the same amount of
cell lysate was subjected to Western blotting to detect the indicated antibodies. C, cells were replated on coverslips coated with the indicated ECM, followed
by incubation for 30 min, and were then fixed and stained with Alexa Fluor– conjugated phalloidin. Representative images are shown. Scale bar � 10 �m. D,
cells were detached and then replated on laminin 332-coated dishes. After incubation for 15 min, the cells were fixed. The ratios of cell spreading were
calculated. Cell spreading was defined as a cell spread of more than 0.025 �m2. Values represent the means � S.E. (n � 5). *, p � 0.05 (Welch’s t test). E, cell
migration toward laminin-332 was determined using a Transwell assay. Scale bar � 100 �m. The quantitative data were obtained from three independent
experiments. Values represent the means � S.E. (n � 6). *, p � 0.05 (Welch’s t test).

Figure 5. Deficiency of integrin �3 decreased sialylation of N-glycans in
different cell lines. A, N-glycans released from both Ctrl and �3 KO MDA-MB-
231 cells were pyridylaminated and verified as populations of sialylated
N-glycans. The relative ratios of sialylated N-glycans versus total N-glycans
were calculated by subtracting the neutral portions from the total and then
dividing by the total. The control data were set as 1. B, equal amounts of cell
lysates for control and �3 knockout cells were precipitated via SSA-agarose
and probed with anti-EGFR antibody (top panel). The same cell lysates were
also probed with anti-EGFR antibody as a loading control (bottom panel). IP,
immunoprecipitation. C, �3 KO of HeLa cells was established using the
CRISPR/Cas9 system and verified via flow cytometric analysis. D, the ratios of
sialylated N-glycans were analyzed as described in A.
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These facts raise the question of why the interaction of

PI4KII� with integrin �3�1 but not of �5�1 regulates sialyla-

tion. So far, the association underlying themechanism between

�3�1 and PI4KII� remains unclear. However, the specificity of

�3�1 could be due to its interactionwith the tetraspanin family,

such as CD151, CD63, and CD9. In fact, other studies have

reported that integrin �3�1 and the tetraspanin family can

interact with type II of PI4K (25–27). In addition, palmitoyla-

tion could also be a plausible factor because PI4Ks are proteins

with membrane association and activity that are highly depen-

dent on such a modification (68, 69), and palmitoylation also

plays an important role in the association between integrin and

several molecules, such as tetraspanin and c-Met (70, 71). We

assume that the association between PI4KII� and �3, but �5,
might also relate to tetraspanin or palmitoylation.

It is noteworthy that both cell spreading and migration on

laminin 332 of integrin �3 KO cells were significantly sup-

pressed (Fig. 4), which further supports the notion that �3�1 is
a major receptor of lamin-332 compared with integrin �6�1
and �6�4 in epithelial cells (43, 72). Accumulating evidence

shows that integrin �3�1 is important for tumor metastasis in

human breast and prostate cancer cell lines (40, 41) and sialy-

Figure 6. MS spectra of glycans obtained from cultured cells. A, MS spectra of N-linked glycans. The reducing ends of the N-linked glycans were derivatized
with aoWR (86). The sialic acids of the N-linked glycans were differentially amidated with methylamine (�13.0 Da) for �2,3-sialic acids and isopropylamine
(�41.1 Da) for �2,6-sialic acids via the SALSA method (87). MDA-MB-231 and �3 KO cells refer to parent and �3 knockout cells, respectively. KD and control cells
of MDA-MB-231 cell line refer to transfectants with DOX-inducible knockdown of PI4KII� cultured with or without DOX, respectively. B, MS spectra of O-linked
glycans. The O-linked glycans were obtained as the corresponding alditols and then permethylated.
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lation of adhesivemolecules such as integrin �1, which, in turn,
contributes to tumorigenesis (73). In this study, �3 deficiency

significantly inhibited sialylation, indicating a novel link be-

tween sialylation and this integrin, which demonstrated the

importance for both forms of functional expression. Although

the MS analysis clearly showed that the complex between

PI4KII� and integrin�3 regulates the biosynthesis of sialylation
on N-glycans but not O-glycans, we could not completely

exclude other possibilities for the regulation ofN-glycan struc-

tures other than sialylation or gangliosides. In addition, it has

been reported that GOLPH3 containing a PI4P binding domain

could control Golgi localization of core 2 N-acetylglucosami-

nyltransferase 1 for the biosynthesis of O-glycans (74). Thus,

further studies are required to explain the underlying mecha-

nism for different influences, such as localization of glycosyl-

transferase, pH environment (75), and cholesterol homeostasis

(76) through this system. Taken together, this study may pro-

vide a new concept for the regulation of glycosylation and could

suggest insights for the development of cancer treatment.

Experimental procedures

Cell lines and cell culture

The HeLa and 293T cells were obtained from the RIKEN

Bioresource Research Center (Japan). The MDA-MB-231 cells

were purchased from the ATCC. All cell lines were maintained

at 37 °C in DMEM containing 10% FBS in a humidified atmo-

sphere of 5% CO2.

PCR for mRNA expression analysis

Total RNA was prepared with TRIzol (Invitrogen), and 1.0

�g of RNA was reverse-transcribed using the PrimeScript RT

reagent kit (Takara Bio Inc.) according to the manufacturer’s

instructions. PCR primers against ST3GAL3, ST3GAL4,

ST6GAL1, and GAPDH have been described previously (54).

The following primers were used for PI4KII�: 5�-CTCCAG-
CGGAAGCTACTTCG-3� and 5�-TCCACTTAGGATTAAG-
ATGCCCA-3�.

shRNA-mediated silencing of PI4KII� in MDA-MB-231 cells

Conditional knockdown of the target gene was achieved

using the DOX-inducible CS-RfA-ETBsd lentivirus vector

(RIKEN) with minor modifications (11, 54). The following

oligonucleotides were inserted into pENTR/H1/TO (In-

vitrogen): 5�-CACCAGAAGCAGAACCTCTTCCTGAT-

GATATGTGCATCAGGAAGAGGTTCTGCTTCT-3� and

5�-AAAAAGAAGCAGAACCTCTTCCTGATGCACATA-

TCATCAGGAAGAGGTTCTGCTTCT-3� (29). The use of

LR Clonase allowed the inserted oligo to be transferred

to CS-RfA-ETBsd, which is an encoding DOX-dependent

transactivator for shRNA expression. The resultant vector

was then transfected into 293T cells with packaging plas-

mids of calcium phosphate for the preparation of viruses.

MDA-MB-231 cells were then infected with the obtained

viruses and selected for stable integration with 1 �g/ml blas-

ticidin. shRNA-mediated silencing of PI4KII� was induced

by addition of 1 �g/ml DOX for 72 h in the established cell

line, and cells cultured in DOX-free medium were used as a

control.

Gene introduction using the lentivirus system

The cDNA sequences for the PH domain of human FAPP1,

PI4KII�, and integrin �3 were cloned from HeLa cells and

inserted into pENTR vectors (pENTR/D-TOPO cloning kit,

Invitrogen). To obtain the N-terminal GFP-tagged PI4KII�,
C-terminal mRFP-tagged FAPP1 and a C-terminal GFP-tagged

integrin �3, in-fusion enzyme (Clontech) was used with stan-

dard PCR protocols. The linkers for GFP-PI4KII�, mRFP-

FAPP1, and �3-GFP were 5�-GGGGS-3�, 5�-KNPPVAT-3�
(37), and 5�-LELKLRILQSTVPRARDPPVAT-3�, respectively.
The resultant cDNAs were confirmed by DNA sequencing

using an ABI Prism 3130 sequencer (Applied Biosystems Japan

Ltd., Tokyo, Japan). The subcloned cDNAs were transferred

into CSII-EF-Rfa (11) via LR Clonase (Invitrogen) for lentivirus

production. The resultant vectors (CSII-EF-GFP-PI4KII�/
mRFP-FAPP1/�3-GFP) and the previously constructed integ-

rins of either �5-GFP- or �1-overexpressed lentiviral vectors

(CSII-EF-�5GFP (77)/�1 (78)) were then transfected into 293T

cells with packaging plasmids via calciumphosphate during the

preparation of viruses. EitherMDA-MB-231 or 293T cells were

then infectedwith the obtained viruses for further experiments.

Cell migration (Boyden chamber assay)

Cell Migration was performed as described previously with

minormodifications (11, 79). EachTranswell (BDBioCoat con-

trol inserts, 8.0-�m inserts; BDBiosciences) was coated only on

the bottom side with 1 �g/ml laminin-332 (Oriental Yeast Co.,

Ltd.) in PBS containing 0.1% BSA at 4 °C for 24 h and then

blocked with 5% BSA in DMEM at 37 °C for 1 h. Cells were

trypsinized and suspended in DMEM containing 1% FBS. The

suspended cells were centrifuged, and the cell pellets were

resuspended in an assaymedium (0.1%BSA inDMEMcontain-

ing 1% FBS) and diluted to 3 � 105 cells/ml; cell viability was

confirmed by trypan blue staining. Cell suspensions were then

added to the Transwell. Following incubation, the membranes

were fixed with 4% paraformaldehyde and stained with 0.5%

crystal violet solution (Merck) for 24 h. After washing theTran-

swells with PBS, cells that migrated to the lower side were

counted using a phase-contrast microscope.

Immunostaining

Cells (1 � 105) were plated on glass coverslips (MatTek),

precoated with or without ECM for 24 h, fixed with 4% parafor-

maldehyde for 15 min, permeabilized with 0.1% Triton X-100

for 10min, and blockedwith PBS containing 3%BSA and 0.01%

Tween 20 (PBSBT) for 1 h. Cells were then incubated with the

indicated primary antibodies (GM130, BDBiosciences, 610822;

�3, Millipore, P1B5) at 4 °C overnight, followed by incubation

with Alexa Fluor 647–conjugated secondary antibodies (Molecu-

lar Probes) for 1 h. For lectin staining, cells on coverslips were

incubated with either biotinylated SNA lectin (Vector Labora-

tories, B-1305) or wheat germ agglutinin (WGA) lectin (J-Oil

Mills, J220) at 4 °C for 30min inDMEM, fixed and blockedwith

PBSBT for 1 h, followed by incubation with streptavidin-con-

jugated Alexa Fluor 647 at 4 °C for 1 h in the dark. All samples

were mounted using Prolong Diamond Antifade mounting

medium (Molecular Probes). Images were acquired by sequen-

tial excitation using anOlympus FV1000 laser-scanning confo-
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cal microscope with an UPlanSApo �60/1.35 oil objective

operated with F10-ASW version 4.02 software.

Cell spreading and adhesion experiment

Coverslipswere coatedwith 1�g/ml laminin-332 or 2mg/ml

gelatin in PBS containing 0.1% BSA at 4 °C for 24 h and then

blocked with 5% BSA in DMEM at 37% for 1 h. Cells were

replated on the coverslips inDMEMwith 0.1%BSA.After incu-

bation for 10 min, the areas of adherent cells were measured

using ImageJ. We defined cells spread at more than 0.025 �m2

as adherent cells. After incubation for 30 min, the cells were

fixed with 4% paraformaldehyde and stained with phalloidin–

Alexa Fluor 647 (Molecular Probes).

Immunoprecipitation and Western blotting

Immunoprecipitation was performed as described previ-

ously with minor modifications (11, 80). Briefly, cells were

gently rinsed three times with PBS at room temperature and

solubilized in cold lysis buffer A (20 mM Tris-HCl (pH 7.4), 150

mM NaCl, and 1% Brij98), which included protease inhibitors.

Protein concentrations of lysates were determined via BCA

assay (Pierce). The lysates were immunoprecipitated using

either anti-GFP-agarose (MBL), anti-integrin �3 antibody

(Millipore, P1B5), or anti-integrin �1 (P5D2, DSHB) with Ab-

Capcher Protein A-R28 (Protenova, Tokushima, Japan) for 1 h

at 4 °C and gentle rotation. After washing with lysis buffer, the

immunoprecipitates were subjected to SDS-PAGE. The pro-

teins were probed with anti-integrin �3 (Santa Cruz Biotech-

nology, sc-6592) or anti-GFP antibody (Rockland, 600-101-

215) and then detected using anti-goat IgG-conjugated

horseradish peroxidase (Santa Cruz Biotechnology) with an

Immobilon Western chemiluminescent horseradish peroxi-

dase substrate (Millipore). For analysis of the lectin precipi-

tates, we used lysis buffer B (20 mM Tris-HCl (pH 7.4), 150 mM

NaCl, and 1%TritonX-100). Cell lysates were precipitatedwith

either SSA-agarose (J-Oil Mills, J318), MAM (also calledMAL-

1)–agarose (J-Oil Mills, J310) or concanavalin A (ConA)–

agarose (J-Oil Mills, J303), which specifically recognize either

�2,6- and �2,3-sialylation or total N-glycans, respectively. The

precipitants were detected using either anti-integrin �1 (BD

Biosciences, 610468) or anti-EGFR (Cell Signaling Technology,

4267). Antibody agents against Akt (9272) and p-Akt (4060)

were purchased from Cell Signaling Technology. �-Tubulin
(Sigma, T6199) was used as a loading control.

Flow cytometric analysis

Flow cytometric analysis was performed as described previ-

ously with minor modifications (11, 79, 80). Briefly, semicon-

fluent cells were detached from the culture dishes using trypsin

containing 1 mM EDTA. The cells were subsequently stained

with orwithout primarymouse anti-�3 (P1B5), anti-�1 (P5D2),
and anti-�5 integrin (Millipore, HA5) in PBS, followed by incu-

bation with Alexa Fluor 647–conjugated secondary antibodies.

For staining cells with biotin-conjugated lectins (MAM and

SNA), we used PBS buffer containing 0.5mMCaCl2 andMgCl2.

Flow cytometric analysis was performed using a FACSCalibur

flow cytometer and Cell Quest Pro software (BD Biosciences).

PA oligosaccharide preparation of N-glycosylation and
quantitative analysis of sialylated N-glycans by anion
exchange HPLC

To releaseN-glycans from glycoproteins, the lyophilized cell

pellets (1–2 mg) were heated with 200 �l of anhydrous hydra-
zine at 100 °C for 10 h using an oil bath. Removal of hydrazine

and acetylation of N-glycans were carried out with a graphite

carbon column (81). The released N-glycans were then 2-pyri-

dylaminated using the Pyridylamination Manual Kit (Takara

Bio Inc.), and then the excess 2-aminopyridinewas removed via

phenol–chloroform extraction (81) with a gel filtration column

(82). The prepared PA oligosaccharides treated with or without

neuraminidases were subjected to a HPLC system (JASCO)

equipped with a TSKgel DEAE-5PW column (7.5 � 75 mm,

Tosoh) and analyzed as described previously (19). HPLC chro-

matogram data were analyzed using chromNAV software

(JASCO). The amounts of total and neutralN-glycans were cal-

culated based on the peak area of neutral fraction with or with-

out neuraminidase treatment. Relative ratios of sialylated

N-glycans versus totalN-glycans were calculated by subtracting

the neutral portions from the total and then dividing by the

total. The data were normalized to the control as 1.

Generation of CRISPR/Cas9-based integrin �3 KO cells

CRISPR/Cas9-based integrin �3 cells were established as

described previously (83, 84). Briefly, the single guide RNA-

specifying oligo sequences spanning human integrin �3 (for-

ward, 5�-CACCGCATCGGGCACAGCGAGCTCC-3�; reverse,
5�-AAACGGAGCTCGCTGTGCCCGATGC-3) were chosen

from the human KO library (85). Then the oligos were cloned

into pSpCas9 (BB)-2A-GFP, which was a kind gift from Dr.

Feng Zhang (Addgene plasmid ID 48138). The plasmid was

transfected into cells according to the manufacturer’s instruc-

tions (Amaxa Cell Line Nucleofector kitV). After 4 days of

transfection, GFP-positive cells were sorted using a FACSAria

II (BD Bioscience). Following 10-day culture, �3-negative and
GFP-negative cells were sorted, and the procedure was

repeated twice. The KO cells were defined by flow cytometry

and Western blot analysis as described above.

Mass spectrometry of glycans

Total plasma membrane proteins of cells were prepared

using a plasma membrane protein extraction kit (101Bio). For

N-glycan analysis, a previous report (86) suggests that the pel-

lets are dissolved and denatured and then digested by glycopep-

tidase F (Takara Bio Inc.). The released N-glycans were cap-

tured on hydrazide beads (BlotGlyco, 5 mg, Sumitomo Bakelite

Co., Ltd.) using a process recommended by the manufacturer.

Sialic acids of the N-glycans on the beads were then differen-

tially amidated with methylamine for �2,3-sialic acids and iso-

propylamine for �2,6-sialic acids using the sialic acid linkage–

specific alkylamidation (SALSA) method (87). The derivatized

N-glycans were liberated, labeled with aoWR (a component of

BlotGlyco, Sumitomo Bakelite Co., Ltd.) (86), and purified

according to themanufacturer’s instructions. The obtained gly-

can solutions were mixed with a 2,5-dihydroxybenzoic acid

solution (10 mg/ml in 30% acetonitrile) at a ratio of 1:10. Ali-

quots (0.5 �l) of the mixed solutions were deposited onto a
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MALDI target plate and dried. MS spectra were acquired with

a MALDI quadrupole ion trap TOF mass spectrometer

(AXIMA-QIT, Shimadzu Corp.). For O-glycan analysis, pellets

of themembrane fractions were dissolved in a 1% SDS solution.

Aliquots (10 �l) of the solution were transferred into 90 �l of
0.6 M sodium borohydride containing 60 mM NaOH and incu-

bated at 45 °C for 16 h. Then the mixtures were neutralized,

diluted to 1 ml, and applied onto a solid-phase extraction car-

tridge (Sep-Pak C18 Vac 1cc, 50 mg, Waters Corp.), and then

the cartridge was washed with distilled water (1 ml). The elu-

ents and washings were combined and lyophilized. The

obtained residues were dissolved in 1% acetic acid in methanol

(100�l) and evaporated using a centrifuge evaporator. The pro-
cedure of dissolution and evaporation was repeated. The

obtained residues were permethylated according to previous

reports (88). The permethylated glycans were dissolved in a

2,5-dihydroxybenzoic acid solution (20 �l, 10 mg/ml in 30%

acetonitrile), and aliquots (0.5 �l) of the mixed solutions were

deposited onto a MALDI target plate and dried. MS spectra

were acquired with a MALDI-TOF mass spectrometer (Ultraf-

lex, Bruker Daltonik).

Author contributions—T. I., T. F., and J. G. conceptualization; T. I.,

S. I., A. K., Y. W., and J. G. data curation; T. I., S. I., A. K., Y. W., and

J. G. formal analysis; T. I. and J. G. supervision; T. I., S. I., A. K.,

Y. W., T. F., and J. G. validation; T. I., S. I., A. K., and Y. W. investi-

gation; T. I., S. I., A. K., Y. W., T. F., and J. G. methodology; T. I. and

S. I. writing-original draft; T. I., S. I., A. K., Y. W., T. F., and J. G. writ-

ing-review and editing; S. I. visualization; A. K. and J. G. funding

acquisition.

Acknowledgments—We thank Dr. Takashi Nishikaze for informative

suggestions regarding the SALSA method and Dr. Wai Wai Thet Tin

for technical assistance with glycan analysis.

References

1. Christie, D. R., Shaikh, F. M., Lucas, J. A., 4th, Lucas, J. A., 3rd, and Bellis,

S. L. (2008) ST6Gal-I expression in ovarian cancer cells promotes an in-

vasive phenotype by altering integrin glycosylation and function. J. Ovar-

ian Res. 1, 3 CrossRef Medline

2. Lin, S., Kemmner, W., Grigull, S., and Schlag, P. M. (2002) Cell surface

�2,6 sialylation affects adhesion of breast carcinoma cells. Exp. Cell Res.

276, 101–110 CrossRef Medline

3. Zhuo, Y., Chammas, R., and Bellis, S. L. (2008) Sialylation of �1 integrins

blocks cell adhesion to galectin-3 and protects cells against galectin-3-

induced apoptosis. J. Biol. Chem. 283, 22177–22185 CrossRef Medline

4. Hasehira, K., Hirabayashi, J., and Tateno, H. (2017) Structural and quan-

titative evidence of �2–6-sialylated N-glycans as markers of the differen-

tiation potential of human mesenchymal stem cells. Glycoconj. J. 34,

797–806 Medline

5. Wang, Y. C., Stein, J. W., Lynch, C. L., Tran, H. T., Lee, C. Y., Coleman, R.,

Hatch, A., Antontsev, V. G., Chy, H. S., O’Brien, C. M., Murthy, S. K.,

Laslett, A. L., Peterson, S. E., and Loring, J. F. (2015) Glycosyltransferase

ST6GAL1 contributes to the regulation of pluripotency in human pluri-

potent stem cells. Sci. Rep. 5, 13317 CrossRef Medline

6. Kornfeld,R.,andKornfeld,S.(1985)Assemblyofasparagine-linkedoligosac-

charides. Annu. Rev. Biochem. 54, 631–664 CrossRef Medline

7. Grabenhorst, E., and Conradt, H. S. (1999) The cytoplasmic, transmem-

brane, and stem regions of glycosyltransferases specify their in vivo func-

tional sublocalization and stability in the Golgi. J. Biol. Chem. 274,

36107–36116 CrossRef Medline

8. Dalziel, M., Dall’Olio, F., Mungul, A., Piller, V., and Piller, F. (2004) Ras

oncogene induces beta-galactoside �2,6-sialyltransferase (ST6Gal I) via a

RalGEF-mediated signal to its housekeeping promoter. Eur. J. Biochem.

271, 3623–3634 CrossRef Medline

9. Seales, E. C., Jurado,G.A., Singhal, A., andBellis, S. L. (2003) Ras oncogene

directs expression of a differentially sialylated, functionally altered � 1

integrin. Oncogene 22, 7137–7145 CrossRef Medline

10. Eckert, E. S., Reckmann, I., Hellwig, A., Röhling, S., El-Battari, A.,Wieland,

F. T., and Popoff, V. (2014) Golgi phosphoprotein 3 triggers signal-medi-

ated incorporation of glycosyltransferases into coatomer-coated (COPI)

vesicles. J. Biol. Chem. 289, 31319–31329 CrossRef Medline

11. Isaji, T., Im, S., Gu, W., Wang, Y., Hang, Q., Lu, J., Fukuda, T., Hashii, N.,

Takakura, D., Kawasaki, N., Miyoshi, H., and Gu, J. (2014) An oncogenic

proteinGolgi phosphoprotein 3 up-regulates cellmigration via sialylation.

J. Biol. Chem. 289, 20694–20705 CrossRef Medline

12. Scott, K. L., Kabbarah, O., Liang, M. C., Ivanova, E., Anagnostou, V., Wu,

J., Dhakal, S., Wu, M., Chen, S., Feinberg, T., Huang, J., Saci, A., Widlund,

H. R., Fisher, D. E., Xiao, Y., et al. (2009) GOLPH3 modulates mTOR

signalling and rapamycin sensitivity in cancer. Nature 459, 1085-U1068

CrossRef Medline

13. Zeng, Z., Lin, H., Zhao, X., Liu, G., Wang, X., Xu, R., Chen, K., Li, J., and

Song, L. (2012) Overexpression of GOLPH3 promotes proliferation and

tumorigenicity in breast cancer via suppression of the FOXO1 transcrip-

tion factor. Clin. Cancer Res. 18, 4059–4069 CrossRef Medline

14. Dippold, H. C., Ng, M. M., Farber-Katz, S. E., Lee, S. K., Kerr, M. L.,

Peterman, M. C., Sim, R., Wiharto, P. A., Galbraith, K. A., Madhavarapu,

S., Fuchs, G. J., Meerloo, T., Farquhar, M. G., Zhou, H., and Field, S. J.

(2009) GOLPH3 bridges phosphatidylinositol-4-phosphate and actomyo-

sin to stretch and shape the Golgi to promote budding. Cell 139, 337–351

CrossRef Medline

15. Ng, M. M., Dippold, H. C., Buschman, M. D., Noakes, C. J., and Field, S. J.

(2013) GOLPH3L antagonizes GOLPH3 to determine Golgi morphology.

Mol. Biol. Cell 24, 796–808 CrossRef Medline

16. Clayton, E. L., Minogue, S., and Waugh, M. G. (2013) Mammalian phos-

phatidylinositol 4-kinases as modulators of membrane trafficking and

lipid signaling networks. Prog. Lipid Res. 52, 294–304 CrossRef Medline

17. Park, C. C., Zhang, H., Pallavicini, M., Gray, J. W., Baehner, F., Park, C. J.,

and Bissell, M. J. (2006) �1 integrin inhibitory antibody induces apoptosis

of breast cancer cells, inhibits growth, and distinguishes malignant from

normal phenotype in three dimensional cultures and in vivo. Cancer Res.

66, 1526–1535 CrossRef Medline

18. Takada, Y., Ye, X., and Simon, S. (2007) The integrins.Genome Biol. 8, 215

CrossRef Medline

19. Lu, J., Isaji, T., Im, S., Fukuda, T., Kameyama, A., and Gu, J. (2016) Expres-

sion of N-acetylglucosaminyltransferase III suppresses �2,3-sialylation,

and its distinctive functions in cell migration are attributed to �2,6-sialy-

lation levels. J. Biol. Chem. 291, 5708–5720 CrossRef Medline

20. Isaji, T., Gu, J., Nishiuchi, R., Zhao, Y., Takahashi, M., Miyoshi, E., Honke,

K., Sekiguchi, K., and Taniguchi, N. (2004) Introduction of bisecting

GlcNAc into integrin �5�1 reduces ligand binding and down-regulates

cell adhesion and cell migration. J. Biol. Chem. 279, 19747–19754

CrossRef Medline

21. Guo, H. B., Lee, I., Kamar, M., Akiyama, S. K., and Pierce, M. (2002)

Aberrant N-glycosylation of �1 integrin causes reduced �5�1 integrin

clustering and stimulates cell migration. Cancer Res. 62, 6837–6845

Medline

22. Hou, S., Hang, Q., Isaji, T., Lu, J., Fukuda, T., and Gu, J. (2016) Importance

of membrane-proximal N-glycosylation on integrin �1 in its activation

and complex formation. FASEB J. 30, 4120–4131 CrossRef Medline

23. Hynes, R. O. (2002) Integrins: bidirectional, allosteric signaling machines.

Cell 110, 673–687 CrossRef Medline

24. Mitra, S. K., Hanson, D. A., and Schlaepfer, D. D. (2005) Focal adhesion

kinase: in command and control of cell motility.Nat. Rev.Mol. Cell Biol. 6,

56–68 CrossRef Medline

25. Yauch, R. L., Berditchevski, F., Harler, M. B., Reichner, J., and Hemler,

M. E. (1998) Highly stoichiometric, stable, and specific association of in-

tegrin �3�1 with CD151 provides a major link to phosphatidylinositol 4

Importance of the PI4K-integrin �3�1 complex for sialylation

4434 J. Biol. Chem. (2019) 294(12) 4425–4436

 at Tohoku M
edical and Pharm

aceutical U
niversity on A

pril 22, 2019
http://w

w
w

.jbc.org/
D

ow
nloaded from

 



kinase, and may regulate cell migration. Mol. Biol. Cell 9, 2751–2765

CrossRef Medline

26. Berditchevski, F., Tolias, K. F., Wong, K., Carpenter, C. L., and Hemler,

M. E. (1997) A novel link between integrins, transmembrane-4 superfam-

ily proteins (CD63 and CD81), and phosphatidylinositol 4-kinase. J. Biol.

Chem. 272, 2595–2598 CrossRef Medline

27. Yauch, R. L., and Hemler, M. E. (2000) Specific interactions among trans-

membrane 4 superfamily (TM4SF) proteins and phosphoinositide 4-ki-

nase. Biochem. J. 351, 629–637 CrossRef Medline

28. Boura, E., and Nencka, R. (2015) Phosphatidylinositol 4-kinases: function,

structure, and inhibition. Exp. Cell Res. 337, 136–145 CrossRef Medline

29. Wang, Y. J., Wang, J., Sun, H. Q., Martinez, M., Sun, Y. X., Macia, E.,

Kirchhausen, T., Albanesi, J. P., Roth, M. G., and Yin, H. L. (2003) Phos-

phatidylinositol 4 phosphate regulates targeting of clathrin adaptor AP-1

complexes to the Golgi. Cell 114, 299–310 CrossRef Medline

30. D’Angelo, G., Vicinanza, M., Di Campli, A., and De Matteis, M. A. (2008)

The multiple roles of PtdIns4P: not just the precursor of PtdIns4,5P-2.

J. Cell Sci. 121, 1955–1963 CrossRef Medline

31. Weixel, K.M., Blumental-Perry, A.,Watkins, S. C., Aridor,M., andWeisz,

O. A. (2005) Distinct Golgi populations of phosphatidylinositol 4-phos-

phate regulated by phosphatidylinositol 4-kinases. J. Biol. Chem. 280,

10501–10508 CrossRef Medline

32. Morrow, A. A., Alipour, M. A., Bridges, D., Yao, Z., Saltiel, A. R., and Lee,

J. M. (2014) The lipid kinase PI4KIII� is highly expressed in breast tumors

and activates Akt in cooperation with Rab11a. Mol. Cancer Res. 12,

1492–1508 CrossRef Medline

33. Moravcevic, K., Oxley, C. L., and Lemmon, M. A. (2012) Conditional

peripheral membrane proteins: facing up to limited specificity. Structure

20, 15–27 CrossRef Medline

34. Rabouille, C., Hui, N., Hunte, F., Kieckbusch, R., Berger, E. G.,Warren, G.,

and Nilsson, T. (1995) Mapping the distribution of Golgi enzymes in-

volved in the construction of complex oligosaccharides. J. Cell Sci. 108,

1617–1627 Medline

35. Lu, D., Sun, H. Q., Wang, H., Barylko, B., Fukata, Y., Fukata, M., Albanesi,

J. P., and Yin, H. L. (2012) Phosphatidylinositol 4-kinase II� is palmitoy-

lated by Golgi-localized palmitoyltransferases in cholesterol-dependent

manner. J. Biol. Chem. 287, 21856–21865 CrossRef Medline

36. Bhide, G. P., and Colley, K. J. (2017) Sialylation of N-glycans: mechanism,

cellular compartmentalization and function. Histochem. Cell Biol. 147,

149–174 CrossRef Medline

37. Balla, A., Tuymetova, G., Tsiomenko, A., Várnai, P., and Balla, T. (2005) A

plasma membrane pool of phosphatidylinositol 4-phosphate is generated

by phosphatidylinositol 4-kinase type-III�: studies with the PH domains

of the oxysterol binding protein and FAPP1.Mol. Biol. Cell 16, 1282–1295

CrossRef Medline

38. Itakura, Y., Nakamura-Tsuruta, S., Kominami, J., Tateno, H., and Hi-

rabayashi, J. (2017) Sugar-binding profiles of chitin-binding lectins from

the hevein family: a comprehensive study. Int. J. Mol. Sci. 18, E1160

CrossRef Medline

39. Grottke, A., Ewald, F., Lange, T., Nörz, D., Herzberger, C., Bach, J., Gra-

binski, N., Gräser, L., Höppner, F., Nashan, B., Schumacher, U., and

Jücker, M. (2016) Downregulation of AKT3 Increases migration and me-

tastasis in triple negative breast cancer cells by upregulating S100A4. PLoS

ONE 11, e0146370 CrossRef Medline

40. Mitchell, K., Svenson, K. B., Longmate,W.M.,Gkirtzimanaki, K., Sadej, R.,

Wang, X., Zhao, J., Eliopoulos, A. G., Berditchevski, F., andDipersio, C.M.

(2010) Suppression of Integrin �3�1 in breast cancer cells reduces cy-

clooxygenase-2 gene expression and inhibits tumorigenesis, invasion, and

cross-talk to endothelial cells. Cancer Res. 70, 6359–6367 CrossRef

Medline

41. Morini, M.,Mottolese,M., Ferrari, N., Ghiorzo, F., Buglioni, S., Mortarini,

R., Noonan, D.M., Natali, P. G., and Albini, A. (2000) The�3�1 integrin is

associated with mammary carcinoma cell metastasis, invasion, and gela-

tinase B (MMP-9) activity. Int. J. Cancer 87, 336–342 CrossRef Medline

42. Cagnet, S., Faraldo, M. M., Kreft, M., Sonnenberg, A., Raymond, K., and

Glukhova, M. A. (2014) Signaling events mediated by �3�1 integrin are

essential formammary tumorigenesis.Oncogene 33, 4286–4295CrossRef

Medline

43. Dogic, D., Rousselle, P., andAumailley,M. (1998) Cell adhesion to laminin

1 or 5 induces isoform-specific clustering of integrins and other focal

adhesion components. J. Cell Sci. 111, 793–802 Medline

44. Liu, Y. C., Yen, H. Y., Chen, C. Y., Chen, C. H., Cheng, P. F., Juan, Y. H.,

Chen, C. H., Khoo, K. H., Yu, C. J., Yang, P. C., Hsu, T. L., andWong, C. H.

(2011) Sialylation and fucosylation of epidermal growth factor receptor

suppress its dimerization and activation in lung cancer cells. Proc. Natl.

Acad. Sci. U.S.A. 108, 11332–11337 CrossRef Medline

45. Varki, A., Kannagi, R., Toole, B., and Stanley, P. (2015) in Essentials of

Glycobiology (Varki, A., Cummings, R. D., Esko, J. D., Stanley, P., Hart,

G. W., Aebi, M., Darvill, A. G., Kinoshita, T., Packer, N. H., Prestegard,

J. H., Schnaar, R. L., and Seeberger, P. H., eds.) pp. 597–609, Cold Spring

Harbor Laboratory Press, Cold Spring Harbor, NY

46. Brockhausen, I. (2006) Mucin-type O-glycans in human colon and breast

cancer: glycodynamics and functions. EMBO Rep. 7, 599–604 CrossRef

Medline

47. Dall’Olio, F., Malagolini, N., Trinchera, M., and Chiricolo, M. (2014) Sia-

losignaling: sialyltransferases as engines of self-fueling loops in cancer

progression. Biochim. Biophys. Acta 1840, 2752–2764 CrossRef Medline

48. Schultz, M. J., Swindall, A. F., and Bellis, S. L. (2012) Regulation of the

metastatic cell phenotype by sialylated glycans.CancerMetastasis Rev. 31,

501–518 CrossRef Medline

49. Lu, J., and Gu, J. (2015) Significance of �-galactoside �2,6 sialyltranferase

1 in cancers.Molecules 20, 7509–7527 CrossRef Medline

50. Woodard-Grice, A. V., McBrayer, A. C., Wakefield, J. K., Zhuo, Y., and

Bellis, S. L. (2008) Proteolytic shedding of ST6Gal-I by BACE1 regulates

the glycosylation and function of �4�1 integrins. J. Biol. Chem. 283,

26364–26373 CrossRef Medline

51. Kitazume, S., Imamaki, R., Ogawa, K., Komi, Y., Futakawa, S., Kojima, S.,

Hashimoto, Y., Marth, J. D., Paulson, J. C., and Taniguchi, N. (2010) �2,6-

sialic acid on platelet endothelial cell adhesion molecule (PECAM) regu-

lates its homophilic interactions and downstream antiapoptotic signaling.

J. Biol. Chem. 285, 6515–6521 CrossRef Medline

52. Ye, X., and Weinberg, R. A. (2015) Epithelial-mesenchymal plasticity: a

central regulator of cancer progression. Trends Cell Biol. 25, 675–686

CrossRef Medline

53. Swindall, A. F., Londoño-Joshi, A. I., Schultz, M. J., Fineberg, N., Buchs-

baum, D. J., and Bellis, S. L. (2013) ST6Gal-I protein expression is upregu-

lated in human epithelial tumors and correlates with stem cell markers in

normal tissues and colon cancer cell lines. Cancer Res. 73, 2368–2378

CrossRef Medline

54. Lu, J., Isaji, T., Im, S., Fukuda, T., Hashii, N., Takakura, D., Kawasaki, N.,

and Gu, J. (2014) �-Galactoside �2,6-sialyltranferase 1 promotes trans-

forming growth factor �-mediated epithelial-mesenchymal transition.

J. Biol. Chem. 289, 34627–34641 CrossRef Medline

55. Schmitz, K. R., Liu, J., Li, S., Setty, T. G., Wood, C. S., Burd, C. G., and

Ferguson, K. M. (2008) Golgi localization of glycosyltransferases requires

a Vps74p oligomer. Dev. Cell 14, 523–534 CrossRef Medline

56. Pereira, N. A., Pu, H. X., Goh, H., and Song, Z. (2014) Golgi phosphopro-

tein 3 mediates the Golgi localization and function of protein O-linked

mannose �-1,2-N-acetlyglucosaminyltransferase 1. J. Biol. Chem. 289,

14762–14770 CrossRef Medline

57. Minogue, S., Waugh, M. G., De Matteis, M. A., Stephens, D. J.,

Berditchevski, F., and Hsuan, J. J. (2006) Phosphatidylinositol 4-kinase is

required for endosomal trafficking and degradation of the EGF receptor.

J. Cell Sci. 119, 571–581 CrossRef Medline

58. Tokuda, E., Itoh, T., Hasegawa, J., Ijuin, T., Takeuchi, Y., Irino, Y., Fuku-

moto, M., and Takenawa, T. (2014) Phosphatidylinositol 4-phosphate in

the Golgi apparatus regulates cell-cell adhesion and invasive cell migra-

tion in human breast cancer. Cancer Res. 74, 3054–3066 CrossRef

Medline

59. Qin, Y., Li, L., Pan, W., and Wu, D. (2009) Regulation of phosphatidyli-

nositol kinases and metabolism by Wnt3a and Dvl. J. Biol. Chem. 284,

22544–22548 CrossRef Medline

60. Chu, K.M.,Minogue, S., Hsuan, J. J., andWaugh,M.G. (2010) Differential

effects of the phosphatidylinositol 4-kinases, PI4KII� and PI4KIII�, on

Akt activation and apoptosis. Cell Death Dis. 1, e106 CrossRef Medline

Importance of the PI4K-integrin �3�1 complex for sialylation

J. Biol. Chem. (2019) 294(12) 4425–4436 4435

 at Tohoku M
edical and Pharm

aceutical U
niversity on A

pril 22, 2019
http://w

w
w

.jbc.org/
D

ow
nloaded from

 



61. Yamabhai, M., and Anderson, R. G. (2002) Second cysteine-rich region of

epidermal growth factor receptor contains targeting information for cave-

olae/rafts. J. Biol. Chem. 277, 24843–24846 CrossRef Medline

62. Sato, Y., Takahashi,M., Shibukawa, Y., Jain, S. K., Hamaoka, R.,Miyagawa,

J., Yaginuma, Y., Honke, K., Ishikawa, M., and Taniguchi, N. (2001) Over-

expression ofN-acetylglucosaminyltransferase III enhances the epidermal

growth factor-induced phosphorylation of ERK in HeLaS3 cells by up-

regulation of the internalization rate of the receptors. J. Biol. Chem. 276,

11956–11962 CrossRef Medline

63. Matoba, K., Mihara, E., Tamura-Kawakami, K., Miyazaki, N., Maeda, S.,

Hirai, H., Thompson, S., Iwasaki, K., and Takagi, J. (2017) Conformational

freedom of the LRP6 ectodomain is regulated by N-glycosylation and the

binding of the Wnt antagonist Dkk1. Cell Rep. 18, 32–40 CrossRef

Medline

64. Swindall, A. F., and Bellis, S. L. (2011) Sialylation of the Fas death receptor

by ST6Gal-I provides protection against Fas-mediated apoptosis in colon

carcinoma cells. J. Biol. Chem. 286, 22982–22990 CrossRef Medline
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Expression of �-1 integrins on tumor-cells of invasive ductal breast-car-

cinoma. Pathol. Res. Pract. 189, 979–984 CrossRef Medline

66. Yao, E. S., Zhang,H., Chen, Y. Y., Lee, B., Chew, K.,Moore, D., and Park, C.

(2007) Increased �1 integrin is associated with decreased survival in inva-

sive breast cancer. Cancer Res. 67, 659–664 CrossRef Medline

67. Li, J., Lu, Y., Zhang, J., Kang, H., Qin, Z., and Chen, C. (2010) PI4KII� is a

novel regulator of tumor growth by its action on angiogenesis andHIF-1�

regulation. Oncogene 29, 2550–2559 CrossRef Medline

68. Zhou, Q., Li, J., Yu, H., Zhai, Y., Gao, Z., Liu, Y., Pang, X., Zhang, L.,

Schulten, K., Sun, F., and Chen, C. (2014) Molecular insights into the

membrane-associated phosphatidylinositol 4-kinase II�. Nat. Commun.

5, 3552 CrossRef Medline
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N-acetylglucosaminyltransferase-I as a novel regulator
of epithelial-mesenchymal transition
Guowei Zhang, Tomoya Isaji, Zhiwei Xu, Xu Lu, Tomohiko Fukuda, and Jianguo Gu1

Division of Regulatory Glycobiology, Institute of Molecular Biomembrane and Glycobiology, Tohoku Medical and Pharmaceutical University,
Sendai, Japan

ABSTRACT: N-Glycans are involved in numerous biologic processes, such as cell adhesion, migration, and invasion.
To distinguish the functions of complex high-mannose types of N-glycans, we used the clustered, regularly inter-
spaced, short palindromic repeats/Cas9 system to establish N-acetylglucosaminyltransferase (GnT)-I–knockout
(KO) cells. Loss ofGnT-I greatly inducedcell-cell adhesion anddecreasedcellmigration. In addition, the expression
levels of epithelial-mesenchymal transition (EMT) markers such as a-SMA, vimentin, and N-cadherin were sup-
pressed, whereas the expression of claudin-1 was promoted, suggesting a mesenchymal-epithelial transition–like
phenotype, an opposite process to the EMT, was occurred in the KO cells. The phosphorylation levels of Smad-2,
epidermalgrowth factor receptor, and integrin-mediated focaladhesionkinase (FAK)were consistently suppressed.
Furthermore, the restoration of GnT-I in the KO cells suppressed the cell-cell adhesion and augmented the ex-
pression of EMTmarkers as well as that of FAK activation. The expression levels of integrins were upregulated in
the KO cells, although their functions were decreased, whereas their expression levels were downregulated in the
rescued cells,which suggests anegative feedback loopbetween functionandexpression. Finally,wealso found that
the expression ofGnT-I was important for cell survival, resistance to cancer drugs, and increased colony formation.
The results of the present study demonstrate that GnT-I works as a switch to turn on/off EMT, which further
supports the notion that on most surface receptors, the N-glycans differentially play essential roles in biologic
functions.—Zhang, G., Isaji, T., Xu, Z., Lu, X., Fukuda, T., Gu, J. N-acetylglucosaminyltransferase-I as a novel
regulator of epithelial-mesenchymal transition. FASEB J. 33, 000–000 (2019). www.fasebj.org

KEY WORDS: cell adhesion • N-glycosylation • integrins

Epithelial-to-mesenchymal transition (EMT) is a cellular
trans-differentiation process that allows polarized epithe-
lial cells to undergo multiple biochemical changes and
enables them to acquire a mesenchymal identity that re-
sults in a loss of cell-cell adhesion. EMT is integral in cell
adhesion, migration, and wound healing and pathologi-
cally contributes to cancer metastasis and resistance to
therapy (1). This switch in cell behavior is executedmainly

by specific transcription factors [e.g., the Snail, Twist-
related protein, and zinc-finger E-box-binding homeobox
(ZEB) families] at transcriptional levels (2). Mesenchymal-
epithelial transition (MET) is a reversible biologic process
that involves the transition from motile, spindle-shaped
mesenchymal cells to planar arrays of polarized cells that
acquire cell-cell adhesion. Recent studies have shown that
MET participates in the establishment and stabilization of
distant metastases by allowing cancerous cells to regain
epithelial properties and integrate into distant organs (3).
Several studies have focused on the sequential EMT-MET
process thatunderlies the fate of cells (4, 5), and the flexible
transitions are related to different stages of metastasis (6).
Details of the mechanism involved in this process, how-
ever, await elucidation.

An important hallmark of EMT is the attenuation of the
epithelial marker E-cadherin and the enhancement of
mesenchymalmarkers such as N-cadherin (7). E-cadherin
is a central component of cell-cell adhesion junctions, the
loss of which facilitates cell migration and alters integrin-
mediated cell adhesion (8). Integrins control cell interac-
tions with the extracellularmatrix (ECM), which is critical
to EMT progression (9, 10). In fact, TGF-b-induced EMT
enhances the expressions of aVb6 and aVb3 integrins,
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which in turn alters cell-matrix adhesion to promote the
EMT process (11, 12). Ectopic expression of b4 integrin
upregulates cell proliferation and induces EMT (13). Both
E-cadherin and integrin are glycoproteins. Aberrant ex-
pression of N-glycans has been observed in several EMT
models (14). Studies by our group, as well as those of
others, have found that alteration of N-glycans by
manipulation of the expression of several glycosyl-
transferases can change the functions of glycoproteins,
which include cell adhesion molecules and surface recep-
tors, such as E-cadherin, integrins and epithelial growth
factor receptors (EGFR). For example, overexpression of
N-acetylglucosaminyltransferase (GnT)-V promotes E-
cadherin destabilization, whereas expression of GnT-III
stabilizes it (15). TGF-b–induced EMT increases the a1,6-
fucosylation expression catalyzed by a1,6 fucosyl-
transferase and overexpression of a1,6-fucosyltransferase
promotes EMT progression (16, 17). In addition, over-
expression of GnT-III inhibits the integrin a3b1–mediated
cell adhesion andmigration (18, 19), aswell as the binding
of a5b1 to fibronectin (FN) (20). Several studies have en-
visaged the possibility of using glycan-based therapies for
cancer treatment (21–23).

Thus far, most studies have focused on the complexN-
glycans, and little is known about the functions of high-
mannose types ofN-glycans. In fact, thoseN-glycans have
been detected at relatively low levels in glycoproteins
expressed either on the cell surface or in secretions (24).
The expression levels of high-mannose N-glycans are
known to increase in breast cancer (25), but they are de-
creased in gastric cancers (26). Swainsonine (SW), an in-
hibitor of Golgi a-mannosidase II, is known to block the
processing of high-mannose N-glycans into complex
N-glycans, but not into hybrid types ofN-glycans (27, 28).
Treatment with SW inhibits tumor growth andmetastasis
(29, 30), but the underlyingmechanism for the function of
SW remains unclear. The blocking of complex N-glycans
has shown promise in the development of anticancer
drugs. Phase II clinical trials of the hydrochloride salts of
SW in patients with renal carcinoma have been discour-
aging (31). Thus, the discovery of new therapeutics based
on high-mannose N-glycans is urgent.

GnT-I is a key enzyme in the cis-Golgi cisternae
that transfers N-acetylglucosamine (GlcNAc) onto the
N-glycan core (containing 5mannose) after themannose
branch is trimmed by a-mannosidase-I. The addition
of GlcNAc by GnT-I is necessary for the action of
a-mannosidase-II andGnT-II and thenGnT-III, -IV, or -V
in a catalytically ordered pathway (32, 33). Deficiency of
GnT-I leads to loss of the downstream N-glycosylation
pathway and results in the presence of high-mannose
types of N-glycans only (34–36). GnT-I is known to be
crucial for embryo development (37), and necessary in
cytokine signaling (34). The knockdown of GnT-I using
short hairpin RNA suppresses cell migration, invasion,
and tumor growth (38). However, the molecular mech-
anisms of the functions of GnT-I largely remain unclear.

In the present study, we generated GnT-I–knockout
(KO) cells by using the clustered, regularly interspaced,
short palindromic repeats/caspase-9 (CRISPR/Cas-9) sys-
tem and found that GnT-I worked as a switch to activate

EMT and up-regulated integrin-mediated functions. The
mesenchymal markers were decreased in the KO cells, but
theywere increased in the restoration of GnT-I genes in KO
[rescued (Res)] cells. Furthermore, we found that the ex-
pression of GnT-Iwas closely related to drug resistance and
colony formation.Thus, targetingGnT-I couldbeapotential
therapeutic strategy for cancer treatment.

MATERIALS AND METHODS

Antibodies and reagents

In the present study, experiments were performed with the fol-
lowing antibodies: the antibody against the human b1 integrin
subunit (P5D2) was obtained from Developmental Studies Hy-
bridoma Bank (University of Iowa, Iowa City, IA, USA); rabbit
mAb against GnT-I (ab180578) from Abcam (Cambridge, MA,
USA); mouse mAb against Smad-2 (3103), rabbit mAbs against
vimentin (5741), ZEB-1 (3396), claudin-1 (13255), Snail (3879),
p-EGFR (4267), EGFR (3777), and p-Smad-2 (3108) from Cell
Signaling Technology (Danvers, MA, USA); mouse mAbs
against N-cadherin (610920), b1 integrin (610468), focal adhe-
sion kinase (FAK; 610088) and p-FAK (611807) from BD Biosci-
ences (Franklin Lakes, NJ, USA); mouse mAbs against a5 integrin
(328002),aVintegrin (327902),b3 integrin (336402), andb5 integrin
(345202) from BioLegend (San Diego, CA, USA); mouse pAb
against a3 integrin (Sc-6592) from Santa Cruz Biotechnology
(Dallas, TX, USA); mouse mAb against b4 integrin (MAB2059)
from MilliporeSigma (Burlington, MA, USA); and mouse mAb
against a-tubulin (T6199) and a-SMA (A2547) from Milli-
poreSigma. Alexa Fluor 647 goat anti-mouse IgG and streptavidin
wereobtainedfromThermoFisherScientific (Waltham,MA,USA).
The peroxidase-conjugated goat antibodies against mouse and
rabbit IgG were obtained from Cell Signaling Technology; sulfo-
NHS-SS-biotin from Thermo Fisher Scientific; and biotinylated
Datura stramonium agglutinin (DSA; B-1185), Phaseolus vulgaris
leucoagglutinin (L-PHA; B-1115), Phaseolus vulgaris erythroag-
glutinin (E-PHA; B-1385), concanavalinA (ConA; B-1005),Maackia
amurensis agglutinin (MMA; B-1265), and Aleuria aurantia lectin
(AAL; B-1395) from Seikagaku Corporation (Tokyo, Japan).

Cell culture

TheHeLa (Riken,Wako, Japan), 293T (Riken), andMDA-MB-231
(ATCC, Manassas, VA, USA) cell lines were cultured in DMEM
with 10% fetal bovine serum (FBS), in a humidified atmosphere
containing 5% CO2 at 37°C.

Genomic deletion of GnT-I–KO in HeLa cells

The pSpCas9(BB)-2A-GFP (PX458) plasmid was a gift from Dr.
Feng Zhang (plasmid 48138; Addgene, Cambridge, MA, USA)
(39). The target site on human GnT-I exon 1 (CGAAAG-
TACTCGAAGAAGTC), which was chosen from the genome-
scale CRISPR-Cas9 KO library (40), was cloned into PX458.
GnT-I–KO cell lines were created by electroporating cells with
vector containing the target sequence according to the manu-
facturer’s recommendation (Amaxacell line Nucleofectorkit R;
Lonza, Basel, Switzerland). After 3 d of transfection, green fluo-
rescent protein–positive cells were sorted on a FACSAria II (BD
Biosciences). Approximately 10 d thereafter, FACS sorting was
performed with L-PHA, which preferentially binds to the
Galb4GlcNAcb6 Mana3 (GlcNAcb2Mana3) structure to detect
GnT-I deletion (KO). The process was repeated 3 times to obtain
the GnT-I–KO cell line.
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Establishment of GnT-I–Res HeLa cells

The full open reading frame of humanGnT-I was cloned into the
pENTR/D-TOPO vector and then transferred into the CSII-EF-
Rfa destination vector by LR recombination, according to the
manufacturer’s instructions (Thermo Fisher Scientific). To pre-
pare lentivirus, 293T cells were cotransfected with CSII-EF-Rfa-
GnT-I and lentiviral packaging vectors (pCAG-HIVgp and
pCMV-VSV-G-RSV-Rev). The culture supernatants were col-
lected48hafter infection, and theviruswas introduced intoGnT-
I–KO HeLa cells via addition of the supernatant to the culture
medium. The cells that highly reactedwith L-PHAwere selected
by using FACSAria II for GnT-I-Res cells, and the stable GnT-I-
Res cell line was used for subsequent studies.

Western blot analysis

Total cell lysates were prepared with lysis buffer containing
20 mM Tris-HCl (pH 7.4), 100 mM NaCl, 1% Triton X-100, pro-
tease inhibitors, and phosphatase inhibitors (Nacalai Tesque,
Kyoto, Japan) and normalized by protein concentrations with a
bicinchoninic acidproteinassaykit (ThermoFisherScientific).An
equal amount of protein fromeach samplewas subjected to SDS-
PAGE and transferred to PVDF membranes (MilliporeSigma).
The membranes were detected with primary and secondary an-
tibodies andvisualized by chemiluminescence (MilliporeSigma).

For peptide-N-glycosidase F (PNGase F) treatment, the in-
dicated cell lysates were treated with PNGase F at 37°C for 1 h
according to themanufacturer’s instruction and then subjected to
Western blot analysis.

Flow cytometric analysis

After detachment, cells were washed with ice-cold PBS and
stained with primary antibodies or lectins in PBS containing
1mMEDTAand0.1%bovine serumalbumin (BSA) (m/v)at 4°C
for 20min, followed by incubation with Alexa Fluor 647–
conjugated secondary antibodies according to the primary anti-
bodies or lectins (Thermo Fisher Scientific) for 20 min at 4°C.
Nonstained cells were included as controls, and dead cells and
debris were excluded from the analysis, based on scatter charac-
teristics. Data for at least 10,000 live events per sample were ac-
quired via FACSCalibur flow cytometry (BD Biosciences). After
incubation with doxorubicin for 1 d, the identified cells were de-
tached and washed with ice-cold PBS and then subjected to flow
cytometry. The fluorescence was measured with an FL2 (phyco-
erythrin) band-pass filter to monitor doxorubicin cellular uptake.
Untreated cells were used as controls, and dead cells and debris
were excluded from the analysis, based on scatter characteristics.

Cell migration assay

For the in vitrowound-healing assay, cells were seeded in 6-well
plates precoatedwith 10mg/ml FN (MilliporeSigma) and grown
into a confluent monolayer. Then the cells were scratched via a
pipette tip. Images of the wound area were photographed after
8h, and thedistanceof cellmigrationwasmeasuredbyQCapture
Pro 7 software (QImaging, Surrey, BC, Canada). Another cell
migration test was performedwith a 24-well Transwell chamber
system (8-mm pore control inserts; BD BioCoat; BD Biosciences).
The bottom side of the chamber was coated with 10 mg/ml FN,
and blocked with 1% BSA. Cells were seeded in the upper FN-
pretreated chamber at 43 104 cells in 0.2 ml serum-free DMEM.
Then, 0.6ml completemediumcontaining10%FBSwasplaced in
the bottomwell.After incubation for 8 h, themigrated cells on the
lower surfacewere fixed, stainedwith crystal violet, and counted

under a light microscope. Three independent experiments were
performed for each assay.

Soft agar assay

Cells were suspended in DMEM containing 0.3% agarose and
layered onto solidified 0.6% agarose containing DMEM at a
density of 1 3 104 per dish. After incubating for 20 d, the plates
were stained with 0.005% crystal violet, and the colonies were
identified randomly by stereo microscope (Stemi 2000-CS; Zeiss,
Oberkochen, Germany) and counted. Three independent exper-
iments were performed for each assay.

Cell growth assay

Cells (53 104) were seeded into 6-well culture dishes overnight.
Cells in the same areawere photographed by phase contrast on 4
consecutive days and counted, and the fold change in number of
cells was normalized to the number on d 0.

Cell aggregation assay

Cells were harvested and resuspended in DMEM containing 1%
BSA at a concentration of 23 105 cells/ml. For each condition, 1ml
of the cell suspension was added to a 15-ml tube, with or without
2mMEDTA.Thecellswere incubatedonarotator (MACSmixTube
Rotator; Miltenyi Biotec, Bergisch-Gladbach, Germany) at 12 rpm
for 6 h at 37°C, and images of random fields were obtained with a
microscope. Cell aggregation assays were performed in triplicate.

Cell-spreading assay

A cell-spreading assay was performed as previously described
with minor modifications (41). In brief, cells were harvested and
suspended in DMEM containing 0.1% BSA at 2 3 104 cells/ml.
After seeding on theFN (10mg/ml)-pretreated dishes for 30min,
the cellswerewashedwith PBS to remove the nonadherent ones,
and the attached cells were fixed with 4% paraformaldehyde in
PBS. The representative images were photographed by phase-
contrast microscopy (Olympus, Tokyo, Japan).

Cell surface biotinylation

Cells cultured on dishes were gently washed with PBS and in-
cubated with ice-cold PBS that contained 0.2 mg/ml Sulfo-NHS-
SS Biotin for 1 h at 4°C. After incubation, the cells were washed 3
times with ice-cold PBS and harvested with lysis buffer. Bio-
tinylatedproteinswere immunoprecipitatedwithanti-b1 integrin
mAb (P5D2) and Ab-Capcher Mag (ProteNova, Higashikagawa,
Japan) and subjected to SDS-PAGE. The biotinylated proteins
were visualized with a Vectastain ABC Kit (Vector Laboratories,
Burlingame, CA, USA) and an ECL kit.

Cell viability assays

Cells were cultured at 53 103 cells per well in 96-well plates and
exposed to the indicated concentrations of paclitaxel for 3 d or
doxorubicin for 2d.Cell viabilitywasdetected byadding 10ml of
5 mg/ml 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT; Dojindo, Kumamoto, Japan) to 100 ml culture
mediumand incubating themixture for an additional 3h at 37°C.
The medium was then removed, and DMSO (MilliporeSigma)
was added to dissolve the resultant formazan crystals within the
cells. The optical absorbance was assessed at 570 nm with a
microplate reader (BioTek Instruments, Winooski, VT, USA).
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Statistical analysis

All data are expressed as means6 SEM. Prism, v.5.0, was used to
perform statistical analyses (GraphPad Software, La Jolla, CA,
USA). Significant differences were analyzed with Welch’s t test.
Values of P, 0.05 were considered statistically significant.

RESULTS

Knockout of the GnT-I gene blocked complex
types of N-glycans

To distinguish the functions of only high-mannose
N-glycans and mixed N-glycans including high-mannose,
hybrid, and complex types,we establishedGnT-I–KOcells
using CRISPR/Cas9–based technology. As expected, the
expression of GnT-I was not at detectable levels (Fig. 1A).
Flow cytometric analysis and lectin blots using different
kinds of lectinswere performed to confirm the efficiency of
GnT-I–KO in HeLa cells (Fig. 1B, C) and in MDA-MB-231

cells (data not shown). The reactive abilities of L-PHA,
E-PHA, and MAA lectins preferentially recognized
branched GlcNAc N-glycans, bisected N-glycans, and a2,3
sialylated N-glycans, respectively. Those reactive abilities,
however,were greatly suppressed in theKO cells compared
with those inwild-type (WT)cells (Fig. 1B).Lectinblotsusing
DSA and AAL lectins preferentially recognized branched
GlcNAcN-glycans and fucosylatedN-glycans, respectively,
which showed that the reactive abilities were almost totally
blocked. The binding ability with ConA lectin, however,
preferentially recognized high-mannose types of N-glycans
that were augmented in the KO cells (Fig. 1C). These results
show that the GnT-I gene knockout was successful.

Deletion of GnT-I-induced cell aggregation
and a MET-like phenotype

Next, we used these cell lines to compare the cell biologic
functions of GnT-I. First, during cell passages we noticed
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Figure 1. Deficiency of complex types of N-glycans in GnT-I–KO cells. A) Equal amounts of cell lysates from WT and KO HeLa
cells were analyzed by immunoblot with an anti-GnT-I antibody; a-tubulin served as the loading control. B) The WT and KO cells
were collected and incubated with (bold line) or without (gray shadow) the lectins LL-PHA, E-PHA, and MAA, which
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that the KO cells tended to form islands, which was not
observed in theWTcells (Fig. 2A), suggesting that knockout
ofGnT-Imay induce cell-cell adhesion.Weperformed a cell
adhesion assay in the suspension. Both theWTandKOcells
were incubatedwith rotation for 6 h. TheKOcells tended to
formmany aggregates that resulted in larger sizes, whereas
the WT cells remained as either single cells or smaller ag-
gregates (Fig. 2B). The cell aggregates disappeared in the
presenceofEDTA, suggesting that the cell-cell adhesionhad
proceeded in a calcium-dependent manner. A similar
phenomenon was observed in the MDA-MB-231 cells
(data not shown). Of particular interest, the expression
levels of mesenchymal markers such as a-SMA,
vimentin, ZEB-1, N-cadherin, and Snail were greatly
suppressed in the KO cells, whereas epithelial markers
such as claudin-1, which is a tight junction protein, were
increased, comparedwith those inWT cells (Fig. 2C). It is
noteworthy that the expression levels of E-cadherin in
both WT and KO cells were undetectable. These results
suggest that the deletion of GnT-I induces cell aggrega-
tion and MET-like phenotypes.

Deletion of GnT-I inhibited cell spreading and
migration, but did not affect cell proliferation

As previously described, the expression of GnT-I was
essential for cell-cell adhesion, and, therefore, we next

explored whether GnT-I is also necessary for integrin-
mediated cell-ECMadhesion. By using a cell-spreading
assay, we found that theWT cells had already begun to
spread after the cells were replated on FN-coated
dishes for 30 min, whereas the KO cells continued to
exhibit a rounded shape with white dots under phase-
contrast photography (Fig. 3A, B). Unexpectedly, there
were no significant changes in the proliferation of these
2 types of cells (Fig. 3C). However, we investigated
some related cellular signaling pathways and found
that p-Smad-2, p-FAK, and p-EGFR, which corresponds
with TGF-b receptor-, integrin- and EGFR-mediated
signaling, respectively, were decreased in the KO cells
compared with those in the WT cells (Fig. 3D), which
confirmed the notion that a complex type of N-glycans
on these signal receptors plays an important role in cel-
lular signaling.

Cell migration is considered a crucial step in the
metastatic cascade (42), and we examined the effects
of GnT-I on cell migration by using wound healing
and Transwell assays. Wound closure capability was
significantly suppressed in the KO cells compared
with that in the WT cells (Fig. 4A, B). The integrin-
mediated Transwell migration was also greatly
inhibited (Fig. 4C, D). These data clearly show that the
expression of GnT-I is essential for integrin-mediated
functions.
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The expression levels of integrins were
up-regulated in the KO cells

Because integrin-mediatedcelladhesionwas inhibited in the
KO cells, we next sought to determine whether the expres-
sion of integrin was also suppressed. Flow cytometric
analysis and Western blot were performed to evaluate the
expression levels ofdifferent integrins. The expression levels
on the cell surfaceof integrins, suchasa3,a5,aV,b1,b3,b4,
andb5,were increased in theKO cells, comparedwith their
expression levels in the WT cells (Fig. 5A). Because of the
lack of complexN-glycans on integrin a3 and b1 in the KO
cells, the bands of those integrins shifted on SDS-PAGE
much faster than in theWTcells (Fig. 5B). In theWTcells, the
so-called immature band ofb1was similar to that in the KO
cells, confirming that immature b1 carries a high-mannose
type of N-glycan. These differences dissipated after the re-
movalofN-glycansbyPNGaseF.TreatmentwithPNGaseF
showed enhanced expression levels of a3 and b1 in the KO
cells. These results suggest a negative feedback loop from
integrin function to expression.

Restoration of GnT-I in KO cells restored cell
behavior and induced an EMT-like phenotype

Given the observation that the KO cells exhibited aberrant
behavior, we restored GnT-I expression in the KO cells

(Res) to determine whether it would rescue these pheno-
types. The efficiencies of Res cells were confirmed by
Western blot with the anti-GnT-I antibody (Fig. 6A) and
flow cytometric analysis of L-PHA lectin (Fig. 6B).
Integrin-mediated FAK phosphorylation (Fig. 6A) in-
creased, whereas the expression levels of a5 and b1 (Fig.
6B) decreased in the Res cells, further supporting the no-
tion of a negative feedback loop from function to expres-
sion, as previously described. The expression levels of
mesenchymal markers, such as vimentin, ZEB-1, and
N-cadherin,were increased in theRes cells, comparedwith
those in theKO cells (Fig. 6C). Furthermore, the cell islands
caused by cell-cell adhesion, which could be observed in
theKOcells,disappeared in theRescells (Fig. 6D). Integrin-
mediated cell migration increased significantly in the Res
cells (Fig. 6E, F). These results showed the importance of
GnT-I switching by the EMT process.

Influences of integrin and GnT-I on
cell-cell adhesion

As previously described, deletion of GnT-I induced
integrin expression, which indicated that complex
N-glycans arenot essential for integrinexpression.Weused
biotinylation to further compare the expression levels ofb1
among theWT, KO, and Res cells. The expression levels of
b1 and the associated a-subunits on the cell surface were
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enhanced inKOcells, but restored to the levels ofWT in the
Res cells (Fig. 7A). The deletion of GnT-I enhanced the
expression levels of integrins, but the integrin-mediated
cell-ECM adhesion including FAK phosphorylation and
cell adhesion and migration, all were down-regulated. We
speculated as to whether the suppression of cell-ECM ad-
hesion via blocking the process for complex-typeN-glycans
on integrins could induce cell-cell adhesion, as observed in
the KO cells. To test the hypothesis, we added a functional
blocking b1 antibody (P5D2) (43), to attenuate cell-matrix
adhesion in the cell culture. All 3 types of cells clearly
exhibited cell aggregation in the presence of anti-b1 integrin
antibody (Fig. 7B). These data may partly explain why cell
aggregation occurred in the KO cells and could further
suggest that themodification of complex types ofN-glycans
on b1 integrin is very important for its ability to function.

Deletion of GnT-I increased drug sensitivity

Because recent studies revealed the involvement of EMT
on the efficacy of cancer drug responses (44, 45), we eval-
uated whether GnT-I deficiency affects drug sensitivities
in HeLa cells. The 3 cell groups were incubated with the

cancer drugs paclitaxel for 3 d (Fig. 8A) and doxorubicin
for 2 d (Fig. 8B) at the indicated concentrations. The KO
cellsweremore sensitive tobothdrugs, comparedwith the
WT and Res cells. When we used fluorescence-activated
cell sorting to monitor the cellular uptake of doxorubicin,
we consistently observedhigher fluorescence intensities in
KO cells (Fig. 8C).

The ability of tumor cells to form colonies from a single
cell is a well-known feature of metastatic potential (46).
Cells that undergo EMT are also known to form more
colonies (47), and, therefore, we evaluated the effects of
GnT-I on colony formation inHeLa cells. As shown in Fig.
8D, the colony formation in soft agar was significantly
suppressed in theKOcells, comparedwith theWTand the
Res cells. These data suggest that the expression of GnT-I
greatly contributes to tumor survival and formation.

DISCUSSION

In the present study, we found that GnT-I works as a
switch to activate EMT, based on the following observa-
tions: 1) deletion of GnT-I suppressed the expression of
mesenchymalmarkers andcell-ECMadhesionand induced
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cell-cell adhesion; 2) loss of GnT-I decreased integrin-
mediated cell migration; and 3) restoration of GnT-I effi-
ciently rescued the expressionofmesenchymalmarkers and
cellmigration, and decreased cell-cell adhesion. In addition,
the expression of GnT-I was important for cell survival
against anticancer drugs.

One study has shown that mice lacking GnT-I die at
midgestation (37). Biochemical andmorphologic analyses
of embryos have revealed GnT-I–null embryos that are
developmentally retarded, particularly in neural tissue.
The neural crest is known to be a transient embryonic cell
population that migrates long distances through the ver-
tebrate embryo during development, wherein the integrin
family of cell adhesion receptors are necessary for proper
cell migration, proliferation, survival, and differentiation.
In fact, both major ECMmolecules, laminin and FN, have
receptors that include thea3b1 anda5b1 integrins andare
abundantly expressed in neural crest migration pathways
(48, 49). Furthermore, a loss of function of the murine a5
integrin by gene targeting posed a recessive embryonic
lethal threat at midgestation that was related to defects in
the development of the cardiac neural crest, mesoderm
formation, and cell movement and function (50, 51).
In our study, GnT-I deficiency greatly suppressed

integrin-mediated cellular signaling (FAK phosphory-
lation), cell-ECM adhesion, and migration, which may
partly explain some of the important phenotypes shown
in the GnT-I–null embryos. We speculate that the defect
in integrin functions is one of the main causes of the
embryonic lethality at midgestation of GnT-I–KO mice.
In fact, there is an increasing body of evidence impli-
cating N-glycans in integrin function (52). For example,
alterations in the oligosaccharide portion of integrins
that are modulated by glycosyltransferases, such as
GnT-III, GnT-V, and a2,6 sialyltransferase, differentiate
in the regulation of cellmalignant phenotypes, such as in
integrin-mediated cell migration and cell spreading. The
expression of GnT-V stimulates a3b1 integrin-mediated
cell migration, whereas the overexpression of GnT-III
inhibits GnT-V–induced cell migration (19). Therefore,
the lack of GnT-I may result in the loss of the dynamic
and precise post-translational regulation that plays a
crucial role in embryo development. It is intriguing that
GnT-I deficiency increased the expression levels ofmany
types of integrins, although integrin functions were
suppressed, whereas the restoration of GnT-I decreased
integrin expression and enhanced integrin-mediated cell
adhesion and cellular signaling. These findings suggest
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the existence of a negative feedback loop from the
function to the expression of integrins. Furthermore, the
results support the notion that N-glycans closely regu-
late integrin function.

EMT is an important phenotype characterized by a loss
of the cell-cell junction and the acquisition of cell migra-
tion, which plays crucial roles, not only in physiologic
processes, such as embryo implantation, embryogenesis
and organ development, but also in tissue repair and
pathologic processes such as tissue fibrosis, tumor in-
vasiveness, and metastasis (53). Different signaling
pathways—for example, receptor tyrosine kinase, Notch,
Wnt, and TGF-b—are known to provide the necessary
stimuli that modulate gene expression and trigger EMT
and cell migration (54). The regulation of EMT by GnT-I
mayhavecrosstalkwith those signalingpathways. In fact,
glycosylation and signaling mutually regulate and affect
cell behavior. Inhibition of GnT-V–mediated N-glycosyl-
ation suppresses PI3K and MAPK signaling (55, 56), but
the inverse is true of the PI3K/Akt (55) and ras/raf/ets2
(57) signaling pathways, which regulate GnT-V expres-
sion. In addition, core fucosylation is critical to the acti-
vation of the TGF-b receptor type II (TbRII) and Smad-2
signaling pathways (58), and high-mannose type TbRII

decreases TGF-b–induced Smad-2 activation (59),
whereas TGF-b receptor–mediated signaling promotes
GnT-V expression (60). Our data show that GnT-I de-
ficiency exhibited a MET-like phenotype and that resto-
ration of GnT-I efficiently reversed MET to an EMT-like
phenotype, which may also partly explain why the for-
mation of neural tissue was delayed in the GnT-I–null
embryos. The inhibition of complex types ofN-glycans by
SW efficiently and consistently inhibit cell invasion and
EMT processes in esophageal carcinoma cells (30). In ad-
dition, the deletion of GnT-I suppressed the phosphory-
lationofbothEGFRandSmad-2,which further confirmed
the switching function of GnT-I toward EMT. Thus, high-
mannose types of N-glycans may maintain MET-like
phenotypes, whereas GnT-I initiates the EMT process.

We also demonstrated how the deletion of GnT-I aug-
mented cell-cell adhesion,whichmayhave 2 explanations.
The first concernsaweakeningof the cell-ECMadhesion in
KO cells, as previously described. It is reasonable to
speculate that the cell-cell adhesion and cell-ECM adhe-
sion regulate each other in an opposing manner. Indeed,
treatment with a blocking b1 integrin antibody (P5D2)
greatly induced cell-cell adhesion in theWTandResHeLa
cells, which was observed in the KO cells without this
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treatment. Consistently, the KO of b1 integrin resulted
in cell-cell adhesion and in the suppression of FAK
phosphorylation and cell migration (61). The second

explanation involves the possibility that high-mannose
types of N-glycans may enhance cell-cell adhesion.
E-cadherin is the core transmembrane glycoprotein of
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the adherens-junction, although the expression level of
E-cadherin inHeLa cells ismarginal. Themodification of
E-cadherin with complexN-glycans has been associated
with the formation of dynamic and weak adherens
junctions, whereas E-cadherin, modified by high-
mannose types or fewer N-glycans, is known to pro-
mote the establishment of stable adherens junctions (62).
E-cadherin was modified by N-glycans containing b1,6
branched and sialylated structures during acquisition of
the malignant phenotype (63), whereas overexpression
of GnT-III prolonged the turnover of E-cadherin on the
cell surface by suppression of extensive branched com-
plexN-glycan formation by the action ofGnT-V and then
enhanced homophilic adhesion (15). Up-regulation of
GnT-V expressionwas observed inTGF-b–inducedEMT
(60), and overexpression of GnT-V promoted EMT and
keratinocyte migration in GnT-V–transgenic mice (64).
Therefore, smallerN-glycans, such as the high-mannose
or bisected types, may promote cell-cell adhesion.

It is also worth noting why GnT-I deficiency did not
affect cell proliferation (Fig. 3B). Studies have shown that
lost or reduced branched-complexN-glycans catalyzed by
GnT-IV and -V lead to a reduction in the retention time of
glycoprotein receptors on the cell surface related to a
weakening of their interactions with a galectin lattice (65,
66). Thus, it could be more plausible to speculate that de-
letion of GnT-I inhibits cell proliferation. However, our
results showed there was no significant difference in cell
growth between WT and KO cells, although the level of
phosphorylated EGFR was decreased in the KO cells
comparedwith that in theWT cells (Fig. 3). In fact, a study
showed that the proliferation of CHO cells is not affected
by the genetic disruption of multiple a1,2-mannosidases
and induced to generate high-mannose types ofN-glycans
in HEK293 cells (67). Knockdown of GnT-I by short hair-
pinRNAconsistentlydidnotalter cellproliferation rates in
a human PC-3 prostate tumor cell line (38). These results
indicate that complex types of N-glycans remodeled by
glycosyltransferases on glycoprotein receptors may posi-
tively or negatively regulate cellular signaling for cell
proliferation. For instance, the lack of a1,6-fucosylation in
TbRII reduced its bindingwith ligands, and subsequently
suppressed intracellular signaling by phospho-Smad-2,
which suggests that a1,6-fucosylation positively regulates
TGF-b downstream signaling (58). In contrast to TGF-b–
mediated signaling, a1,6-fucosylation on an activin re-
ceptor, a member of the TGF-b superfamily, negatively
regulatesphospho-Smad-2 signaling (68). Inaddition, cells
expressing high levels of GnT-V increase migration (69)
and EMT behavior by up-regulating EGFR signaling (64).
However, lower expression of GnT-V is found in lung
cancer, and GnT-V inversely regulates EMT behavior by
suppressing Smad activation in human lung cancer cells
(70). Therefore, even the same types of N-glycans on dif-
ferent receptors may play distinctive roles in their cellular
signaling.

Inhibition of N-linked glycosylation has generated in-
terest in its potential use as an anticancer agent (71, 72),
because aberrant N-glycosylation is implicated in cancer
growthandmetastasis. In our study,we foundthat theKO
cellsweremore sensitive to cancer drugs thanWTandRes

cells, and more drugs were detected in the KO cells. The
treatment with SW promoted cell apoptosis induced by
paclitaxel (73). Inhibition of N-glycosylation treated with
tunicamycin also greatly increased the sensitivity to
doxorubicin (74). These results indicate that the functions
of some membrane glycoproteins such as ABC trans-
porters and P-glycoprotein (75), which are involved in
the export and import of drugs, may be regulated by
N-glycans. N-glycosylation of ABC transporters has been
associated with functional activity in rat hepatocytes (76),
and the inhibition of protein glycosylation has enhanced
the effect of chemotherapy by interfering with the locali-
zation and function of transporter proteins in several can-
cer cell lines (77). In addition, the decrease in the functions
of integrin inKOcells suggests an increase in the sensitivity
to drugs, given that b1 deficiency increases the inhibitory
effects of AG1478, an EGFR tyrosine kinase inhibitor (61).
The underlying mechanisms for drug sensitivity must be
studied further.

In summary, our findings indicate that GnT-I plays a
pivotal role in the regulation of key processes in cancer
cells, such as EMT, cell adhesion, migration, and chemo-
resistance. Thus, we believe that GnT-I is a promising
therapeutic target for cancer.
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O-GlcNAcylation is a post-translational modification of a pro-

teinserineor threonineresiduecatalyzedbyO-GlcNActransferase
(OGT) in the nucleus and cytoplasm. O-GlcNAcylation plays

important roles in the cellular signaling that affect the different

biological functions of cells, depending upon cell type. However,

whether or not O-GlcNAcylation regulates cell adhesion and

migration remains unclear. Here, we used the doxycycline-induci-

ble shorthairpinRNA(shRNA)systemtoestablishanOGTknock-

down (KD) HeLa cell line and found that O-GlcNAcylation is a

key regulator for cell adhesion, migration, and focal adhesion

(FA) complex formation. The expression levels of OGT and

O-GlcNAcylationwereremarkablysuppressed24hafter induction

of doxycycline. Knockdown of OGT significantly promoted cell

adhesion, but it suppressed the cell migration on fibronectin. The

immunostaining with paxillin, a marker for FA plaque, clearly

showed that the number of FAswas increased in theKDcells com-

paredwith that in the control cells. TheO-GlcNAcylation levels of

paxillin, talin, and focal adhesion kinase were down-regulated in

KD cells. Interestingly, the complex formation between integrin

�1, focal adhesion kinase, paxillin, and talin was greatly increased

in KD cells. Consistently, levels of active integrin �1 were signifi-

cantly enhanced in KD cells, whereas they were decreased in cells

overexpressing OGT. The data suggest a novel regulatory mecha-

nism for O-GlcNAcylation during FA complex formation, which

therebyaffects integrinactivationandintegrin-mediated functions

such as cell adhesion andmigration.

O-GlcNAcylation is controlled byOGT3 and is a specific type

of post-translational modification that consists of the covalent

attachment of single GlcNAc to the nucleus and cytoplasm of

the serine or threonine residue of an extremely large family of

target proteins (1, 2). This post-translational modification is

essential for cell survival and division (3), and aberrant

O-GlcNAcylation provokes tumorigenesis, diabetes, and Alz-

heimer’s disease by regulating cell signaling, transcription,

metabolism, and cytoskeletal formation (4–7). The increased

O-GlcNAcylation seems to be a general characteristic of cancer

cells. For example, higher levels of O-GlcNAcylation expression

have been observed in cancers of the liver (8), lung, colon (9), and

breast (10). Furthermore, numerous breast cancer cell lines have

shown higher levels of O-GlcNAcylation, and the levels of OGT

expression in aggressive breast cancer cell lines are much higher

than those seen in less aggressive breast cancer cell lines (11).

O-GlcNAc modifications have also been observed in important

target proteins, such as p53 (12), HIF-1� (13), �-catenin (10), and

G6PD (14), which are involved in the regulation ofmalignant can-

cer characteristics by controlling cellularmetabolismandprolifer-

ation. On the other hand, the suppression of OGT expression in

breast or liver cancer cell lines decreases cell motility, which sug-

gests that O-GlcNAcylation could be involved in cell migration

(10, 15).

Cell migration is a highly integrated multistep process that

includes the development of cytoplasmic protrusions, attach-

ment, and spreading (16). The migratory capacity of cancer

cells is initially mediated by alterations in the expression of cell

surface molecules known as integrins (17). It is becoming

increasingly clear that integrins are crucial for cell migration in

the tumor microenvironment (18). Following ligand binding,

integrins cluster into focal contacts that contain different focal

adhesion (FA)-associated proteins, such as �-actinin, vinculin,
talin, FAK, and paxillin, which link the integrins to the actin cyto-

skeleton (19). The processes of adhesion formation and disassem-

blydrive themigrationcycle through ligandbinding,which in turn

regulates integrin activity and cytoskeletal complex formation as

well as adhesion dynamics (20). O-GlcNAcylation appears to

occur in actin cytoskeletal regulatoryproteins, suchaspaxillin (21)

and talin (22), as well as inmicrotubule assembly proteins, such as

tubulin (23), and in microtubule-associated proteins (24). How-

ever, whether and how O-GlcNAcylation impacts cell migration

remains unclear.

In the present study, we used the doxycycline shRNA-

inducible system to knock down the OGT gene to identify

the biological functions of O-GlcNAcylation and its regula-

tory mechanisms in cell adhesion and migration. We found

that the knockdown of OGT aberrantly increased cell adhe-

sion, FA formation, and integrin �1 activation, which in turn

decreased cell migration. Thus, our findings may provide
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new insight into integrin-mediated cellmigration and explainwhy

O-GlcNAcylation is usually highly expressed in some malig-

nant cancers.

Results

Established OGT knockdown (KD) cells

A growing number of studies have shown that O-

GlcNAcylation plays a critical role in the regulation of tumor

cell growth (11) and cancer metastasis (25, 26). To investigate

the effects ofO-GlcNAc expression on cell adhesion andmigra-

tion, we used theDOX-dependent inducible shRNAKD system

to establish OGT KD HeLa cells. In this cellular system, OGT

and O-GlcNAc were expressed at normal levels in the absence

of DOX, whereas both expressions were drastically suppressed

in the presence of DOX in the culture medium at the indicated

concentrations, as shown in Fig. 1A. Furthermore, similar sup-

pression levels were observed even following incubation at the

lowest concentration of 0.1 �g/ml after 24 h (Fig. 1B), suggest-

ing an effective KD of OGT and a rapid turnover of O-GlcNAc

levels in HeLa cells. After culture for 48 h, elongated cell shapes

were converted to a more-rounded morphology, and the KD

cells showed significantly increased cell spreading areas com-

pared with those in the control cells (Fig. 1C). These observa-

tions suggest the impact that O-GlcNAcylation exerts on cell

morphology.

Knockdown of O-GlcNAcylation enhanced cell adhesion and
FA formation and suppressed cell motility

Next, we used a fibronectin (FN)-coated dish to investigate

the effects of OGT KD on cell adhesion, FA formation, and cell

motility. To verify the initial stage of cell adhesion, we per-

formed a 20-min cell adhesion assay on FN. Interestingly, the

number of adhered cells was drastically increased in the KD

cells compared with that in the control cells (Fig. 2A). During

cell adhesion, integrins and cytoplasmic proteins such as paxil-

lin, talin, and FAK become clustered in the plane of the cell

membrane and in well-developed aggregates, the so-called FA

plaque, which can be detected by immunofluorescencemicros-

copy (27). Consistent with their enhancement of cell adhesion,

in the present study, OGT KD cells also promoted an increase

in FA formation, by comparisonwith the activity in control cells

(Fig. 2B). By contrast, the KD cells showed a significant reduc-

tion in cell motility, as observed by video microscopy (Fig. 2C).

These data indicate that a loss of O-GlcNAcylation promotes

cell adhesion and focal contact formationwhile suppressing cell

migration.

Talin, FAK, and paxillin were O-GlcNAc–modified proteins

Previous studies have revealed that some forms of protein FA

plaque, such as paxillin and talin, are modified by O-GlcNAc

(21, 22). In the present study, we investigated whether

O-GlcNAc modification of those target proteins also occurred

in HeLa cells in this system. Consistent with previous studies,

Figure 1. Knockdown of OGT suppressed O-GlcNAcylation and enhanced
cell spreading in HeLa cells. A and B, the expression levels of OGT and
O-GlcNAcylation from cell lysates of DOX-controlled OGT KD HeLa cells were
verified with concentrations of DOX at 0, 0. 1, 0.5, 1.0, and 5.0 �g/ml for 72 h
(A) or at the indicated time with 0.1 �g/ml DOX (B). The control (Ctrl) indicates
the cells treated without DOX. Cell lysates from the indicated cells were sub-
jected to Western blotting with the O-GlcNAc (CTD110.6), OGT, and �-tubulin
antibodies. C, representative images of cell spreading are shown after incu-
bation for 48 h. Cells were incubated with (KD) or without (Ctrl) 0.1 �g/ml DOX
for 24 or 48 h on a normal culture dish, after which the cell areas were mea-
sured. Values represent the mean � S.E. (error bars) (n � 50). **, p � 0.01
(Welch’s correction t test). Scale bars, 15 �m. Experiments were indepen-
dently repeated at least two times.

Figure 2. Reduced O-GlcNAcylation promoted cell adhesion and FA for-
mation but decreased cell migration. HeLa cells were cultured in the pres-
ence (KD) or absence (Ctrl) of DOX for 24 h. A, 20 min after replating cells onto
FN-coated 96-well plates, the attached cells were fixed, and then the nuclei
were stained and counted. Representative fields were photographed via flu-
orescent microscopy. Scale bars, 30 �m. Values represent the mean � S.E.
(error bars) (n � 11). **, p � 0.01 (Welch’s correction t test). B, cells were
allowed to spread on FN-coated coverslips for 1 h. Cells were then stained
with anti-paxillin antibody (green) and TO-PRO-3 (blue). The numbers of focal
adhesions were quantified by ImageJ software. Scale bars, 5 �m. Values rep-
resent the mean � S.E. (n � 11). **, p � 0.01 (Welch’s correction t test). C, cell
motility was observed by time-lapse video microscopy. Values represent the
mean � S.E. (n � 30). **, p � 0.01 (Welch’s correction t test). Experiments were
independently repeated at least two times.

FAK was modified by O-GlcNAc
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O-GlcNAc modifications were detected on both paxillin and

talin, whereas O-GlcNAcylation levels for both proteins were

significantly decreased in KD cells, compared with that seen in

control cells (Fig. 3, A and B). Importantly, we also found that

FAK, a keymolecule for integrin-mediated signaling, was also a

target protein for O-GlcNAcylation, which was decreased in

the KD cells (Fig. 3C). The suppression ofO-GlcNAcylation on

FAK and talin was also confirmed in DOX-induced OGT KD

293T cells (data not shown). To further establish the occur-

rence of O-GlcNAcylation in these proteins, we conducted a

chemoenzymatic labeling assay using an azido-GalNAc sugar,

as described under “Experimental procedures.” Clearly, talin,

FAK, and paxillin were labeled, which proved that they are

O-GlcNAcylated proteins (Fig. 4, A–C). These results suggest

that O-GlcNAcylation may affect both integrin �1–mediated

complex formation and FA formation, which confirms this pro-

cess as a regulator of cell adhesion and migration.

Reduction of O-GlcNAcylation promoted complex formation

FAK is a key component of the signal transduction pathways

triggered by integrins. When cells bind to the extracellular

matrix (ECM), FAK is usually recruited to integrin-mediated

nascent FA, because it interacts directly through the cytoskel-

etal proteins talin and paxillin, with the cytoplasmic tail of

integrin �1 (28). Therefore, we compared the ability of control

and KD cells to form FA complexes. As shown in Fig. 5A, the

complexes immunoprecipitated with anti-FAK antibody showed

higher levels of paxillin in KD cells than in control cells. Consis-

tently,KDcellsdemonstratedagreaternumberofcomplex forma-

tionscomposedofboth�1 integrinandtalin (Fig. 5B) and talinand
FAK (Fig. 5C). A similar phenomenon was also confirmed in

OGT-KD 293T cells (data not shown).

Knockdown of O-GlcNAcylation activated integrin �1

Given the increase in FA complex formation in KD cells, it is

reasonable to speculate that OGT-KDmay affect integrin acti-

vation. Integrin-mediated adhesion can recruit FA proteins to

form FA plaque and then trigger conformational activation,

so-called inside-out signaling, of integrin�1 in the ectodomain,

which then can be recognized by a specific antibody (29, 30)

that we used to examine the expression levels of active integrin

�1 in both control and KD cells. The expression levels of active

�1 in immunostaining (Fig. 6A) or cell lysates (Fig. 6B) were

clearly up-regulated in the KD cells compared with control

cells. In contrast to KD cells, the expression levels of active �1

were suppressed in the OGT-overexpressing HeLa cells, which

further suggested that O-GlcNAcylation negatively regulates

integrin-mediated inside-out signaling. Thus, we were con-

vinced that OGT could be a novel regulator for FA complex

formation and integrin activation by dynamically regulating

cell adhesion and migration.

Discussion

In the present study, we clearly showed that O-GlcNAcylation

negatively regulates integrin-mediated cell adhesion and FA

complex formation as well as integrin activation, which results

in the control of cell migration on the ECM (Fig. 7). Our find-

ings are the first to demonstrate thatOGTmay function as a key

regulator of FA complex formation during cell–ECMadhesion.

These results provide clues to understanding the roles of

O-GlcNAcylation in cell migration.

Cell migration is a central process in the development and

maintenance of multicellular organisms (16). Although the

detailedmechanisms underlying cellmigration remain unclear,

it is reasonable to postulate that integrin-mediated cell adhe-

sion could regulate migration, which would allow communica-

tion between cell–ECM contact and the actin cytoskeleton

through focal adhesions (31). The dynamic balance between

adhesion receptors and the binding of ECM ligands provides

FA turnover that regulates adhesion formation anddisassembly

(32). In the framework of this model, an imbalance in the pro-

cesses of attachment and detachment leads to conformational

changes that mediate abnormal adhesion (19). In the present

study, we clearly demonstrated that the suppression of

O-GlcNAcylation inhibited HeLa cell migration, whereas it

enhanced cell–ECM adhesion (Fig. 2), which indicated that

O-GlcNAcylation is involved in the regulation of integrin-me-

diated cell adhesion. Consistently, FAK serves as a key regulator

of FA assembly and disassembly processes that are fundamental

for efficient cell migration (33). Indeed, there were more stress

fibers and focal adhesions in FAK-deficient cells, whereas cell

motility was inhibited (34). Aberrant cell–ECM adhesiveness is

likely to suppress cell migration, and proper cell adhesion is an

important determinant for cell migration (35). Thus, our data

are reasonable in that the knockdown of O-GlcNAcylation

aberrantly increased cell adhesion, as well as spreading and FA

complex formation, which in turn decreased cell migration.

Consistently, a loss of paxillin phosphorylation at Ser-250

markedly inhibits focal adhesion turnover and cell migration

(36).

Figure 3. Decreased O-GlcNAcylation levels of paxillin, talin, and FAK in OGT-KD cells. HeLa cells (A) or cells transfected with talin (B) or FAK (C) were
incubated without (Ctrl) or with (KD) DOX. The cell extracts were immunoprecipitated (IP) with the indicated antibodies and Western blotted with
anti-O-GlcNAc or the indicated antibodies, respectively. Experiments were independently repeated at least three times.
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We were intrigued as to why a knockdown of OGT would

enhance integrin activation. Integrins are themajor cell surface

receptors used to assemble and recognize a functional ECM

and to facilitate cell signaling and migration (37). The organi-

zation of cell adhesions is complex and includes a number of

cytoplasmic proteins, such as paxillin, talin, FAK, vinculin, and

�-actinin (29). Integrin activation is associated with an array of

biological and pathological conditions involving both out-

side-in and inside-out signaling (38). Accumulating data have

indicated that the cytoplasmic domain of the integrin �1 sub-

unit cooperatively promotes integrin activation through the

binding of talin (39). Consequently, our results clearly showed

the interaction of integrin �1 with talin, and the association of

FAK, paxillin, and/or talin both were greatly increased in the

KD cells, which suggests that the KD of OGT promotes inside-

out signaling (Fig. 5). A reciprocal relationship between

O-GlcNAcylation andO-phosphorylation has been observed in

the specific serine or threonine residue of particular proteins

(40,41),and,therefore,howO-GlcNAcylationaffectstheO-phos-

phorylation of FA complex proteins is worthy of clarification.

The O-GlcNAcylation of FAK is noteworthy. Integrins do

not possess enzymatic activity; rather, they associate with a

number of cytoplasmic protein kinases, such as FAK and Src.

Tyrosine-phosphorylated FAK is well-known to be a promoter

of interactionswith various Src homology 2– and 3–containing

proteins and to initiate enzymatic cascades via these associated

kinases that ultimately lead to changes in cell behavior (42). By

contrast, serine or threonine phosphorylation on FAK is not

well-understood. FAK phosphorylation at either Ser-732 or

Ser-722 has recently been recognized as important for

microtubule organization, nuclear movement, and neuronal

migration during cell adhesion (43, 44). Interestingly, phos-

phorylation of both Ser-843 and Ser-910 on FAK exhibited syn-

chronized phosphorylation during cell mitosis (45), which may

be related to O-GlcNAcylation because expression levels of

OGT change duringmitosis (46). Furthermore, a cluster of ser-

Figure 4. Confirmation of O-GlcNAcylation on talin, FAK, and paxillin. Cell lysates of 293T cells transfected with talin (A), FAK (B), or WT HeLa cells (C) were
immunoprecipitated (IP) with anti-GFP, anti-VSV, or anti-paxillin antibodies, respectively, followed by click chemistry labeling of O-GlcNAc residues with (�) or
without (�) GalT and UDP-GalNAz, and were detected using an ABC kit, as described under “Experimental procedures.” Experiments were independently
repeated at least two times.

Figure 5. Increased focal adhesion complex formation in OGT KD cells. Cell lysates from the control (Ctrl) and KD HeLa cells that were transfected with
expression plasmids of FAK (A), talin (B), or both FAK and talin (C) were immunoprecipitated (IP) by the indicated antibodies and then subjected to Western
blotting as described under “Experimental procedures.” The relative ratios are shown at the bottom (n � 3 individual experiments). Values represent the
mean � S.E. (error bars). *, p � 0.05 (Welch’s correction t test). Cell lysates were used as input. Experiments were independently repeated at least three times.
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ine phosphorylation sites was recently identified at the initi-

ation of the FA-targeting domain in FAK (47), which may

suggest that some of those sites could be modified by

O-GlcNAcylation. Thus, to elucidate the roles of OGT in cell

biology, it is necessary to identify the specific sites and func-

tions of O-GlcNAcylation in FAK.

Our results indicate that O-GlcNAcylation plays important

roles in regulating cell adhesion, FA complex formation, and

cell migration. Emerging data have already established that

O-GlcNAc modification has a critical role in the progress of

human diseases, and particularly diseases such as cancer, dia-

betes, and Alzheimer’s (7). Intriguingly, FAK has been associ-

ated with insulin resistance in adipocytes in the early stages of

type II diabetes (48, 49) and has also been implicated in the

deposition of �-amyloid plaque (50, 51). It would be reasonable

to assume that dynamic regulation of FAK O-GlcNAcylation

with phosphorylation may partially serve as a possible explana-

tion for a number of diseases.

Experimental procedures

Antibodies and reagents

Experiments were performed using the following antibodies:

mAb against O-GlcNAc (CTD110.6, 9875S) and peroxidase-

conjugated secondary antibody against rabbit (7074S) fromCell

Signaling Technology; the rabbit polyclonal antibody against

OGT (O0164) and mAb against �-tubulin (T6199) and VSV

(V5507) from Sigma; mAb against integrin �1 (610468) and

paxillin (610052) from BD Biosciences; mAb against active

integrin �1 (HUTS-4; 2079Z) and peroxidase-conjugated sec-

ondary antibodies against mouse (AP124P) and goat (AB324P)

from Millipore; Alexa Fluor 488–conjugated anti-mouse

(A11029) from Invitrogen; TO-PRO-3 (T3605) fromMolecular

Probes, Inc.; and GFP-agarose (MBL, D153-8) and goat anti-

body against GFP (Rockland, 600-101-215). The mAb against

human �1 (P5D2) was obtained from the Developmental Stud-

ies Hybridoma Bank, University of Iowa. Human FN and doxy-

cycline hyclate (D9891) were from Sigma-Aldrich. An ABC kit

was acquired from Vector Laboratories, and Ab-Capcher Mag

was from ProteNova (Takamatsu, Japan).

Figure 6. Comparison of the expression levels of active integrin �1 among the control (Ctrl), KD, and OGT-overexpressing cells. A, a representative
immunostaining pattern with anti-active �1 or anti-�1 antibodies in the control, KD, and OGT-overexpressing (OGT) HeLa cells. Cells were cultured on
FN-coated coverslips for 1 h and then subjected to immunostaining analyses. The relative fluorescence intensities of KD and OGT-overexpressing cells were
compared with the control, and relative fluorescence intensity was 1.0 for the control cells. Scale bar, 5 �m. B, the expression levels of active and total integrin
�1 were verified by immunoblotting with the indicated antibodies in control and KD HeLa cells or parent (WT) or transiently OGT-overexpressing HeLa cells. The
relative ratios are shown at the bottom (n � 10 random fields of view). Values represent the mean � S.E. (error bars). *, p � 0.05 (Welch’s correction t test); n.s,
not significant (p 	 0.05). Experiments were independently repeated at least two times.

Figure 7. Proposed molecular mechanism for the regulation of cell adhe-
sion and migration by O-GlcNAcylation. During cell adhesion, integrin may
form a complex with focal adhesion proteins, such as FAK, talin, and paxillin,
to connect with an actin cytoskeleton, which mediates appropriate cell adhe-
sion to promote cell migration. It is well-known that focal adhesion assembly
and disassembly processes are fundamental for efficient cell migration. Most
focal adhesion proteins can be modified by O-GlcNAc and O-phosphate on
serine or threonine residues. In the present study, suppression of the
O-GlcNAcylation of paxillin, talin, and FAK aberrantly enhanced integrin acti-
vation, integrin-mediated cell adhesion, and complex formation, which in
turn led to an inhibition of cell migration, which strongly suggests that OGT
functions as a key regulator for cell adhesion.
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Cell culture and expression plasmids

HeLa and 293T cell lines (RIKEN, Japan) were maintained at

37 °C in DMEM high-glucose (Invitrogen) supplemented with

10% fetal bovine serum under a humidified atmosphere that

contained 5% CO2. To express GFP-tagged talin (52) and 2�
VSV-tagged FAK, expression vector pEGFP-N1-talin-GFP

(Addgene 26724) and pRKVSV-FAK were kindly provided by

Dr. Anna Huttenlocher (52) and Dr. Kenneth Yamada (53),

respectively. The pcDNA3.1/myc-his expression vector con-

taining human OGT was kindly provided by Dr. Yuanyuan

Ruan (School of Basic Medical Sciences, Fudan University,

Shanghai, China). Transfection was performed using PEIMAX

(molecular mass, 40 kDa; Polysciences Inc.) and following

the dictates of the United States patent application (number

US20110020927A1) with minor modifications. Briefly, 24 h

prior to transfections, cells were seeded on a 10-cm dish, and

expression vectors with PEIMAX (1mg/ml in 0.2 M hydrochlo-

ric acid) were preincubated for 15 min at a 1:3 ratio in 2,000 �l
of a solution that contained 20 mMCH3COONa buffer, pH 4.0,

and 150 mM NaCl. Cells and DNA complexes were further

incubated for 24 h with 10 ml of normal culture medium to

promote expression.

Establishment of doxycycline-inducible OGT knockdown cells

We used CS-RfA-ETBsd DOX-dependent inducible RNAi

mediated by a single lentivirus vector (RIKEN) for the knock-

down experiment (54). The following oligonucleotides were

inserted into pENTR/H1/TO (sense, CACCGCTGAGCAGT-

ATTCCGAGAAACTCGAGTTTCTCGGAATACTGCTCA-

GCC; antisense, AAAAGGCTGAGCAGTATTCCGAGAAA-

CTCGAGTTTCTCGGAATACTGCTCAGC) with minor

modification from a procedure established in a previous report

(13). Using LR clonase, inserted oligonucleotidewas then trans-

ferred to CS-RfA-ETBsd, which encodes tetracycline-depen-

dent transactivators for shRNA expression. To prepare the

viruses, PEIMAXwas used to transfect the resultant vector into

293T cells with packaging plasmids. HeLa and 293T cells were

then infected by the obtained viruses and selected for stable

integration with 10 �g/ml blasticidin. The shRNA-mediated

silencing of OGT was induced by the addition of DOX in the

established cell line, and the cells cultured by DOX-free

medium were used as the control in the present study.

Immunoprecipitation and Western blotting

The cells were washed with PBS, and lysed in lysis buffer (20

mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% Triton X-100) with

protease and phosphatase inhibitors (Nacalai Tesque, Kyoto,

Japan). The supernatants were collected, and the protein con-

centrationswere determined using a bicinchoninic acid protein

assay kit (Pierce). Equal amounts of proteins were subjected to

SDS-PAGE and then transferred to polyvinylidene difluoride

membranes. To detect active integrin �1, we prepared samples

under nonreducing conditions. The membranes were blocked

either with 5% nonfat milk in TBST or with 3% BSA for 2 h at

room temperature, and then the proteins were probed with

antibodies against O-GlcNAc, OGT, �-tubulin, active integrin
�1 (HUTS-4) (55, 56), integrin �1 (Millipore), paxillin, VSV,

and GFP. After being washed, the membranes were incubated

with horseradish peroxidase–conjugated secondary antibod-

ies. Detection was accomplished using a horseradish peroxi-

dase substrate (Millipore) according to the manufacturer’s

instructions. For immunoprecipitation, the supernatant (500

�g of protein) was incubated with an anti-VSV or an anti-pax-

illin with an Ab-Capcher Mag. GFP-talin was immunoprecipi-

tated with GFP-conjugated beads. The immunoprecipitates

were washed with lysis buffer and subjected to SDS-PAGE. The

immunocomplexes then were detected using the indicated

antibodies. An mAb against �-tubulin was used as the loading

control.

Cell adhesion assay

Cell adhesion assays were performed in a 96-well CellCarrier

(PerkinElmer Life Sciences) coated with FN (5 �g/ml) over-

night. HeLa cells were pretreated with or without DOX (0.1

�g/ml) for 24 h. Cells were replated at a density of 104 cells/well

in plates using serum-free DMEM with 0.1% BSA, followed

by incubation at 37 °C for 20 min. Nonadherent cells were

removed bywashing three timeswith PBS. Cells were fixedwith

4% formaldehyde and stained 4�,6-diamidino-2-phenylindole

(Invitrogen) and were then imaged by fluorescent microscopy

using an Operetta CLS (PerkinElmer Life Sciences). To count

the number of nuclei in the each well, images were analyzed

using Harmony software (PerkinElmer Life Sciences).

Immunofluorescence

Cells were plated onto FN-coated glass coverslips (MatTek

Corp., Ashland, MA) for 1 h, washed with PBS, and fixed with

4% paraformaldehyde. For permeabilization, the cells were

treated with 0.1% Triton X-100 in PBS. The cells were blocked

with 0.1% Tween 20 and 3% BSA in PBS and then stained with

paxillin, active �1 (HUTS-4), total �1 (P5D2), and OGT anti-

bodies overnight at 4 °C. The samples were followed by incuba-

tion with anti-mouse Alexa Fluor 488–conjugated secondary

antibody and were then incubated with TO-PRO-3. Images were

acquiredby sequential excitationusing anOlympusFV1000 laser-

scanning confocal microscope with an UPlanSApo �60/1.35 oil

objective andhigh-sensitivity galliumarsenidephosphidedetector

units operated by F10-ASW version 4.02 software. To count the

number of FAs, we followed a protocol previously described using

ImageJ (57), excluding focal adhesions thatwere less than0.2�m2,

because these disappearedquickly (58).OGT-overexpressing cells

were identified via co-immunostaining with OGT. The relative

fluorescence intensities of active integrin �1 and total integrin �1
were quantified using ImageJ software.

Video microscopy

Glass-bottom dishes (Asahi Glass, Shizuoka, Japan) were

precoated with FN (10 �g/ml) in PBS, let stand at 4 °C over-

night, and were then blocked with 1% BSA. Ten thousand cells

were suspended in 2 ml of DMEM containing 3% fetal bovine

serummedium,whichwas then added to each FN-coated glass-

bottom dish and monitored for 12 h using AxioVision equip-

ment (Carl Zeiss, Oberkochen, Germany). Images were

acquired using an inverted microscope (Axio Observer.D1,

Carl Zeiss) every 10 min with 5% CO2 at 37 °C in a heated

chamber equipped with temperature and CO2 controllers
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(Onpu-4 and CO2; AR BROWN, Tokyo, Japan) during time-

lapse imaging. Cell motility was evaluated using an AxioVision

Tracking module (Carl Zeiss).

Chemoenzymatic labeling assay

Chemoenzymatic labeling and biotinylation of proteins in

cell lysates was carried out using the Click-iTO-GlcNAc enzy-

matic labeling system (Invitrogen). Briefly, the whole-cell lysate

of 293T cells transfected with an expression plasmid for VSV-

FAK or GFP-talin (500 �g) and HeLa cells were immunopre-

cipitated and then labeledwith labeling enzymeGalT andUDP-

GalNAz according to the Click-iT O-GlcNAc enzymatic

labeling system protocol (Invitrogen). Labeled proteins were

conjugated with an alkyne-biotin compound following the

Click-iT protein analysis detection kit protocol (Invitrogen).

Control experiments were performed in the absence of GalT

and UDP-GalNAz. Biotinylated and control samples were then

subjected to SDS-PAGE and transferred to a polyvinylidene

difluoride membrane for further detection using an ABC kit

(Vector Laboratories).

Statistics

All results shown are the results of at least two independent

experiments and are shown as representative data. The values

represent the mean � S.E. p values were calculated using

Welch’s correction t test using GraphPad Prism version 5

(*, p � 0.05; **, p � 0.01).
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A B S T R A C T

Background: α1,6-Fucosyltransferase-deficient (Fut8−/−) mice displayed increased locomotion and schizo-
phrenia-like behaviors. Since neuroinflammation is a common pathological change in most brain diseases, this
study was focused on investigating the effects of Fut8 in microglia and astrocytes.
Methods: Brain tissues were analyzed using immunohistochemical staining. Core fucosylation and protein ex-
pression were analyzed using lectin blot and western blot, respectively. Fut8-knockout (KO) cells were estab-
lished by the CRISPR/Cas9 system.
Results: The number of Iba-1 positive cells and GFAP positive cells were significantly increased in both untreated
and lipopolysaccharide stimulated inflammatory conditional Fut8−/− mice by comparison with both wild-type
(Fut8+/+) and hetero (Fut8+/−) mice. Stimulation with pro-inflammatory factors, such as IFN-γ and IL-6, in-
duced expression levels of fucosylation in primary microglia and astrocytes, as well as in glial cell lines. Cell
motility and iNOS expression were easily induced by IFN-γ in Fut8-KO BV-2 cells compared with wild-type (WT)
cells. In a similar manner, both Fut8-KO C6 cells and primary astrocytes treated with 2-fluoro-L-fucose, a specific
inhibitor for fucosylation, showed a higher response to IL-6-stimulated phospho-STAT3 signaling, compared
with WT cells.
Conclusions: Core fucosylation negatively regulates the states of neuroinflammation by modulating the sensi-
tivity of microglia and astrocytes to inflammatory mediators. The disorders of Fut8−/− mice are caused not only
by neurons but also by glial cell dysfunction.
General significance: Core fucose is a novel regulator for neuroinflammation in the central nervous system.

1. Introduction

α1,6-Fucosyltransferase (Fut8) transfers a fucose residue from GDP-
fucose to the innermost N-acetylglucosamine (GlcNAc) residue via α1,6-
linkage to form α1,6-fucosylation [1], which is referred to as core fu-
cosylation in mammals [2,3]. In fact, N-glycans with core fucosylation
are widely distributed in a variety of glycoproteins, and differently
regulate their functions. Accumulating data suggests that Fut8 and its
products play important roles in various physiological and pathological

processes, such as tumor formation [4,5], inflammation and immune
response [6–9], and central nervous system (CNS) diseases [10,11].

Fut8-deficient (Fut8−/−) mice exhibit a schizophrenia-like pheno-
type with a decrease in working memory [10] and long-term po-
tentiation [12]. Very recently, a complete loss of core fucosylation in
patients was reported [13]. Those patients showed growth retardation,
severe developmental and growth delays and also including neurolo-
gical impairment, which was quite similar to that seen in the pheno-
types of Fut8−/− mice [10,14]. These data suggested core fucosylation
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plays important roles in the CNS.
The pathophysiology of schizophrenia has not yet been fully eluci-

dated. Studies involving in vivo imaging suggest that neuroinflamma-
tion may contribute to the pathogenesis of schizophrenia, which could
be due to a dysfunction in glial cells [15,16]. In the CNS, glial cells are
made up mostly of microglia, astrocytes, and oligodendrocytes. For
several decades, many researchers believed that glial cells outnumbered
neurons at a ratio of 10:1 [17], but recently researchers used isotropic
fractionators to demonstrate that the ratio of glial cells to neurons is
actually about 1:1 [18]. Anyway, glial cells are known to play crucial
roles in neuronal functions [19,20]. As the only resident macrophage-
like cells in the CNS, microglia are the pre-eminent form of active im-
mune defense [21], even though they only account for 10–15% of all
glial cells [22]. In addition to their surveillance role, microglia parti-
cipates in maintaining synapses and homeostasis in the CNS [23,24].
Astrocytes are the most abundant glial type, and make up ~20–40%
[25]. They provide trophic support for neurons [26], and also partici-
pate in the maintenance of synapses and in the process of neuroin-
flammation [27,28].

Microglial cells play a key role in neuroinflammation. After acti-
vation, microglia quickly release several pro-inflammatory mediators
such as interleukin-1β (IL-1β), interleukin-6 (IL-6), and interferon
gamma (IFN-γ), and induce reactive astrocytes, which leads to the
further injury of neurons [28]. In fact, postmortem studies have dis-
covered a higher level of activation and increased microglia density in
schizophrenia [29]. Gene-set analyses have also shown that genetic
alterations of astrocytes could increase the risk for schizophrenia [30].
These results suggest the potential role of microglia and astrocytes in
this disorder.

Recently, several studies have also demonstrated that N-glycosyla-
tion might play important roles in schizophrenia. Postmortem ex-
aminations of the cortex of schizophrenia patients have shown altera-
tions in the N-glycosylation of α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate receptor (AMPAR), N-methyl-D-aspartate receptor
(NMDAR) and γ-aminobutyric acid type A (GABAA) receptors [31–33].
Furthermore, in the superior temporal gyrus of elderly patients with
schizophrenia, the expression levels of Fut8 were decreased [34].

The present study was focused on glial cells to explore the under-
lying mechanisms of the disorders found in the brains of Fut8−/− mice.
We found that the initial status of microglia and astrocytes activation
and the neuroinflammation model induced by lipopolysaccharide (LPS)
both were significantly enhanced in Fut8−/− mice, compared with
wild-type (Fut8+/+) mice. In accordance with the in vivo data, the
sensitivities to inflammatory stimulators such as IFN-γ or IL-6 were
greatly increased in glial cell lines lacking Fut8 (Fut8 KO cells) or pri-
mary astrocyte cells treated with 2-fluoro-L-fucose (2FF) [35–37], a
fluorinated analog of fucose, which could dramatically inhibit fucosy-
lation in cells, compared with those in wild-type (WT) cells. Along with
previous results [10–12], these data clearly demonstrate the im-
portance of Fut8 in microglia and astrocytes, and the disorders of
Fut8−/− mice are caused not only by neurons but also by glial cell
dysfunction.

2. Materials and methods

2.1. Materials

The experiments were performed using the following antibodies:
mouse mAb against inducible nitric oxide synthase (iNOS) (ab49999)
and goat pAb against ionized calcium binding adaptor molecule 1 (Iba-
1) (ab5076) were purchased from Abcam; rabbit pAb against Iba-1
(019–19,741) was from Wako, Japan; mouse mAb against glial fi-
brillary acidic protein (GFAP) (MAB360) was from Millipore
Corporation; mouse mAb against signal transducer and activator of
transcription 3 (STAT3) (9139S), rabbit mAb against p-STAT3 Tyr705
(9145S), mouse mAb against Smad2 (3103S), rabbit mAb against p-

Smad2 Ser465/467 (3108S), rabbit mAb against signal transducer and
activator of transcription 1 (STAT1) (14994S), and rabbit mAb against
p-STAT1 Tyr701 (9167S) were purchased from Cell Signaling
Technology; mouse mAb against gp130 (MAB5029) was from R&D
Systems; mouse mAb against α-tubulin (T6199) was from Sigma and
rabbit pAb against glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (sc-25,778) was from Santa Cruz.

Biotinylated Aleuria Aurantia Lectin (AAL), concanavalin A (ConA),
sambucus nigra lectin (SNA) and maackia amurensis lectin (MAA) were
obtained from J-oil Mills (Tokyo, Japan). Biotinylated Pholiota
Squarrosa Lectin (PhoSL), which specifically recognizes core fucosylated
N-glycans, was a generous gift from Dr. Yuka Kobayashi (J-oil Mills,
Tokyo, Japan).

The peroxidase-conjugated goat against mouse and rabbit IgG an-
tibodies, and donkey against sheep/goat IgG antibody were obtained
from Promega, Cell Signaling Technology and Millipore Corporation,
respectively. Goat anti-mouse IgG Alexa Fluor 568, goat anti-rabbit IgG
Alexa Fluor 488, streptavidin-conjugate Alexa Fluor 647 were pur-
chased from Invitrogen. 4′,6-Diamidino-2-phenylindole
Dihydrochloride n-Hydrate (DAPI) was obtained from Wako, Japan.

LPS purified from Escherichia coli 0111:B4 was the product of Sigma,
recombinant mouse IFN-γ was purchased from Prospec Bio, re-
combinant rat IL-6 was purchased from PEPROTECH, and 2FF was
purchased from Synchem, Inc., IL, USA.

2.2. Animals

The generation of Fut8−/− mice by a gene-targeting technique has
been described previously [10]. ICR genetic background F1 hetero-
zygous mice were mated with JF1/Ms. (Japanese fancy mouse 1, M. m.
molossinus–derived inbred strains) [38] mice to produce F2 generation
mice, and the F2 generation mice were paired with other F2 generation
mice to generate the Fut8−/− mice. All experiments were conducted
with male and female mice 5–6weeks old. Mice were housed in groups
in each cage under conditions of constant temperature (22 ± 2 °C) and
humidity (55 ± 5%) on a 12-h light-dark cycle (lights on:
07:00–19:00) with free access to food and water. All animal experi-
ments were performed in accordance with protocols approved by the
Animal Care and Use Committee of the Graduate School of Pharma-
ceutical Sciences, Tohoku Medical and Pharmaceutical University.

2.3. Cell culture

Mouse microglia cell line BV-2 was kindly provided by Professor
Elisabetta Blasi (University of Modena and Reggio Emilia, Modena,
Italy). Rat glioma cell line C6 was purchased from American Type
Culture Collection (Rockville, MD, USA). Cells were cultured in
Dulbecco's modified Eagle Medium (DMEM) containing 10% fetal bo-
vine serum (FBS) and incubated at 37 °C in a humidified atmosphere
with 5% CO2. The medium was replaced every 3 days.

Mouse primary cells from brain tissues were prepared as previously
reported with some modifications [39]. Briefly, newborn (day 0–1) ICR
Fut8+/+ mice were euthanized by decapitation using scissors, the
cortex was removed, and cut into pieces on ice, and then digested with
0.125% trypsin for 20min at 37 °C. A 100 μm Nylon (Falcon) cell
strainer was used to filter the undigested tissue. This procedure was
followed by centrifugation at 300g for 5min, and then the cells were re-
suspended and plated on poly-D-lysine (PDL, 50 μg/mL)-coated culture
flasks. Single-cell suspensions were cultured in DMEM/F12 supple-
mented with 10% FBS and 1% penicillin-streptomycin (100 U/mL). The
medium was replaced with fresh medium after 24 h and changed every
3 days. In order to isolate the primary microglia, after 14 days, the
mixed cells were shaken gently at 180 rpm for 2 h at 37 °C, and then the
supernatants containing microglia were collected and plated on the new
PDL-coated culture dishes. The remaining cells were washed with
phosphate buffered saline (PBS), and then detached with 0.25% trypsin
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to obtain the primary astrocytes. After centrifuge, the primary astro-
cytes were also cultured in PDL-coated culture dishes. All cells were
maintained in a 37 °C incubator containing 95% air and 5% CO2. Im-
munofluorescent staining with Iba-1 and GFAP antibodies was used to
differentiate the microglia and astrocytes. The purity of both the mi-
croglia and astrocytes was>90%.

2.4. Immunofluorescence

After intraperitoneal injection with LPS (1mg/kg) for 24 h, animals
were deeply anesthetized with sodium pentobarbital and intracardially
perfused with 50ml of PBS, followed by 50ml of 4% paraformaldehyde
(PFA; Sigma-Aldrich) in 0.1M PBS. Brains were post-fixed in 4% PFA-
0.1 M PBS at 4 °C overnight, followed by immersion in 20% sucrose-
0.1 M PBS for 48 h. The brains were cut into 40 μm sections that in-
cluded the dorsal dentate gyrus from bregma −1.60mm to −2.60mm
using a cryostat (MICROM HM560, Microm International GmbH,
Walldorf, Germany). Frozen sections were mounted on glass slides
(Matsunami Glass, Japan). The sections were incubated with PBS con-
taining 1% normal goat serum and 0.3% Triton X-100 (PBSGT) at room
temperature for 2 h. The sections were incubated overnight at 4 °C with
rabbit anti-Iba1 (1:200) and mouse anti-GFAP (1:200) antibodies.
Sections were washed 3 times with PBS every 10min, then incubated
with goat anti-mouse IgG Alexa Fluor 568 (1:500) and goat anti-rabbit
IgG Alexa Fluor 488 (1:500) in PBSGT for 2 h at room temperature.
Finally, sections were washed 3 times with PBS every 10min and
coverslipped with fluorescent mounting medium (Dako, Carpinteria,
CA, USA). Immunofluorescent images were analyzed using a confocal
laser-scanning microscope (A1Rsi: Nikon, Tokyo, Japan). The number
of Iba-1 positive cells in the images (0.04 cm2) and the length of each
soma radius were measured using NIS-Elements AR Analysis (Nikon,
Tokyo, Japan), the area of superficial somas was then calculated by
following the equation (4πR2).

2.5. Generation of CRISPR/Cas9-based Fut8- KO Cells

The CRISPR/Cas9-based Fut8-KO cells were established, as de-
scribed previously [40]. Briefly, the sgRNA-specifying oligo sequences
(sequences one: 5′-CACCGCAGAATTGGCGCTATGCTAC-3′ and 5′-AAA
CGTAGCATAGCGCCAATTCTGC-3′; sequences two: 5′-CACCGATTCGT
CCACAACCTTGGC-3′ and 5′-AAACGCCAAGGTTGTGGACGAATC-3′)
spanning Mus musculus fucosyltransferase 8 (NM_001252614) and the
sgRNA-specifying oligo sequences (sequences one: 5′-CACCGGAGATA
AGTTATTCTCCGC-3′ and 5′-AAACGCGGAGAATAACTTATCTCC-3′; se-
quences two: 5′-CACCGATTTGATTCGTCCACAACCT-3′ and 5′-AAACA
GGTTGTGGACGAATCAAATC-3′) spanning Rattus norvegicus fucosyl-
transferase 8 (NM_001002289.1) were cloned into the pSpCas9 (BB)-2A-
GFP (Addgene plasmid ID: 48138) vector [40], which was a kind gift
from Dr. Feng Zhang. The plasmid was electroincorporated into the BV-
2 and C6 cells according to the manufacturer's instructions (Amaxa®
cell line Nucleofector R kit V). After 72 h of transfection, GFP-positive
cells were sorted using the FACS Aria II (BD Bioscience). Cells that were
Fut8 positive and GFP negative were sorted approximately three times
using PhoSL during the following 3-week culture. The Fut8-KO cells
were confirmed by flow cytometric and lectin blotting analyses, as
described in the following section.

2.6. Flow cytometric analysis

Cells were grown to ~80% confluency, then detached from culture
dishes, washed with ice-cold PBS, and subsequently stained with bio-
tinylated PhoSL for 1 h on ice, followed by incubation with strepta-
vidin-conjugate Alexa Fluor 647 for 1 h on ice in the dark. A negative
control was prepared only with streptavidin-conjugate Alexa Fluor 647.
During incubation, the cells were gently mixed every 10min by
flicking. Finally, cells were washed 3 times with ice-cold PBS and

analyzed via FACSCalibur flow cytometer (BD Biosciences).

2.7. Western blot and lectin blot analyses

The mice were euthanized by decapitation after 24 h of LPS (1mg/
kg) administration. Brain hippocampi were rapidly removed, placed on
ice, and then homogenized in 4 volumes of TBS (20mM Tris-HCl,
pH 7.4, 150mM NaCl, 1% protease) with φ2.0 Zirconia Beads by Micro
Smash MS-100 (Digital Biology), according to the manufacturer's in-
structions. After centrifugation at 8000 rpm for 15min, the super-
natants were collected and used for analysis.

Cells cultured under different conditions were washed with PBS and
lysed with lysis buffer that contained 20mM Tris-HCl (pH 7.4), 150mM
NaCl, 1% Triton-X100, and 1% protease and phosphatase inhibitor
cocktail (Nacalai Tesque, Japan). Protein concentrations were mea-
sured using a bicinchoninic acid protein assay kit (Thermo Fisher
Scientific, Wilmington, DE, USA).

Equal amounts of proteins were separated by sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS-PAGE) and then trans-
ferred to PVDF (Millipore, Billerica, MA, USA) membranes for future
detection. For western blot, after blocking with 5% skim milk or 3%
bovine serum albumin (BSA) for 2 h at room temperature, the mem-
branes were incubated with specific primary antibodies at 4 °C over-
night, followed by incubation with appropriate horseradish peroxidase
(HRP)-conjugated secondary antibody. For lectin blot, the membranes
were blocked in 3% BSA overnight at 4 °C, followed by incubation with
biotinylated AAL, ConA, SNA or MAA lectin for 2 h at room tempera-
ture, and then the immunoreactive bands were probed with a
Vectastain ABC kit (Vector Laboratories, Burlingame, CA, USA). Finally,
specific proteins were visualized using an ECL select™ reagent
(Amersham, Piscataway, NJ, USA).

2.8. Video microscope

BV-2 Cells were plated at a density of 1×104 in a glass-bottom dish
(Asahi Glass, Shizuoka, Japan). After the cells attached over night, the
culture media were replaced with fresh media without phenol red but
with IFN-γ (20 ng/ml), and then cell motility was monitored for 12 h
using Axio Vision (Carl Zeiss, Jena, Germany). Images were acquired
using an inverted microscope (AxioObserver.D1; Carl Zeiss) every
10min with 5% CO2 at 37 °C in a heated chamber equipped with
temperature and CO2 controllers (Onpu-4 and CO2; AR Brown, Tokyo,
Japan) during time-lapse imaging. Cell migration was evaluated using
an AxioVision Tracking module (Carl Zeiss).

2.9. Immunoprecipitation

After being washed with PBS, cells were treated with lysis buffer, as
previously described. Anti-gp130 antibody and Ab-Capcher Protein A-
R28 agarose (Protenova, Tokushima, Japan) were first mixed together
for 1 h on ice, and then gently mixed again every 10min. The cell ly-
sates were then immunoprecipitated with the antibody-agarose solution
for 1 h at 4 °C with rotation. The immunoprecipitates were then washed
twice with TBS and subjected to SDS-PAGE.

2.10. Statistical analysis

Results are reported as the means± S.E.M. Statistical analyses were
performed using an unpaired Student's t-test with Welch's correction or
a one-way analysis of variance (ANOVA) with Tukey's post hoc test by
GraphPad Prism version 5. Statistical significance was defined as
p < .05.
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3. Results

3.1. The basal status of microglia activation was increased in Fut8−/− mice

First, we checked the basal status of glial cell activation by detecting
Iba-1 and GFAP, which are markers for microglia and astrocytes, re-
spectively, in the hippocampus regions in vivo. The immunochemical
staining with anti-Iba-1 antibody clearly showed that the Iba-1-positive
cells were significantly increased in Fut8−/− mice under normal con-
ditions without treatment, compared with that of the Fut8+/+ mice
(Fig. 1A and C). Interestingly, the number of Iba-1-positive cells in the
Fut8+/− mice fell between those of both the Fut8+/+ and Fut8−/−

mice, which may have been due to the lower enzyme activity of Fut8.
Furthermore, the sizes of the microglia, evaluated by the superficial
area of the central soma, in Fut8−/− mice were larger than those in the
Fut8+/+ mice, while the sizes in the Fut8+/− mice fell between those
of both the Fut8+/+ and Fut8−/− mice (Fig. 1A and D). These results
suggest that the deficiency of Fut8 could have spontaneously increased

the basal level of microglia activation in vivo.

3.2. Microglia and astrocytes of Fut8−/− showed a greater level of
sensitivity to LPS

It is well known that neuroinflammation is a common pathological
change in many disorders of the CNS such as Alzheimer's disease [41]
and Parkinson's disease [42], and that it also could participate in the
pathology of schizophrenia [43]. Here, we established a systemic in-
flammatory model induced by a low dose of LPS at 1mg/kg via in-
traperitoneal injection, as described in “Experimental procedures”. The
immunochemical staining of brain tissues with anti-Iba-1 antibody
showed greater increase in microglia activation, which included both
numbers and sizes in Fut8−/− mice, compared with those in Fut8+/−

and Fut8+/+ mice (Fig. 1B, C and D). Consistent with the im-
munohistochemical analysis, western blot analysis has shown that
without LPS treatment the basal expression levels of Iba-1 are increased
in both Fut8−/− and Fut8+/− mice, compared with that in Fut8+/+

Fig. 1. Effects of core fucosylation on the activation of glial cells in mice brain tissues. Brain sections of mice were prepared and analyzed, as described in
“Experimental procedures”. (A) The representative microscopy images immunostained with anti-Iba1 (green) antibodies, anti-GFAP (red) antibodies, and DAPI (blue)
in the hippocampus of brain tissues of mice under normal conditions; (B) The representative microscopy images after the administration of LPS by intraperitoneal
injection (i.p. 1 mg/kg, 24 h). (C) Quantification of Iba-1 positive cells using representative tissue sections stained with anti-Iba1 antibody. Data represent the
mean ± S.E.M.; p values were calculated using one-way ANOVA with Tukey's multiple comparison test. *p < .05 vs. Fut8+/+ mice (n=3, n: number of slices;
N=3, N: number of the mice per group). (D) Quantification of microglia soma size using representative tissue sections stained with anti-Iba1 antibody. Data
represent the mean ± S.E.M.; p values were calculated using one-way ANOVA with Tukey's multiple comparison test. **p < .01 vs. Fut8+/+ mice (n=96, n:
number of recordings; N=3, N: number of the mice per group).
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mice (Fig. 2A, B), and the injection of LPS greatly increased the ex-
pression levels of Iba-1 in the Fut8−/− and Fut8+/− mice, but only
modestly increased the levels in Fut8+/+ mice (Fig. 2A, B). Western
blot analysis also showed a significantly increased expression of GFAP
in both untreated and LPS-treated Fut8−/− and Fut8+/− mice, com-
pared with Fut8+/+ mice (Fig. 2A, C). These results indicated that Fut8
may negatively regulate microglia and astrocytes responses to extrinsic
stimuli during the process of neuroinflammation.

It is worth mentioning that the inflammation induced by LPS in-
creased the expression of fucosylation. The lectin blotting with AAL,
which preferentially recognizes core fucose [44], showed an increase in
both Fut8+/− and Fut8+/+ mice brain tissues for 24 h following an
injection of LPS. It is reasonable to speculate that specific reactive
bands simply could not be detected in the Fut8−/− mice (Fig. 2D).

3.3. Neuroinflammation upregulated fucosylation expression in microglia

We isolated primary microglial cells from Fut8+/+ mice brain tis-
sues and stimulated them with a commonly used stimuli for in-
flammation, IFN-γ [45], which also shows an increased expression in
schizophrenia patients [46]. The IFN-γ stimulation consistently in-
creased the expression of fucosylation detected by lectin blotting with
AAL (Fig. 3A), and induced the expression of iNOS, which is an enzyme
responsible for the inflammation-induced production of nitric oxide
(NO) [47]. To further confirm the effects of neuroinflammation on fu-
cosylation expression in microglia, we used BV-2, a microglial cell line,
as a cell model. The reactivity with AAL was also enhanced in a dose-
(Fig. 3B) and time-dependent manner (Fig. 3C). The expression of iNOS
induced by IFN-γ was observed at a final concentration at 10 ng/ml,
and remarkably appeared at 20 ng/ml (Fig. 3B). In addition, iNOS ex-
pression reached a peak at 24 h, after which it diminished (Fig. 3C).
These data showed that neuroinflammation might upregulate the

expression of fucosylation in microglia.

3.4. Effects of Fut8 on neuroinflammation in BV-2 cells

To explore the roles of core fucosylation in microglia-mediated
neuroinflammation, we established a core fucosylation-deficient BV-2
cell line using the CRISPR/Cas9 system described in “Experimental
procedures”. The efficiency of Fut8 KO was confirmed by AAL blot
analysis (Fig. 4A) and flow cytometric analysis stained with PhoSL
(Fig. 4E). These results clearly showed that core fucosylation was
completely abolished in Fut8 KO cells. The results of ConA, SNA and
MAA lectin blotting showed no significant differences between WT and
KO cells (Fig. 4B, C and D), which suggested that only core fucosylation
was specifically blocked. Here, we chose KO2 cells for the following
experiments.

Western blot assay revealed that IFN-γ induced iNOS expression
with a dose-dependent manner in both the WT and KO cells. However,
the induction of iNOS expression by IFN-γ at doses of both 10 ng/ml
and 20 ng/ml was much higher in the KO cells, compared with that in
WT cells (Fig. 5A, B). The time-course effects of IFN-γ at 20 ng/ml also
clearly showed that the iNOS expression levels were higher in the KO
cells, compared with those in WT cells (Fig. 5C, D). In addition, we used
time-lapse microscopy to detect cell motility, which is known to in-
dicate the activation of microglia after inflammatory stimulation. We
found that those cells did not move under normal culture condition,
while after IFN-γ stimulation, the cell motility was significantly in-
creased in the KO cells (Fig. 5E).

Consistently, the IFN-γ-induced phosphorylation levels of STAT1 in
the KO cells were slightly higher than those in the WT cells (Fig. 5F, G).
While examining the involvement of crosstalk between IFN-γ- and
transforming growth factor β (TGF-β)-mediated signaling, a common
anti-inflammatory cytokine [48,49], we detected phosphorylation

Fig. 2. Effects of LPS on fucosylation, and ex-
pression of Iba-1 and GFAP in mice brain tissues.
Tissue lysates from mice hippocampi were prepared
as described in “Experimental procedures”. (A) The
expression levels of Iba-1 and GFAP were examined
by western blotting with anti-Iba-1 and anti-GFAP
antibodies. GAPDH was used as a loading control.
(B) Quantitative analysis of Iba-1 protein expression
in normal and LPS-stimulated Fut8+/+ and Fut8−/−

mice. Data represent the mean ± S.E.M; p values
were calculated using unpaired t-test with Welch's
correction. **p < .01 vs. Fut8+/+ mice (n=3). (C)
Quantitative analysis of GFAP protein expression in
normal and LPS-stimulated Fut8+/+ and Fut8−/−

mice. Data represent the mean ± S.E.M; p values
were calculated using unpaired t-test with Welch's
correction. **p < .01 vs. Fut8+/+ mice (n=3). (D)
The expression levels of fucosylation were detected
by AAL lectin blot. Asterisks indicate nonspecific
bands.
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levels of Smad2, which is a specific TGF-β downstream signaling mo-
lecule. As shown in Fig. 5H and I, the expression of p-Smad2 was de-
tected under stimulation with IFN-γ at 12 and 24 h in the WT cells,
while it was undetectable in the KO cells. These data indicated that a
deficiency in Fut8 could increase the sensitivity of microglia to in-
flammatory stimulators and increase the inflammatory reaction while
decrease the anti-inflammatory reaction.

3.5. Effects of Fut8 expression on cellular signaling in astrocytes

It is well known that astrocytes also participate in neuroinflamma-
tion [50]. Thus, we isolated the primary astrocytes from the Fut8+/+

mice brain tissues, and treated them with or without 2FF. After treat-
ment for 3 days, the inhibitory effects of 2FF were observed at a final
concentration at 30 μM, and remarkably appeared at 100 μM (Fig. 6A).
IL-6 is an important inflammatory cytokine in schizophrenia [46], and
the responses which it stimulates were compared between the cells. As
shown in Fig. 6B and C, IL-6-mediated phosphorylation levels of STAT3
were higher in the 2FF-pretreated cells, compared with those in the
control cells.

To further explore the effect of Fut8 in astrocytes during

neuroinflammation, we used glioma C6 cells as an astrocyte cell model.
We established the Fut8-KO cells via the CRISPR/Cas9 system, which
was confirmed by AAL lectin blotting (Fig. 7A) and flow cytometric
analysis (Fig. 7B). We chose the KO2 cells for further experiments.
Consistent with data obtained from primary astrocytes (Fig. 6), the
responses stimulated by IL-6 in KO cells were sharper and stronger than
those in the WT (Fig. 7C, D). When considering the core fucosylation
influence on the functions of glycoproteins expressed on the cell sur-
face, we attempted to detect whether these receptors were modified by
core fucosylation. We found that glycoprotein 130 (gp130), one subunit
of IL-6 receptor, contained core fucosylation as detected by AAL lectin
in the WT cells, and the reactivity with AAL was abolished in the KO
cells (Fig. 7E). Unfortunately, at the present time, we could not con-
clude whether IFN-γ and IL-6 receptors are also modified by core fu-
cosylation, since the appropriate antibodies for immunoprecipitation
were unavailable.

4. Discussion

In the present study, we investigated the potential roles of core
fucosylation involved in neuroinflammation, and found that a higher

Fig. 3. Changes in fucosylation and iNOS ex-
pression in primary microglia cells and in BV-2
cells treated with IFN-γ. (A) Primary microglia cells
were prepared as described in “Experimental proce-
dures”, and were then treated with IFN-γ (20 ng/ml)
at the indicated times. Equal amounts of cell lysates
were detected via AAL lectin blot (upper panel) and
anti-iNOS antibody (middle panel). (B) BV-2 cells
were treated with IFN-γ for 24 h at the indicated
concentrations, and then harvested. The cell lysates
were detected via AAL lectin blot (upper panel) and
anti-iNOS antibody (middle panel). (C) BV-2 cells
were treated with IFN-γ (20 ng/ml) at the indicated
times, and then harvested for AAL lectin blot (upper
panel) and anti-iNOS antibody (middle panel)
testing. α-tubulin was used as a loading control.

Fig. 4. Established the Fut8 KO BV-2 cell line. The Fut8-deficient BV-2 cells were established using the CRISPR/Cas9 system, as described in “Experimental
procedures”. (A) Equal amounts of cell lysates were detected by AAL lectin blot with α-tubulin used as the loading control. Asterisks indicate nonspecific bands. Equal
amounts of cell lysates were detected by ConA lectin blot (B), SNA lectin blot (C), and MAA lectin blot (D). (E) The expression level of core fucosylation on the cell
surface recognized by PhoSL, was analyzed via flow cytometry.
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activation of microglia and astrocytes was observed in Fut8−/− mice,
compared with that in Fut8+/+ mice. The experiments using primary
cells and cell models of microglia and astrocytes suggested that sup-
pression of core fucosylation resulted in an increase in sensitivity for
pro-inflammatory cytokines such as IFN-γ and IL-6. Furthermore, the
results of mouse inflammatory models induced by LPS also showed that
the response for LPS was greatly increased in the Fut8−/− mice, com-
pared with that in Fut8+/+ mice, although the responses were different
from results obtained from mouse embryonic fibroblasts [51], which
may be due to different cell types and the existence of blood-brain
barrier. It is also worth noting that those responses in the Fut8+/− mice

always occurred on a level that fell between that of Fut8−/− and
Fut8+/+ mice. These results clearly suggest that core fucosylation ne-
gatively regulates the functions of microglia and astrocytes in neu-
roinflammation.

Neuroinflammation could protect the CNS from harmful stimuli
arising from both endogenous and exogenous substances in physiolo-
gical conditions. However, uncontrolled or persistent neuroinflamma-
tion is potentially harmful and can result in cellular damage, which is
particularly relevant to neurodegenerative diseases [52]. Our data
clearly showed that the microglia cells in Fut8−/− mice exist in a
spontaneously activated state, while those in Fut8+/+ mice are in a

Fig. 5. Effects of core fucosylation on cellular signaling and cell motility in BV-2 cells treated with IFN-γ. (A) After cells were stimulated with IFN-γ at the
indicated doses for 24 h, the expression levels of iNOS in both WT and KO cells were examined by western blotting with anti-iNOS antibody. (B) Quantitative analysis
of iNOS protein expression in IFN-γ-stimulated WT and KO cells. Data represent the mean ± S.E.M; p values were calculated using unpaired t-test with Welch's
correction. *p < .05 vs. WT cells (n=3). (C) After cells were stimulated with IFN-γ at 20 ng/ml for the indicated time, the expression levels of iNOS in both WT and
KO cells were examined by western blotting with anti-iNOS antibody. (D) Quantitative analysis of iNOS protein expression in IFN-γ-stimulated WT and KO cells. Data
represent the mean ± S.E.M; p values were calculated using unpaired t-test with Welch's correction. *p < .05 vs.WT cells (n=3). (E) Cell motility of BV-2 cells was
examined via video microscope, as described in “Experimental procedures”. The cell moving distances of both WT and KO cells were recorded during the stimulation
with IFN-γ (20 ng/ml) for 12 h. Data represent the mean ± S.E.M; p values were calculated using unpaired t-test with Welch's correction. **p < .01 vs. WT cells
(n=33, n: numbers of recording). (F) After cells were stimulated with IFN-γ (20 ng/ml) at the indicated times, the expression levels of phosphorylation for STAT1, a
downstream signaling of IFN-γ, in both WT and KO cells were examined by western blotting with anti-phospho-STAT1 antibody. Total STAT1 was used as a loading
control. (G) Quantitative analysis of p-STAT1 protein expression in IFN-γ-stimulated WT and KO cells. Data represent the mean ± S.E.M; p values were calculated
using unpaired t-test with Welch's correction. *p < .05 vs. WT cells (n= 3). (H) After cells were stimulated with IFN-γ (20 ng/ml) at indicated times, the expression
levels of the phosphorylation of Smad2, a specific signaling of TGF-β, were examined by western blotting in both WT and KO cells with anti-phospho-Smad2
antibody. Total Smad2 was used as a loading control. (I) Quantitative analysis of p-Smad2 protein expression in IFN-γ-stimulated WT and KO cells. Data represent the
mean ± S.E.M; p values were calculated using unpaired t-test with Welch's correction. **p < .01 vs. WT cells(n=3).
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resting state under normal conditions (Fig. 1), which suggests the oc-
currence of persistent neuroinflammation in the Fut8−/− mice. Further
in vitro experiments have shown that a lack of core fucosylation could
increase the response of the microglia cell line BV-2 to IFN-γ (Fig. 5),
and the IL-6-mediated cellular signaling was greatly promoted by pri-
mary astrocytes treated with 2FF, an inhibitor of fucosylation, which
was also confirmed by the deletion of Fut8 in glioma C6 cells (Figs. 6,7).
All these data indicated that deficiency of core fucosylation might in-
crease the sensitivity of microglia and astrocytes to stimuli. It is also
worth mentioning that both in vivo and in vitro experiments showed the
increased expression of AAL after long-time inflammatory stimulation.
This interesting phenotype may be due to a negative feedback of in-
flammation.

We wondered why the sensitivity of microglia and astrocytes in-
creases with a lack of core fucosylation. Although the underlying mo-
lecular mechanism remains unclear, the following scenario is plausible.
First, a lack of core fucosylation on these cytokine receptors might
enhance the interaction between a receptor and its ligand, and could
promote several pro-inflammatory signaling (Fig. 8). Previous studies
by our group and by those of other groups have indicated that many
receptors expressed on the cell surface contain core fucose: TGF-β1
receptors [14,53], epidermal growth factor (EGF) receptors [54,55], T
cell receptors (TCR) [6,9], and integrin α3β1 [56]. The present study
found that gp130, an important transmembrane protein of IL-6 sig-
naling complexes, also contain core fucose (Fig. 7). Loss of core fucose
on activin receptors [11] and AMPARs, one type of ionotropic gluta-
mate receptor, enhanced the formation of receptor complexes [12],
which constitutively activated intracellular signaling. The results of the
present study showed an enhancement of the IL-6-induced p-STAT3
signal pathway in Fut8 KO C6 cells (Fig. 7) as well as in the Fut8 KO BV-
2 cells (data not shown), and the IFN-γ-induced p-STAT1 signaling in
Fut8 KO BV-2 cells (Fig. 5) as well as in the Fut8 KO C6 cells (data not

shown), all of which could share similar mechanisms. The detailed
molecular mechanisms require further studies.

Second, core fucosylation deficiency could down-regulate anti-in-
flammatory signaling (Fig. 8). It is known that microglia can exist in
two different states: one is an activated state (M1), which is typified by
the expression of inflammatory cytokines and reactive oxygen species
such as NO produced by iNOS; the other is a state of alternative acti-
vation (M2), which exhibits the properties of an anti-inflammatory
phenotype involved in the production of interleukin 4 (IL-4), inter-
leukin 10 (IL-10), and TGF-β etc., that are implicated in inhibiting in-
flammation and restoring homeostasis in the CNS [57]. As described
above, the TGF-β-induced Smad2/3 signaling pathway is also one of the
important anti-inflammatory signaling pathways. Core fucosylation
differentially regulates the biological functions of receptors. Our pre-
vious study showed that a lack of core fucose led to a marked reduction
in the ligand-binding ability and the downstream signaling of several
receptors [8,14,53]. A lack of core fucose in TGF-β receptors suppressed
its binding with TGF-β and subsequently inhibited its downstream
signaling such as in the phosphorylation of Smad2/3, which resulted in
the development of an emphysema-like phenotype in Fut8−/− mice
[14,53]. Furthermore, in a cigarette smoke-induced emphysema model,
the Fut8+/− mice showed a higher inflammatory response than that of
Fut8+/+ mice [8]. In this study, coincidentally, we observed a modest
expression of phosphorylated Smad2 following stimulation with IFN-γ
in WT BV-2 cells, but this expression was below the detection level in
the KO cells (Fig. 5). These data suggested that the anti-inflammatory
signaling pathways, at least TGF-β signaling pathway, could be down-
regulated in Fut8 deficient cells.

In summary, results from the present study clearly showed that core
fucosylation exerts dual effects in microglia and astrocytes. Deficiency
of Fut8 enhanced the pro-inflammatory signaling pathways, while in-
hibited the anti-inflammatory signaling pathways (Fig. 8). It should be

Fig. 6. Effects of 2FF on fucosylation and cellular signaling in primary astrocytes. (A) Primary astrocytes were prepared as described in “Experimental
procedures”, and were cultured with 2FF, an inhibitor of fucosylation, for 3 days at the indicated concentrations. Equal amounts of cell lysates were detected by AAL
lectin blot. α-Tubulin was used as a loading control. Asterisks indicate the nonspecific bands. (B) The primary astrocytes were pretreated with or without 2FF at
30 μM for 3 days, and then were further stimulated with or without IL-6 at the indicated times. The expression levels of phosphorylated STAT3 in those cells were
examined by western blotting with anti-phospho-STAT3 antibody. Total STAT3 was used as a loading control. (C) Quantitative analysis of the effects of 2FF on p-
STAT3 protein expression in IL-6-stimulated primary cells. Data represent the mean ± S.E.M; p values were calculated using unpaired t-test with Welch's correction.
**p < .01 vs. control cells (n=3).

X. Lu et al.



noted that only modest changes in the pro-inflammatory and anti-in-
flammatory signaling could be detected between WT and Fut8 KO cells
in this study, but in concerted responses these small effects may result
in a big impact in vivo, as shown in Fig. 1. Considering the important
roles of microglia during brain development [58] and the participation

of glial cells in schizophrenia [16], and the schizophrenia-like pheno-
type [10] as well as the high rate of mortality [14] found in Fut8−/−

mice, we concluded that the disorders in CNS with deficient core fu-
cosylation may be caused by not only neurons but also by glial cells.

Fig. 7. Effects of core fucosylation on cellular signaling in C6 cells. Establishment of the Fut8 KO C6 cells was performed via a CRISPR/Cas9 system, as described
in “Experimental procedures”. (A) Equal amounts of cell lysates were detected by AAL lectin blot. (B) The expression level of core fucosylation recognized by PhoSL
on the cell surfaces was subjected to flow cytometric analysis. (C) The expression levels of phosphorylated STAT3 in both WT and KO cells treated with or without IL-
6 stimulation at indicated times, were examined by western blotting with anti-phospho-STAT3 antibody. Total STAT3 was used as a loading control. (D) Quantitative
analysis of p-STAT3 protein expression in IL-6-stimulated C6 WT and KO cells. Data represent the mean ± S.E.M; p values were calculated using unpaired t-test with
Welch's correction. *p < .05 vs. WT cells (n=3). (E) Equal amounts of cell lysates were immunoprecipitated (IP) with anti-gp130 antibody, which was followed by
AAL lectin blot (upper panel). Whole cell lysates were directly blotted with anti-gp130 (as an input, middle panel) and α-tubulin (as a loading control, lower panel)
antibodies.

Fig. 8. A simplified model for core fucosylation
on a neuroinflammation model. Based on our ob-
servations in the present study, loss of core fucosy-
lation could cause differences in the regulation of the
sensitivities of microglia and astrocytes to stimuli.
Core fucose deficiency seemed to enhance the pro-
inflammatory signaling, such as IFN-γ/p-STAT1 and
IL-6/p-STAT3 signaling pathways, while decrease
the anti-inflammatory signaling, such as in the TGF-
β/p-Smad2 signaling pathway, which has been also
observed in lung tissues as well as in fibroblast cells
[14]. It should be noted that only modest changes
could be detected in the pro-inflammatory and anti-
inflammatory signaling levels between WT and Fut8
KO glial cells. Considering most cytokine receptors,
such as TGF-β receptor and gp130, could be core
fucosylated, we believe that the concerted responses
of these small effects could result in a significant
impact in vivo, as observed in Fut8 KO mice as well as
in Fut8-deficient patients [10,12,13].
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CD4+ T cell activation promotes the pathogenic process of systemic lupus erythema-

tosus (SLE). T cell receptor (TCR) complex are highly core fucosylated glycoproteins, 

which play important roles in T cell activation. In this study, we found that the core 

fucosylation of CD4+ T cells was significantly increased in SLE patients. Loss of core 

fucosyltransferase (Fut8), the sole enzyme for catalyzing the core fucosylation of 

N-glycan, significantly reduced CD4+ T cell activation and ameliorated the experimen-

tal autoimmune encephalomyelitis-induced syndrome in Fut8−/− mice. T cell activation 

with OVA323–339 loaded major histocompatibility complex II (pMHC-II) on B  cell was 

dramatically attenuated in Fut8−/−OT-II CD4+ T  cells compared with Fut8+/+OT-II 

CD4+ T cells. Moreover, the phosphorylation of ZAP-70 was significantly reduced in 

Fut8+/+OT-II CD4+ T cells by the treatment of fucosidase. Our results suggest that core 

fucosylation is required for efficient TCR–pMHC-II contacts in CD4+ T cell activation, 

and hyper core fucosylation may serve as a potential novel biomarker in the sera from 

SLE patients.

Keywords: core fucosylation, T cell receptor, T cell activation, systemic lupus erythematosus, T–B cell interaction

INTRODUCTION

Systemic lupus erythematosus (SLE) is a severe autoimmune disease that characterized by the 
production of autoantibodies and the subsequent inflammatory disorders (1). Although the patho-
genesis is not completely understood, the activation of CD4+ T cells seems plays an essential role 
in the onset and development of SLE (2). Appropriate CD4+ T cell activation is crucially important 
for adaptive immune responses and autoimmunity, but hyper-activation of these cells results in 
autoimmune diseases. T cell recognition of peptide-loaded major histocompatibility complex II 
(pMHC-II) on the antigen-presenting cells (APCs) by T cell receptors (TCRs) is the most important 
checkpoint for CD4+ T cell activation (3). During antigen recognition, the CD4 coreceptor binds 
to the non-polymorphic surfaces of the membrane-proximal domains of the same pMHCs, which 
results in a marked increase in the sensitivity of T cells to pMHCs on APC. When adequate agonistic 
TCR signaling creates a favorable microenvironment for binding, CD28-B7 molecules provide 
costimulatory lower the thresholds for TCRs triggering and activation. The signaling through 
TCR induces a conformational change in leukocyte function-associated antigen-1, which greatly 
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increases its affinity for intercellular adhesion molecule 1 and 
contributes to immune synapse formation T cells and APC (4, 5).

Glycosylation plays a regulatory and often pivotal role in 
T  cell activation (6–10). Several studies have reported that 
glycosylation could contribute to higher activation thresholds 
of T  cells. For instance, β1,6N-acetylglucosaminyltransferase 
V (Mgat5) deficiency mediates lower T lymphocyte activation 
thresholds, and subsequently improves T  cell activity in  vitro 
and results in autoimmune disease in vivo (11, 12). Deletion of 
sialyltransferase ST3Gal-1 increase the sensitivity of TCRs to 
low-affinity ligands in CD8+ T cells (13). Fucosyltransferase 1 
transgenic mice show increased TCR signaling and apoptosis 
that results in thymocyte maturation arrest (14). Notably, 
reduced N-glycosylation of TCR chains can improve functional 
avidity and recognition by T cells (15) suggesting that the gly-
cosylation of TCR has a unique role in the regulation of T cell 
activation.

T  cell receptors are heavily core-fucosylated glycoproteins. 
The core fucosylation of protein is catalyzed by core fucosyl-
transferase (Fut8), which transfers fucose residue from GDP-
fucose to the innermost N-acetylglucosamine (GlcNAc) residue 
of N-linked glycans via an α1,6 linkage in the Golgi apparatus 
of mammalians (Figure S1 in Supplementary Material). Fut8-
mediated core fucosylation is an important post-translational 
process (16), which regulates protein conformation, stability, and 
functional expression. Studies have shown that the N-glycans 
at Asn70 [GlcNAc(α1,6Fuc)-β1,4GlcNAc: (A2G2F)], Asn185 
(A2G2F), and Asn203 in the α chain (Cα) and Asn236 in the β chain 
(Cβ) extend from the surface of TCR on Drosophila melanogaster 
cells (6, 17). Interestingly, they found that the Cα and Cβ of TCR 
were connected by the hydrogen bonds of the core fucose residue 
from Asn185α (A2G2F) to side chains of Glu181β and Ser182β (6, 17), 
suggesting a crucial role of core fucosylation on the conforma-
tion of TCR. However, to the best of our knowledge, none of the 
previous studies had addressed the regulatory role of TCR core 
fucosylation on CD4+ T cell activation.

B  cells play a role in evoking T  cell responses by function-
ing as APCs, and the presentation of peptide by MHC-II on the 
B cells initiates T cell activation (18). Therefore, it is reasonable 
to anticipate that the core fucosylation has significant functional 
implications in T–B  cell interaction, and thus affect the CD4+ 
T cell activation. In this study, we provide the first confirmation 
that SLE patients exhibited hyper core fucosylation on CD4+ 
T cells, which significantly enhanced the activation of their CD4+ 
T  cells. Knockout of Fut8 gene resulted in attenuated T–B  cell 
interaction via TCR–pMHC and the consequential reduced CD4+ 
T cell activation. Our data suggest that the core fucosylation may 
serve as a potential novel biomarker with promising clinical and 
therapeutic implications in SLE patients.

MATERIALS AND METHODS

Mice
Fut8−/− mice were generated as previously described (19), 
and homozygous wild-type (Fut8+/+) and Fut8−/− mice on the 
C57BL/6 background were obtained by crossing heterozygous 

Fut8+/− mice (C57BL/6). OT-II (Jackson Laboratory) is a 
C57BL/6 TCR transgenic strain, expressing a receptor specific 
for peptide OVA323–339. Fut8+/+OT-II mice and Fut8−/−OT-II mice 
were generated by crossing heterozygous Fut8+/−OT-II mice. 
Mice were maintained in the specific pathogen-free laboratory 
animal facility of Dalian Medical University. All animal work 
was approved by the Ethics Committee at the Dalian Medical 
University.

Patients
Serum samples were collected from a total of 17 SLE patients 
(14 women, 3 men; mean age, 49 years; range, 18–67 years) with 
and healthy controls (12 women, 12 men; mean age, 18–48 years) 
(Table S1 in Supplementary Material). The diagnosis of under-
lying disease was made based on clinical manifestation, serol-
ogy, imaging, and/or histopathology. These participants were 
Chinese, recruited at Dalian municipal central hospital. The anti-
nuclear antibodies (ANA) titers of AD patients were detected 
with using Anti-nuclear Antibodies IgG Kit (EUROIMMUN, 
Germany). The Ethics Committee at the hospital approved the 
study protocol.

Antibodies
Anti-CD16/32 (2.4G2), anti-CD3(145-2c11), anti-CD28 (37.51), 
FITC-anti-MHC II (M5/114.15.2), FITC-anti-CD69 (H1.2F3), 
PE-labeled anti-CD4 (GK1.5), APC-labeled anti-CD8 (53-6.7), 
biotin-labeled anti-TCRβ (H57-597), and PE-Cy5-labeled anti-
TCRβ (H57-597) were obtained from e-Bioscience; anti-GAPDH, 
horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG 
and HRP-conjugated donkey anti-human IgG were obtained 
from proteintech; additional biotin-conjugated lens culinaris 
agglutinin (LCA) were purchased from Vector; anti-TCRαβ 
(ab25336), anti-pZAP70 (ab194800), anti-ZAP70 (ab32410), 
Natural streptavidin protein (FITC) (ab136201), and streptavidin 
(HRP) (ab7403) were purchased from Abcam.

Histological Analysis
Formalin-fixed tissue samples were paraffin-embedded and 
sections were analyzed by hematoxylin–eosin (H&E) staining. 
The sections were stained with biotin-conjugated LCA. Briefly, 
sections were deparaffinized three times in xylene and hydrated 
through a 100, 90, 80, and 70% ethanol to phosphate-buffered 
saline (PBS). To quench the endogenous peroxidase activity, 
slides were incubated with 3% H2O2 for 30 min. Then, the slides 
were incubated with biotin-conjugated LCA, and washed three 
times with PBS. The slides probed with HRP–streptavidin for 
30 min, and visualized with 3,3′-diaminobenzidine. The intensity 
of LCA-positive staining in the spleen was analyzed by integrated 
optical density using Image-Pro® Plus software (version 6.0; 
Media Cybernetics, USA).

Cell Lysate
Cells were solubilized in lysis buffer [Tris–HCl (50  mM), 1% 
Triton X-100, 10% glycerol, phenylmethylsulfonylfluoride 
(100  μM), leupeptin (5  μg/mL), aprotinin (1  μg/mL), NaF 
(100 mM), 150 mM NaCl, 2 mM EDTA, and sodium orthova-
nadate (1 mM)] for 15 min at 4°C. Cell lysate was centrifuged at 
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20,000 × g for 10 min at 4°C, and the supernatant was subjected 
to immunoprecipitation or Western blot, as indicated below.

Fut8 Enzyme Activity Assay
The Fut8 enzyme activity was measured by using the previous 
method (20). Five micrograms cell lysates as the enzyme source 
were added to the assay buffer (200 mM MES, 1% Triton X-100) 
supplemented with donor (500 μM GDP-L-fucose) and substrate 
[50  μM GnGn-Asn-4-(2-pyridylamine) butylamine (PABA)]. 
The mixture was incubated at 37°C for 8 h, and the reaction was 
stopped by heating at 100°C for 5  min. The reactive solution 
was then centrifuged at 12,000 × g for 10 min, and 10 μL of the 
reaction products were subjected to high-performance liquid 
chromatography (HPLC) with a Fluorescent detector (Waters 
Corporation, USA). The excitation and emission wavelengths are 
320 and 400 nm, respectively.

PCR Array
Total RNAs were extracted from Fut8+/+ SPLs and Fut8−/− SPLs 
with TRIzol reagent (Takara Bio). Mouse T Cell and B Cell 
Activation PCR Array (SA Biosciences) was carried out accord-
ing to the protocol of the manufacturer. The difference of gene 
expression between Fut8+/+ SPLs and Fut8−/− SPLs was calculated.

Animal Immunization
Mouse was immunized by subcutaneous injection with 200 μg 
OVA mixed with an equal volume of complete Freund’s adjuvant 
(CFA) (Sigma). Two weeks later, mice were immunized with 
200 μg OVA by subcutaneous injection. Mice sera were collected 
at 0, 7, and 14 days post-immunization.

Enzyme-Linked Immunosorbent  

Assay (ELISA)
The concentrations of IL-2 analyzed using mouse IL-2 ELISA 
kits (Boster Biological Engineering, Wuhan, China), according 
to the manufacturer’s instructions. The concentrations of IL-2 
were calculated according to a standard curve prepared using 
samples of known concentration. The absorbance was measured 
at a test wavelength of 450 nm with a microplate reader.

The immunoglobulin isotypes were measured by mouse mAb 
isotyping reagents (Sigma).

Cell Proliferation Assay
The growth rate of cells was measured using MTT assay. CD4+ 
T cells (1 × 106) were cultured in 96-well culture plate with anti-
CD3ε (2 μg/mL) and anti-CD28 mAbs (1 μg/mL). After 48 h of 
incubation, each well was added 10 μL of MTT solution, and then 
the absorbance was analyzed by a microplate reader (Thermo 
Multiskan Ascent, Finland) at 570 nm.

In addition, T  cell proliferation with the OVA323–339-loaded 
B cells was analyzed by carboxyfluorescein diacetatesuccinimidyl 
ester (CFSE, Sigma) dilution methods. CD4+ T  cells (1  ×  106) 
were purified, and then labeled with 5 μM CFSE in PBS for 8 min 
at room temperature and coincubate with OVA323–339 loaded 
Fut8+/+ OT-II B cells (1 × 106) for 48 h, and then analyzed by flow 
cytometric analysis.

Western Blot and Lectin Blot Analysis
Protein samples were electrophoresed on 10% polyacrylamide 
gels. After electrophoresis at 240 mA for 30 min, proteins were 
transferred to PVDF membranes. Membranes were blocked in 
5% BSA in TBS-T (10 mM Tris–HCl, 150 mM NaCl, and 0.1% 
Tween 20) at room temperature for 1  h, and then incubated 
with the biotin-labeled LCA, which preferentially recognizes 
the core fucose, or primary Abs in 1% BSA in TBS-T overnight 
at 4°C. After washing, the membranes were covered with the 
HRP-conjugated streptavidin or HRP-labeled secondary Abs at 
room temperature for 1 h, and visualized with an ECL system 
(Amersham).

Immunoprecipitation
Cell extracts (500  μg) were mixed with 20  μL of Protein 
G-Sepharose (50%) and corresponding Abs, and then incubated 
at 4°C overnight with continuous rotation. After washing three 
times in lysis buffer, the pull downed samples were boiled for 5 min 
in Laemmli sample buffer with or without 2-mercaptoethanol.

T–B Cell Conjugate Formation
Conjugate formation between T cells and B cells were carried out 
as described previously with slight modification (21). T cells and 
1  μg/mL OVA323–339 (NH2-ISQAVHAAHAEINEAGR-COOH)-
pulsed B cells were mixed at a 1:1 ratio and a quick centrifugation 
to initiate cell–cell contact. To observe conjugate formation, 
B cells and T cells were labeled with MHC-II-FITC and TCRβ-
PE-Cy5 before mixing. T–B cell conjugates were then analyzed 
by flow cytometry to determine the percentage of T–B cells that 
had both TCRβ-PE-Cy5 and MHC-II-FITC positive staining.

Remove of Core Fucose on Surface  

of T Cells
Purified CD4+ T cells (4 × 106) were treated with 100 mU Glyko® 
α(1-2,3,4,6) Bovine Kidney Fucosidase (GKX-5006, Prozyme), 
incubate 3 h at 37°C in the reaction buffer. The enzyme reaction 
was terminated by centrifuging at 2,500 × g for 5 min and the 
cells were collected.

Confocal Microscopy
Conjugate formation between T  cells and B  cells were carried 
out as described previously with slight modification (21). T cells 
and 1 μg/mL OVA323–339 pulsed B cells were mixed at a 1:1 ratio 
and a quick centrifugation to initiate cell–cell contact. Cell–cell 
conjugates were subsequently transferred to poly-d-lysine coated 
coverslips and incubated at 37°C for 30  min. Cells were fixed 
with 4% PFA for 20  min, and then blocked with 5% BSA and 
anti-CD16/CD32 (2.4G2) mAb for 30 min. After washing, cells 
were stained with anti-MHC-II Ab for 1 h. All images were taken 
using a spinning disk confocal microscope (Leica).

MACS Magnetic Cell Sorting
Single splenic cell suspensions were prepared by first grinding 
the tissues and then by passage through 30-μm nylon mesh. 
Red blood cells were lysed by incubation with 0.14 M NH4Cl 
and 20  mM Tris (pH7.4) for 3  min at room temperature. 
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After the lysis of red blood cells, CD4+ T  cells and B  cells 
were positively isolated with anti-CD4 Ab and anti-CD45R 
Ab-conjugated magnetic beads (Miltenyi Biotec). The purified 
cell populations were detected by fluorescence activated cell 
sorting analysis.

Flow Cytometric Analysis (FACS)
Cells were isolated from tissue and incubated with an anti-
CD16/CD32 (2.4G2) mAb to block Fcγ receptors. The cells were 
stained on ice for 15 min with several combinations of mAbs, as 
indicated in the figure legends. Flow cytometry was performed 
on a FACS-Calibur (Becton Dickinson, Mountain View, CA, 
USA) and analyzed using FlowJo software (Tree Star).

Induction of Experimental Autoimmune 

Encephalomyelitis (EAE)
For EAE induction, Fut8+/+ and Fut8−/− mice were subcutane-
ously injected with 100 μg of myelin oligodendrocyte glycopro-
tein peptides (MOG35–55) emulsified in CFA. Then, mice were 
injected intraperitoneally with 200 μg pertussis toxin (PTX) (List 
Biological Laboratories) on 0, 1, and 2 days. Clinical assessment 
of EAE was performed according to the following scale: 0, no 
disease; 1, limp tail; 2, hind-limb weakness; 3, partial hind-limb 
paralysis; 4, complete paralysis of hind-limbs; and 5, moribund 
state.

Statistical Analysis
Student’s t-test was used for statistical analysis. Data are presented 
as mean values ± SEM, or as mean values ± SD. A probability 
value of p < 0.05 was considered significant. *p < 0.05, **p < 0.01, 
***p < 0.001.

RESULTS

Core Fucosylation Is Significantly 

Upregulated in the Sera and  

CD4+ T Cells of SLE Patients
Higher circulating levels of ANA were detected in sera from 
SLE patients. In this study, we found that core fucosylation 
was dramatically increased in the sera from patients with 
SLE, as evidenced by LCA, which preferentially recognizes 
the core fucose structure (22) (p  <  0.001) (Figures  1A,B). 
The expression of IgGs was also upregulated in sera of the SLE 
patients (p < 0.05) (Figure 1B). These observations pinpoint 
the contribution of hyper core fucosylation to SLE severity and 
pathogenesis.

The hyperactivity of B cells in SLE is T cell dependent, and 
CD4+ T cell activation plays a crucial role in SLE pathogenesis 
(23). We found that the percentage of CD4+ T cells in the periph-
eral blood of SLE patients is similar to those of healthy control 
(Figure 1C). However, the percentage of CD4+CD69+ T cells was 
significantly increased in the SLE (n = 17) (Figure 1D). Moreover, 
the enzyme activity of Fut8 was dramatically increased in the 
CD4+ T cells isolated from the SLE patients (Figures 1E,F), indi-
cated that increased core fucosylation in SLE patients correlates 
with CD4+ T cell activation.

Lack of Core Fucosylation Ameliorated 

EAE Symptoms with Reduced  

CD4+ T Cell Activation
Wild-type (Fut8+/+) and Fut8−/− mice were generated previously 
(19). Histological analyses of the splenic architecture of Fut8+/+ 
and Fut8−/− mice were unremarkable in H&E staining. The Fut8 
products, core-fucosylated N-glycans, are ubiquitously expressed 
in the Fut8+/+ spleen, as confirmed by LCA (Figure 2A), while 
those were abolished in Fut8−/− spleens. LCA blot analysis also 
confirmed the knockout of Fut8 expression in the whole cell 
lysates of Fut8−/− SPLs (Figure 2B). The FUT8 enzymatic activ-
ity was not detected in the Fut8−/− SPLs using HPLC analysis 
(Figure 2C).

Experimental autoimmune encephalomyelitis is an activated 
CD4+ T  cell-mediated autoimmune disease model. Peptides 
(MOG35–55) and PTX could induce the migration of activated 
T  cells through the blood–brain barrier and caused several 
neurologic symptoms. To determine the association between 
core fucosylation and the activation of CD4+ T cells, EAE models 
were established using Fut8+/+ and Fut8−/− mice. EAE is actively 
induced but appear more quickly upon adoptive transfer of 
activated MOG35–55-specific T cells in Fut8+/+ mice (Figure 2D; 
Video S1 in Supplementary Material), while Fut8−/− mice showed 
slight EAE symptoms (Figure  2D; Video S2 in Supplementary 
Material). The body weights of Fut8+/+ mice were significantly 
reduced, but no change was found in Fut8−/− mice during EAE 
induction (Figure  2D). In addition, the proliferation of CD4+ 
T cells was significantly decreased in Fut8−/− EAE mice. Moreover, 
the proliferation of CD4+ T cells with MOG35–55-loaded B cells 
was remarkably reduced by de-core fucosylation (Figure 2E).

Lack of Core Fucosylation Suppressed  

the IgG Class-Switching by Impaired  

CD4+ T Cell Activation
Flow cytometry analysis revealed that, although Fut8−/− mice 
contained normal proportions of CD4+ and CD8+ T  cell 
populations in the spleen (Figures  3A,B), they were markedly 
reduced after OVA immunization contrast with the Fut8+/+ mice 
(Figures 3A,B). Immunoglobulin class-switching is a biological 
mechanism that changes a mature B cell’s production of antibody 
via its B  cell receptor from one class to another. For example, 
from an isotype called IgM to an isotype called IgGs. To illustrate 
the effects of Fut8 in the class-switching of immunoglobulin, we 
measured the class-switched (IgGs of different subclasses) and 
non-switched (IgM) in the sera of Fut8+/+ and Fut8−/− mice using 
mouse mAb isotyping reagents. In 4-week-old Fut8−/− mice, the 
amounts of IgG1, IgG2a, IgG2b, and IgG3 were significantly lower 
than those in Fut8+/+ mice after OVA immunization, while those 
of IgM were relatively normal (Figure 3C). The cytokines, such 
as IL-4, IL-5, IL-6, and IFNγ secreted by CD4+ T cells, contribute 
to the different IgG class-switching in the mice and human. It 
is reasonable to consider that the reduced IgG class-switching 
attributed to the low levels of cytokines secreted by CD4+ T cells 
in Fut8−/− mice (Table  1). In addition, since the TGF receptor 
signaling was attenuated in the Fut8−/− mice (19), the IgG3 



FIGURE 1 | Core fucosylation was significantly increased in the systemic lupus erythematosus (SLE) patients. (A) The sera of SLE patients were analyzed by lens 

culinaris agglutinin (LCA) blot and Western blot. Plates were incubated with biotin-conjugated LCA (1:20,000). Comparable results were obtained in three 

independent experiments. (B) Densitometric analysis of the bands of IgG and LCA in sera in SLE patients. Data are shown as mean values ± SEM (*p < 0.05; 

***p < 0.001). (C) The percentage of CD4+ T cells in the peripheral blood of SLE patients. (D) The percentage of CD4+CD69+ T cells in the peripheral blood of SLE 

patients (n = 17). (E,F) FUT8 activities in the CD4+ T cells of SLE patients by high-performance liquid chromatography (HPLC). CD4+ T cells were isolated with 

anti-CD4 Ab-conjugated magnetic beads. The sorted cell populations were routinely more than 96% pure. Five micrograms cell lysates as the enzyme source were 

mixed with the assay buffer. After incubation at 37°C for 8 h, 10 μL of the supernatant was subjected to HPLC. Activity was expressed as pmol of GDP-fucose 

transferred to the acceptor per hour per milligram of protein. Data are shown as mean values ± SD (n = 17; ns, not significant; *p < 0.05; **p < 0.01). S is the 

peptide substrate and P is the product of fucosylation.
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class-switching regulated by TGF signaling was also suppressed 
in the Fut8−/− mice.

Loss of Core Fucosylation Impaired the 

Signal Transduction via TCR
T cell receptor signaling is very important for T cell activation. 
As illustrated in Figure 4A, no different expression of TCR was 
found in the Fut8+/+CD4+ T and Fut8−/−CD4+ T cells. Nonetheless, 
the core fucose of the N-glycans in the molecules was eliminated 
by a disruption of the Fut8 (Figure 4B). Moreover, the MS spec-
tra of N-glycans released from TCRs were analyzed. It is notable 
that the high levels of signals were corresponded to the core-
fucosylated glycans bearing non-, mono-, or di-galactose in the 
Fut8+/+CD4+ T cells, while those were completely disappeared 
in Fut8−/−CD4+ T cells (Figure S2 in Supplementary Material). 
These results further confirmed in mice that TCRs are highly 
core-fucosylated proteins and contributes to its activities.

In order to examine the role of core fucosylation in the acti-
vation of CD4+ T cells, we isolated CD4+ T cells from Fut8+/+ 
and Fut8−/− mice, and checked the level of core fucosylation. 

FACS analysis showed that core fucosylation on the cellular 
surfaces was abolished in Fut8−/− CD4+ T cells (Figure 4C). We 
compared the phosphorylation levels of Fut8+/+CD4+ T  cells 
with Fut8−/−CD4+ T  cells in response to costimulations with 
anti-CD3/CD28 Abs. In those comparisons, the levels of pZAP-
70 in Fut8−/−CD4+ T cells were significantly lower than those in 
Fut8+/+CD4+ T cells (Figure 4D). Moreover, the populations of 
CD69+ cells (activated T cells) in Fut8−/−CD4+ T cells were lower 
than those in Fut8+/+CD4+ T cells following OVA immunization, 
while these were similar before immunization (Figure  4E). 
Furthermore, cell proliferation of Fut8−/−CD4+ T cells was sig-
nificantly reduced in response to the stimulation of anti-CD3/
CD28 Abs (Figure 4F).

Core Fucosylation Is Essential for  

TCR–pMHC Conjugates in CD4+ T Cell 

Activation
B  cells present antigenic peptide with MHC-II molecule as 
APCs, and CD4+ T  cells physiologically recognize a complex 
of a peptide-loaded MHC-II in T–B  cell interaction (18). 



FIGURE 2 | Continued
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FIGURE 3 | Lack of core fucosylation suppressed the IgG class-switching by impaired CD4+ T cell activation. (A,B) Flow cytometry analysis of the proportion of 

CD4+ and CD8+ cells. SPLs were obtained from Fut8+/+ and Fut8−/− mice with or without OVA immunization. SPLs were filtered through nylon mesh, and 

resuspended. Numbers indicate the percentage of the total spleen cells within this quadrant, and 10,000 events were acquired for each analysis. Data are 

representative of three independent experiments. Data are shown as mean values ± SD (ns, not significant; *p < 0.05; **p < 0.01). The number of Fut8+/+CD4+ T 

and Fut8−/−CD4+ T cells were (1.29 ± 0.32) × 107 and (6.38 ± 0.89) × 106 of the SPLs, respectively (n = 5). (C) Comparison of the levels of serum immunoglobulin 

isotypes in Fut8+/+ and Fut8−/− mice after OVA immunization. The immunoglobulin isotypes are compared by mouse mAb isotyping reagents (Sigma). Comparable 

results were obtained in three independent experiments. Data are shown as mean values ± SD (*p < 0.05; **p < 0.01).

FIGURE 2 | The experimental autoimmune encephalomyelitis (EAE) model was slightly induced in Fut8−/− mice. (A) Immunohistochemical analysis of Fut8+/+ spleen 

and Fut8−/− spleen. The paraffin sections of spleens were deparaffinized and hydrated through a graded series of ethanol to phosphate-buffered saline. One section 

was assessed by hematoxylin–eosin staining (magnification ×200). RP, red pulp; WP, white pulp. Another section was incubated with biotin-conjugated lens culinaris 

agglutinin (LCA) (1:200) for 1 h. Finally, the slides were visualized with 3,3′-diaminobenzidine. The staining with LCA was showed by integrated optical density 

analysis. Data are shown as mean values ± SD (***p < 0.001). (B) Lectin bolt of Fut8+/+ SPL and Fut8−/− SPL. The SPL lysates were run on 10% SDS-PAGE gel and 

stained with Coomassie blue staining and LCA (1:5,000). (C) High-performance liquid chromatography (HPLC) analysis of Fut8 activity. Fut8 activities were 

examined using fluorescence-labeled sugar chain, GnGn-Asn-PABA, as an acceptor substrate, as described in Section “Materials and Methods.” The substrate (S) 

and Fut8 product (P) were eluted at 8 and 15 min, respectively. (D) Disease score of mice in Fut8+/+ and Fut8−/− mice EAE model. EAE induction of Fut8+/+ and 

Fut8−/− mice (n = 7). Mice were immunized with 100 μg MOG35–55 peptide in complete Freund’s adjuvant and injected with 200 μg pertussis toxin, and detected the 

signs of EAE daily for 30 days. Comparable results were obtained in four independent experiments. Body weights of mice were measured every 2 days after EAE 

induction of Fut8+/+ and Fut8−/− mice (n = 7). (E) Cell proliferation from EAE mice. Purified splenic CD4+ T cells and/or MOG35–55 peptide-loaded B cells from EAE 

models were incubated for 48 h at 37°C, and then the cell proliferation was detected by MTT assay. Comparable results were obtained in four independent 

experiments. Data are shown as mean values ± SD (*p < 0.05; **p < 0.01).
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Therefore, we were interested in determining whether core 
fucosylation is involved in the TCR sensitivity to pMHC-II. To 
explore the role of core fucosylation on the TCR interaction 

with pMHC-II ligands, we crossed Fut8+/− mice with OT-II TCR 
transgenic mice (expressing CD4+ TCR specific for OVA323–339), 
and obtained Fut8+/+OT-II and Fut8−/−OT-II mice. LCA blots 



TABLE 1 | Gene expression of Fut8−/− SPLs after OVA immunization.

Gene name Gene access number Fold change (Fut8+/+/Fut8−/−)

T-cell activation

CD3e NM-007648 2.15

CD4 NM-013488 3.16

CD8 NM-009858 2.51

Cd40L NM-011616 2.17

IL-2Rα NM-008367 3.04

IL-4 NM-021283 2.18

IL-6 NM-031168 2.14

IL-10 NM-010548 2.25

IL-12 NM-008352 3.89

IFNγ NM-008337 3.08

CXCR4 NM-009911 2.04

CXCL12 NM-001012477 2.07

B-cell activation

CD79a NM-007655 3.35

CD81 NM-133655 2.82

Cell signaling

MAPKKK NM_009316 2.41

Vav1 NM-011691 3.28

PIK3 NM-001077495 2.36

PKC NM-008859 2.00

Cyclin D3 NM-001081636 3.84
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analysis showed that the core fucosylation level of T and B cells 
in Fut8−/−OT-II mice (Figure S3 in Supplementary Material). 
Since MHC-II on the B  cell surface can present peptides for 
recognition and activation of T cells, in this study, B cells were 
isolated from Fut8+/+OT-II and Fut8−/−OT-II spleen and incu-
bated with monobiotin-labeled OVA323–339. Although electron 
density was seen for the structures of I-Ad covalently linked to 
an OVA323–339, with a single N-glycan (24), the core fucosylation 
did not affect the peptide presentation abilities of the MHCs 
between Fut8+/+OT-II and Fut8−/−OT-II B  cells (Figure S4 in 
Supplementary Material). The CD4+ T  cells were then stimu-
lated with OVA323–339 loaded B cells and subsequent T cell prim-
ing was investigated. The freshly purified ex vivo CD4+ T cells 
were stimulated with the OVA323–339-loaded B  cells. As shown 
in Figure  5A, compared with Fut8+/+OT-II CD4+ T  cells, the 
phosphorylation level of ZAP-70 was dramatically decreased in 
Fut8−/−OT-II CD4+ T cells with stimulation of OVA323–339-loaded 
B cells. Moreover, to remove the cell-surface fucosylation, the 
Fut8+/+OT-II CD4+ T  cells were treated with 100 mU Glyko® 
α(1-2,3,4,6) Fucosidase, which can cleaves α1,6-linked fucose 
more efficiently than other α-fucose linkages (25). The signal-
ing via TCR was significantly suppressed in OT-II CD4+ T cells 
treated with this fucosidase, when the T cells were stimulated 
with OVA323–339-loaded B cells (Figure  5B), indicated that the 
Fut8 inactivation results in the less responsive for TCR stimu-
lation with pMHC-II, despite similar TCR expression levels 
(Figure 4A). Moreover, the population of TCR+CD69+ cells was 
significantly reduced in Fut8−/−OT-II CD4+ T/OVA323–339-loaded 
B cells compared with Fut8+/+OT-II CD4+ T/OVA323–339-loaded 
B cells (Figure 5C).

To further determine how Fut8 deficiency affects the T–B cell 
interactions, the communication of CD4+ T cells and B cells was 
observed by confocal microscopy. OVA323–339-loaded MHC-II was 

markedly increased at the site of T–B cell contact in Fut8+/+OT-II 
T cells for 30 min and was ubiquitous on the Fut8−/−OT-II T cell 
surface (Figures  5D,E). Next, T–B  cell conjugates were quan-
titatively analyzed via flow cytometry analysis. Few conjugates 
of T–B cells were observed in the absence of OVA323–339 peptide, 
whereas peptide-pulsed B cells effectively interacted with CD4+ 
T cells. The percentages of T–B cell conjugates in Fut8+/+OT-II 
and Fut8−/−OT-II MHC-II+ TCRβ+ cells were 29.4 and 7.4%, 
respectively (Figures  5F,G), indicated that core fucosylation 
affected the T–B cell interaction. Moreover, the secretion of IL-2 
was reduced in the culture media of Fut8−/−OT-II T–B cells com-
pared with Fut8+/+OT-II T–B cells (Figure 5H). Furthermore, the 
T cell proliferation with OVA323–339-loaded B cells was analyzed 
by CFSE dilution methods. Compared to the proliferation of 
Fut8+/+OT-II CD4+ T cells, those of Fut8−/−OT-II CD4+ T cells 
was significantly reduced with the cocultivation of OVA323–339-
loaded Fut8+/+OT-II B cells (Figure 5I). These results indicated 
that Fut8 deficiency contributes to attenuated T–B cell commu-
nication, and follows attenuated T cell activation.

To further elucidate the underlying mechanism of the 
reduced T–B cell interaction caused by the disruption of Fut8, 
T and B cell Activation PCR Array was used to compare mRNA 
expression in Fut8+/+ SPLs with that in Fut8−/− SPLs following 
OVA immunization. As illustrated in Table 1, the expression 
levels of four genes (CD3e, CD4, CD8, and CD40L) associ-
ated with TCR complex formation, eight genes (IL-2Rα, IL-4, 
IL-6, IL-10, IL-12, IFNγ, CXCL12, and CXCR4) involved in 
T cell activation, and two genes (CD79a and CD81) associated 
with B  cell activation, were downregulated in Fut8−/− SPLs. 
Moreover, the gene expressions of signal molecules such as 
MAPKKK, Vav1, PIK3, PKC, and Cyclin D3 were downregu-
lated in Fut8−/− SPLs. Since core fucosylation of proteins is an 
important post-translational process, it is not surprising that 
many molecules involved in T and B cell activation were down-
regulated in Fut8−/− SPLs.

DISCUSSION

The glycosylation and Golgi processing pathways have coevolved 
with the larger regulatory network that controls T cell activation. 
It is not surprising that changes of glycosylation are linked to 
AD pathogenesis, such as galactosylation (26, 27) and sialyla-
tion (28, 29). The lower levels of sialylated IgG were found 
in rheumatoid arthritis (RA) and Wegener’s granulomatosis 
patients, and the sialylated IgG was increased in the sera of 
patients during remission (28, 29). Moreover, loss of galactose 
residues on IgG1 is showed in the sera of RA patients (26, 27). 
The significant differences of O-glycan on T helper cells were 
detected in active SLE patients (30). Core-fucosylated glycans 
that contain bisecting GlcNAc was increased on the IgG of SLE 
(31). In this study, core fucosylations were associated with SLE 
severities, and significantly increased in the CD4+ T  cells of  
SLE patients. Coincidently, previous study by Fujii et al. found 
that the core fucosylation on T cells, required for activation of 
TCR signaling with anti-CD3/CD28 Abs and induction in colitis, 
is significantly increased in patients with inflammatory bowel 
disease (32). Hence, one possible consequence of hyper core 



FIGURE 4 | Core fucosylation is required for the activation of CD4+ T cells. (A) Western blots analysis of T cell receptor (TCR). Whole cell lysates were resolved by 

SDS-PAGE on a 8% gel, transferred to a PVDF membrane, and probed with anti-TCRβ Ab. Densitometric analysis of the bands of TCRβ normalized against 

GAPDH. (B) Core fucose of N-glycan on TCRβ in Fut8−/−CD4+ T cells was detected by LCA blot. Whole cell lysates were immunoprecipitated with an anti-TCRαβ 

antibody. The immunoprecipitates were resolved by SDS-PAGE on a 8% gel, and probed with the LCA and anti-TCRβ Ab. (C) Histograms of binding capacity with 

LCA. Core fucosylation level on the surface proteins of Fut8+/+CD4+ T and Fut8−/−CD4+ T cells investigated by FACS analysis. (D) Downregulation of phosphorylated 

Zap70 in Fut8−/−CD4+ T cells. Purified CD4+ T cells were serum-starved and were stimulated with anti-CD3/CD28 Abs for 5 min at 37°C. Cells were lysated in lysis 

buffer for 15 min on ice. Whole cell lysates were subjected to 10% SDS-PAGE. The blots were probed by anti-pZAP70 Ab and anti-ZAP70 Ab. Densitometric 

analysis of the bands of pZAP70 normalized against ZAP70. Data are reported as the mean ± SD from three independent experiments (**p < 0.01; ***p < 0.001). 

(E) Loss of Fut8 reduced the CD4+CD69+ cells populations in the SPL after OVA immunization. SPLs were isolated from OVA-immunized and unimmunized mice 

(n = 5). Cells were stained with anti-CD69 and anti-CD4 Abs, and then detected by FACS. Data are reported as the mean ± SD from three independent experiments 

(*p < 0.05; ns, not significant). (F) Loss of Fut8 decreased the proliferation of CD4+ T cells. Purified CD4+ T cells were stimulated with anti-CD3ε Ab-coated 

microbeads and anti-CD28 Ab for 0, 6, 24, and 48 h at 37°C. The growth rates of CD4+ T cell were detected by MTT assay. Data are reported as the mean ± SD 

from three replicate cultures (*p < 0.05; **p < 0.01). The absorbance related to the formazan dye level was measured with a microplate reader at 570 nm.
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fucosylation-induced T cell activation could be the development 
of SLE. However, the underlying mechanisms of how core fuco-
sylation regulate T cell activation with TCR–pMHC interaction 
remain unclear.

T cell recognition of pMHC-II ligands on B cells is thought 
to be carefully coordinated in CD4+ T  cells. Conformational 
flexibility is likely responsible for the high degree of promiscu-
ity or cross-reactivity that is evident in the TCR recognition 
of pMHCs (33–35). There are two models to explain how 
TCR–pMHC interactions result in T cell activation (36, 37). One 

model involves an activation threshold based on the occupancy 
time of the TCR clustering with pMHCs. The alternative model 
is that pMHC could induce a specific conformational change 
of TCR complex and influence the quality of signal transduc-
tions via TCRs. Since the core fucose of N-glycan is located on 
the cellular surface of T and B cells, and the core fucosylation 
could affect the flexibility of N-glycan antenna (38) as well as 
the conformational stability of proteins (39), it is reasonable to 
assume that core fucosylation of TCR would affect the geometry 
and conformation of any TCR–pMHC clusters in the T–B cell 



FIGURE 5 | Continued
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interactions. Based on a previous study in D. melanogaster cells, 
the closeness of the interaction of Cα with Cβ is shown by the 
hydrogen bonds of the core fucose residue (6, 17), suggested 

core fucose possibly strengthens association of Cα with Cβ.  
A water molecule also bridges the fucose exocyclic oxygen and 
the side chain of Arg150β (17). In this scenario, core fucosylation 



FIGURE 5 | Lack of core fucosulation reduced interaction ability between T cell receptor (TCR) and pMHC-II and impaired the signaling via TCR. (A) ZAP70 

phosphorylation of Fut8+/+OT-II T–B cells. (T) B cell conjugate formation was initiated by centrifuging together CD4+ T cells with or without 1 μg/mL OVA323–339-loaded 

B cells. The blots were probed by anti-pZAP70 Ab and anti-ZAP70 Ab. Data are representative of three independent experiments. Densitometric analysis of the 

bands of pZAP70 normalized against ZAP70. Data are shown as the mean ± SD (**p < 0.01). (B) ZAP70 phosphorylation of Fut8+/+OT-II CD4+ T cells with or 

without fucosidase treatment. Purified CD4+ T cells were treated with or without 100 mU Bovine Kidney Fucosidase, and then coincubated with 1 μg/mL OVA323–339 

loaded Fut8+/+OT-II B cells for 30 min. The blots were probed by anti-pZAP70 Ab and anti-ZAP70 Ab. Data are representative of three independent experiments. 

Densitometric analysis of the bands of pZAP70 normalized against ZAP70. Data are shown as the mean ± SD (**p < 0.01; ***p < 0.001). (C) Compare of activation 

of Fut8+/+OT-II T + B cells and Fut8−/−OT-II T + B cells. CD4+ T cells were conjugated with OVA323–339 loaded B cell. After 30 min, the T–B cells were fixed and stained 

with anti-TCRβ and anti-CD69 Abs. Data are shown as mean values ± SD (**p < 0.01). (D,E) Distribution of MHC on the T and B cells. The T–B cells were fixed, 

permeabilized, and stained with Abs to MHC-II (green). Data are from three separate experiments. The ratio of MHC II intensity at the T–B cell conjugate site relative 

to non-conjugate areas. Data are shown as the mean values ± SD (**p < 0.01). (F) FACS analysis of the conjugates between B cells and CD4+ T cells. B cells 

(OVA323–339-loaded or not loaded) were labeled with anti-MHC-II (FITC) and CD4+ T cells were labeled with anti-TCRβ (PE-Cy5). T and B cells were quickly mixed and 

conjugated by a brief centrifugation step. They were then incubated at 37°C for 30 min. A representative staining profile with anti-MHC-II and anti-TCRβ mAb is 

shown. The conjugate cells are double positive (MHC-II+TCRβ+) cells. (G) Percentage of T–B cell conjugates (both MHC-II and TCRβ positive cells) was calculated. 

Data are reported as the mean ± SD (**p < 0.01) in four independent experiments. (H) The secrition of IL-2 was downregulated in the culture media of Fut8−/−OT-II 

T–B cells. OD values were measured at 492 nm using a microplate reader. Data are reported as the mean ± SD (**p < 0.01) in three independent experiments.  

(I) Proliferation of Fut8+/+OT-II CD4+ T cells with OVA323–339 loaded Fut8+/+OT-II B cells. Fut8+/+OT-II CD4+ T cells were purified and labeled with carboxyfluorescein 

diacetatesuccinimidyl ester (CFSE). Fut8+/+OT-II CD4+ T cells were cocultivated with 1 μg/mL OVA323–339 loaded Fut8+/+OT-II B cells for 48 h, the divided cells were 

analyzed by FACS. One representative experiment is shown. M1–M4 indicates daughter cell populations which have subsequently lost half of their CFSE signal.
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is expected to provide exciting opportunities to control the 
TCR function. In the present study, the percentage of T–B cell 
conjugates (TCR+MHC-II+) was reduced by a factor of 3.97 
(29.4/7.4%) in Fut8−/−OT-II cells, indicated that the core fuco-
sylation has significant functional implications in TCR–pMHC 
interaction.

Given the intimate relationship between pMHC recognition 
and TCR signaling, the signaling via TCR is also be regulated by 
glycosylation. It has long been appreciated that Mgat5 deficiency 
could enhance TCR recruitment to the synapse and results in 
greater TCR internalization/endocytosis (11). Physiologically, 

TCR recognition of pMHC-II ligands on APCs such as dendritic 
cells and B cells are the most important checkpoint for CD4+ T cell 
activation (40). Engagement of the TCR complexes leads to a signal-
ing cascade of protein tyrosine kinases, such as ZAP70. To explore 
the role of core fucosylation on the T cell activation, we generated 
Fut8+/+OT-II and Fut8−/−OT-II mice. Fut8 deficiency results in 
the attenuated phosphorylation of ZAP70 in Fut8−/−OT-II CD4+ 
T cells with OVA323–339-loaded B cells. Also, the phosphorylation 
of ZAP-70 was significantly reduced in Fut8+/+OT-II CD4+ T cells 
by the treatment of fucosidase. Moreover, in Fut8−/−OT-II cells, 
the number of CD4+ T cells activation (CD69+) was decreased 
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b4-Integrin/PI3K Signaling Promotes Tumor
Progression through the Galectin-3–N-Glycan
Complex
Yukiko Kariya1, Midori Oyama1,Yasuhiro Hashimoto1, Jianguo Gu2, and Yoshinobu Kariya1

Abstract

Malignant transformation is associated with aberrant N-glyco-
sylation, but the role of protein N-glycosylation in cancer pro-
gression remains poorly defined. b4-integrin is a major carrier
of N-glycans and is associated with poor prognosis, tumorigen-
esis, and metastasis. Here, N-glycosylation of b4-integrin contri-
butes to the activation of signaling pathways that promote b4-
dependent tumor development and progression. Increased
expression of b1,6GlcNAc-branched N-glycans was found to be
colocalized with b4-integrin in human cutaneous squamous cell
carcinoma tissues, and that the b1,6GlcNAc residuewas abundant
on b4-integrin in transformed keratinocytes. Interruption of
b1,6GlcNAc-branching formation on b4-integrin with the intro-
duction of bisecting GlcNAc by N-acetylglucosaminyltransferase
III overexpression was correlated with suppression of cancer cell
migration and tumorigenesis. N-Glycan deletion on b4-integrin
impaired b4-dependent cancer cell migration, invasion, and
growth in vitro and diminished tumorigenesis and proliferation
in vivo. The reduced abilities of b4-integrin were accompanied

with decreased phosphoinositol-3 kinase (PI3K)/Akt signals and
were restored by the overexpression of the constitutively active
p110 PI3K subunit. Binding of galectin-3 to b4-integrin via
b1,6GlcNAc-branched N-glycans promoted b4-integrin–mediat-
ed cancer cell adhesion and migration. In contrast, a neutralizing
antibody against galectin-3 attenuated b4-integrin N-glycan–
mediated PI3K activation and inhibited the ability of b4-integrin
to promote cell motility. Furthermore, galectin-3 knockdown by
shRNA suppressed b4-integrin N-glycan–mediated tumorigene-
sis. These findings provide a novel role for N-glycosylation of
b4-integrin in tumor development and progression, and the
regulatory mechanism for b4-integrin/PI3K signaling via the
galectin-3–N-glycan complex.

Implications: N-Glycosylation of b4-integrin plays a functional
role in promoting tumor development and progression through
PI3K activation via the galectin-3–N-glycan complex. Mol Cancer
Res; 16(6); 1024–34. �2018 AACR.

Introduction
Integrins are a large family of heterodimeric transmembrane

receptors comprising a and b subunits. The extracellular domains
of integrin subunits bind to extracellular matrix proteins, such as
collagen, fibronectin, and laminin, and the cytoplasmic domains
interact with the actin cytoskeleton and signaling molecules. The
interaction of integrin with its ligand can activate intracellular
signaling and reorganize the actin cytoskeleton (1). Such integrin
signaling regulates various cellular functions, such as cell adhe-
sion, migration, and proliferation, not only in normal tissues but
also in tumor tissues (1, 2).

Thea6b4-integrin (referred to herein as b4-integrin because the
b4 subunit only pairs with the a6 subunit) is a receptor for

laminin-332 and is an essential component of the hemidesmo-
some, an anchoring structure in the basal membrane of stratified
epithelial cells (2, 3). In contrast to such a static role in normal
epithelial cells, b4-integrin was originally identified as a tumor-
associated antigen (4, 5).b4-integrin overexpressionwas found in
several types of metastatic cancers, which correlates with poor
prognosis and reduced survival (6, 7). Recent studies have shown
that b4-integrin is required for tumorigenesis in several in vivo
mouse models (8–10). In addition, b4-integrin promotes cell
motility, invasion, and proliferation through activation of the
phosphoinositol-3-kinase (PI3K) and ERK pathways (10–14).

Glycosylation is the most common posttranscriptional mod-
ification of proteins, and it modulates the folding, stability,
and function of glycoproteins (15). Malignant transformation
is associated with aberrant glycosylation of cell surface pro-
teins, and the structural change of glycans is mainly due
to the altered activity and expression of multiple glycosyltrans-
ferases in cancer cells. In addition, some glycans are used as
tumor markers for cancer diagnosis (16). Overexpression
of b1,6GlcNAc-branched N-glycans, which is due to increased
activity of N-acetylglucosaminyltransferase V (GnT-V; Fig. 1A),
is often found in tumor tissues, and the increase in
b1,6GlcNAc-branched N-glycans is directly associated with
malignancy and poor prognosis (17, 18). GnT-V knockout
mice exhibit reduced mammary tumor growth and metastasis
induced by the polyomavirus middle T oncogene (19). Fur-
thermore, introduction of bisecting GlcNAc residues catalyzed
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by N-acetylglucosaminyltransferase III (GnT-III) into N-gly-
cans, which can disturb further processing and elongation of
N-glycans, such as the formation of b1,6GlcNAc-branched
structures (Fig. 1A), suppresses cell migration and cancer
metastasis (20).

b1,6GlcNAc-branchedN-glycans are often further modified by
additional sugars to form poly-N-acetyllactosamine (polylacto-
samine) for the elongation of N-glycans consisting of b-galacto-
side sugars (Fig. 1A). This polylactosamine structure is a preferred
ligand for one of the galectin isoforms, galectin-3 (21). Galectin-3
is widely expressed in epithelial and immune cells, and its
expression is associated with cancer aggressiveness andmetastasis
(22–24). Cross-linking between glycoproteins by the binding of
galectin-3 to polylactosamine on proteins regulates diverse cel-
lular functions in cancer cells (25–27). We previously reported
that N-glycosylation of b4-integrin plays a crucial role in cell
adhesion, migration, and galectin-3 binding in human keratino-
cyte cells (28). However, the contribution of N-glycosylation of
b4-integrin to tumor progression remains poorly defined. In the
present study, we investigated the contribution ofN-glycosylation
to b4-integrin-dependent tumor progression.

Materials and Methods
Antibodies and reagents

The following antibodies were used in this study: rat mono-
clonal antibodies specific for galectin-3 (M3/38; #sc-2393; Santa
Cruz Biotechnology), a6-integrin (GoH3; #sc-19622; Santa Cruz

Biotechnology), and b4-integrin (439-9B; #555719; BD Trans-
duction Laboratories); rabbit polyclonal antibodies against
human b4-integrin (H101; #sc-9090; Santa Cruz Biotechnology),
phospho-Akt (pSer473; #9271; Cell Signaling Technology), and
Akt (#9272; Cell Signaling Technology); and mouse monoclonal
antibodies against Ki-67 (#610968; BD Transduction Laborato-
ries), and b4-integrin (3E1; #MAB1964; Merck Millipore). Alexa
Fluor 488-conjugated leukoagglutinating phytohemagglutinin
(L4-PHA; #L-11270), Alexa Fluor 546-conjugated goat anti-rabbit
IgG secondary antibody (#A11035) and Alexa Fluor 546-conju-
gated goat anti-rat IgG secondary antibody (#A11081) were
purchased from Thermo Fisher Scientific. Biotinylated L4-PHA
(#B-1115) was obtained from Vector Laboratories. Hoechst
33342 (#382065) was obtained from Merck Millipore. Biotiny-
lated erythroagglutinating phytohemagglutinin (E4-PHA;
#300425) and biotinylated Sambucus sieboldiana agglutinin (SSA;
#300442) were purchased from J-OIL MILLS. Purified human
laminin-332 and galectin-3were prepared as described previously
(27, 29).

Cell culture
The human cancer MDA-MB435S cell line, which lacks b4-

integrin, was purchased from the American Type Culture Col-
lection. Modified human 293 phoenix cells were received as a
gift from Dr. M. Peter Marinkovich (Stanford University, Stan-
ford, CA). The human epidermoid carcinoma cell line A431
(RCB0202) was provided by the RIKEN BRC through the
National Bio-Resource Project of the MEXT, Japan. These cells

Figure 1.

Increased expression of b1,6GlcNAc
residues on b4-integrin in human
carcinoma cells. A, Glycosylation
reactions catalyzed by
glycosyltransferases, GnT-III and
GnT-V. b1,6GlcNAc-branched
N-glycans can be preferentially
modified by polylactosamine N-glycan
containing b-galactoside. Bisecting
GlcNAc N-glycans inhibit b1,6GlcNAc-
branching formation catalyzed by GnT-
V. B, Immunohistochemical analysis of
bisecting GlcNAc and b1,6GlcNAc
expression in human cutaneous SCC
using E4-PHA and L4-PHA lectins.
C, Immunofluorescence microscopic
analysis of b4-integrin (red) and
b1,6GlcNAc (L4-PHA, green) in paraffin-
embedded sections of human
cutaneous SCC. Merged images are
shown with nuclear Hoechst staining
(blue). Normal human skin was stained
as comparison.D,Western blot analysis
of b4-integrin immunoprecipitates
from normal human keratinocytes
(NHK) and Ras/IkB-transformed NHK
(transformed NHK) with L4-PHA and
E4-PHA lectins, and anti–b4-integrin
polyclonal antibody. Results of the
densitometric analysis are shown as the
integrated density of lectin-recognized
b4 to total b4 bands, which was
1.0 for NHK cells.
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were cultured in DMEM supplemented with 10% FBS, penicil-
lin and streptomycin sulfate at 37�C in a humidified 5% CO2

incubator. Primary human keratinocytes isolated from
normal skin (NHK) and Ras/IkB-transformed NHK (a gift from
Dr. M. Peter Marinkovich; ref. 8) were cultured in a 50:50
mixture of defined keratinocyte serum-free medium (#10744-
019; Life Technologies) and medium 154 (#M-154-500; Life
Technologies) with human keratinocyte growth supplement
(#S-001-5; Life Technologies) containing penicillin and strep-
tomycin sulfate at 37�C in a humidified 5% CO2 incubator. All
cells were passaged fewer than 6 months after purchasing or
receiving them for all the experiments and tested formycoplasma
contamination.

Immunohistochemistry/immunofluorescence
Human formalin-fixed paraffin-embedded sections were pur-

chased from BioChain and US Biomax. Specimens were depar-
affinized, rehydrated, and immersed in 0.3% hydrogen perox-
idase-containing methanol for 20 minutes at room temperature
to inactivate the intrinsic peroxidase. After blocking with 5%
skim milk for 1 hour at room temperature, the sections were
incubated with each biotinylated lectin overnight at 4�C, fol-
lowed by peroxidase-labeled streptavidin (#426061; Nichirei
Corp.) and 3,30-diaminobenzidine detection using the Histo-
fine DAB substrate kit (#425011; Nichirei Corp.). The slides
were then counterstained with Mayer's hematoxylin solution
(#131-09665; Wako). Images were obtained using a PROVIS
AX-80 microscope (Olympus). For immunofluorescent stain-
ing, sections were deparaffinized, rehydrated, and treated with
0.05% protease XXIV in 50 mmol/L Tris-HCl (pH 7.5) for 20
minutes at room temperature. After blocking with 2% BSA in
PBS for 1 hour at room temperature, the sections were visual-
ized using a b4-integrin antibody (H101) and Alexa Fluor 488-
conjugated L4-PHA. Fluorescence images were obtained using
an IX71 fluorescent microscope (Olympus). Lectin reactivity
and b4-integrin expression were assessed as follows: positive,
�10% positive tumor cells; negative, <10% positive tumor
cells. For cross-linking inhibitory assay, glass-bottom dishes
(#3971-035; IWAKI) were coated with laminin-332 proteins
and blocked with 1% BSA in PBS. Cells (5 � 104 cells) were
incubated in serum-free medium in the presence of IgG or a
functional blocking antibody against galectin-3 for 20 minutes.
Then, the cells were plated to the glass-bottom dish and
incubated for 1.5 hours at 37�C in a humidified 5% CO2

incubator. The cells were fixed with 4% (w/v) paraformalde-
hyde in PBS for 10 minutes and blocked with 2% BSA in PBS for
1 hour at room temperature. The fixed cells were stained with a
b4-integrin antibody (H101) and Alexa Fluor 488-conjugated
anti-rabbit IgG antibody. Fluorescence images were obtained
using an A1 confocal microscope (Nikon).

Preparation of cell lysates and immunoprecipitation
Cell lysates were prepared as follows. The cells were washed

twicewith coldPBS and then lysedwith a lysis buffer [1%TritonX-
100, 20mmol/L Tris-HCl (pH 7.4), 150mmol/L NaCl, 5mmol/L
EDTA] containing a protease inhibitor cocktail (#25955; Nacalai
tesque) and a phosphatase inhibitor cocktail (#07575; Nacalai
tesque). After incubation for 10 minutes on ice, the cell lysates
were clarified by centrifugation at 15,000 rpm for 10 minutes at
4�C. The resulting supernatant was used in the following experi-

ments. The protein concentration was determined using a protein
assay kit (#29449-44; Nacalai tesque). For immunoprecipitation,
the primary antibody was added to the supernatant and rotated
for 2 hours at 4�C. Then, protein G-Sepharose was added, fol-
lowed by 3 hours of incubation at 4�C. Immunoprecipitates were
washedfive timeswith awashing buffer [50mmol/L Tris-HCl (pH
7.5), 150 mmol/L NaCl, 2 mmol/L EDTA, 0.2% NP40 (v/v)],
suspended in a reducing sample buffer, and heated at 95�C for 5
minutes.

Western blot analyses
Protein samples were resolved by SDS-PAGE under reducing

conditions and then transferred to nitrocellulose membranes.
The blots were probed with each specific antibody or biotiny-
lated lectin. Immunoreactive bands were detected using an
ImmunoStar Zeta (#297-72403; WAKO) or Trident femto-ECL
(#GTX14698; GeneTex). Band intensity was calculated using
NIH ImageJ software.

Expression vectors
Retroviral expression vectors encoding b4-integrin were pre-

pared as previously described (28). Retroviral expression vector
encoding active PI3K p110-CAAX was received as a gift from Dr.
M. Peter Marinkovich. The cDNA encoding human GnT-III was
amplified by PCR using a specific primer set and KOD Plus
polymerase (#KOD-201; TOYOBO) for cloning into pENTR-D-
TOPO (#K2400-20; Life Technologies) for the Gateway Conver-
sion System according to the manufacturer's instructions. The
final constructwas recombined frompENTR-D-TOPO to the LZRS
blast retroviral vector, including a Gateway cassette, using the LR
clonase II Enzyme mix (#11791-020; Life Technologies) by a
recombination reaction. The cDNA sequence was verified by
sequencing.

Retrovirus infection
Retrovirus vectors were transfected into 293 phoenix cells

using FuGENE6 transfection reagent (#11814443001; Roche).
After transfection, cells were selected with 5 mg/mL puromycin
(#P8833; Sigma-Aldrich). The retrovirus was then produced in
293 phoenix cells. One day before infection, 4 � 105 cells were
plated in 6-well plates. After incubation with 5 mg/mL poly-
brene (#10768-9; Sigma-Aldrich) for 15 minutes, media were
exchanged to 3 mL retroviral supernatant and another 5 mg/mL
polybrene was added. Plates were centrifuged at 1,200 rpm for
1 hour at 32�C using a Hitachi CR22N centrifuge machine.
After centrifuge, the retroviral supernatant was replaced with
growth medium and the cells were maintained. To establish a
cell line, cells were selected with 5 mg/mL blasticidin S
(#203350; Calbiochem).

Flow cytometry analysis
Cells were detached from a 10-cm dish using trypsin with 1

mmol/L EDTA. After quenching trypsinization with a medium
that contained 10%FBS, the cells werewashed twicewith PBS that
contained 1 mmol/L EDTA and incubated with a primary anti-
body or control IgG on ice for 30 minutes. The cells were then
washed thrice with PBS that contained 1mmol/L EDTA, followed
by incubation for 15 minutes with the appropriate Alexa Fluor-
conjugated secondary antibodies. After washing thrice with PBS
containing 1 mmol/L EDTA, the cells were analyzed by flow
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cytometry using a FACSCalibur and aCellQuest software program
(BD Biosciences).

Cell migration assay
Cell migration was assayed using a 24-well chemotaxis cham-

ber (BD Falcon cell culture companion plates; #353504 and 8.0-
mminsets; #353097; BDBiosciences). Two hundredmicroliters of
2.5 � 105 cells/mL (5 � 104 cells in serum-free DMEM) was
inoculated into each upper well of a 24-well chemotaxis chamber,
and 750 mL of 10% FBS containing DMEM was placed in the
bottom chamber to act as a chemoattractant. After incubating for
22 hours, the cells on the upper side of the membrane were
removedwith a cotton swab, and the cells on the lower side of the
membrane were fixed with 4% paraformaldehyde and stained
with 0.5% crystal violet in 20% methanol. Random fields were
photographed using a phase contrastmicroscope and the number
of migrated cells was counted.

In vivo tumorigenicity assay
All animal studies were performed in accordance with proto-

cols approved by the Fukushima Medical University Animal Care
and Use Committee. MDA-MB435S transfectants (1 � 106 cells/
mouse) were injected subcutaneously along with Matrigel
(#354234; BD Biosciences) into 6-week-old female nude mice.
Tumor volume was measured weekly for a total of 6 weeks.
Proliferating cells in 5-mm frozen sections were detected with
Ki-67 immunofluorescent staining. Proliferation was quantified
as the ratio of Ki-67 staining to total nuclear staining.

Cell adhesion assay
Cell adhesion assays were performed as described previously

(29). In brief, the wells of a 96-well ELISA plate (#3590; Corning)
were coatedwith 50mL of indicated concentration of laminin-332
proteins and blocked with 1% BSA in PBS. Cell suspensions in
serum-free medium were plated to each well (5 � 104 cells/well)
and incubated at 37�C for 20 minutes in a 5% CO2 incubator.
After removing the non-adherent cells, the adherent cells were
fixed with 25% (w/v) glutaraldehyde for 10 minutes and stained
with 0.5% crystal violet in 20% (v/v) methanol for 10 minutes.
Random fields were photographed using a phase contrast micro-
scope, and the number of adherent cells was counted.

Cell proliferation assay
Cell suspensions in 1% serum-containingmediumwere plated

to each well of a 96-well ELISA plate (5 � 103 cells/well) and
incubated at 37�C for 45 hours in a 5% CO2 incubator. After
incubation, the number of growing cellswasmeasuredusing a cell
counting kit-8 (#347-07621; DOJINDO) according to the man-
ufacturer's instructions.

Cell invasion assay
One hundred microliters of Matrigel, diluted to a final con-

centration of 1.6 mg/mL, was added to the upper chamber of 24-
well Transwell plates and dried for 24 hours in a hood. The wells
were reconstituted by incubation with 200 mL of serum-free
DMEM at 37�C for 1 hour. After removing the medium, 200 mL
of 5� 105 cells/mL (1� 104 cells in 0.1% BSA containing serum-
free DMEM) were inoculated into each upper well of a 24-well
chemotaxis chamber, and 750 mL of 10% FBS containing DMEM
was placed in the bottom chamber to act as a chemoattractant.
After 6 hours of incubation, the cells on the upper side of the
membrane were removed with a cotton swab, and the cells on the

lower side of the membrane were fixed with 4% paraformalde-
hyde and stained with 0.5% crystal violet in 20% methanol.
Random fields were photographed using a phase contrast micro-
scope and the number of invaded cells was counted.

Lentiviral short hairpin RNA (shRNA)
Lentiviral shRNA clones (Dharmacon RNAi consortium Lenti-

viral shRNA) targeting galectin-3 (#RHS3979-201759611, clone
ID: TRCN0000029304) 50-ATTGTACTGCAACAAGTGAGC-30

and control shRNA (#RHS4459) 50-TACAACAGCCACAACGTC-
TAT-30 were purchased from GE Healthcare. These vectors were
cotransfectedwith the packaging vectors intoHEK293T cells using
the Trans-Lentiviral shRNA Packaging kit (#TLP5912; GE Health-
care) according to the manufacturer's instructions. After incuba-
tion for 15 hours, media were exchanged to 5% FBS containing
DMEM. After further incubation for 48 hours, viral supernatant
was harvested and then centrifuged at 1,600 g for 10 minutes at
4�C. The supernatant was filtrated through a 0.45-mm filter.
Lentivirus was infected into MDA-MB435S cells using the same
method as retrovirus infection. To establish a cell line, cells were
selected with 5 mg/mL puromycin.

Statistical analysis
Results are given as mean � SEM and are representative of two

or three independent experiments. Statistical comparisons were
calculated between two groups using unpaired Student t test and
among the groups using one-wayor two-wayANOVA followed by
a Bonferroni posttest, with GraphPad Prism Version 5.0a soft-
ware. A P value of <0.05 was considered statistically significant.

Results
b1,6GlcNAc residue on b4-integrin was associated with cell
migration and tumorigenesis

Expression of b1,6GlcNAc is associated with metastasis and
poor prognosis, whereas bisectingGlcNAc suppresses the effect by
inhibition of b1,6GlcNAc-branching formation (20). Human
cutaneous squamous cell carcinoma (SCC) showed positive
expression of b1,6GlcNAc (52 out of 75) and negative expression
of bisecting GlcNAc (72 out of 75) by immunohistochemistry
using L4-PHA and E4-PHA lectins (Fig. 1B, n ¼ 75), which is
consistent with previous observations that b1,6GlcNAc was more
likely to be associated with tumor malignancy (17). As over-
expression of b4-integrin in SCC has been reported (6, 30), we
next examined the expression patterns of b4-integrin and
b1,6GlcNAc in human cutaneous SCC. In skin cancer specimens
(n ¼ 37), b4-integrin was abundantly present and colocalized
with b1,6GlcNAc-branched N-glycans. Thirty-three b4-integrin
positive tumor cells, 33 (100%) colocalized b1,6GlcNAc-
branched N-glycans (Fig. 1C). In contrast, b4-integrin was clearly
localized in the basement membrane, while the expression of
b1,6GlcNAc was almost undetectable in all tested normal human
skin samples (n ¼ 7). Taking these results into consideration, we
hypothesized that the amount of b1,6GlcNAc-branched N-gly-
cans on b4-integrin increases in cancer cells. To test this hypoth-
esis, we examined whether b1,6GlcNAc was attached to b4-integ-
rin upon transformation of NHK cells. Ras/IkB-mediated trans-
formation of NHK cells increased attachment of b1,6GlcNAc to
b4-integrin while the extent of the bisecting GlcNAc modification
of b4-integrin was decreased after transformation (Fig. 1D). These
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results suggest that the b1,6GlcNAcmodification of b4-integrin is
increased in cancer cells.

GnT-III inhibits the formation of b1,6GlcNAc branching onN-
glycans by the introduction of bisecting GlcNAc (Fig. 1A). To
address the role of b1,6GlcNAc modification of b4-integrin in
tumor malignancy, we used MDA-MB435S cells, which do not
express b4-integrin, for preparing stable transfectants retrovirally
transduced with control lacZ, human b4-integrin, lacZ with GnT-
III, or b4 with GnT-III. The FACS analysis exhibited that GnT-III
expression did not affect the cell surface expression of b4-integrin
(Fig. 2A, lacZ versus lacZþGnT-III and b4 versus b4þGnT-III).
Overexpression of GnT-III in cells expressing b4-integrin signif-
icantly reduced b1,6GlcNAc-branched N-glycans on b4-integrin
accompanied with increased bisecting GlcNAc (Fig. 2B). Expres-
sion of b4-integrin exhibited enhanced cell migration (Fig. 2C)
and tumor formation (Fig. 2D) in the MDA-MB435S cells com-
pared with the control cells, which were impaired by GnT-III
expression. These results suggest that the b1,6GlcNAc residue in
b4-integrin may be associated with primary tumor growth and
metastatic cancer cell behavior.

N-Glycosylation of b4-integrin drives proliferation, migration,
and invasion through PI3K/Akt activation

GnT-III overexpression modifies not only b4-integrin but
also other glycoproteins (Supplementary Fig. S1). b4-integrin
contains five potential N-glycosylation sites in its extracellular
domain (Fig. 3A). To directly address the biological role of N-
glycosylation of b4-integrin in cancer cell behavior, we pre-
pared two b4-integrin constructs; a full-length wild-type (WT)
and a mutant lacking all five N-glycosylation sites (DN; ref. Fig.
3A). These constructs were retrovirally expressed in MDA-
MB435S cells that endogenously expressed no b4-integrin (Fig.
2A, lacZ). To confirm the loss of N-glycans on DN, we per-
formed lectin blot analysis using L4-PHA, E4-PHA, and SSA
lectins, which recognize b1,6GlcNAc, bisecting GlcNAc, and

a2,6 sialic acid in N-glycans, respectively. The WT reacted with
all tested lectins, but the DN did not react (Fig. 3B), suggesting
the loss of N-glycans in the DN. Similar to our previous reports
using keratinocytes (28), the deletion of N-glycans had no
effect on either cell surface expression (Supplementary Fig.
S2A) or heterodimer formation of b4-integrin with a6-integrin
(Supplementary Fig. S2B) in the MDA-MB435S cells. These
results suggest that N-glycans on b4-integrin were not required
for either expression or heterodimer formation of a6b4-integ-
rin. We next assessed whether N-glycosylation on b4-integrin
can affect cell adhesion and spreading, which are generally
associated with cancer progression, using the MDA-MB435S
transfectants. Typically, b4-integrin causes cellular signaling
through cell adhesion to the extracellular matrix protein lami-
nins in cancer progression (2, 31). Compared with the WT cells,
the DN cells showed decreased cell adhesion and spreading on a
laminin-332 substrate, which was comparable to those in the
control lacZ cells (Fig. 3C), suggesting that N-glycans on b4-
integrin are related to b4-integrin-dependent cell adhesion and
spreading in MDA-MB435S cancer cells.

b4-integrin regulates cell proliferation,migration, and invasion
in cancer cell lines (2, 6). Therefore, we examined the cellular
functions of MDA-MB435S cancer cells expressing WT and DN.
The expression of b4-integrin markedly enhanced cell prolifera-
tion,migration, and invasion of theMDA-MB435S cells (Fig. 3D–

F,WT) comparedwith the control lacZ cells. The enhanced cellular
functions were significantly impaired by the loss of N-glycans on
b4-integrin (Fig. 3D–F,DN). Previous studies have shown that b4-
integrin–dependent cell proliferation, migration, and invasion
are closely associated with the PI3K pathway in several carcinoma
cell lines (9, 13). To address whether the decreased cellular
functions due to the deletion of N-glycosylation were correlated
to the downregulation of PI3K signaling, we examined the acti-
vation of the PI3K signaling pathway by Western blot analysis
with an anti-phosphorylated Akt antibody. The DN cells, as well

Figure 2.

Decreased b1,6GlcNAc residues in b4-
integrin by GnT-III correlates with
suppression of cancer cell migration
and tumorigenesis. A, Cell surface
expression of b4-integrin in MDA-
MB435S cells expressing control lacZ,
lacZ with GnT-III (lacZþGnT-III), b4,
and b4 with GnT-III (b4þGnT-III).
B, Lectin blot analysis of b4-integrin
immunoprecipitates from MDA-
MB435S cells expressing b4 and b4
with GnT-III using L4-PHA
(b1,6GlcNAc) and E4-PHA (bisecting
GlcNAc) lectins. Data are
representative of three independent
experiments. C, Effect of GnT-III
overexpression on b4-integrin–
mediated cell migration. Results are
the mean� SEM of three independent
experiments conducted in triplicate.
��� , P < 0.001. ns, not significant (two-
way ANOVA, Bonferroni posttest). D,
Tumor formation in nudemice injected
subcutaneously with the indicated
cells. Results are the mean � SEM of
5mice per group. � , P < 0.05 (two-way
ANOVA, Bonferroni posttest).
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as the lacZ cells, showed decreased phosphorylation of Akt com-
pared with the WT cells (Fig. 3G). We also found that the
impairment of cellular functions in the DN cells was completely
restored through overexpression of the constitutively active PI3K
p110a subunit (Fig. 3D–F, DNþPI3K). In contrast, overexpres-
sion of the active PI3K subunit in WT cells did not significantly
affect the WTb4-dependent cell proliferation, migration, and
invasion (Fig. 3D–F, WTþPI3K), suggesting that the WTb4-medi-
ated PI3K/AKT activation is sufficient for such functions in the

cells and higher PI3K/AKT activation does not always promote
activities of cancer cells. Together, these findings demonstrate that
the N-glycosylation of b4-integrin plays a fundamental role in
activating the PI3Kpathway, thereby promoting cell proliferation,
migration, and invasion.

N-Glycans of b4-integrin promote in vivo tumor growth.
To determine whether N-glycosylation of b4-integrin is related

to tumorigenesis in vivo, we subcutaneously injected MDA-

Figure 3.

N-Glycosylation of b4-integrin drives tumor cell proliferation, migration, and invasion through PI3K/Akt activation. A, Schematic diagram of the human b4-integrin
cDNA constructs in this study. WT, wild-type b4-integrin; DN,N-glycosylation–defective b4-integrin mutant. The sites corresponding to theN-glycosylation sites on
b4-integrin subunit (Asn327, Asn491, Asn579, Asn617, and Asn695) are shown by flags. Numbers indicate the number of amino acid residues. TM, transmembrane
region. B, Lectin blot analysis of b4-integrin immunoprecipitates from MDA-MB435S cells expressing lacZ, WT, and DN with L4-PHA, E4-PHA, and SSA lectins.
C,Cell adhesion and spreading ofMDA-MB435S transfectants to laminin-332. Note thatMDA-MB435S cells expressing nob4-integrin (lacZ) orDNshoweddecreased
cell adhesion and spreading compared with the cells expressing WT. Cell spreading morphology was examined under a phase-contrast microscope after
incubation for 20 minutes. D–F, Effect of the N-glycosylation defect in b4-integrin on cell proliferation (D), migration (E), and matrigel invasion (F). Note that cells
expressing DN showed decreased cell proliferation, migration, and matrigel invasion, which were rescued by overexpression of constitutively active PI3K p110a
subunit (DNþPI3K). In contrast, overexpression of the active PI3K subunit had no significant effect on WT-b4–dependent cell proliferation, migration, or matrigel
invasion (WTþPI3K). Results are the mean� SEM for three independent experiments conducted in triplicate. �� , P < 0.01; ��� , P < 0.001; ns, not significant (one-way
ANOVA, Bonferroni posttest) versusWT.G,Western blot analysis of cell lysates fromMDA-MB435S transfectantswith phospho-Akt and total Akt antibody. Note that
cells expressing lacZ or DN showed decreased PI3K/Akt pathway activation, which was rescued by overexpression of constitutively active p110a PI3K
subunit (DNþPI3K). Results of the densitometric analysis are shown as the integrated density of the ratio of phosphorylated protein to total protein bands. All blots
are representative of at least three independent experiments.
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MB435S transfectants intonudemice andanalyzed tumor growth.
Compared with the WT cells, the DN cells showed significantly
impaired tumorigenesis, which was comparable with the b4
null (lacZ) cells (Fig. 4A and B). Impairment of the tumorigenesis
in the DN cells was fully restored through overexpression of the
constitutively active PI3K p110a subunit (Fig. 4A, DNþPI3K). In
comparison with the WT tumors, staining with anti–Ki-67 anti-
body demonstrated that the DN tumors included notably fewer
proliferating cells, whichwas fully increased toWT tumor levels by
overexpression of the constitutively active PI3K p110a subunit
(Fig. 4C and D). These results demonstrate that the ability of b4-
integrin to drive tumorigenesis, and tumor proliferation is asso-
ciated with activation of PI3K pathway via N-glycans.

b4-integrin–dependent tumor progression is associated
with interaction between galectin-3 and b1,6GlcNAc
residue on b4-integrin

Galectin-3 is known to be associated with cancer aggres-
siveness and metastasis (22–24). To examine the role of
galectin-3 in b4-integrin–mediated tumor progression, we
performed inhibition assays using a functional blocking anti-
body against galectin-3 (M3/38). The functional blocking
antibody against galectin-3 suppressed b4-integrin clustering
probably through inhibition of galectin-3 multimerization,
suggesting that galectin-3 actually cross-links b4-integrin (Fig.
5A). The antibody suppressed WT cell motility, whereas no
effect was observed in the DN cells (Fig. 5B). Corresponding
with the decreased cell motility of the WT cells, the galectin-3
antibody reduced Akt phosphorylation compared with control
IgG in the WT cells (Fig. 5C). Furthermore, we tested the
tumorigenicity of the WT cells expressing control shRNA or
galectin-3 shRNA to confirm the importance of galectin-3

expression on tumor formation (Supplementary Fig. S3). The
result showed that reduced expression of galectin-3 in WT cells
suppressed tumor formation, suggesting that galectin-3 plays
an important role in b4-integrin–promoting tumor formation
(Fig. 5D).

Galectin-3 has a high affinity for b1,6GlcNAc-branched N-
glycans modified by polylactosamine consisting of b-galactoside
sugars. The oligomerization of integrins by galectin-3–mediated
cross-linking between the b1,6GlcNAc-branched N-glycans on
integrins promotes integrin function (25, 27, 32). To understand
why deletion of N-glycosylation suppressed the ability of b4-
integrin to promote cancer cell progression, we examined the
relationship between galectin-3 binding to b4-integrin and cel-
lular functions of b4-integrin. b4-integrin immunoprecipitates
from theWTcells containedhigh amounts of galectin-3 compared
with those from the lacZ and DN cells, indicating that N-glycans
on b4-integrin promote complex formation by the twomolecules
(Fig. 5E). The association of b4-integrin with galectin-3 was
inhibited by a competitive inhibitor of galectin binding, b-lac-
tose but not by control sucrose, suggesting that galectin-3 is
bound to b1,6GlcNAc-branched N-glycans modified by poly-
lactosamine on b4-integrin (Fig. 5F). Similar results were
obtained from the squamous cell carcinoma cell line, A431
cells, which endogenously express b4-integrin. The addition of
galectin-3 significantly enhanced cell adhesion of the WT cells
but not the lacZ or DN cells to a laminin-332 substrate (Fig.
5G). Furthermore, the addition of galectin-3 to the cell culture
significantly promoted cell motility of the WT cells but not that
of either the WT with GnT-III cells or DN cells (Fig. 5H). These
findings suggest that galectin-3 binding to b4-integrin through
b1,6GlcNAc-branched N-glycans promotes the ability of b4-
integrin to drive cell adhesion and motility.

Figure 4.

N-Glycosylation of b4-integrin
functionally contributes to
tumorigenesis in vivo. A, Tumor
growth after subcutaneous injection
of MDA-MB435S cells expressing the
indicated proteins into mice (n ¼ 5
mice per group � SEM). �� , P < 0.01;
��� , P < 0.001 (one-way ANOVA,
Bonferroni posttest). B, Hematoxylin/
eosin staining of the indicated tumors.
C, Immunofluorescent analysis of
Ki-67 (green) and b4-integrin (red)
expression in the indicated tumors.
Nuclei were stained with Hoechst
33342 (blue). D, Quantified
percentage of Ki-67-positive cells to
total cells in C. The bar graph
represents the mean � SEM for
three independent experiments.
��� , P < 0.001; ns, not significant
(one-way ANOVA, Bonferroni
posttest) versus WT.
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Figure 5.

Galectin-3 is a keymodulator of b4-integrin function throughN-glycan.A, Inhibitory effect of a functional blocking antibody against galectin-3 (Ab) or control IgG on
b4-integrin clustering. Note that MDA-MB435S cells expressing WT showed decreased b4-integrin clustering by the treatment of a functional blocking antibody
against galectin-3. B, Inhibitory effect of a functional blocking antibody against galectin-3 on N-glycosylation of b4-integrin–mediated cell migration. Note that
MDA-MB435S cells expressing WT but not DN showed decreased cell migration by the treatment of a functional blocking antibody against galectin-3.
C,MDA-MB435S cells expressingWT andA431 cells were incubated in serum-freemedium in the presence of IgG or a functional blocking antibody against galectin-3
(Ab) for 20minutes. Cell lysateswere analyzed byWestern blot with phospho-Akt and total Akt antibody.D, Effect of galectin-3 (gal3) knockdown on tumor growth
inMDA-MB435S cells expressingWT. Results are themean�SEMof sixmiceper group. ��� ,P<0.001 (unpairedStudent t test).E,Western blot analysis ofb4-integrin
immunoprecipitates from MDA-MB435S transfectants and A431 cells. F, MDA-MB435S cells expressing WT and A431 cells were serum-starved for 2 hours
and were then incubated in serum-free medium in the presence of conditioned medium of MDA-MB435S cells and saccharides (0.2 mol/L) for 30 minutes.
The b4-integrin immunoprecipitates from the cells were analyzed byWestern blot. Note that the binding of galectin-3 to b4-integrin was inhibited by a competitive
disaccharide, b-lactose, but not a noncompetitive disaccharide, sucrose. Results of the densitometric analysis are shown as the integrated density of the ratio of
galectin-3 protein to b4-integrin protein bands. G, Effect of galectin-3 on N-glycans of b4-integrin–mediated cell adhesion. Note that galectin-3 enhanced
cell adhesion of MDA-MB435S cells expressing WT but not either lacZ or DN to laminin-332. H, Effect of galectin-3 on N-glycosylation in b4-integrin–mediated cell
migration. Note that MDA-MB435S cells expressing WT, but not either WT with GnT-III or DN, showed increased cell migration in the presence of galectin-3.
Results are the mean � SEM for two or three independent experiments conducted in triplicate. � , P < 0.05; ���, P < 0.001; ns, not significant (one-way ANOVA,
Bonferroni posttest).
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Discussion
In the current study, b4-integrin was colocalized with

b1,6GlcNAc-branched N-glycans in tumor tissues. The suppres-
sion of the modification of b4-integrin by GnT-III was associated
with reduced cancer cell migration and tumorigenesis in MDA-
MB435S cells expressing b4-integrin. Deletion ofN-glycosylation
sites inb4-integrin,whichwas accompaniedwithdownregulation
of the PI3K signaling pathway, inhibited b4-integrin–dependent
cancer cell migration, invasion, proliferation, and tumor forma-
tion. Furthermore, loss of association between galectin-3 and b4-
integrin via b1,6GlcNAc-branched N-glycans abolished galectin-
3–promoting cancer cell adhesion and migration. These results
provide evidence that N-glycosylation of b4-integrin plays a
functional role in promoting tumor development and progres-
sion through the PI3K activation.

b4-integrin promotes cell proliferation, migration, and inva-
sion (31, 33), and plays pivotal roles in tumorigenesis (8). In the
present study, deletion of N-glycosylation sites in b4-integrin
suppressed those cellular functions in vitro as well as cell prolif-
eration and tumorigenesis in vivo. GnT-V knockout mice have
been reported to suppress polyomavirus middle T oncogene-
induced mammary tumor growth and metastasis (19). Previous
studies have shown that an increase ofb1,6GlcNAc in thea3-,a5-,
or b1-integrin subunit resulted in increased cancer cell migration
(34, 35). Our findings indicate that modification of b4-integrin

withb1,6GlcNAcmaybeupregulated in tumor tissue. In addition,
suppression of the b1,6GlcNAc modification in b4-integrin by
overexpression of GnT-III reduced b4-integrin–dependent cancer
cell migration and tumor formation. Therefore, this loss of b4-
integrin functionby theN-glycosylation defectmaybemainly due
to a lack of b1,6GlcNAc modification in b4-integrin.

Galectin-3 has a high affinity for b1,6GlcNAc-branched N-
glycans through multivalent binding, and thereby cross-links
glycoproteins on the cell surface and in the extracellular matrix
to form molecular complexes (24). The formation of the macro-
molecular complexes on the cell surface by galectin-3 affects the
distribution of glycoproteins and cellular signaling. Furthermore,
integrin clustering mediated by galectin-3 promotes integrin
activation (25, 27). In our study, we found that the deletion of
N-glycans of b4-integrin, resulting in impaired galectin-3 binding
to b4, suppressed b4-integrin functions mainly through down-
regulation of the PI3K pathway. These results support the hypoth-
esis that the cross-linking between b1,6GlcNAc-branched N-gly-
cans of b4-integrins by galectin-3 directly or indirectly affects PI3K
activation and cellular functions such as cell motility and tumor-
igenesis (Fig. 6); however, further investigation is required.

The association of b4-integrin with laminin-332 is known to
induce PI3K activation, thereby promoting cell adhesion and
migration (2). Our previous study showed that a decreased level
of b1,6GlcNAc-branched N-glycans on laminin-332 by

Figure 6.

Hypothetical model of N-
glycosylation–mediated b4-
integrin–dependent tumor
progression. Galectin-3 cross-links
between b1,6GlcNAc-branched
N-glycans, which in turn promotes
b4-integrin clustering. The complex
formation activates PI3K/Akt
signaling, thereby promoting tumor
progression by stimulating cell
migration, invasion, proliferation, and
tumorigenesis.
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introduction of bisecting GlcNAc suppressed its cell adhesion and
migration activity as well as galectin-3–mediated b4-integrin
clustering (27). The present study showed that a defect of N-
glycosylation in b4-integrin suppressed the association with lam-
inin-332 and PI3K activation, suggesting that N-glycosylation of
b4-integrin played a critical role in PI3K activation through the
interaction with laminin-332. These results suggest that the asso-
ciation between laminin-332 and b4-integrin through
b1,6GlcNAc-branched N-glycans may also be important for b4-
integrin–dependent tumor progression.

In the present study, we cannot exclude the potential effect of
the lack of N-glycosylation on b4-integrin protein folding. N-
Glycosylation on integrins is important for such protein folding,
which is required for heterodimer formation. In fact, the lack ofN-
glycans on a5-integrin causes its misfolding and loss of hetero-
dimer formationwithb1-integrin (36). In contrast,DNb4-integrin
could form a heterodimer with a6-integrin (Supplementary Fig.
S2B). Furthermore, FACS analysis showed that DNb4 expressed
on the cell surface, which is comparable with WTb4 (Supplemen-
tary Fig. S2A). In essence, noncomplexed integrin is degraded
immediately or remains in the endoplasmic reticulum (37).
Therefore, the lack of N-glycans on b4-integrin seems to affect
its function and the association with other molecules, rather than
b4-integrin folding.

In conclusion, our study suggests that N-glycosylation of b4-
integrin is associated with tumor development and progression
through b4-integrin/PI3K signaling via the galectin-3–N-glycan
complex. N-Glycosylation of b4-integrin may therefore represent
a potential therapeutic target for cancer.
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Core fucosylation catalyzed by core fucosyltransferase (Fut8) contributes to the

progressions of epithelial ovarian cancer (EOC). Copper transporter 1 (CTR1), which

contains one N-glycan on Asn15, mediates cellular transport of cisplatin (cDDP), and

plays an important role in the process of cDDP-resistance in EOC. In the present study,

we found that the core fucosylation level elevated significantly in the sera of cDDP-

treated EOC patients. The in vitro assays also indicate that core fucosylation of CTR1

was significantly upregulated in cDDP-resistant A2780CP cells compared to the

cDDP-sensitive A2780S cells. Intriguingly, the hyper core fucosylation suppressed the

CTR1-cDDP interactions and cDDP-uptake into A2780CP cells. Conversely, contrast

to the Fut8+/+ mouse ovarian epithelial cells, the Fut8-deleted (Fut8−/−) cells obviously

showed higher cDDP-uptake. Furthermore, the recovered core fucosylation induced

the suppression of cDDP-uptake in Fut8-restored ovarian epithelial cells. In addition,

the core fucosylation could regulate the phosphorylation of cDDP-resistance-

associated molecules, such as AKT, ERK, JNK, and mTOR. Our findings suggest that

the core fucosylation of CTR1 plays an important role in the cellular cDDP-uptake and

thus provide new strategies for improving the outcome of cDDP based chemotherapy

of EOC.

K E YWORD S

cDDP-resistance, core fucosylation, CTR1, EOC, Fut8

1 | INTRODUCTION

Epithelial ovarian cancer (EOC) is the most lethal female genital

tract cancer in the world.1 The standard therapy scheme for the

initial management of ovary cancer is based on cytoreductive

surgery, followed by primary chemotherapy with a platinum-

based regimen.2 The first-line chemotherapy with platinum and

paclitaxel yields a response rate of more than 80%. Despite an

initial high response rate, EOC has a poor prognosis due to the

high proportion of chemo resistance (approximately 90%),2 and

the 5-year survival rate for advanced ovarian cancer is less than

30%. Reduced cellular accumulation of platinum-based drugs,

enhanced detoxification capability, aberrant apoptosis pathways,

and increased DNA repair ability from DNA damage are

associated with the chemo resistance,3,4 however, the precise

mechanisms of how EOC cells achieve resistance to platinum

drugs have not been fully identified.Xiaoxue Lv and Jiazhe Song contributed equally to this work.
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The resistance to platinum drugs usually occurs during the ovarian

tumor progressions, and the treatment for recurrent ovarian cancer is

often difficult due to resistance to chemotherapeutic agents.4,5

Aberrant glycosylation is a universal feature of cancer malignancy

and metastatic progress including EOC.1,5–12. Recent studies have

reported that core fucosylation could participate in the EOC

progression.1,5,12 Core fucosylation is catalyzed by core fucosyltrans-

ferase (Fut8) through transferring a fucose residue from GDP-fucose

to the innermost N-acetylglucosamine (GlcNAc) residue of N-glycans

via α1,6-linkage (Figure 1A).13 It plays important roles in various

cellular biological events.14 In our previous studies, we found that lack

of core fucosylation in transforming growth factor β1 (TGFβ1) receptor

and epidermal growth factor receptor results in a marked dysregu-

lation of their activation that is due to a decreased ligand affinity for the

receptor.15 Moreover, core fucosylation of B cell receptor is required

for antigen recognition.16 These findings indicate that core fucosyla-

tion is necessary for many molecular interactions on cell membrane.

Since the drug uptake of cancer cell is based on the molecular

interaction between cell surface proteins and drugs,17–20 the

relationship between core fucosylation and the membrane protein-

dependent drug uptake should be a novel point for the studies on the

drug-resistance of EOC.

The inhibition of cisplatin (cDDP) uptake is a main reason for the

cDDP-resistance of EOC, which usually occurs during the malignant

transformation in ovarian tumors.3,4,21,22 The transporters on the cell

membrane play a key role in the cellular accumulation of platinum-

based drugs, and several transporters of platinum compounds are

glycoproteins, including the efflux ATPases (MRPs, ATP7A/B), and the

solute carrier importers (SLCs, AQP2, and AQP9).3 Copper transporter

1 (CTR1) on the cell membrane contains three membrane-spanning

segments. CTR1 is a transporter that play a key role in regulating

copper homeostasis, and is also responsible for the uptake of cDDP in

yeast and mammals.3,4,23–26 Over-expression of CTR1 in human

ovarian tumor cells increases their sensitivity to platinum drugs.3,4,23–

25 CTR1-mediated cDDP-uptake was dependant on its metal-binding

ecto-domain, which is linked with the N-glycan (Asn15) and the O-

glycan (Thr27).19 Blocking CTR1 ecto-domainO-linked glycosylation by

mutating Thr27, increased the abundance of truncated CTR1.27 In

mammalian cells the N15Q mutant protein trafficked to the plasma

membrane and copper transport was modestly reduced by the loss of

glycosylation.27 However, the role of core fucosylation of CTR1 in

cDDP-uptake and in platinum-resistance in ovarian cancer has not

been elucidated.

In order to investigate the role of core fucosylation in CTR1-

mediated cDDP-uptake and cDDP-resistance of EOC, the core

fucosylation level in the serum of cDDP-treated EOC patients was

analyzed. Furthermore, we compared the ability of cDDP-uptake via

CTR1 between different human EOC cell lines. By applying the Fut8-

deleted (Fut8−/−) mouse ovary epithelial cell model, we provide

evidence that the core fucosylation of CTR1 is involved in the cDDP-

uptake, followed by cell apoptosis or survival. Our data suggest that

down-regulation of core fucosylation could improve the cDDP efficacy

in EOC chemotherapy.

2 | MATERIALS AND METHODS

2.1 | Clinical samples

The ovarian cancer patients newly diagnosed and treated in Dalian

Municipal Central Hospital from September 2016 to January 2017

were analyzed retrospectively. Pathology records were reviewed

including morphology, immunophenotype, and cytogenetic and

molecular findings. All cases met the criteria published by the World

health Organization (WHO). Serum samples were obtained from

healthy people (n = 20) and ovarian cancer patients (n = 21). All our

investigations were undertaken either for diagnostic purposes or with

residual material obtained through diagnostic procedures. All proce-

dures had been approved by the ethical committee of DalianMunicipal

Central Hospital. Patient clinical characteristics were listed in

Supplemental Table S1.

2.2 | Mice

Fut8−/− mice were backcrossed eight times to the BALB/cA

background. Homozygous wild (Fut8+/+) and knockout (Fut8−/−) mice

were obtained by crossing heterozygous Fut8+/− mice. Mice were

maintained in a room illuminated for 12 h (08:00-20:00) and kept at

24 ± 1°C with free access to food and water in the specific pathogen-

free laboratory animal facility of Dalian Medical University. All animal

procedures complied with the institutional animal protocol guidelines.

2.3 | Reagents

Antibodies for AKT, phospho-AKT (Ser473), mTOR, phospho-mTOR

(Ser2448), CTR1, phospho-ERK (Thr202/Tyr204), JNK, phospho-JNK

(Thr183/Tyr185) were purchased from Cell Signaling Technology

(Beverly, MA), and rabbit polyclonal anti-GAPDH antibodies were

purchased from Abcam (Cambridge, UK). Anti-cytokeratin 14 (K14)

antibody and cDDP were purchased from Sigma (St. Louis, MO). Lens

Culinaris Agglutinin (LCA) and Aspergillus oryzae lectin (AOL) were

purchased from Vector Laboratories, Inc. (Burlingame, CA).

2.4 | Western blot and lectin blot analysis

Cells were washed with phosphate buffer solution (PBS) and then lysed

with ice-cold buffer (50mM Tris-HCl, 150mM of NaCl, 1% Triton-X

100, 5mM EDTA, 10mM NaF, 0.1mM Na3VO4, supplemented with

0.1mM phenylmethylsulfonylfluoride, 1mM DTT). Total protein

concentrations were determined by bicinchoninic acid protein assay

(BCA assay kit, Pierce, Rockford, IL). Ten microgram proteins from each

sample were separated by 10% sodium dodecyl sulfate polyacrylamide

gel electrophoresis (SDS-PAGE) and analyzed by immunoblotting for

first antibody or the biotin-labeled LCA, which preferentially recognizes

the core fucose,28 followed by incubation with a HRP-conjugated

secondary antibody or HRP-conjugated streptavidin for 1 h at room

temperature. After washing, the membranes were visualized by

chemiluminescence using an ECL kit (Pierce, Rockford, IL).
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FIGURE 1 High level of core fucosylation frequently occurs in cDDP-treated EOC patients. A, The biological reaction of Fut8. Fut8
transfers fucose to the innermost GlcNAc residue of complex N-glycans via α 1, 6-linkage (core fucosylation) in the Golgi apparatus of
mammal cells. Asn, asparagine; Fuc, fucose; GDP-Fuc, GDP-fucopyranoside; Man, mannose. B, Comparative analysis of the core fucosylation
levels in sera of EOC patients and healthy controls. The core fucosylation levels in serum samples (5 μg) were detected by LCA lectin blot.
The represent image was shown. C, The statistical analysis of core fucosylation levels in the serum samples. Serum samples are from healthy
control (n = 20), cDDP-treated (n = 15), and untreated (n = 3) EOC patients. The significantly difference was shown as *P < 0.05 or **P < 0.01.
D, Analysis of core fucosylated molecules and CTR1 expressions in EOC patient specimens using H&E (left), AOL (middle), and anti-CTR1
(right) staining. The paraffin sections were deparaffinized and hydrated through a graded series of ethanol to PBS and then incubated with
biotin-conjugated AOL antibody or anti-CTR1 antibody. Finally, the slides were visualized with 3, 3′-diaminobenzidine. The original
magnification of lower panel is x 400 (n = 3). E, The comparative analysis by Cancer Genome Atlas (TCGA) demonstrated that the expression
of Fut8 was significantly increased in EOC patients (n = 185). The significantly difference was shown as ***P < 0.001. F, The overall survival
between high Fut8 expressed and low Fut8 expressed patients were analyzed by TCGA dataset. [Color figure can be viewed at
wileyonlinelibrary.com]
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2.5 | Immunohistochemistry

Formalin-fixed ovarian tissue specimens were paraffin-embedded. For

immunohistochemical analysis, the specimens were deparaffinized

twice in xylene and hydrated through a graded series of ethanol to PBS.

The endogenous peroxidase activity was blocked with 3% H2O2 for

5min. Specimens were pretreated with avidin-biotin blocking and

hydroxygen blocking for 10min at 37°C, and then incubated with

primary antibody (1:50 dilution) for 16 h at 4°C. Then the specimens

were incubated with appropriate peroxidase-conjugated secondary

antibody for 1 h at 37°C. The slides were visualized with 3, 3′-

diaminobenzidine. Stained slides were mounted in anti-fade medium

(PermaFluor Mamtant Medium; Immunon,Pittsburgh, PA). Finally, the

slides were examined under a fluorescence microscope (Leica, UK) at

an x200 magnification using the appreciate filter. The specimens were

analyzed by hematoxylin-eosin (H&E) staining.

2.6 | Cell culture

Two EOC cell lines, cisplatin-sensitive parental cell line (A2780S) and

its cisplatin-resistant variant (A2780CP) were kindly provided in 2015

by Chun Peng (York University, Toronto, Canada) and Dr Shiying Cui

(Dalian Medical University), and were cultured in Dulbecco's modified

Eagle's medium (DMEM) containing 10% fetal bovine serum and

maintained at 37°Cwith 5% CO2 as previously described.2,29 Cell line

authentication and pathogen testing was performed upon receipt of

cell lines. All experiments were performed on cells cultured for less

than 2 months. The morphology of A2780S and A2780CP cells was

shown in Supplemental Figure S1.

2.7 | Quantitative gene expression analysis by real-
time PCR and RT-PCR

Total RNAs were extracted from ovarian cancer cell lines with the

TRIzol™ reagent (Invitrogen, Carlsbad, CA). First-strand cDNA was

synthesized using SuperScript II reverse transcriptase (Invitrogen)

and the oligo (dT) 18 primer. Samples were analyzed in a triplicate

20 μL reaction (20 μmol/L of primers, 10 μL of Master Mix), which

was adapted from the standard protocol provided by SYBR Green

PCR Master Mix. The default PCR procedure was used on an

Applied Biosystems Prism 7000 Sequence Detection System

(Applied Biosystems, Tokyo, Japan). The primers used for PCR

were listed in Supplemental Table S2. Using the 2-ddCt method,

relative internal mRNA expression of target genes was normalized

to GAPDH.

2.8 | Flow cytometry analysis

Cells were collected and blocked in 3% BSA for 10min. Primary

antibodies were incubated on ice for 30min, and then stained with

FITC-labeled secondary antibodies. Flow cytometry was performed on

a FACS-Calibur (Becton Dickinson, Mountain View, CA), and the data

was analyzed with Flowjo software (Treestar, San Carlos, CA).

2.9 | Immunoprecipitation

For immunoprecipitation (IP), 500 μg of cell extracts were mixed with

10 μL anti-CTR1 antibody and incubated at 4°C for 1 h with

continuous rotation. Then 10 μL of a 50% suspension of Protein G-

Sepharose (Amersham Pharmacia Biotech AB) was added and

incubated at 4°C overnight with gentle agitation. The beads were

washed four times with lysis buffer. The immunoprecipitated samples

were eluted from the protein G-Sepharose by heating at 100°C for

5min in 2 x loading buffer without 2-mercaptoethanol. After

centrifugation, the supernatant were resolved by SDS-PAGE and

Western blotted.

2.10 | Remove of fucosylation on the CTR1

The CTR1 from A2780CP and A2780S cells was purified by IP assay,

and then purified CTR1 were treated with 100mUGlyko® α (1-2, 3, 4,

6) Fucosidase (GKX-5006, Prozyme) for 16 h at 37°C to remove the

core fucosylation.

2.11 | Molecular interactions

For molecular interaction analysis, the purified CTR1 proteins were

mixed with different concentrations of cDDP, and detected by

fluorescence measurement. The fluorescence measurements were

performed on an FP-6500 fluorescence spectrophotometer (Jasco,

Japan) equipped with a 150W xenon lamp source. The fluorescence

emission spectra were recorded with 1.0 cm quartz cell in the

wavelength of 290-400 nm upon excitation at 280 nm at a scanning

speed of 500 nm per min. The bandwidths for both excitation and

emission were 3 and 5 nm, respectively. All synchronous fluorescence

spectraweremeasured according toΔλ = 20 nm andΔλ = 60 nm, while

the width of the excitation and emission slits were adjusted at 3 and

5 nm, respectively. The scanning speed of the synchronous fluores-

cencewas 500 nm/min and the response timewas 0.5 swith amedium

sensitivity.

2.12 | Measurement of intracellular platinum content

Platinum contentswere thenmeasured by inductively coupled plasma-

mass spectrometry (ICP-MS, Optima 2100dv) in Dalian Research

Institute of Product Quality Testing as previously described.17,24 Cells

were plated in dish at a density of 5 × 106 cells/dish followed by

incubation with different concentration of cDDP for 4 h. Then cells

were collected and digested in 1mL of concentrated nitric acid and

concentrated hydrochloric acid (1:3).

2.13 | Cell proliferation assay

For MTT [3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bro-

mide] assay, cells were cultured in 96-well plates, and added cDDP at

the indicated concentrations for 0, 24, 48, 72, 96 h. Ten microliter of

5mg/mL of MTT was added in the each well. After incubation for 4 h,
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DMSO (Sigma) was added to each well to dissolve the precipitate. The

plate was read at 490 nm on a Benchmark microplate reader (BioRad,

Hercules, CA). The percentage growth inhibition was calculated using

following formula, cell survival inhibition (%) = (Ac-At)/(Ac-

Ab) × 100%. At = Absorbance value of cDDP-treated; Ab = Absor-

bance value of blank; Ac = Absorbance value of control.

2.14 | CCK8 cell proliferation assay

Cell IC50 were measured by using CCK8 assay (APExBIO). Briefly, the

A2780 and A2780-cp cells were plated in 96-well plates (5000 cells/

well). After pre-culture for 12 h, the cells were treated with various

concentrations of cisplatin (0, 10, 20, 30, 40, and 50 μg/mL) for 24 h,

and 10 μL of CCK-8 solution (APExBIO) was subsequently added to

eachwell of the plate. The bubbles were prohibited into the cells. Then

the plate was incubated at 37°C for 3 h. The optical density (OD) value

was measured at 450 nm using a microplate reader (BioTek Instru-

ments, VT).

2.15 | Cell cycle and apoptosis analysis

For cell cycle analysis, cells were incubated with and without cDDP for

48 h. After extensive washing, the cells were fixed with 70% ethanol

overnight at 4°C and incubated with propidium iodide (PI) (Sigma-

Aldrich) and RNaseA (Sigma-Aldrich) for 1 h at room temperature, and

analyzed using a FACS calibur instrument. The cell-cycle phase

distribution was analyzed with the use of the CellQuest software.

For cDDP-induced cell apoptosis analysis, cells were harvested

and fixed. Then, annexin V-APC/PI-FITC double staining were

performed according to the manufacturer's instructions.

2.16 | Phosphorylation assay

Serum-starved cells were treated with indicated concentration of

cDDP for 0, 5, 15, and 30min. Stimulations were terminated by

washing the cells once with ice-cold PBS supplemented with 0.4mM

sodium orthovanadate and then harvested by scraping. Cells were

collected and solubilized for 30min at 4°C in lysis buffer. After lysis,

the lysate was centrifuged at 10 000g for 15min at 4°C to precipitate

insoluble materials, and the supernatant were subjected to

immunoblotting.

2.17 | Establishment of FUT8+/+, FUT8+/−, FUT8−/−,
and Fut8-restored (Re) ovary epithelial cells

Ovary epithelial cells were obtained from homozygous wild type

(FUT8+/+), heterozygous (FUT8+/−) and Fut-8 gene-knockout (FUT8−/

−) mice.16,30 In detail, ovarian tissues were removed from the mice

following by incubation in hyaluronidase (100 U) and collagenases

(300 U) for 30min. After centrifugation at 1000g, the cells was

collected and cultured in DMEM supplemented with 10% FCS and

incubated at 37°C. To obtain immortal cells, zeocine-resistant vector

(pcDNA3.1) containing the SV40 gene was introduced to these

primary cells. Transfectants were screened in the presence of 400 μg/

mL zeocine, and Fut8+/+, Fut8+/− and Fut8−/− mouse ovarian epithelial

cells were established. The primers for Fut8+/+, 5′-TTC CAG AGAGAT

TAG CCT GTC T-3′ and 5′-TCT CGA ACC AAA TGA CCA CCT A-3′,

and for FUT8−/−, 5′-TTG CCG TCT TTT GGC AAT GTG A-3′ and 5′-

CCAGAT CAGATC CCA TAC AATG −3′, were used for PCR to detect

mouse genotyping.

To prepare Fut8-reintroduced cells, pLHCXsi-U6-Fut8 mutant

expression vectors were prepared. The pLHCXsi-U6-Fut8 mutant

vector was transduced into Fut8−/− mouse ovary epithelial cells by

Lipofectamine, and Fut8-restored (Re) mouse ovary epithelial cells

were generated after selection with 200 μg/mL hygromycin.

2.18 | Immunofluorescence assay

Cells were seeded onto 6-well chamber microscope slides and allowed

to adhere overnight. Then cells were washed and fixed in methanol:

acetone (1:1) for 30min followed by block out in rabbit serum for

30min. Primary antibody was incubated for 1 h at room temperature,

then the secondary antibody was covered for 1 h and followed by

DAPI staining for 5 min. Cell immunostaining was imaged on a

fluorescence microscopy (Leica, Cambridge). The images were

projected by using the Nikon Ez-C1 and Adobe Photoshop 8.0

software.

2.19 | Statistical analysis

Each experiment was performed at least three times and themeanwas

used to calculate significance. Data was expressed as mean

values ± standard error mean (SEM). Data analysis was performed

with the statistical software package Graph Pad Prism 5. The statistical

significance was assessed by one-way analysis of variance (ANOVA).

The level of differences among groups was analyzed by Student's test.

Differences were considered to be statistically significant at *P < 0.05,

**P < 0.01, and ***P < 0.001.

3 | RESULTS

3.1 | Core fucosylation of CTR1 is associated with
the cDDP-resistance of EOC

During the therapy process of EOC, about 90% of patients exhibited

chemo resistance.2,31 To investigate the role of core fucosylation in the

cDDP-resistance of EOC, we evaluated the sera of 21 patients, who

had received primary surgery. Among those, 18 EOC patients received

cDDP-based primary therapy, and the other three were not received

any chemotherapy (Supplementary Table S1). LCA staining demon-

strated that the core fucosylation levels were dramatically up-

regulated in cDDP-treated EOC patients, compared to the healthy

controls and none cDDP-treated EOC patients (Figures 1B and 1C),

indicating that high level of core fucosylation frequently occurs in

cDDP-treated EOC patients. Moreover, the ovarian specimens of

cDDP-treated EOC patients were analyzed by H&E staining and
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immunohistochemical assay using AOL, which is another lectin specific

for recognizing core fucosylation.32 As shown in Figure 1D, core

fucosylation was markedly increased in ovarian carcinoma tissues

contrast to the adjacent normal tissues. Herewe also investigate CTR1

expressions of the specimens of ovary tissue from cDDP-treated EOC

patients and found that CTR1 was mainly concentrated on the cell

membrane of ovarian carcinoma (Figure 1D). Moreover, the Cancer

Genome Atlas (TCGA) Bonome Ovarian Statistics demonstrates that

the expression of Fut8 was significantly increased in EOC patients

(n = 185, ***P < 0.001) (Figure 1E), although there are no significant

difference of the overall survival between high Fut8 expressed and low

Fut8 expressed patients (Figure 1F, data from Oncomine). The

colocalization of CTR1 with the core fucosylation in the cDDP-treated

ovarian carcinoma tissues suggests that core fucosylation of CTR1may

be associated with the cDDP-resistance of EOC.

Next, we compared the core fucosylation levels of human EOC cell

line A2780S and its cDDP-resistance variants A2780CP.2,29 The LCA

blot indicated that core fucosylation levels of A2780CP cells are

significantly higher than those of A2780S cells (Figure 2A). The Fut8

mRNA and protein expressions are dramatically upregulated in

A2780CP cells compared with A2780S cells (Figure 2B). No apparent

changes were found in the expressions of other glycosyltransferase

genes, such as N-acetylglucosaminyltransferase III (GnT III), GnT IV,

GnT V, and α2,6-sialyltransferase I (ST6Gal1). These findings were

consistent with other previous report,15 suggesting that the up-

regulation of core fucosylation is positively correlated to cDDP-

resistant in EOC cells. Then we detected CTR1 expressions in the

A2780S and A2780CP cells (Figures 2C and 2D). No significant

difference of the CTR1 expression on the cell membrane was found

between A2780S and A2780CP cells (Figure 2C). However, the core

fucosylation level of CTR1 in A2780CP cells is dramatically higher than

that in A2780S cells (Figure 2D). These findings also indicated that core

fucosylation of CTR1 were associated with the cDDP-resistance of

EOC cells.

To further explore the relationship between core fucosylation of

CTR1 and the cDDP-resistance of EOC cells, the cDDP-treatment

assays were performed. The cell survival inhibition assay showed

that the A2780CP cells were more cDDP-resistant than that of

A2780S cells during treatment with 10, 20, and 35 μM cDDP

(Figure 2E). To further determine whether cDDP influences cell

survival via cell-cycle arrest, the cell-cycle was analyzed by flow

cytometry. In the cell-cycle profiles the cDDP-treatment in A2780S

cells induced higher proportion of G2/M arrest than those in

A2780CP cells, albeit the cDDP-treatment increased the G2/M

arrest in both cell lines (Figures 2F and S2). We next analyzed the

effect of cDDP on cell apoptosis using annexin V and PI staining. As

shown in Figure 2G, after cDDP-treatment, the percentages of early

apoptotic cells (PI− annexin V+ cells) in A2780S and A2780CP cells

were 2.30% and 1.10%, respectively; the percentages of late

apoptotic cells (PI+ annexin V+ cells) were 7.53% and 2.14%,

respectively. Obviously, the rates of cell apoptosis in the A2780CP

cells were significantly lower than those in A2780S cells.

Moreover, in the CCK8 assay the IC50 of the A2780CP cells

(28.3 ± 0.06 μg/mL) was significantly higher than that of the A2780S

cells (20.5 ± 0.08 μg/mL). These results indicated that the hyper core

fucosylation of CTR1 in A2780CP cells is important for their survival

against cDDP-treatment. Considering the colocalization of CTR1

with hyper core fucosylation in the ovarian carcinoma tissues of

cDDP-treated EOC patients (Figure 1D) and the high proportion of

cDDP-resistance in EOC patients,2,31 core fucosylation of CTR1 is

associated with the cDDP-resistance of EOC.

3.2 | Core fucosylation of CTR1 plays a crucial role in
the cDDP-uptake of EOC cells

CTR1 on cell membrane is the most important cDDP-transporting

protein with the N-linked glycosylation on its metal-binding ecto-

domain.3,4,19,23–25,33 The colocalization of CTR1 with core fucosyla-

tion of N-glycans on the cell membrane of ovarian carcinoma implied

that the function of CTR1 may be correlated with core fucosylation in

cDDP-treated EOC (Figure 1D). Given that the CTR1 plays a crucial

role in regulating the influx of platinum drugs into the cells,3,4,23–26 we

suspected that the core fucosylation is involved in the CTR1-mediated

cDDP-uptake of cells. To determine the influence of core fucosylation

on the interaction between CTR1 and cDDP, the CTR1 from A2780CP

and A2780S cells was purified (Figure 3A) and treated with 100mU

Fucosidase, which can cleave α1,6 fucose linkages more efficiently

than other α-fucose linkages.32 As shown in Figure 3B, the core fucose

was completely removed on the CTR1 by fucosidase treatment from

A2780CP (A2780CP + E) and A2780S (A2780S + E). Surprisingly, loss

of core fucosylation on the CTR1 exhibited no binding activity to cDDP

(Figure 3C), suggesting that the fucosylation of CTR1 is essential to the

interaction between CTR1 and cDDP. Indeed, the CTR1 of A2780S

cells exhibited stronger binding activity to cDDP than those of

A2780CP cells with a dose-dependent manner (Figure 3C). The signals

of CTR1-cDDP complex reached a threshold at 100 nM of cDDP,

evidenced by no change of the signals at 140 nM (Figure 3C). Since the

core fucosylation of A2780CP cells are significantly higher than those

of A2780S cells, it is reasonable to consider that the hyper core

fucosylation of CTR1 suppressed the CTR1-cDDP interaction in

A2780CP cells.

ICP-MS analysis is usually applied for detecting the cellular

accumulation of platinum.23,33 To further clarify the association of core

fucosylation with the CTR1-mediated cDDP-uptake, wemeasured the

cellular accumulation of platinum in the cells by ICP-MS analysis. The

cellular accumulation of platinum in A2780S cells was higher than

those in A2780CP cells (Figure 3D). These results suggested that the

hyper core fucosylation of CTR1 could suppress the CTR1-cDDP

interactions and the following cDDP-uptake of EOC cells.

3.3 | Lack of core fucosylation weakens the
cDDP-resistance of mouse ovarian epithelial
cells by promoting cellular cDDP-uptake

Since Fut8 is the sole glycosyltransferase for core fucosylation, the

Fut8−/− mice, which were generated in our laboratory, were applied
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FIGURE 2 Core fucosylation are involved in the cDDP-resistance and survival of EOC cells. A, LCA staining of A2780S and A2780CP cells.
The core fucosylation levels of A2780S and A2780CP cell lysates were detected using LCA staining. Coomassie brilliant blue (CBB) staining of
gels showed the comparable amounts of protein. B, Fut8 expressions of A2780S and A2780CP cell lines were analyzed by real time PCR and
Western blot. The mRNA and protein levels of different genes were normalized with GAPDH expressions. The significantly difference was
shown as *P < 0.05. C, Expressions of CTR1 on the surface of A2780S and A2780CP cells. Cells were stained with anti-CTR1 Ab for 30min
on ice, and the expression were analyzed by flow cytometry assay. D, Comparison of core fucosylation levels of CTR1 in A2780S and
A2780CP cells. Whole lysates were immunoprecipitated by anti-CTR1 Ab, and followed by subjected to CTR1 Western blot and LCA blot
analysis. E, The survival inhibition assay. A2780S and A2780CP cells were treated with 10, 20, and 35 μM of cDDP for 24, 48, 72, and 96 h,
and cell proliferation was analyzed by MTT assay. OD values were measured at 490 nm using microplate reader. Cell survival inhibition
(%) = (Ac-At)/(Ac-Ab) x 100%. Ab, absorbance value of blank; Ac, absorbance value of control; At, absorbance value of cDDP-treated. The
significantly difference was shown as *P < 0.05 or **P < 0.01 or ***P < 0.001. F, Cell cycle analysis of A2780S and A2780CP cells. Cells were
treated with 20 μM cDDP for 48 h, the untreated cells were served as control. The PI staining was performed to measure the DNA content of
cells; then the cell cycles were measured on a FACS Calibur cytometer. The percentages of cells were shown in different cell cycle phases
(G1, S, or G2/M). G, The flow cytometry analysis was performed to measure the apoptosis of A2780S and A2780CP cells after PI and
annexin V staining. Cells were exposed to 20 μM cDDP for 48 h. [Color figure can be viewed at wileyonlinelibrary.com]
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here to establish a Fut8-deleted mouse ovarian epithelial cell

model.16,30 Immunohistochemistry assays with LCA show that core

fucosylation was abolished in Fut8−/− mouse ovary (Figure 4A). The

purified ovarian epithelial cells were transfected with SV40 cDNA

followed by screening with G418. Then the genotypes of immortalized

Fut8−/−, Fut8+/−, and Fut8+/+ cells were proved by PCR assay

(Figure 4B) and the epithelial type was identified by immunostaining

of cytokeratin 14 (K14) in these three cell lines (Figure 4C).

Furthermore, the CTR1 expressions in these three cell lines were

examined by flow cytometry and western blot analysis. No significant

difference of CTR1 expressions was found in Fut8−/−, Fut8+/−, and

Fut8+/+ mouse ovarian epithelial cells (Figures 5A and 5B), however,

the core fucosylation of Fut8−/− mouse ovarian epithelial cells was

abolished, and the core fucosylation level of Fut8+/− cells was about

half of Fut8+/+ cells (Figure 5B).

The cellular accumulation of platinum in Fut8−/− cells were

notably higher than that in Fut8+/− and Fut8+/+ cells after

incubation with 30 μM of cDDP (Figure 5C). To determine the

role of core fucosylation in the cDDP-uptake of cells, we

transduced Fut8 cDNA to Fut8−/− mouse ovarian epithelial cells

and established Fut8 restored cells (Re cells) (Figure 5D). As shown

in Figure 5E, compared to Fut8+/+ cells, cDDP-uptake was

significantly increased in Fut8−/− cells, and that was restored in

the Re cells. These results suggested that the lack of core

fucosylation increased the CTR1-mediated cDDP-uptake of

ovarian epithelial cells.

To further confirm the role of core fucosylation in cell survival

after cDDP-treatment, we examined the proliferation of Fut8−/−,

Fut8+/−, and Fut8+/+ mouse ovarian epithelial cells by MTT assay.

Compared to Fut8+/+ cells, the survival rate of Fut8−/− cells was

dramatically reduced upon 10 and 20 μMcDDP-treatment (Figure 5F).

Moreover, the flow cytometry analysis shows that Fut8−/− cells

exhibited obviously increased apoptosis rate under 20 μM cDDP-

treatments (Figure 5G). Taken together, lack of core fucosylation

weakens the cDDP-resistance of ovarian epithelial cells by promoting

the cellular cDDP-uptake.

FIGURE 3 Core fucosylation regulates the CTR1-mediated cDDP uptake. A, Purification of CTR1. The proteins from A2780S and
A2780CP cells were isolated, and CTR1 was further purified by the immunoprecipitation. B, Remove of fucose on the CTR1. The purified
CTR1 was treated with 100mU Fucosidase. C, Molecular interactions between CTR1 proteins and cDDP. The cDDP solution (0, 50, 100, and
140 nM, was titrated into a fixed concentration of CTR1. Significant increase was observed in the fluorescence intensity, when the cDDP was
interacted with CTR1. D, Cellular Pt accumulation after exposure to cDDP. A2780S and A2780CP were incubated with 50 μM cDDP for 4 h.
Cellular Pt accumulation was then measured by ICP-MS. The significantly difference was shown as *P < 0.05. [Color figure can be viewed at
wileyonlinelibrary.com]
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3.4 | Core fucosylation is involved in the
cDDP-induced signal transduction in EOC cells

Several previous studies have proved that the uptake of cDDP initiates

different signaling events, which modulating cell proliferation,

apoptosis, metabolism, and autophagy.3,34–37 To verify the impacts

of core fucosylation on cell signaling, the A2780S and A2780CP cells

were treated with 20 μM of cDDP for 0, 5, 10, 15min. Compared to

low-core fucosylated A2780S cells, the phosphorylation levels of Akt,

mTOR, ERK, and JNK was significantly enhanced in high-core

FIGURE 4 Establishment of the Fut8+/+, Fut8+/−, and Fut8−/− ovary epithelial cells. A, Core fucosylation of Fut8+/+ and Fut8−/− ovarian
specimens by immunohistochemical analysis with LCA blot. Red arrows indicate antral follicles. Black arrows indicate primary follicles. B, PCR
analysis of Fut8 gene in the Fut8+/+, Fut8+/−, and Fut8−/− cells. DNA were extracted from the Fut8+/+, Fut8+/−, and Fut8−/− cells and were
subjected to PCR assay. C, Identification of Fut8+/+, Fut8+/−, and Fut8−/− ovarian epithelial cells. Cells were immunostained by antibody specific
for epithelial marker (K14, red color, and DAPI, blue color). The magnification is 400-fold. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Loss of core fucosylation promotes CTR1-mediated cDDP uptake. A, Core fucosylation did not influence the CTR1 expressions
on the surface of the Fut8+/+, Fut8+/−, and Fut8−/− mouse ovarian epithelial cells. The CTR1 expressions on the cellular surface were analyzed
by flow cytometry analysis. B, Immunoblot analysis. The CTR1 expressions were measured by Western blot. The core fucosylation of Fut8+/+,
Fut8+/−, and Fut8−/− cells were detected by LCA blot. GAPDH expressions were served as a control. C, Cellular Pt accumulation after
exposure to cDDP. Fut8+/+, Fut8+/−, and Fut8−/− mouse ovary epithelial cells were incubated with 30 μM cisplatin for 4 h. Platinum contents
were then measured by ICP-MS. Data was expressed as mean ± SEM (n = 4). The significantly difference was shown as *P < 0.05. D,
Establishment of Re cells. The Re cells were generated by introduction of Fut8 cDNA to Fut8−/− cells. The core fucosylation of Fut8+/+, Fut8−/
−, and Re cells were detected by LCA blot. E, Cellular Pt accumulation of Fut8+/+, Fut8−/−, and Re cells by ICP-MS. Data was expressed as
mean ± SEM (n = 4). The significantly difference was shown as *P < 0.05. F, MTT assay for cells viability. Fut8+/+ and Fut8−/− cells were
incubated with 10 and 20 μM of cDDP for 24 and 48 h. The significantly difference was shown as *P < 0.05 or **P < 0.01. G Flow cytometry
analysis for cell apoptosis. After exposure to 20 μM cDDP for 48 h, Fut8+/+ and Fut8−/− cell apoptosis was detected by double staining with PI
and annexin V. [Color figure can be viewed at wileyonlinelibrary.com]
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fucosylated A2780CP cells at 5, 15, and 30min (Figures 6A and 6B). In

addition, cDDP-induced cell signaling was also detected in Fut8−/−,

Fut8+/−, and Fut8+/+ mouse ovary epithelial cells. Compared with

Fut8−/− ovary epithelial cells the enhanced activation of JNK and ERK

signaling was found in Fut8+/+ cells under cDDP-treatment

(Figures 6C and 6D). These results suggested that the core fucosylation

is associated with the cDDP-induced signaling of EOC cells.

4 | DISCUSSION

Altered glycosylations contribute to the pathophysiological events

during EOC progressions.1,5–12 In ovarian cancer, the mRNA expres-

sion and activity of the glycosyltransferase GnT-III, the enzyme

responsible for the addition of bisecting N-linked glycans, were

increased. The forced expression of ST6Gal-I, which catalyzes the

addition of sialic acid to the termini of N-linked glycans, confers

resistance to cisplatin, whereas ST6Gal-I knockdown conversely

sensitizes cells to cisplatin.11 The elevated fucosylation was also

detected by AAL staining in ovarian cancer.6 Taniguchi and co-workers

discovered that the mRNA levels and activity of FUT8 were increased

in serous adenocarcinoma ovarian tissues compared with normal

ovarian tissue.38 These studies suggested the involvement of glycans

in the ovarian cancer processes, but there are only a few reports

available regarding the involvement of core fucosylation in resistance

to platinum drugs in ovarian cancer. In the present study, we show that

the level of core fucosylation was significantly increased in sera and

cDDP-treated ovarian carcinoma tissues of cDDP-treated EOC

patients. The elevated core fucosylation attributed to the cDDP-

resistance of EOC by suppressing the binding of CTR1 with cDDP and

the following cDDP-uptake, of which also affects cell signal transduc-

tion, survivals, and apoptosis (Figure 6E).

CTR1 transports cDDP via direct binding it by the Met-rich motifs

within the ecto-domain.18 Thus the Met-rich motifs within the CTR1

ecto-domain are especially critical for cDDP acquisition of cells.18,19

Contrast to the CTR1−/−/WT cells, the Pt content of CTR1−/−/M2

(40MXXXM45 was deleted) and CTR1−/−/Truncated (the first N-terminal

45 amino acids were deleted) variants were increased by 2.5- and 2.3-

fold, respectively.18 CTR1 contains one N-glycosylation site Asn15 on

its metal-binding ecto-domain in mammalian cells. Fut8-catalyzed core

fucosylation is one of the most prevalent glycosylations in mammalian

N-glycans. Core fucosylation contributes to the folding, stability, and

biological function of the molecules.15,30 Recently, Zhao et al5

detected a high level of core fucosylation in A2780CP cells by lectin

array analysis. In agreement with this observation, we found that the

core fucosylation levels in A2780CP cells are significantly higher than

those of A2780S cells (Figure 2A) and the hyper core fucosylation

suppressed the CTR1-cDDP interactions and cDDP-uptake in

A2780CP cells (Figures 3C and 3D). Moreover, the capability of

cDDP-uptake was obviously increased in the Fut8−/− cells contrast to

the Fut8+/+ cells, and suppressed in Re cells by re-introduction of Fut8

gene. Since the cDDP-uptake of cancer cells is based on the molecular

interaction between CTR1 and cDDP,4 and core fucosylation is

necessary for the molecular interactions such as receptor-ligand

interaction on cell membrane,15,16 it is conceivable that core

fucosylation is likely to be important in all three proposed stages

involved in the cDDP-uptakes via CTR1. First, core fucosylation is

essential for the conformation of metal-binding ecto-domain of CTR1.

Second, core fucosylation of CTR1 could regulate the recognition of

cDDP and affect the interaction between cDDP and CTR1. Third, core

fucosylation is involved in the cDDP-uptake via CTR1 and the followed

cell signaling.

CTR1 undergoes constitutive endocytosis and recycling to the

plasma membrane. The removal of Asn15-linked glycan by mutation

(N15Q) does not affect trafficking of the transporter to the cell

surface.27 Several studies on EOC cells reported that the expression

levels of CTR1 are not correlated to the amount of cDDP

accumulation.17,3939 Conversely, it has been reported that the

elevation of CTR1 expression in the tumor cells increased their

sensitivity to platinum drugs and the survival of cancer patients.4,19,40

We found that there is no significant difference in CTR1 expressions of

A2780S and A2780CP cells (Figure 2C), the CTR1 expression is not

changed in A2780S and A2780CP cells after cDDP-treatment. It also

reported that cDDP-treatment did not even change membrane CTR1

levels.17,39 However, cDDP induced down-regulation of human CTR1

expression in the CTR1−/−/WT, CTR1−/−/M2, and CTR1−/−/Truncated

cells.19,41 The discrepancy from our results may be caused by

differences in the experimental procedure and the cell models.

Although the changes of core fucosylation have no influence on the

expression of CTR1 in Fut8+/+, Fut8+/−, and Fut8−/− ovarian epithelial

cells, loss of core fucosylation would give rise to the increased CTR1-

cDDP interaction, thereby promotes cDDP-uptake, indicated that core

fucosylation could sterically hinder cDDP-uptake within the ecto-

domain. Therefore, it is reasonable to conceive that cDDP-uptake is

mainly regulated by the core fucosylation of CTR1 rather than the

cDDP expression.

The cDDP could initiate activation of different signaling

pathways, such as ERK, MAPK, JNK, and AKT.3,34–37 which affect

cell survival and apoptosis. Here we found that the different core

fucosylations of CTR1 and distinct cDDP-uptakes existed between

A2780S and A2780CP cells, implying that core fucosylation may be

associated with cDDP-induced cell signal transductions by regulating

CTR1-mediated cDDP-uptake. On the cell survival, cDDP caused the

activation of ERK and JNK pathways that contribute to the increased

proliferative rate of tumor cells.3,35,42 In our present study, the

signaling in cDDP-resistant A2780CP cells was notably stronger than

in cDDP-sensitive A2780S cells. In addition, compared with Fut8−/−

cells, the activation of JNK and ERK signaling were increased in

Fut8+/+ cells under cDDP-treatment. On the apoptosis, AKT and its

downstream molecular, mTOR, are correlated to the process of

cDDP-resistance of ovarian cancer cells.3,34,36,37 In agreement with

the previous study, the anti-apoptosis AKT-mTOR signaling was

stronger in A2780CP cells than in A2780S cells, and the cell

apoptosis in the A2780CP cells were significantly lower than those

in A2780S cells, suggesting that the low apoptosis rate is correlated

to the signal transductions via AKT-mTOR signaling. Beside the
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FIGURE 6 Core fucosylations regulate the cDDP-induced cell signal transduction. A, Phosphorylation assays. Phosphorylation assays for
AKT, mTOR, JNK, and ERK. A2780S and A2780CP cells were serum starved for 24 h. The cells were harvested and treated with cDDP
(20 μM, for 0, 5, 15, and 30min. Cell lysates were subjected to Western blot using anti-AKT, anti-pAKT, anti-mTOR, anti-pmTOR, anti-JNK,
anti-pJNK, anti-ERK, and anti-pERK Abs. Data are representative of three independent experiment. B, The density of phosphorylated protein
bands of A2780S and A2780CP cells was normalized to the corresponding density of total protein bands and the signal-activation are shown
as Relative density. C, Phosphorylation assays. Fut8+/+ and Fut8−/− mouse ovary epithelial cells were serum starved overnight. Then the
harvested cells were incubated with cDDP (20 μM, for 0, 5, and 15min, and subjected to Western blot using anti-JNK, anti-pJNK, anti-ERK,
and anti-pERK Abs. Data are representative of three independent experiment. D, The density of phosphor-protein bands of Fut8+/+ and
Fut8−/− mouse ovary epithelial cells was normalized to the corresponding density of total protein bands and the signal-activation are shown as
relative density. E, Core fucosylation of CTR1 regulates the cDDP uptake and followed cell signaling and survival. [Color figure can be viewed
at wileyonlinelibrary.com]
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cDDP uptake of EOC cells, CTR1 also regulate the cellular

pharmacology and sensitivity to platinum drugs.3,4,19,23–25,33 Similar

to Cu+, platinum binds to Met-rich motifs within the CTR1 ecto-

domain,19,43 and CTR1 delivers platinum into cells via receptor

mediated endocytosis rather than acting as a membrane channel as it

does for Cu+.19,20 In this study, the cDDP-induced cellular signaling

occurs by a short time (5 min), suggesting that the activation of signal

pathway may depend on the receptor-mediated approaches. The

precise biochemical mechanisms of how core fucosylation affects

cDDP-induced cell signaling with or without CTR1 pathway remains

to be elucidated in future study.

To our knowledge, this is the first attempt to show the alteration of

core fucosylation in cDDP-resistance of EOC. The most important

finding of the present study was the identification of the regulation

role of core fucosylation in cDDP-uptake, which in turn, regulates

several parameters of cDDP related events, such as cell survival, signal

transduction, and cell apoptosis. Because the cDDP-uptake is a critical

process during cDDP-resistance and the chemotherapy for the

EOC,3,4,17,18 our results may have far-reaching implications that can

enhance cDDP efficacy in resistant tumors or decrease the therapeutic

dose needed for clinical efficacy by de-core fucosylation. An advanced

understanding of the underlying mechanism of core fucosylation

would provide new strategies for the treatment and diagnosis for

malignant ovarian tumors from aspects of glycobiology.

ACKNOWLEDGMENTS

We gratefully acknowledge Chun Peng (York University, Toronto,

Canada) and Dr. Shiying Cui (Dalian Medical University) for the

A2780S and A2780CP cell lines and Silethukuthula Natalie Ncube

(Dalian Medical University) for critical reading of the manuscript. This

work was supported by the National Nature Science Foundation of

China (31570797, 31101717 and 31870797), and the Nutrition and

Care of Maternal & Child Research Fund Project of Guangzhou

Biostime Institute of Nutrition & Care (2018BINCMCF39), China. This

work was also supported by Liaoning Provincial Program for Top

Discipline of Basic Medical Sciences, China.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of interest with the

contents of this article.

ORCID

Wenzhe Li http://orcid.org/0000-0001-7725-5325

REFERENCES

1. Zhang X, Wang Y, Qian Y, et al. Discovery of specific metastasis-
related N-glycan alterations in epithelial ovarian cancer based on
quantitative glycomics. PLoS ONE. 2014;9:e87978.

2. Zhao H, Yu X, Ding Y, et al. MiR-770-5p inhibits cisplatin chemo-
resistance in human ovarian cancer by targeting ERCC2. Oncotarget.

2016;7:53254–53268.
3. Dasari S, Tchounwou PB. Cisplatin in cancer therapy: molecular

mechanisms of action. Eur J Pharmacol. 2014;740:364–378.
4. Yoshida H, Teramae M, Yamauchi M, et al. Association of copper

transporter expression with platinum resistance in epithelial ovarian

cancer. Anticancer Res. 2013;33:1409–1414.
5. Zhao R, Qin W, Qin R, et al. Lectin array and glycogene expression

analyses of ovarian cancer cell line A2780 and its cisplatin-resistant
derivate cell line A2780-cp. Clin Proteomics. 2017;14:20.

6. Allam H, Johnson BP, Zhang M, Lu Z, Cannon MJ, Abbott KL. The

glycosyltransferase GnT-III activates Notch signaling and drives stem
cell expansion to promote the growth and invasion of ovarian cancer.
J Biol Chem. 2017;292:16351–16359.

7. Alley WR, Jr., Vasseur JA, Goetz JA, et al. N-linked glycan structures
and their expressions change in the blood sera of ovarian cancer

patients. J Proteome Res. 2012;11:2282–2300.
8. Fuster MM, Esko JD. The sweet and sour of cancer: glycans as novel

therapeutic targets. Nat Rev Cancer. 2005;5:526–542.
9. KuzmanovU, JiangN, SmithCR, Soosaipillai A, Diamandis EP.Differential

N-glycosylation of kallikrein 6 derived from ovarian cancer cells or the

central nervous system. Mol Cell Proteomics. 2009;8:791–798.
10. Saldova R, Wormald MR, Dwek RA, Rudd PM. Glycosylation changes

on serum glycoproteins in ovarian cancer may contribute to disease

pathogenesis. Dis Markers. 2008;25:219–232.
11. Schultz MJ, Swindall AF, Wright JW, Sztul ES, Landen CN, Bellis SL.

ST6Gal-I sialyltransferase confers cisplatin resistance in ovarian tumor

cells. J Ovarian Res. 2013;6:25.
12. Schwedler C, Kaup M, Weiz S, et al. Identification of 34 N-glycan

isomers in human serum by capillary electrophoresis coupled with

laser-induced fluorescence allows improving glycan biomarker dis-
covery. Anal Bioanal Chem. 2014;406:7185–7193.

13. Wilson JR, Williams D, Schachter H. The control of glycoprotein

synthesis: N-acetylglucosamine linkage to a mannose residue as a
signal for the attachment of L-fucose to the asparagine-linked N-

acetylglucosamine residue of glycopeptide from alpha1-acid glyco-

protein. Biochem Biophys Res Commun. 1976;72:909–916.
14. Taniguchi N. A sugar-coated switch for cellular growth and arrest. Nat

Chem Biol. 2007;3:307–309.
15. Li W, Nakagawa T, Koyama N, et al. Down-regulation of trypsinogen

expression is associated with growth retardation in alpha1,6-
fucosyltransferase-deficient mice: attenuation of proteinase-acti-

vated receptor 2 activity. Glycobiology. 2006;16:1007–1019.
16. Li W, Yu R, Ma B, et al. Core fucosylation of IgG B cell receptor is

required for antigen recognition and antibody production. J Immunol.
2015;194:2596–2606.

17. Kalayda GV,Wagner CH, JaehdeU. Relevance of copper transporter 1

for cisplatin resistance in human ovarian carcinoma cells. J Inorg
Biochem. 2012;116:1–10.

18. Larson CA, Adams PL, Jandial DD, Blair BG, Safaei R, Howell SB. The

role of the N-terminus of mammalian copper transporter 1 in the
cellular accumulation of cisplatin. Biochem Pharmacol. 2010;80:
448–454.

19. Ohrvik H, Logeman B, Turk B, Reinheckel T, Thiele DJ. Cathepsin

protease controls copper and cisplatin accumulation via cleavage
of the Ctr1 metal-binding ectodomain. J Biol Chem. 2016;291:

13905–13916.
20. Sinani D, Adle DJ, Kim H, Lee J. Distinct mechanisms for Ctr1-

mediated copper and cisplatin transport. J Biol Chem. 2007;282:

26775–26785.
21. Kudoh K, Takano M, Koshikawa T, et al. Gains of 1q21-q22 and

13q12-q14 are potential indicators for resistance to cisplatin-based

chemotherapy in ovarian cancer patients. Clin Cancer Res. 1999;
5:2526–2531.

LV ET AL. | 13



22. Muggia F. Platinum compounds 30 years after the introduction of
cisplatin: implications for the treatment of ovarian cancer. Gynecol

Oncol. 2009;112:275–281.
23. Ishida S, McCormick F, Smith-McCune K, Hanahan D. Enhancing

tumor-specific uptake of the anticancer drug cisplatin with a copper
chelator. Cancer Cell. 2010;17:574–583.

24. Kuo MT, Fu S, Savaraj N, Chen HH. Role of the human high-affinity

copper transporter in copper homeostasis regulation and cisplatin
sensitivity in cancer chemotherapy. Cancer Res. 2012;72:4616–4621.

25. Liang ZD, LongY, ChenHH, Savaraj N, KuoMT. Regulation of the high-
affinity copper transporter (hCtr1) expression by cisplatin and heavy
metals. J Biol Inorg Chem. 2014;19:17–27.

26. Ishida S, Lee J, Thiele DJ, Herskowitz I. Uptake of the anticancer drug

cisplatin mediated by the copper transporter Ctr1 in yeast and
mammals. Proc Natl Acad Sci USA. 2002;99:14298–14302.

27. Maryon EB,Molloy SA, Kaplan JH. O-linked glycosylation at threonine

27 protects the copper transporter hCTR1 from proteolytic cleavage

in mammalian cells. J Biol Chem. 2007;282:20376–20387.
28. Tateno H, Nakamura-Tsuruta S, Hirabayashi J. Comparative analysis of

core-fucose-binding lectins fromLens culinaris andPisumsativumusing
frontal affinity chromatography. Glycobiology. 2009;19:527–536.

29. Zhao JY, Liu CQ, Zhao HN, et al. Synchronous detection of miRNAs,

their targets and downstream proteins in transferred FFPE sections:

applications in clinical and basic research.Methods. 2012;58:156–163.
30. Li W, Liu Q, Pang Y, et al. Core fucosylation of mu heavy chains

regulates assembly and intracellular signaling of precursor B cell

receptors. J Biol Chem. 2011;287:2500–2508.
31. Williams TI, Toups KL, SaggeseDA, Kalli KR, ClibyWA,MuddimanDC.

Epithelial ovarian cancer: disease etiology, treatment, detection, and

investigational gene, metabolite, and protein biomarkers. J Proteome
Res. 2007;6:2936–2962.

32. O’Flaherty R, Harbison AM, Hanley PJ, Taron CH, Fadda E, Rudd PM.

Aminoquinoline fluorescent labels obstruct efficient removal of N-
glycan core alpha(1-6) fucose by bovine kidney alpha-L-fucosidase
(BKF). J Proteome Res. 2017;16:4237–4243.

33. Holzer AK, Manorek GH, Howell SB. Contribution of the major copper

influx transporter CTR1 to the cellular accumulation of cisplatin,
carboplatin, and oxaliplatin. Mol Pharmacol. 2006;70:1390–1394.

34. Fraser M, Bai T, Tsang BK. Akt promotes cisplatin resistance in human
ovarian cancer cells through inhibition of p53 phosphorylation and

nuclear function. Int J Cancer. 2008;122:534–546.
35. Hayakawa J, Mittal S, Wang Y, et al. Identification of promoters bound

by c-Jun/ATF2 during rapid large-scale gene activation following
genotoxic stress. Mol Cell. 2004;16:521–535.

36. Mabuchi S, Kawase C, Altomare DA, et al. MTOR is a promising
therapeutic target both in cisplatin-sensitive and cisplatin-resistant
clear cell carcinoma of the ovary. Clin Cancer Res. 2009;15:5404–5413.

37. Yagyu T, Tsuji Y, Haruta S, et al. Activation of mammalian target of

rapamycin in postmenopausal ovarian endometriosis. Int J Gynecol
Cancer. 2006;16:1545–1551.

38. Takahashi T, Ikeda Y, Miyoshi E, Yaginuma Y, IshikawaM, Taniguchi N.

Alpha1,6fucosyltransferase is highly and specifically expressed in
human ovarian serous adenocarcinomas. Int J Cancer. 2000;88:

914–919.
39. Ivy KD, Kaplan JH. A re-evaluation of the role of hCTR1, the human

high-affinity copper transporter, in platinum-drug entry into human

cells. Mol Pharmacol. 2013;83:1237–1246.
40. Lee YY, Choi CH, Do IG, et al. Prognostic value of the copper

transporters, CTR1 and CTR2, in patients with ovarian carcinoma

receiving platinum-based chemotherapy. Gynecol Oncol. 2011;122:
361–365.

41. Shang X, Lin X, Manorek G, Howell SB. Claudin-3 and claudin-4

regulate sensitivity to cisplatin by controlling expression of the copper
and cisplatin influx transporter CTR1.Mol Pharmacol. 2013;83:85–94.

42. Johnson GL, Lapadat R. Mitogen-activated protein kinase pathways

mediated by ERK, JNK, and p38 protein kinases. Science. 2002;

298:1911–1912.
43. Crider SE, Holbrook RJ, Franz KJ. Coordination of platinum

therapeutic agents to met-rich motifs of human copper transport

protein1. Metallomics. 2010;2:74–83.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Lv X, Song J, Xue K, et al. Core

fucosylation of copper transporter 1 plays a crucial role in

cisplatin-resistance of epithelial ovarian cancer by regulating

drug uptake. Molecular Carcinogenesis. 2019;1–14.

https://doi.org/10.1002/mc.22971

14 | LV ET AL.



molecules

Article

Sialic Acid-Binding Lectin from Bullfrog Eggs
Exhibits an Anti-Tumor Effect Against Breast Cancer
Cells Including Triple-Negative Phenotype Cells

Takeo Tatsuta 1, Shoko Sato 2, Toshiyuki Sato 3, Shigeki Sugawara 1, Tsuneyoshi Suzuki 2,

Akiyoshi Hara 3 and Masahiro Hosono 1,*

1 Division of Cell Recognition Study, Institute of Molecular Biomembrane and Glycobiology, Tohoku Medical
and Pharmaceutical University, Sendai, Miyagi 981-8558, Japan; t-takeo@tohoku-mpu.ac.jp (T.T.);
ssuga@tohoku-mpu.ac.jp (S.S.)

2 Department of Pharmaceutical Sciences, Tohoku Medical and Pharmaceutical University, Sendai,
Miyagi 981-8558, Japan; shoko-s@tohoku-mpu.ac.jp (S.S.); tusuzuki@tohoku-mpu.ac.jp (T.S.)

3 Department of Clinical Pharmacotherapeutics, Tohoku Medical and Pharmaceutical University, Sendai,
Miyagi 981-8558, Japan; hachikuma81@gmail.com (T.S.); hara-a@tohoku-mpu.ac.jp (A.H.)

* Correspondence: mhosono@tohoku-mpu.ac.jp; Tel.: +81-022-727-0114

Academic Editors: Tomohisa Ogawa and Hiroaki Tateno
Received: 18 September 2018; Accepted: 19 October 2018; Published: 21 October 2018

��������	
�������

Abstract: Sialic acid-binding lectin from Rana catesbeiana eggs (cSBL) is a multifunctional protein that
has lectin and ribonuclease activity. In this study, the anti-tumor activities of cSBL were assessed
using a panel of breast cancer cell lines. cSBL suppressed the cell growth of all cancer cell lines tested
here at a concentration that is less toxic, or not toxic at all, to normal cells. The growth suppressive
effect was attributed to the cancer-selective induction of apoptosis. We assessed the expressions of
several key molecules associated with the breast cancer phenotype after cSBL treatment by western
blotting. cSBL decreased the expression level of estrogen receptor (ER) α, while it increased the
phosphorylation level of p38 mitogen-activated protein kinase (MAPK). cSBL also suppressed the
expression of the progesterone receptor (PgR) and human epidermal growth factor receptor type 2
(HER2). Furthermore, it was revealed that cSBL decreases the expression of the epidermal growth
factor receptor (EGFR/HER1) in triple-negative breast cancer cells. These results indicate that cSBL
induces apoptosis with decreasing ErbB family proteins and may have great potential for breast
cancer chemotherapy, particularly in triple-negative phenotype cells.

Keywords: lectin; sialic acid-binding lectin; ribonuclease; breast cancer; ErbB family

1. Introduction

Lectins are proteins that bind to specific carbohydrate structures. They exist universally in plants,
microorganisms, and animals, and have great potential for cancer therapy [1]. Even though only
lectins play a role in recognizing sialic acids, i.e., sialic acid-binding lectins (SBLs), there are several
lectins that reportedly have anti-tumor effects, such as Maackia amurensis seed lectin (MASL) [2],
Polygonatum odoratum lectin (POL) [3], and Haliotis discus discus lectin (HddSBL) [4]. Sialic acids on the
plasma membrane are generally observed to be linked to the terminal position of the carbohydrate
groups of glycoproteins and glycolipids and have roles in the conformation, recognition, or binding of
glycomolecules [5]. Given that altered sialylation is closely associated with malignant phenotypes,
including metastasis and invasiveness [6,7], exploration of the effects of SBLs in cancer therapy is a
field of great interest for basic studies, and also for clinical researchers.

The 12 kDa protein isolated from Rana catesbeiana oocytes was found to be a cell agglutinin [8] of
many kinds of cancer cells, but not normal cells. These agglutinations were shown to be inhibited by

Molecules 2018, 23, 2714; doi:10.3390/molecules23102714 www.mdpi.com/journal/molecules
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the sialic acid-containing complex, but not by their asialo-derivatives and, thus, the protein was named
R. catesbeiana sialic acid-binding lectin (cSBL) [9]. Subsequent analyses revealed that it is homologous
to the ribonuclease (RNase) A superfamily and it has substantial RNase activity [8,10,11]. An RNase
purified from R. catesbeiana oocytes collected in Taiwan by Liao et al., and named RC-RNase, was found
to be identical to cSBL [12,13]. Therefore, this interesting SBL is now consequently also called a leczyme
(lectin + enzyme) [14,15].

Breast cancer is a molecularly heterogeneous disease [16]. Currently, the classification of breast
cancer is based mainly on the expression of the estrogen receptor (ER), progesterone receptor (PgR),
and the overexpression or amplification of human epidermal growth factor receptor 2 (HER2/c-ErbB2).
In addition, tumors are characterized by grade and proliferative fraction (most commonly assessed by
Ki-67). The intrinsic molecular subtypes of breast cancer are known as luminal A-like (strongly ER
and PgR positive, HER2 negative, with lower proliferation markers), luminal B-like (variable degrees
of ER/PgR expression, with higher proliferative fraction), HER2-enriched (ER and PgR negative,
and HER2 positive) and basal-like (ER, PgR, and HER2 negative), and these are routinely used
clinically to classify patients for prognostic predictions and to select treatments [17]. The basal-like
subtype includes triple-negative breast cancer [18]. Patients diagnosed with triple-negative breast
cancer have a poorer prognosis than HER2 and/or hormone receptor positive groups [19]. Recently,
the three additional members of the HER/ErbB family of receptor tyrosine kinases (epidermal growth
factor receptor (EGFR)/HER1/c-ErbB1, HER3/c-ErbB3 and HER4/c-ErbB4) have been of particular
interest because of their ability to interact with HER2 [20]. Members of ErbB family are critically
involved in the development and progression of breast cancer. The overexpression of HER1/EGFR
is significantly associated with poor prognosis [21,22]. EGFR is well known as a treatment target for
colorectal, head and neck, and non-small cell lung cancers, and is also a therapeutic target for breast
cancer [23].

Since 2011, the efficacy of cSBL on breast cancer cells has been reported; however, the selectivity
of cSBL to some cell lines is controversial. Tseng et al. showed that cSBL induces cell death selectively
on ER-positive breast cancer cell lines (MCF7 and ZR-75-1), but not on ER-negative breast cancer cell
lines (MDA-MB-231 and ZR-75-30) [24]. Their report indicates that ER is an important target of the
RNase activity of cSBL. In contrast, our group has demonstrated that cSBL induces cell death in all cell
lines tested in the report including MCF7 (ER-, PgR- and HER2-positive), SK-BR-3 (HER2-positive)
and MDA-MB-231 (triple-negative) [25]. Here, we tested the effects of cSBL on a larger number of
cell lines that represent distinct phenotypes, and also on a normal breast-derived cell line. It was
revealed that cSBL exerts its pro-apoptotic effects on all cancer cells, but not on normal breast cells.
Furthermore, we found that treatment with cSBL leads to the decrement of HER2 expression, and this
reduced expression was also observed with regard to other ErbB family proteins expressed in each cell
line. Our results suggest a potential application of cSBL in the treatment of breast cancers, including
triple-negative breast cancer.

2. Results

2.1. Effects of cSBL on Breast Cancer Cell Growth

To evaluate the impact of cSBL on breast cancer cell growth, we first examined the effects of
cSBL on cell proliferation in several breast cancer cell lines and a normal breast cell line by WST
assay. The immortalized human mammary epithelial cell line, MCF 10A, was used as the normal
breast cell line due to its non-tumorigenic origin [26]. The characteristic features of each cell lines
used in this study are summarized in Table 1. As shown in Figure 1A, treatment with cSBL resulted
in a significant reduction in the proliferation of breast cancer cells. In contrast, cSBL hardly showed
any inhibitory effect on the proliferation of normal breast cells. Although statistical differences were
detected at 10 and 20 μM treatments with cSBL in MCF 10A cells, the viabilities were kept as 91%
and 85%, respectively. The viabilities of each cell line with treatment of 20 μM cSBL were as follows:
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ZR-75-1, 69%; BT-474, 51%; MCF7, 45%; SK-BR-3, 46%; MDA-MB-231, 52%; MDA-MB468, 40%; and
MCF 10A, 85%. MCF7 cells were shown to be the most sensitive to cSBL and the inhibitory effect was
observed from relatively low concentrations, such as 1 μM (viability: 50%).

Table 1. Classification of breast cancer cell lines [16,27].

Cell Line ER 1 PgR 1 HER2 2 Subtype

ZR-75-1 + + 2+ Luminal A
BT-474 + + 3+ Luminal B
MCF7 + + 0-1+ Luminal A

SK-BR-3 - - 3+ HER2
MDA-MB-231 - - 0-1+ Basal
MDA-MB-468 - - - Basal

MCF 10A - - 0-1+ Basal
1 Data from mRNA, protein levels [16], and/or immunohistochemical (IHC) analysis [26]; 2 Data from IHC analysis
[26]. The Allred score was used for HER2.

 

Figure 1. Cont.
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Figure 1. Anti-proliferative effects of R. catesbeiana sialic acid-binding lectin (cSBL) against breast cancer
cell lines (ZR-75-1, BT-474, MCF7, SK-BR-3, MDA-MB-231, and MDA-MB-468) and a non-tumorigenic
epithelial cell line (MCF 10A). (A) Viability of cells treated with cSBL. Cells were treated with cSBL
(0.2–20 μM) for 72 h. Each data point represents the mean ± SD of three independent WST-8 assays
conducted in triplicate. (B) The effects of cSBL on the clonogenic potential of the cells. Colony assays
were performed on the cells in the absence or presence of cSBL (1, 5, and 10 μM) for 72 h followed by
incubation in cSBL-free medium for 7–28 days. Then, the cells were fixed with 2% paraformaldehyde
and stained with crystal violet. Representative images from three independent experiments are shown.
Cell growth (C) and viability were determined by trypan blue assay (D) of the cells treated with or
without cSBL. Cells were treated with cSBL (10 μM) for 48–96 h. Both live and dead cell numbers were
counted by TC10. Each data point represents the mean ± SD of three independent assays. For both
graphs, * p < 0.05. ** p < 0.01. *** p < 0.001.

Next, we assessed the effects of cSBL on a clonogenic assay. At first, 5 × 103 cells were seeded,
and then, the cells were treated with cSBL. cSBL markedly impaired the colony formation of breast
cancer cells, whereas it had no profound effect on the growth of normal breast cells (Figure 1B).
Untreated control cells of MCF7, MDA-MB-231, and MCF 10A exhibited higher colony forming rates,
and ZR-75-1 and BT-474 exhibited low colony forming rates. Since the initial seeding concentration
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of the cells affected the colony formation efficiency, we also performed the clonogenic assay with
different cell seeding concentrations (Supplementary Figure S1). MCF7, SK-BR-3, MDA-MB-231,
MDA-MB468, and MCF 10A cells were seeded with 2.5 × 103 cells per well (Figure S1A), ZR-75-1
and BT-474 cells were seeded with 1 × 104 cells per well (Figure S1B). As shown in Figure 1B and
Figure S1A and B, similar tendencies were observed in all conditions. Namely, MCF7 showed the
highest sensitivity; moderate effects were found in MDA-MB-231 and MDA-MB-468; SK-BR-3, ZR-75-1
and BT-474 exhibited relatively lower levels of sensitivity, but their effects on MCF 10A were limited.
Furthermore, lower concentrations of cSBL were assessed with MCF7 and the significant inhibitory
effects were confirmed for all cell seeding concentrations tested here, even with treatment of 0.1 μM
(Figure S1C,D).

To obtain further evidence that cSBL only reduced the proliferation of breast cancer cells, we also
measured the cell viability with the trypan blue dye exclusion assay (Figure 1C,D), since the assay
counts the live and dead cells directly. All untreated control cells continued to proliferate over
the experimental period; however, the proliferations of the cancer cells were impaired with cSBL
treatment (Figure 1C). cSBL decreased the viability of all cancer cells significantly in a time- dependent
manner. In MCF 10A, the effects of cSBL on cell growth and viability were not significant. In summary,
cSBL showed concentration- and time-dependent cancer cell growth-suppressing effects. All assays
showed a similar tendency, whereby MCF7 exhibited the highest, and MCF 10A exhibited the lowest
sensitivity to cSBL. There were no correlations between cSBL effectiveness and the expression statuses
of ER, PgR, or HER2. These results suggest that treatment with cSBL selectively leads to a cell growth
inhibitory effect on breast cancer cells, regardless of the cancer cell phenotype.

2.2. cSBL-Induced Apoptosis

To investigate further insight into the growth inhibitory effects of cSBL, we assayed apoptotic
cell death by detecting morphological and biochemical apoptotic changes. We analyzed nuclear
morphological changes by Hoechst staining. As shown in Figure 2A, similar to the effects on cell
proliferation, treatment with cSBL led to the induction of chromatin condensation and nuclear collapse
in breast cancer cells, whereas it had almost no pro-apoptotic effects on normal cells. Since MCF7 is a
type of caspase-3 deficient cell [28], and since the pro-apoptotic effects of cSBL are mainly initiated
by caspase-9 activation [29], we analyzed the cleavage of procaspase-9 as an initiative event and that
of poly-(ADP-ribose) polymerase (PARP) as an executive event. Treatment with cSBL cleaved the
pro-caspase-9 and PARP in breast cancer cells, although the effects were relatively low in ZR-75-1
(Figure 2B). The cleaved form of PARP was detected slightly in MCF 10A treated with cSBL, but the
level was comparable with the control. Taken together, these results suggest that cSBL induces
apoptotic cell death via caspase cascade activation, particularly in cancer cells. Considering that cSBL
decreased viabilities as well as cell numbers of breast cancer cells (Figure 1C,D), it is suggested that
cSBL causes the death of cancer cells rather than the arrest of the cell cycle, and the induction of
apoptosis is responsible for the cell death.
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Figure 2. Apoptosis induction in breast cancer cell lines (ZR-75-1, BT-474, MCF7, SK-BR-3,
MDA-MB-231, and MDA-MB-468) treated with cSBL. (A) Morphological changes of nuclei in
cSBL-treated cells. Cells were treated with cSBL (10 μM) for 72 h and stained with Hoechst 33342.
Nuclei were observed using a fluorescent microscope. Arrows indicate apoptotic nuclei. Magnification,
20×. (B) Cells were treated with cSBL (10 μM) for 72 h, and caspase-9 and PARP cleavage were detected
by western blotting.

2.3. Effects of cSBL on Cell Survival-Related Molecules

We previously reported that cSBL induces p38 mitogen-activated protein kinase (MAPK) and
consequently, activates caspase-3/7 in SBL-induced cell death [25]. Furthermore, Tseng et al., reported
that cSBL induces cell death in ER-positive breast tumors through down-regulation of Bcl-2 and
ER [24]. To confirm these phenomena and to further investigate cSBL-induced alterations on cell
survival-related molecular expressions, we analyzed the phosphorylation of p38, JNK, and ERK
MAPKs and protein expressions of the anti-apoptotic Bcl-2 family, as well as ERα, PgR, and HER2
in ER-positive ZR-75-1 and MCF7 cells. As shown in Figure 3A, consistent with previous reports,
cSBL induced p38 phosphorylation. A slight phosphorylation of JNK was also observed in ZR-75-1
cells—whereas total JNK expression decreased in MCF7 cells, the phosphorylated JNK level was kept
the same as control cells, and relative phosphorylation tended to increase. The phosphorylation status
of ERK was not affected by cSBL treatment in both cell lines. Regarding the Bcl-2 family, although
statistical significance was not observed, consistent with previous reports, cSBL tended to decrease the
expression of Bcl-2 in MCF7, and decrements of Bcl-xL and Mcl-1 were detected in the cells (Figure 3B).
In ZR-75-1 cells, Bcl-2 expression was very faint, and BCL-xL and Mcl-1 expression levels were slightly
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increased. Thus, the effects of cSBL on the anti-apoptotic Bcl-2 family seem to vary depending on
the cell line. ERα expression drastically decreased after exposure to cSBL in both cells, as expected
(Figure 3C). Interestingly, cSBL also suppressed PgR in MCF7 and HER2 protein expression in both
cell lines. These results indicate that cSBL works in an inhibitory manner concerning the protein
expressions of key molecules that are implicated in breast cancer phenotypes.

 

 
Figure 3. Effects of cSBL on the activations of mitogen-activated protein kinases (MAPKs) (A),
and expressions of the anti-apoptotic Bcl-2 family (B), and breast cancer-related proteins (C) in ZR-75-1
and MCF7 cells. Cells were treated with cSBL (10 μM) for 72 h, and the phosphorylation and expression
levels of each molecule were detected by western blotting. The values relative to the controls are
presented as the mean± SD of three independent experiments (right graphs). * p < 0.05, ** p < 0.01,
*** p < 0.001.
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2.4. Expressions of ErbB Family Protein in Breast Cancer Cells Treated with cSBL

Since the ErbB family proteins and their signals were generally attractive therapeutic targets,
we evaluated the effects of cSBL on ErbB family expression in all breast cancer cell lines tested here
(Figure 4). EGFR/HER1 was predominantly expressed in the triple-negative breast cancer cell lines,
MDA-MB-231 and MDA-MB-468, and a faint band was also detected in SK-BR-3. HER2 expression was
clearly observed in ZR-75-1, BT-474, SK-BR-3, and slightly in MCF7. HER3 expression was detected
in MDA-MB-468 in addition to the four cell lines mentioned above. Slight expression of HER4 was
found only in ZR-75-1 and MCF7. Then, the effects of cSBL on the levels of protein expression of
these proteins were assessed in each cell line. Surprisingly, treatment with cSBL resulted in decreased
protein levels of all ErbB proteins in each breast cancer cell line.

Figure 4. Effects of cSBL on the expression levels of ErbB family proteins in breast cancer cell
lines (ZR-75-1, BT-474, MCF7, SK-BR-3, MDA-MB-231, and MDA-MB-468). Cells were treated with
cSBL (10 μM) for 72 h and the expression levels of ErbB family in each cell line were detected by
western blotting.

2.5. Expressions of EGFR and Its Signaling in Triple-Negative Breast Cancer Cells Treated with cSBL

Even though some drugs tailored to the breast cancer cell types, such as hormonal agents for
ER-positive cells and HER2 targeted agents for HER2 positive cells, have achieved clinical effects to
some extent, chemotherapeutic options for triple-negative phenotype breast cancers are very limited.
Targeting EGFR/HER1, which is expressed in most patients of triple-negative breast cancer [23], or its
signaling is a novel and attractive strategy. Since cSBL was shown to decrease EGFR/HER1 protein
expression in triple-negative cell lines, we next sought to explore the downregulation mechanism of
EGFR/HER1. Statistically significant reductions in EGFR/HER1 were observed after 24-h and 72-h of
treatment with cSBL in MDA-MB-231 and MDA-MB-468, respectively (Figure 5A).
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Figure 5. Effects of cSBL on EGFR/HER1 expression and downstream signaling in MDA-MB-231 and
MDA-MB-468 cells. (A) Cells were treated with cSBL (10 μM) for 24 to 72 h, and the expression levels
of EGFR/HER1 in each cell line were detected by western blotting. Densitometric quantification of
three independent experiments (mean ± SD) was performed using Image J. (B) Cells were treated
with cSBL (10 μM) for 24 to 72 h, and the phosphorylation levels of AKT, ERK, and p38 were detected
by western blotting. (C) Cells were treated with cSBL (10 μM) for 3–24 h and the expression levels
of EGFR/HER1 and the phosphorylation levels of AKT and ERK were detected by western blotting.
The values relative to the controls are presented as the mean± SD from three independent experiments
(right graphs). For both graphs, * p < 0.05; ** p < 0.01; *** p < 0.001.
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In an effort to determine the contribution of EGFR/HER1 reduction to the cSBL-induced
pro-apoptotic effect, we investigated the activation status of the EGFR signaling pathway. No change
was observed in ERK activation in either MDA-MB-231 or MDA-MB-468 cells (Figure 5B).
In MDA-MB-231, AKT phosphorylation seemed to slightly decrease after 48-h of treatment with
cSBL, but increased after 72-h of treatment compared to the control. The phosphorylation level of AKT
was unchanged in MDA-MB-468 cells. In contrast, phosphorylation of p38 increased in both cell lines.

Since the AKT activation status in MDA-MB-231 cells treated with cSBL was uncertain, we then
further observed these events at an earlier time period (from 3 to 24 h of treatment). Even though low
EGFR/HER1 levels were observed compared to 24-h untreated control throughout the time points,
the level of phosphorylation of AKT gradually increased, and the level at 24-h treatment with cSBL was
the same level as that of the 24-h untreated control in MDA-MB-231 (Figure 5C). Thus, it is suggested
that AKT phosphorylation increased during the early period in our experimental culture period on
cSBL-treated MDA-MB-231, although EGFR/HER1 expression was affected by the treatment. On the
other hand, EGFR/HER1 expression was slightly decreased by 24-h of cSBL treatment. The AKT
phosphorylation status tended to increase from 3 to 12-h of treatment even though statistical differences
were not detected at all time points.

Taken together, the effects of cSBL treatment on ERK and AKT activation in MDA-MB-231 and
MDA-MB-468 cells were not considered to be significant. Similarly, ERK activation was unchanged in
ZR-75-1 and MCF7 cells (Figure 3A). Therefore, the EGFR signaling pathway might not be implicated in
cSBL-induced apoptosis. P38 phosphorylation, which has been proven to, at least partially, contribute
to caspase activation in cSBL-induced apoptosis [25], was observed, and this also supports this
prediction. These results indicate that cSBL induces apoptosis to breast cancer cells, including
triple-negative cells, accompanied by a decrease in the levels of ErbB family proteins, whereas EGFR
signaling is not affected.

3. Discussion

In this study, the effects of cSBL on the breast cancer cell growth and on the expression of molecules
that play key roles in breast cancer prognosis were evaluated. cSBL significantly suppressed the cell
growth of six cancer cell lines representing a variety of phenotypes in ERα, PgR, and HER2 (Table 1 and
Figure 1) through the induction of apoptosis (Figure 2). However, the effects of cSBL on normal breast
cells were very limited; the viability of MCF 10A stayed over 85% in all concentration ranges tested,
and pro-apoptotic changes were not detected under conditions that cause rigid apoptotic changes to
cancer cells (Figures 1 and 2). We measured not only the activation of p38 and downregulation of
ERα, consistent with previous reports, but also found varied effects on the expression of anti-apoptotic
Bcl-2 family proteins depending on the cell types as well as the downregulation of PgR and HER2
in multiple cancer cell lines (Figure 3). Further investigation revealed that cSBL causes a reduction
in all ErbB family proteins that are expressed in the breast cancer cell lines (Figure 4). The analysis
of EGFR downstream signaling showed that the inhibition of EGFR signaling did not occur in the
cSBL treatments (Figure 5). Accordingly, we propose that cSBL triggers apoptosis induction without
affecting EGFR signaling, but the downregulation of ERα, PgR, and ErbB receptors are accompanied
with cSBL-induced cell death under the experimental conditions used in the current study.

ER and PgR are nuclear hormone receptors whose activation is controlled by ligand binding,
kinase activators, or phosphatase inhibitors [30–35]. The degradation of ER and PgR has been shown
to be under the control of the ubiquitin proteasome system [35–39], and recent research revealed
that the phosphorylation of ERα via p38 activation promotes ERα turnover in breast cancer cells [40].
The activation of p38 by cSBL treatment has been observed in leukemia cells [41], mesothelioma
cells [42], and some breast cancer cells [25], as well as the cells tested here. Thus, the reduced expression
levels of ERα and PgR in cSBL-treated cells may be associated with p38 activation. In the meantime,
interaction and stabilization of these hormonal receptors with/by heat shock proteins (HSPs) has
also been reported [36,43,44]. We previously found that reducing HSP70 expression attenuates the
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apoptosis-inducing effects of cSBL [45]. Moreover, treatment with cSBL causes remarkable changes
in the localization of HSP70 and HSC70; cSBL treatment has been shown to evoke increases of
these proteins in the cytosol prior to the execution of apoptosis in mouse leukemia P388 cells [45].
This implies that HSP70 and HSC70 have important roles in the effects of cSBL, and, also, there is
a possibility that cSBL decreases the expression of ERα and PgR through the regulation of HSPs.
The implications of proteasome degradation and stabilization by HSPs are common in ErbB receptor
turnover. EGFR/HER1 is known to be internalized after ligand binding and part of it is degraded
by lysosomes or by the proteasome [46,47]. HSP70 and HSC70 act as key co-chaperones for HSP90
machinery, at least in part, by aiding in client protein recruitment [48]. The HSP70 and HSP90
chaperones work together to target certain client proteins, including EGFR/HER1 for degradation
by the ubiquitin-proteasome system, and inhibitory agents targeting HSPs are one of the potential
approaches for cancer therapeutics today [49,50]. Further works should be performed to determine
the mechanisms by which p38 activation and/or HSPs are involved in the reduction of ERα, PgR, and
ErbB receptors in cSBL-treated cells.

It has been reported that cSBL acts as an anti-cancer agent against various human cancer cells
including carcinoma (cervical, oral, hepatocellular, and breast), leukemia, lymphoma, mesothelioma,
and glioblastoma [24,41,42,51–57]. Interestingly, although cSBL induces apoptosis in those cancer
cells, normal tissue-derived cells, such as fibroblasts, melanocytes, keratinocytes, and mesothelial
cells, are relatively insensitive to this agent [53,56,58–60]. Moreover, our recent study using human
malignant mesothelioma xenograft model mice showed that cSBL exerts significant anti-tumor effects
without adverse effects in vivo [61]. It is also noteworthy that the members of the pancreatic-type
RNase super-family, including cSBL, show high thermal stability and strong resistance to protein
denaturants and to proteases [62,63]. Moreover, they are expected to have lower immunogenicity
due to their compact structures and homology to human pancreatic RNases [64]. However, only
limited information has been obtained regarding its cancer-selectivity so far. The known factors that
affect cell susceptibility are summarized in our previous review [65]. To date, differences in the cSBL
binding to the cell surface and its internalization into cytosol were considered to be the main reasons
for the selectivity. In the present study, pro-apoptotic effects were observed irrespective of breast
cancer cell type, and this is not consistent with previous reports; cSBL is effective towards breast
cancer cells, including triple-negative breast cancers. It can be speculated that one of the reasons for
this contradiction may be the variance of cell culture conditions. The elements that influence the cell
dependency on particular hormones or growth factors, such as FBS, composed of complete medium
may be an explanation. Our results also revealed obvious differences in sensitivity between MCF7
and MCF 10A to cSBL. Comparative studies on cSBL binding and/or internalization to these cells
would give us evidence for the cancer selectivity of cSBL that could promote the development of
novel anti-cancer agents. Furthermore, growth signals, such as the AKT and ERK activation of the cell
lines investigated here, seem to be independent of EGFR/HER1 expression. Although involvement of
alternative pathways such as PLCγ or STATs activated by EGFR/HER1 in the effects of cSBL needs to
be elucidated, our results suggest that applications of cSBL against the cancer cells that depend on
the ErbB receptors for growth may provide great benefit as a type of chemotherapy. Moreover, recent
studies on triple-negative breast cancer therapeutics have been shown to affect the crucial parts of
ErbB receptors [48,66,67]. Tao et al. reported that single treatment with an AKT inhibitor (GDC-0068)
or a PI3K inhibitor (GDC-0941), inhibitors for EGFR downstream signaling, activates EGFR/HER1
and HER3 [68]. The blockade of EGFR and HER3 combined with drugs results in superior anti-tumor
activity in vitro and in vivo, suggesting the importance of inhibition on both the upstream activation
of key molecules and the downstream signaling pathway, due to the cellular response of activating
an alternative pathway for cancer cell survival. Thus, the combination with cSBL that reduces the
expressions of all ErbB family proteins with drugs such as AKT inhibitors could have a great potential
for therapy in breast cancers, including triple-negative phenotype cells.
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4. Materials and Methods

4.1. Reagents

cSBL was isolated using sequential chromatography with Sephadex G75, DEAE-cellulose,
hydroxyapatite, and SP-Sepharose, as previously described [9]. The anti-caspase-9 antibody was
purchased from Medical and Biological Laboratories Co., Ltd. (MBL; Nagoya, Japan). The anti-PARP
(46D11), phospho-p38 (Thr180/182) (D3F9), p38 (D13E1), Phospho-ERK (Thr202/Tyr204) (F13.14.4E),
ERK (137F5), Bcl-2 (D55G8), Bcl-xL (54H6), Mcl-1 (D35A5), EGFR/HER1 (D38B1), HER2 (29D8),
HER3 (D22C5), HER4/ErbB4 (111B2), phospho-AKT (Ser473) (D9E), AKT (11E7), and phospho-AKT
(Ser473), horseradish peroxidase (HRP)-conjugated anti-mouse IgG and anti-rabbit IgG antibodies
were purchased from Cell Signaling Technology (Beverly, MA, USA). The anti-β-actin antibody
was purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). The anti-phospho-JNK
(pT183/pY185), and JNK antibodies were purchased from BD Biosciences (Franklin Lakes, NJ, USA).
The anti-ERα (E115) and PgR (ERP5489) antibodies were purchased from Abcam Biotechnology
(Cambridge, UK).

4.2. Cell Culture

The breast cancer cell lines (ZR-75-1, BT-474, MCF7, SK-BR-3, MDA-MB-231, and MDA-MB-468),
and a non-tumorigenic epithelial cell line, MCF 10A, were purchased from American Type Culture
Collection (ATCC; Manassas, VA, USA). The cancer cells were cultured in Dulbecco’s modified Eagle’s
medium (WAKO Pure Chemical Industries, Ltd., Osaka, Japan) supplemented with 10% fetal bovine
serum (Biosera, Nuaille, France), 100 U/mL penicillin, and 100 μg/mL streptomycin (Life Technologies,
Carlsbad, CA, USA). MCF 10A cells were cultured in mammary epithelial cell growth medium (Lonza,
Basel, Switzerland) supplemented with bovine pituitary extract, hydrocortisone, hEGF, insulin (Bullet
Kit, Lonza) and 100 ng/mL cholera toxin (WAKO Pure Chemical Industries, Ltd.). All cell lines were
cultured in a humidified atmosphere in 5% CO2 at 37 ◦C.

4.3. WST Assays

WST-8 assay was performed to determine the cell viability. Cells (5 × 104 cells/mL) cultured in
96-well plates (100 μL/well) were treated with cSBL (1, 5, 10, and 20 μM) for 72 h. Then, the cells were
incubated with Cell Count Reagent SF (Nacalai Tesque Inc., Kyoto, Japan) for 1–4 h. The absorbance
of the resulting product at 450 nm was measured, and the background absorbance at 650 nm was
subtracted. Experiments were conducted in triplicate.

4.4. Clonogenic Assay

The cells were seeded in six-well plates (5 × 103 cells/well) and allowed to adhere overnight.
The cells were treated with 1–10 μM cSBL for 72 h. The culture medium was subsequently replaced
with cSBL-free culture medium and the cells were incubated for 7–28 more days (7 days: MCF7,
MDA-MB-231, MCF 10A; 14 days: SK-BR-3, MDA-MB-468; 28 days: ZR-74-1, BT-474). The colonies
were fixed with 2% paraformaldehyde and stained with crystal violet.

4.5. Trypan Blue Dye Exclusion Assay

A trypan blue dye exclusion assay was also performed to assess the effects of cSBL on cell
viability. Cells (5 × 104 cells/mL) cultured in a 24-well plate (500 μL/well) were treated with cSBL
(10 μM) for 48, 72, and 96 h. Then, the cells were harvested, and the numbers of live or dead cells
were counted by TC10 (Bio-Rad Laboratories, Inc. Hercules, CA, USA) in accordance with to the
manufacturer’s instructions.
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4.6. Observation of Nuclear Morphology

Cells (5 × 104 cells/mL) cultured in a Cell Carrier-96 Ultra Microplate (100 μL/well) were
treated with cSBL (10 μM) for 72 h. Then, cells were stained with 2 μg/mL Hoechst 33342 (Dojindo
Laboratories, Kumamoto, Japan) for 1 h. The resulting images were acquired with the high-content
analysis system Operetta CLS™ with NA 20× objectives.

4.7. Western Blotting

The cells (5 × 104 cells/mL) were cultured in six-well plates (4 mL/well) and were treated with
cSBL (10 μM) for the indicated time. Whole cell lysates were prepared using extraction buffer (150 mM
NaCl, 10 mM Tris-HCl (pH 7.4), 5 mM EDTA, 1% Nonidet P-40, 0.1% sodium deoxycholate, and 0.1%
sodium dodecyl sulfate) supplemented with cOmplete™ Mini EDTA-free protease inhibitor cocktail
tablets and PhosSTOP phosphatase inhibitor tablets (each 1 tablet/10 mL; Roche Applied Science,
Indianapolis, IN, USA). Soluble proteins were collected, and the protein concentration was measured
using a BCA protein assay kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the
manufacturer’s instructions. The proteins were separated using 10% or 14% SDS-PAGE and transferred
onto Immobilon-P transfer membranes (EMD Millipore, Billerica, MA, USA). The membranes were
sequentially incubated with primary and secondary antibodies diluted in Can Get Signal solution
(Toyobo Co., Ltd., Osaka, Japan). The protein bands were detected using ECL Prime Western Blotting
Detection Reagent (GE Healthcare, Little Chalfont, Buckinghamshire, UK). The relative density of the
protein bands was measured by ImageJ 1.51s software (National Institutes of Health, Bethesda, MD,
USA). The experiments were repeated three times.

4.8. Statistical Analysis

Results are expressed as means ±SE or SD and are the representative of at least three independent
experiments. Statistical comparisons of two groups were made using Student’s t-tests and among
groups using one-way ANOVA, followed by Bonferroni’s post hoc tests. All calculations were
performed using GraphPad Prism version 5.0 (GraphPad Software Inc., San Diego, CA, USA).
The significance threshold was p < 0.05.

5. Conclusions

In summary, our founding suggestion is that cSBL exhibits an apoptosis-inducing effect regardless
of the breast cancer cell type and has high cancer selectivity. These effects are accompanied by a
decrease in the ErbB family receptors. To explore the effects of cSBL on cancer cells showing ErbB
family-dependent growths, a combinatorial study with EGFR signal-targeted drugs, such as AKT
inhibitors, should be performed.

Supplementary Materials: The following are available online, Figure S1. Effects of cSBL on clonogenic potential
of the cells seeded in distinct cell densities. Colony assays on the cells were performed in the absence or presence
of cSBL for 72 h followed by incubation in cSBL-free medium for 7–28 days. The cells were fixed with 2%
paraformaldehyde and stained with crystal violet. (A) 2.5 × 103 cells were seeded and allowed to adhere
overnight, and then the cells were treated with 1–10 μM cSBL. (B) 1 × 104 cells were seeded and allowed to adhere
overnight, and then the cells were treated with 1–10 μM cSBL. 5 × 103 (C) or 2.5 × 103 (D) cells were seeded and
allowed to adhere overnight, and then the cells were treated with 0.1 and 0.5 μM cSBL. Representative images
are shown.
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Abstract

Malignant mesothelioma is an aggressive cancer that results from exposure to asbestos. The

therapeutic options for this type of cancer are limited; therefore, the development of novel ther-

apeutic agents is urgently required. Sialic acid-binding lectin isolated fromRana catesbeiana

oocytes (cSBL) is a novel therapeutic candidate for cancer, which exhibits antitumor activity

mediated through RNA degradation. In the present study, we evaluated the effect of cSBL in

vitro and in vivo. Xenograft-competent H2452 andMSTO humanmesothelioma cell lines were

treated with cSBL, and the pathway by which cSBL induces apoptosis was analyzed. In vivo

studies were performed using nudemice inoculated with one of the two cell lines, and the

effects of cSBL and pemetrexed were monitored simultaneously. Furthermore, the phar-

macological interactions between the three agents (pemetrexed, cisplatin and cSBL) were sta-

tistically assessed. It was demonstrated that cSBL treatments causedmorphological and

biochemical apoptotic changes in both cell lines. Caspase cascade analysis revealed that an

intrinsic pathway mediated cSBL-induced apoptosis. The administration of cSBL significantly

inhibited tumor growth in two xenograft models, without any adverse effects. Furthermore, the

combination index and dose reduction index values indicated that the cSBL + pemetrexed

combination showed the highest synergism, and thus potential for reducing dosage of each

drug, compared with the other combinations, including the existing pemetrexed + cisplatin regi-

men. cSBL exerted prominent antitumor effects onmalignant mesothelioma cells in vitro and in

vivo, and showed favorable effects when combined with pemetrexed. These results suggest

that cSBL has potential as a novel drug for the treatment of malignant mesothelioma.

Introduction
Malignant mesothelioma is an aggressive cancer of the mesothelial cells of serous membranes,

involving the pleural and peritoneal spaces, which results from exposure to asbestos [1–3]. The

mechanisms underlying the induction of DNA damage by asbestos fibers in mesothelial cells

remain unclear. The production and use of asbestos is now forbidden in the majority of
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industrialized countries; however, it is still actively used in many developing countries [4]. As

the time between asbestos exposure and disease diagnosis is>40 years on average, the inci-

dence of mesothelioma is increasing and is projected to peak in the late 2020s, even in devel-

oped countries [5].

Malignant mesothelioma may have an epithelioid, sarcomatoid or biphasic morphology

[6]. The epithelioid type is associated with a longer survival time compared with the biphasic

and sarcomatoid types [7,8]. Although chemotherapeutic approaches are limited for malignant

mesothelioma, it is generally accepted that patients with the epithelioid subtype respond better

to treatment [9,10]. Additionally, other factors, including sex, performance status, disease

stage, serum lactate dehydrogenase level, anemia and leukocytosis, reportedly influence sur-

vival in malignant mesothelioma [11]. However, it is difficult to identify the biological factors

that clearly differentiate between patients with a poor prognosis and those with a more favor-

able prognosis, as long-term survival is rare in malignant mesothelioma [6].

There are few therapeutic options (surgery, radiation therapy, and chemotherapy) for

mesothelioma [1]. The folate antimetabolite pemetrexed is a chemotherapeutic agent, which is

typically used in combination with platinum-containing drugs, such as cisplatin [12,13]. This

combination therapy improves the response rate, progression-free survival, overall survival,

and quality of life of patients with mesothelioma [12]; however, any treatment-induced regres-

sion observed is typically transient, and local tumors rapidly relapse due to the high chemore-

sistance of this cancer type [4]. So far, some progresses were obtained by multimodality

therapy [14]. A median survival time of up to 29 months has been reported for those who com-

plete a trimodal therapy including chemotherapy, surgery, and hemithoracic radiation therapy

[15–18]. Moreover, pleurectomy/decortication with intraoperative photodynamic therapy and

adjuvant pemetrexed-based chemotherapy demonstrated 36 months median survival [19].

However, even with these aggressive approaches, the prognosis of malignant mesothelioma

remains poor. Considering the predicted incidence peak and poor prognosis, as well as the fact

that intrinsic and acquired resistance to existing drugs is common, further research into devel-

oping therapeutic agents for mesothelioma is essential.

There is growing interest in the use of naturally derived molecules as potential cancer thera-

peutics. Lectins, carbohydrate-binding proteins that occur in all organisms, are representative

of such natural compounds that have great potential for cancer therapy. Among them, several

sialic acid-binding lectins (SBLs), including mistletoe lectin (ML1) [20],Maackia amurensis
seed lectin (MASL) [21], Polygonatum cyrtonema lectin (POL) [22] andHaliotis discus discus
lectin (HddSBL) [23], have been reported to have antitumor effects. SBL isolated from Rana
catesbeiana oocytes (cSBL) is a unique compound that has multifunctional activity with lectin

[24,25] and ribonuclease (RNase) [26], as well as antitumor activity [25]. cSBL exerts potent

cytotoxicity in various cancer cell types, but low cytotoxicity in normal cells [27]. Rana cates-
beiana RNase (RC-RNase), an RNase purified from R. catesbeiana oocytes collected in Taiwan

by Liao et al. is identical to cSBL [28,29]. cSBL consists of 111 amino acid residues with four

disulfide bonds [29], and belongs to the vertebrate-secreted RNase family (RNase A superfam-

ily) [30]. It has high thermal stability and strong resistance to protein denaturants [31]. These

features are considered one reason for the potent antitumor activity, and provide benefits for

commercialization. Furthermore, that cSBL does not associate with endogenous mammalian

RNase inhibitors, and that it exerts cytotoxicity in human cancer cells via its RNase activity

[25], has facilitated further research into its antitumor effects. The mechanism of cSBL-

induced cytotoxicity is proposed to be as follows: cSBL binds to the cancer cell surface and is

internalized. It subsequently degrades RNA in the cytosol, leading to the induction of apopto-

tic signaling [27]. In human leukemia Jurkat cells, cSBL was found to activate p38 and JNK

mitogen-activated protein kinase (MAPK) signals and induce apoptosis via the intrinsic

In vitro/vivo antitumor effect of cSBL
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(mitochondrial) pathway [32]. The RNase activity was also determined to be critical for apo-

ptosis induction in MDA-MB231 human breast cancer cells, as an amino acid-replaced mutant

of cSBL that lacked RNase activity did not exhibit the apoptosis-inducing effect, even when

internalized into the cells like native cSBL [33]. The efficacy of cSBL on malignant mesotheli-

oma cells has previously been reported [34,35]; Even though cSBL hardly show cytotoxicity to

normal mesothelial cell Met5A, it efficiently reduced the viability of H28 malignant mesotheli-

oma cells, and exhibited synergistic effects with TRAIL and pemetrexed on these cells.

In our previous study, in vivo experiments with cSBL were performed using mice trans-

planted with related ascites carcinoma, Ehrlich, Mep II and Sarcoma 180 cells. cSBL prolonged

their survival at non-toxic dose levels [25]. However, to date, the effect of cSBL on human

malignant mesothelioma cells in vivo has not been elucidated. In the present study, to assess

the therapeutic potential of cSBL on malignant mesothelioma, we conducted an in vivo study
of cSBL using human malignant mesothelioma cell xenografts, and analyzed its antitumor

effects on these xenograft-competent cells.

Materials andmethods

Cell culture
The human malignant mesothelioma cell lines NCI-H2452 (H2452, #CRL-5946) and MSTO-

211H (MSTO, #CRL-2081) were purchased from the American Type Cell Culture Collection

(ATCC; Manassas, VA, USA). The cells were cultured in RPMI-1640 medium (Nissui Pharma-

ceutical Co., Tokyo, Japan) supplemented with 10% fetal bovine serum (FBS, Biosera, Nuaille,

France), 100 U/mL penicillin and 100 μg/mL streptomycin (Life Technologies, Carlsbad, CA,

USA) at 37˚C in an atmosphere of 95% air and 5% CO2.

Animals
Eggs-bearing bullfrogs (domestically caught) and 5-week-old male nude mice (BALB/c nu/nu

Slc) were purchased from Japan SLC, Inc (Shizuoka, Japan). All animal experiments were car-

ried out in accordance with the Guidelines for Animal Experiments of the Tohoku Medical

and Pharmaceutical University (permission number: A16012-cn). Housing condition of the

mice was kept under standard conditions approved by the institutional guidelines with free

food- and water-consumptions.

Reagents
cSBL was isolated using sequential chromatography with Sephadex G75, DEAE-cellulose,

hydroxyapatite and SP-Sepharose, as previously described [24]. Pemetrexed disodium hepta-

hydrate was purchased from LC Laboratories (Woburn, MA, USA). The caspase-3 and cas-

pase-8 antibodies were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA).

The caspase-9 antibody was purchased fromMedical & Biological Laboratories Co., Ltd.

(MBL; Nagoya, Japan). The -actin antibody was obtained from Sigma-Aldrich (Merck KGaA,

Darmstadt, Germany) and a horseradish peroxidase (HRP)-conjugated anti-mouse IgG anti-

body was purchased from Zymed Laboratories (Thermo Fisher Scientific, Inc., Waltham, MA,

USA). An HRP-conjugated anti-rabbit IgG antibody was purchased from Cedarlane Laborato-

ries (Burlington, Ontario, Canada).

Annexin V staining assay
To investigate the induction of apoptosis, we evaluated Annexin V binding using an MEB-

CYTO apoptosis kit (MBL, Nagoya, Japan) according to the manufacturer’s instructions. Cells
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(5×104 cells/mL) were cultured in 6-well plates (2 mL/well) and treated with cSBL (H2452:

1 μM; MSTO: 0.4 μM) for 24–72 h at 37˚C in an atmosphere of 95% air and 5% CO2. Fluores-

cence intensity was subsequently detected using a FACSCalibur™ flow cytometer, and the data

was analyzed using CELLQuest™ software version 6.0 (BD Biosciences, Franklin Lakes, NJ,

USA).

Detection of nuclear fragmentation
Cells (5×104 cells/mL) cultured in a Cell Carrier-96 Ultra Microplate (100 μL/well) were
treated with cSBL (H2452: 5 μM;MSTO: 2 μM) for 6, 24, 48 and 72 h, in triplicate. Then, cells

were stained with 2 μg/mL Hoechst 33342 (Dojindo Laboratories, Kumamoto, Japan) for 1 h.

The resulting images were acquired with the High-Content Analysis System Operetta CLS™
with NA 20X or 40X objectives, and the fragmentation index was calculated using Harmony™
Imaging and Analysis Software 4.6 (PerkinElmer Japan Co., Ltd., Kanagawa, Japan).

Detection of caspase activity
The protein expression levels of activated caspase-3, -8, and -9 were analyzed using western

blot assays. Cells (1×105 cells/mL) cultured in 6-well plates (2 mL/well) were treated with cSBL

(H2452: 5 μM;MSTO: 2 μM) for 1, 3, 6, 24, 48, and 72 h. Whole cell lysates were prepared

using extraction buffer [150 mMNaCl, 10 mM Tris-HCl (pH 7.4), 5 mM EDTA, 1% Nonidet

P-40, 0.1% sodium deoxycholate, and 0.1% sodium dodecyl sulfate] supplemented with cOm-

plete™Mini EDTA-free Protease Inhibitor Cocktail tablets and PhosSTOP phosphatase inhibi-

tor tablets (each 1 tablet/10 mL; Roche Applied Science, Indianapolis, IN, USA). Soluble

proteins were collected, and the protein concentration was measured using a BCA protein

assay kit (Thermo Fisher Scientific, Inc.) according to the manufacturer’s instructions. The

proteins were separated using 10 or 14% SDS-PAGE and transferred onto Immobilon-P trans-

fer membranes (EMDMillipore, Billerica, MA, USA). The membranes were sequentially incu-

bated with primary and secondary antibodies diluted in Can Get Signal1 solution (Toyobo

Co, Ltd., Osaka, Japan). The protein bands were detected using ECL PrimeWestern Blotting

Detection Reagent (GE Healthcare, Little Chalfont, USA) or Chemi-Lumi One Super (Nacalai

Tesque Inc., Kyoto, Japan).

Caspase enzymatic activity was measured using a Cell Meter™Multiplexing Caspase-3/7, -8

and -9 Activity Assay Kit (AAT Bioquest, Inc., Sunnyvale, CA). Cells (5×104 cells/mL) cultured

in black 96-well plates (100 μL/well) were treated with cSBL (H2452: 5 μM;MSTO: 2 μM) for

1, 3, 6, 24, 48, and 72 h in triplicate. Substrate solution (100 μL) was added to each well, and

the contents of the wells were mixed using a plate shaker for 30 sec. The cells were incubated at

37˚C in a 5% CO2 atmosphere for 1 h. The luminescence in each well was measured using Infi-

nite™ 200 PRO and i-control™ software (Tecan Japan Co., Ltd., Kanagawa, Japan).

In vivo experiment
H2452 (5×106 cells) and MSTO (2×106 cells) cells were mixed with an equal volume of ice-

cooled Corning™Matrigel™ Basement Membrane Matrix (Corning, NY, USA), and an aliquot

(100 μL) of suspended cells was subcutaneously injected into the lower backs of the mice. 2–4

weeks after inoculation (day 1), mice bearing tumors of 100–150 mm3 in volume were ran-

domly divided into three groups, with 10 mice in each group. Group 1 was injected with 1 mL/

kg vehicle (PBS) as the control. Group 2 was daily injected intraperitoneally with 100 mg/kg

pemetrexed dissolved in sterile PBS on days 1–5 and 15–19. The method of administration the

dosage of pemetrexed selected were based on the previously reported maximum tolerated dos-

age [36,37]. Group 3 was injected intratumorally with 2.5 mg/kg cSBL, twice weekly for four

In vitro/vivo antitumor effect of cSBL
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weeks. Body weights and tumor sizes were measured twice weekly. Solid tumor volumes were

calculated as follows: 0.4×A×B2, with A and B representing the long and short tumor diameters

(measured in mm), respectively. Tumor growth and body weight changes were evaluated as

the ratio of each value against the baseline (day 1). Fig 1 shows the administration schedule

used in the experiments. Mice were sacrificed by neck dislocation under ether anesthesia when

tumor volumes reached 200 mm3.

Drug combination studies
The effect of combination treatment on cell viability was determined using a WST-8 assay.

Cells (5×104 cells/mL) were cultured in 96-well plates (100 μL/well). The concentration of

pemetrexed, cisplatin, or cSBL was based on the IC50 values obtained in the single-treatment

experiments conducted in our prior study [35]. After 72 h, the cells were incubated with Cell

Count Reagent SF (Nacalai Tesque Inc., Kyoto, Japan) at 37˚C in a 5% CO2 atmosphere for

1–4 h. The absorbance of the resulting product at 450 nm was measured, and the background

absorbance at 650 nm was subtracted. Combination Index (CI) and Dose Reduction Index

(DRI) values were calculated using CompuSyn software (ComboSyn, Inc., Paramus, NJ), as

described by Chou et al [38]. The experiments were conducted in triplicate. CI = 1 indicated

an additive effect; CI<1 indicated a synergistic effect; CI>1 indicated an antagonistic effect.

DRI = 1 indicated no dose reduction, whereas DRI>1 and<1 indicated favorable and unfa-

vorable dose reductions, respectively.

Statistical analysis
The results from�3 independent experiments, each performed in triplicate, are expressed

as the mean ± standard deviation. Statistical analyses were conducted using GraphPad Prism

5.0, and comparisons were made using one-way analysis of variance (ANOVA) or two-way

ANOVA followed by Bonferroni’s post hoc test. A P-value of<0.05 was considered statistically

significant.

Fig 1. A schematic overview of the cancer cell injection and drug administration schedule. The cell suspension (100 L/
mouse, H2452; 5 106 cells, MSTO; 2 106 cells) was injected subcutaneously into the lower backs of mice. After 2–4 weeks,
mice bearing tumors of 100–150mm3 were randomly divided into 3 groups with 10 mice per group. Group 1 was administered
PBS as control. Group 2 was injected intraperitoneally with pemetrexed (100 mg/kg) dissolved in sterile PBS on days 1–5 and
15–19. Group 3 was injected intratumorally with cSBL (2.5 mg/kg) twice per week for 4 weeks. Body weights and tumor sizes
were measured twice per week. The endpoint of experiment was when the tumor diameter exceeded 200 mm3.

https://doi.org/10.1371/journal.pone.0190653.g001
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Results

cSBL induces apoptosis to H2452 and MSTO cells
In order to investigate the antitumor activity of cSBL on xenograft-competent malignant

mesothelioma cells, H2452 and MSTO cells were treated with cSBL and the antitumor mecha-

nisms were analyzed. The percentage of Annexin V-positive cells was significantly increased in

both H2452 (16.13%, 72 h) and MSTO (40.05%, 72 h) cells (Fig 2A and 2B). In addition, chro-

matin condensation and nuclear collapse were observed in the two cell types treated with cSBL

Fig 2. cSBL induced apoptotic changes in H2452 andMSTO cells.Cells were treated with cSBL for the
indicated times. (A, B) Rate of apoptosis as indicated by the percentage of annexin V-positive cells. (C) Nuclear
fragmentation images were captured using 40X objective; a false-colored image of the nuclei (blue) is shown.
White arrowheads indicate the cells with condensed or fragmented nuclei. (D, E) Fragmentation index indicating
the degree of nuclear fragmentation; a higher index indicates greater occurrence of fragmentation, calculated
using the High-Content Analysis System. All data are expressed as the mean SD of three independent
experiments. The statistical significance of these experiments compared with the control is shown as follows:
*P 0.05, **P 0.01, ***P 0.001.

https://doi.org/10.1371/journal.pone.0190653.g002
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(Fig 2C). Alterations to nuclear morphology were detected by High-Content Analysis Systems

and numerically output as fragmentation indexes. As shown in Fig 2D and 2E, cSBL provoked

significant nuclear morphology changes in time-dependent manner.

cSBL-induced apoptosis is mediated by the intrinsic pathway
To obtain further insight into the mechanisms of cSBL-induced apoptosis in H2452 and

MSTO cells, the activation of three key caspases was analyzed chronologically. The expression

levels of activated caspase-9, -8 and -3 were detected by western blotting, and the substantial

enzymatic activities of these caspases were evaluated by fluorometric analysis. As shown in Fig

3A and 3B, increased levels of activated caspase-9 were observed from 6 h and 1 h in H2452

and MSTO cells, respectively. After that, activated caspase-8 began to be observed from 24 h in

H2452 and 6 h in MSTO cells. The appearance of activated caspase-3 was recorded from 48 h

in H2452 and 24 h in MSTO cells. Consistently, the enzymatic activity of caspase-9 was signifi-

cantly enhanced from 1 h in H2452 and MSTO cells, and the levels of caspase-8 and -3/7

increased almost simultaneously (H2452: 48 h; MSTO: 24 h; Fig 3C and 3D). Thus, caspase-9

was activated prior to caspase-8 and -3, indicating that the intrinsic apoptotic pathway was

involved.

cSBL inhibits cancer cell proliferation without inducing weight loss in
xenograft models
To examine the effects of cSBL on tumor growth in vivo, nude mice were inoculated with

H2452 and MSTO cells. cSBL was administered intratumorally and the effects of pemetrexed

were also assessed according to previously reported experimental conditions [36,37] (Fig 1).

Fig 3. cSBL induced apoptosis in H2452 andMSTO cells via activation of the caspase pathway.Caspase-3, -8,
and -9 activation was detected by western blotting (A, B) or fluorometry (C, D). Fluorometry was performed
independently three times and data are expressed as the mean SD. The statistical significance of these experiments
compared with the control is shown in as follows: *P 0.05, **P 0.01, ***P 0.001.

https://doi.org/10.1371/journal.pone.0190653.g003
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The rate of changes to animal weights and tumor volumes were monitored following the

administration of each agent. As shown in Fig 4A and 4B, body weight changes were not

observed in any of the groups. In the H2452 xenograft model, cSBL and pemetrexed each sig-

nificantly inhibited tumor growth compared with the PBS group (P<0.05), and the cSBL

group showed a growth inhibition effect earlier (after 36 days of treatment) than that of the

pemetrexed group (after 47 days of treatment) (Fig 4C). Conversely, for the MSTO xenograft

group, significant inhibition of cancer growth was observed only in the cSBL-treated group

after 29 days of treatment (P<0.05; Fig 4D).

cSBL and pemetrexed exhibit a strong synergistic effect in H2452 and
MSTO cells
Finally, we performed the in vitro combination study of cSBL with other reagents. In addition

to pemetrexed, cisplatin, an existing drug for malignant mesothelioma usually used in com-

bination with pemetrexed, was chosen for the test reagent. Pharmacological interactions

between these three agents were investigated by evaluating the viability of H2452 and MSTO

cells treated with pemetrexed + cisplatin, cSBL + pemetrexed, and cSBL + cisplatin. The drug

concentration in each combination regimen was based on the IC50 value for each agent previ-

ously determined via single treatments [35]. The viability curves for each drug in single or

Fig 4. cSBL showed in vivo cytotoxicity without inducing loss of body weight.Mice were randomly
divided into 3 groups with 10 mice in each group. Groups 1, 2, and 3 were injected PBS, pemetrexed (100 mg/
kg, intraperitoneally), and cSBL (2.5 mg/kg, intratumorally), respectively. Body weights and tumor sizes were
measured twice per week. Tumor volumes were calculated as follows: 0.4 A B2, where A and B represent
the long and short diameters (in mm) of the tumor, respectively. Relative body weight (A, B) and relative tumor
volume (C, D) are plotted as the mean of each group SD at each timepoint. The statistical significance of
these experiments compared with PBS (*) or pemetrexed (†) is shown as follows: *P 0.05, **P 0.01,
***P 0.001, †P 0.01, †††P 0.001.

https://doi.org/10.1371/journal.pone.0190653.g004
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combination treatments are presented in Fig 5. In H2452 cells, all combinations decreased cell

viability to a greater extent than each single treatment over the whole concentration range.

Similar tendencies were observed in MSTO cells over a wide concentration range, although

the combination effects appeared to saturate at a higher concentration. To evaluate the syner-

gistic effect of each drug combination, CI values were calculated. At each experimental con-

centration (Fig 6A) in H2452 cells, the CI values for all combinations were<1, indicating that

all combinations were synergistic. cSBL + pemetrexed showed the highest synergistic effect at

all concentration points. In MSTO cells, CI values at the highest two concentration points of

all combinations exhibited antagonism rather than synergism; however, cSBL-containing

combinations (cSBL + pemetrexed; cSBL + cisplatin) exhibited high synergism in the mid-low

concentration range. The pemetrexed + cisplatin combination in MSTO cells showed disper-

sion and high CI values at various concentrations. Furthermore, we calculated DRI values, rep-

resenting the index of the fold-number that each drug combination dose could be reduced by

compared with that of each drug alone (Fig 6B). In H2452 cells, all combinations had high

DRI values. In MSTO cells, high DRI values were observed in the cSBL-containing combina-

tions, particularly in the low concentration range. However, the pemetrexed + cisplatin combi-

nation had low DRI values at all concentrations.

Fig 5. Viability curves of H2452 andMSTO cells treated with pemetrexed, cisplatin, and cSBL, either
alone or in combination. Each group of cells was treated with fixed concentration ratios of pemetrexed:
cisplatin:cSBL as follows: 800:100:1 (for H2452 cells) or 3:20:2 (for MSTO cells). Each data point represents
the mean SD of at least three independentWST-8 assays. Each sample was plated in triplicate. The y-axis
indicates the viability of cells. The x-axis indicates the concentration of pemetrexed (upper), cisplatin (middle),
or cSBL (lower).

https://doi.org/10.1371/journal.pone.0190653.g005
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Discussion
We previously demonstrated that cSBL induces apoptosis in H28 (sarcomatoid histological

type), MESO-1 and MESO-4 (epithelioid type) cells, but not in normal Met5A mesothelial

cells, by detecting elevated proportions of Annexin V positive cells following cSBL treatment

[34]. Furthermore, from the investigations in which H2452 (epithelioid type) and MSTO

(biphasic type) were utilized, in addition to aforementioned cell lines, higher cancer-selectivity

of cSBL was observed compared with either pemetrexed or cisplatin in their antiproliferative

effects [35]. The antitumor mechanism of cSBL in malignant mesothelioma has been well-doc-

umented in H28 cells; it was revealed that cSBL treatment activates the caspase cascade, the

proapoptotic Bcl-2 family proteins Bik and Bim, as well as JNK and p38 MAPKs, consequently

inducing apoptosis in these cells. However, although the effectiveness of cSBL against mesothe-

lioma in vitro has been reported, the in vivo efficacy of cSBL has not been investigated to date.

Although H28, MESO-1, and MESO-4 cells did not show tumorigenicity in the nude mice

used, we succeeded in establishing malignant mesothelioma xenografts with H2452 and

MSTO cells. First, the antitumor effects of cSBL on these two cell lines were investigated in
vitro. cSBL induced typical apoptotic changes, such as phosphatidylserine externalization,

Fig 6. Pharmacological interactions between pemetrexed, cisplatin and cSBL in H2452 andMSTO
cells. (A) CI values of each combination (CI = 1 indicates an additive effect; CI 1 indicates a synergistic
effect; and CI 1 indicates an antagonistic effect). (B) DRI values of each reagent (DRI = 1 indicates no dose
reduction; whereas DRI 1 and 1 indicate favorable and unfavorable dose-reductions, respectively). Pem or
P, pemetrexed; Cis or C, cisplatin; S, cSBL.

https://doi.org/10.1371/journal.pone.0190653.g006
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nuclear condensation and fragmentation, in both cells in a time-dependent manner (Fig 2).

Moreover, caspase-9 was activated by cSBL treatment earlier and more strongly than caspase-

8, indicating that apoptosis was induced through the intrinsic pathway (Fig 3). In the in vivo
studies, no obvious toxicities or body weight changes were observed during the experimental

period in any group (Fig 4A and 4B). In both types of xenograft, significant tumor growth sup-

pression was observed in cSBL-treated groups compared with control groups. In H2452 xeno-

grafted groups, cSBL showed a tumor-suppressive effect earlier than that of the pemetrexed-

treated group, and the antitumor effect of pemetrexed was not observed in the MSTO xeno-

grafts (Fig 4C and 4D). The reason for the lack of effect by pemetrexed is uncertain; we specu-

late that the high growth rate of MSTO cells in the xenograft model may contribute to this

phenomenon. We were unable to compare the effects of cSBL and pemetrexed directly due to

the differences in the dosing conditions; however, our observations indicate that cSBL could

potentially inhibit the tumor growth of mesothelioma without any toxicity, even if previously

established pemetrexed administration had little or no effect. From these results, it was sug-

gested that cSBL had the capability to inhibit tumor growth in xenografted mice. Thus, cSBL

may be safely used, and further studies are required to determine the maximal tolerated dose

of cSBL in order to optimize its efficacy.

Combination therapy, a treatment modality that combines two or more therapeutic agents

to reduce the risk of drug resistance or adverse effects while simultaneously providing thera-

peutic anti-cancer benefits, is a mainstay of current cancer therapy [39]. In fact, combination

treatments comprising pemetrexed and cisplatin are used for the treatment of mesothelioma

as a standard regimen. We previously demonstrated that the cSBL + pemetrexed combination

exerted stronger cytotoxicity and synergism compared with the pemetrexed + cisplatin combi-

nation in H28 cell lines. The cytostatic effect of pemetrexed and the cytotoxic effect of cSBL

cooperated without any repulsion, although the effects of pemetrexed and cisplatin on cyclin A

expression were counteractive when used in combination [35]. In the present study, we evalu-

ated the generality of the prominent synergistic effect of the cSBL + pemetrexed combination,

utilizing H2452 and MSTO cells, by calculating CI and DRI values. The cSBL + pemetrexed

combination exhibited the highest synergism of the three combinations tested in both cell

lines (Fig 5B). Surprisingly, in MSTO cells, the pemetrexed + cisplatin combination appeared

to be antagonistic rather than synergistic or additive at the most of concentration points tested.

High DRI values (Fig 5C) were calculated for all combinations, except for pemetrexed + cis-

platin in MSTO cells. These results suggest that cSBL + pemetrexed may be a rational treat-

ment combination for several types of malignant mesothelioma. On the other hand, the

current gold-standard regimen for malignant mesothelioma, pemetrexed + cisplatin, may be

ineffective, depending on the cell type, with respect to synergism (i.e., undesired adverse effects

may easily occur in some circumstances, depending on the patient).

Although the combination of pemetrexed and cisplatin has been demonstrated to prolong

the survival of patients with malignant mesothelioma, the median survival is only 12 months,

and the response rate is ~40% [12]. Thus, almost half of all mesothelioma patients are initially

resistant, and all eventually develop resistance [40]. Therefore, researches to improve the

malignant mesothelioma therapy have been actively attempt. The combinations of carboplatin

and pemetrexed, or gemcitabine and cisplatin showed comparable outcomes with pemetrexed

and cisplatin combination in phase- II trials [41–43]. The French Mesothelioma Avastin Cis-

platin Pemetrexed Study (MAPS) demonstrated a statistically significant improvement in the

median overall survival time using a combination of cisplatin, pemetrexed and bevacizumab, a

monoclonal antibody that binds VEGF and blocks its interaction with the VEGF receptor [44].

In addition, several other molecular targeting and immunotherapeutic agents, such as anti-

EGFR signaling agent and anti-programmed cell death 1 (PD-1) antibodies, are currently
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being investigated in clinical trials [43]. In this study, cSBL was demonstrated to induce apo-

ptosis and inhibit tumor cell growth in xenografted mice. CI analysis also evidenced a promi-

nent combinatory effect of cSBL with pemetrexed. As cSBL is a novel candidate anti-cancer

agent that exerts antitumor activity through targeting RNA (which represents a novel class of

potential therapeutic targets), it may provide a new option for the chemotherapeutic treatment

of malignant mesothelioma. This is particularly true among patients with pemetrexed resis-

tance, as cSBL was effective in pemetrexed-resistant cells, as shown in the current study and in

previous report [35].

Conclusions
cSBL induced apoptosis in H2452 and MSTO cells via the intrinsic apoptotic pathway. In vivo,
cSBL treatment inhibited tumor growth in multiple xenograft models without any undesirable

adverse effects. A higher efficacy was achieved by the use of cSBL + pemetrexed in mesotheli-

oma cells compared with pemetrexed + cisplatin. To the best of our knowledge, this is the first

report to demonstrate the antitumor efficacy of cSBL in human malignant mesothelioma

xenograft models. cSBL has potential as a novel treatment for malignant mesothelioma.
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