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Abstract The transmembrane glycoprotein CD98 is a

potential regulator of multiple functions, including integrin

signaling and amino acid transport. Abnormal expression

or function of CD98 and disruption of the interactions

between CD98 and its binding partners result in defects in

cell homeostasis and immune responses. Indeed, expres-

sion of CD98 has been correlated with diseases such as

inflammation and tumor metastasis. Modulation of CD98

expression and/or function therefore represents a promising

therapeutic strategy for the treatment and prevention of

such pathologies. Herein, we review the role of CD98 with

focus on its functional importance in homeostasis and

immune responses, which could help to better understand

the pathogenesis of CD98-associated diseases.

Keywords CD98 � Integrin signaling �
Amino acid transport � Cell homeostasis � Immune response

Introduction

CD98 (also termed CD98 heavy chain; encoded by SLC3A2

gene) is a type II transmembrane protein that covalently

links to one of several L-type amino acid transporters (light

chains) to form large, functionally heterodimeric neutral

amino acid transport systems [1, 2]. Following its discovery

as an antigen of lymphocyte activation [3, 4], CD98 has

since been identified in all cell types, except platelets, with

the highest levels of expression found in the gastrointestinal

tract and the tubules of kidney [1]. In addition to playing a

role in amino acid transport, CD98 has been shown to

associate with b1 and b3 integrins and regulate integrin

signaling, which is in turn involved in cell adhesion, fusion,

proliferation, and growth [1, 2]. Evidence has shown a

correlation between CD98 expression and human diseases

such as intestinal disorders [5, 6] and tumor metastasis [7–

10]. Recently, mouse lines featuring tissue-specific CD98

overexpression/deletion generated by our group and others

have provided a powerful tool facilitating investigations of

the role of CD98, and the underlying mechanism of action,

under pathophysiological conditions [11–14]. In this

review, we will focus on the role of CD98 and its functional

importance in homeostasis, immune responses, and disease

development.

Regulation of CD98-encoding gene expression

and molecular structure

CD98 is encoded by the solute carrier family 3 member 2

(SLC3A2) gene mapped to chromosome 11, which is highly

conserved throughout mammalian evolution [15, 16].

CD98-encoding cDNA was originally cloned in 1987 using

its ability to react with a monoclonal antibody raised

against a lymphoblastic cell surface antigen [16, 17].

The CD98 transcript is composed of 1,863 base pairs

(bp) along with an open reading frame of 1,590 bp. It

encodes the glycoprotein CD98 of 529 amino acids, with a
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predicted size of 80 kDa. The hydropathy plot of CD98

indicates that the protein contains a cytoplasmic domain

(amino acids 1–81), a single-pass transmembrane domain

(amino acids 82–104) and an extracellular domain (amino

acids 105–529) [16–20]. The protein has been classified as

a type II membrane glycoprotein, with an extracellular

carboxyl terminus and a cytoplasmic amino terminus

(Fig. 1). Interestingly, the C-terminus of human CD98

contains a potential class II PDZ-binding domain (amino

acids 520–529; GLLLRFPYAA), suggesting that CD98

may associate with extracellular PDZ domain-containing

proteins. The extracellular C-terminal half of the protein

also contains four potentially glycosylated asparagine res-

idues (amino acids 264, 280, 323, and 405) and Cys-109,

which has been shown to participate in formation of

disulfide-bond between CD98 and amino-acid transporters

(CD98 light chains) (Fig. 1). Several vertebrate ‘‘glyco-

protein-associated’’ amino-acid transporters LAT-1, LAT-

2, y?LAT-1, y?LAT-2, xCT, or asc-1 have been shown to

associate with CD98 (Table 1) [21–28]. In intestinal epi-

thelial cells (IECs), CD98 is linked to the L-type amino-

acid transporters LAT-2 and y?LAT-1, which appear to be

exclusively expressed in such cells [26, 29].

CD98 is expressed in all cell types with the exception of

platelets, and is expressed at the highest levels in the

tubules of kidney and in the gastrointestinal tract [1, 29,

30]. A number of distinct molecular mechanisms, which

are triggered via activation of discrete intracellular path-

ways, have been described to be involved in the regulation

of human CD98 gene expression. Early pioneering studies

showed that activation of resting human peripheral T

lymphocytes with phytohemagglutinin (PHA), a combina-

tion of 4 beta-phorbol 12-myristate 13-acetate (PMA) and

ionomycin, or anti-CD3 antibodies, resulted in a dramatic

rise in CD98 mRNA level [31–33]. Both an enhancement

of transcription initiation by ionomycin and a removal of a

block in elongation by PMA were initially proposed [32].

However, CD98 transcription was only moderately chan-

ged upon stimulation with anti-CD3 antibody [33], and

postulated attenuating sequences have yet been identified

[34]. In addition, co-stimulation with phorbol ester TPA (a

protein kinase C activator) and A23187 (calcium iono-

phore) strongly induced CD98 expression in rat and human

lymphocytes [35]; the effects of TPA and the calcium

ionophore were synergistic. Addition of EGTA to the

culture completely blocked the stimulatory effect, sug-

gesting that influx of extracellular calcium is required for

the induction of CD98 [35]. In agreement with these

studies, other investigators observed a very low level of

CD98 and transferrin receptor on the surface of resting

lymphocytes, which was markedly increased after growth

stimulation [3, 36–40]. Nii and colleagues investigated the

molecular mechanism underlying the regulation of CD98

during T-cell activation and showed that the increase in

CD98 expression levels in activated T cells compared with

quiescent T cells was due to elevated levels of CD98

mRNA as analyzed by Northern blotting [41]. The low

levels of CD98 transcripts were shown to be the result of a

block to transcription elongation within the exon 1-intron 1

regions [41], suggesting that a removal of the block to

CD98 mRNA elongation stimulates the induction of CD98

expression in activated T cells.

Apart from the transcriptional regulatory mechanism, a

post-transcriptional mechanism has been reported to

account for the strong accumulation of CD98 in activated

lymphocytes [42]. Teixeira et al. [42] showed that CD98

mRNA levels were barely detectable in mouse resting

spleen cells, but increased 60-fold within 4 h of stimulation

with PMA, the calcium ionophore, ionomycin and recom-

binant interleukin-2, and the protein became measurable at

the cell surface after 6 h, prior to the S phase. However,

run-on assays using nuclei isolated from resting lympho-

cytes and growth-stimulated cell populations showed only

5-fold induction of CD98 gene transcription [42]. This

Fig. 1 Schematic representation of the CD98-regulated cellular

functions in intestinal epithelial cells mediated by interactions of

CD98 with integrin and amino acid transporter. CD98 (heavy chain)

with potential N-glycosylation sites (indicated as Y) is associated with

an amino acid transporter (light chain) to form a functional

heterodimer through a conserved disulphide bridge (S–S). The

cytoplasmic tail of CD98 can interact with b1 and b3 integrin,

thereby regulating integrin signaling. CD98-mediated integrin acti-

vation results in phosphorylation of the focal adhesion kinase (FAK),

which functions as a phosphorylation-regulated scaffold to recruit

Src-family kinases (SFKs) to focal adhesions. This consequently leads

to activation of the phosphatidylinositol 3-kinase (PI3K)/Akt and

mitogen-activated protein (MAP) kinase kinase (called MEK)/extra-

cellular signal-regulated kinase (ERK) signaling pathways, promoting

cell survival, proliferation, and migration
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suggests that post-transcriptional mechanisms are mainly

responsible for the accumulation of CD98 mRNA at the

onset of cell proliferation.

Recently, we explored the involvement of microRNAs,

a new group of gene regulators with pivotal roles in various

biological processes [43, 44], in the regulation of CD98

expression during IEC differentiation [5]. We showed that

microRNA-7 post-transcriptionally down-regulated CD98

expression in IECs by binding to the 30-untranslated region

of the CD98 mRNA. In addition, our study suggested that

microRNAs were responsible for the decrease of CD98

expression levels during differentiation of IECs in culture

or along the crypt-villus axis [5].

In the context of intestinal inflammation, our studies and

others have shown that pro-inflammatory cytokines up-

regulate CD98 expression in IECs [5, 45, 46]. CD98

expression is highly up-regulated in colonic tissues from

mice with active colitis [47]. Increased expression levels of

CD98 have also been found in colonic biopsies from

patients with Crohn’s disease [5], or at the surface of

intestinal B cells, CD4? T cells and CD8? T cells isolated

from patients with Crohn’s disease and ulcerative colitis

[6]. Crohn’s disease and ulcerative colitis are the two pri-

mary forms of inflammatory bowel disease (IBD), which is

chronic, relapsing, immunologically mediated disorders of

the gastrointestinal tract with the etiology is largely

unknown [48]. In addition, 5-aminosalicylic acid, which is

used for treatment of intestinal inflammation in IBD,

inhibited, in a dose-dependent manner, expression of cell-

surface activation antigens including CD98 in mitogen-

activated peripheral blood lymphocytes [6]. We have

investigated the mechanism underlying the regulation of

CD98 expression by interferon-gamma (IFN-c) in IECs by

cloning and functionally characterizing the 50-flanking

region of the CD98 gene from intestinal epithelial Caco2-

BBE cell line [45]. Sequence analysis revealed four GC/GT

boxes potentially capable for the binding of Sp1 tran-

scription factor, and a binding site for the nuclear factor-

kappaB (NF-jB) transcription factor [45]. These results are

in agreement with the previous sequence analysis of the

cloned CD98 cDNA from the HPB-MLT human T-cell

tumor line, which revealed that the 50-flanking region of the

CD98 gene contains a hypomethylated CpG island and four

potential binding sites for the Spl transcription factor, but

does not contain TATA or CCAAT boxes [34]. Both

competition electrophoretic mobility shift assay (EMSA)

and supershift experiments confirmed the binding of Sp1

[Sp1(-874), Sp1(-386), Sp1(-187), and Sp1(-177)] and NF-

jB [NF-jB(-213)] to the CD98 promoter. Furthermore, we

found that different Sp1-binding sites exhibited different

DNA–protein interaction profiles, indicating that each of

these binding sites has distinct functional properties.

Importantly, chromatin immunoprecipitation (ChiP) stud-

ies showed that the CD98 promoter interacts with Sp1 and

NF-jB under both basal and IFN-c-stimulated conditions

[45]. Primer extension and rapid amplification of cDNA

ends (RACE) assays revealed that a major transcriptional

initiation site is located at 129 bases upstream of the first

ATG codon [45]. Transfection of Caco2-BBE cells with

luciferase reporter constructs fused to the full-length CD98

promoter or its serially truncated and site-mutated CD98

promoters revealed that the Sp1(-187), Sp1(-177), and

NF-jB binding sites were essential for the basal and the

IFN-c-stimulated CD98 promoter activities, whereas the

Table 1 CD98-linked amino acid transporters

Name Transport system Tissue localization Not detected (a) or

lowest expression

LAT-1 Large neutral amino acids;

Na?-independent

Ubiquitous: ovary, placenta, skeletal muscle, brain, spleen,

testis and fetal liver, activated lymphocytes, some tumor cells

Livera, intestinea

LAT-2 Small and large neutral

amino acids;

Na?-independent

Kidney, small intestine, ovary, placenta, brain Lung

y?LAT-1 Cationic amino acids:

Na?-independent;

large neutral amino acids:

Na?-dependent

Small intestine, kidney cortex, peripheral blood, leukocytes,

placenta, lung and many other tissues

y?LAT-2 Cationic amino acids:

Na?-independent;

large neutral amino acids:

Na?-dependent

Brain, small intestine, testis, heart, kidney, lung, liver

xCT Cystine/glutamate exchange;

mainly Na?-independent

Activated macrophages, brain Lung, liver, kidneya

asc-1 Small neutral amino acids;

Na?-independent

Brain, kidney, heart, liver, lung, small intestine,

pancreas, placenta
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Sp1(-874) and Sp1(-386) binding sites were not. This study

highlighted the important role of Sp1 and NF-jB tran-

scription factors in the regulation of CD98 during

physiological and pathological states. Interestingly, in

another study, we showed that microRNA-7 is directly

involved in IL1-b-mediated activation of CD98 expression

in Caco2-BBE cells, and that the down-regulation of

microRNA-7 in actively inflamed Crohn’s disease colonic

tissues is probably responsible for the up-regulation of

CD98 [5]. To our knowledge, this was the first report

showing the role of microRNAs in the regulation of CD98

expression during intestinal inflammation. It would be of

interest to further study the signaling cascades activated by

immune responses during intestinal inflammation, which

regulate CD98-targeting microRNAs and consequently

CD98, to explore a complete mechanism underlying the

regulation of CD98 during pathological state.

A high level of CD98 expression has been observed in

proliferative normal tissues [49] and in almost all human

melanoma cell lines, regardless of the tissue of origin [50].

CD98 is also highly expressed in several carcinomas, such

as squamous cell carcinoma of the larynx [51], lung ade-

nocarcinomas [52], breast cancer [53], renal cell cancer

(where its expression level correlates with the extent of

progression, metastasis and malignancy; [54]), and various

human neoplasms [10]. The study by Parmacek et al. [49],

designed to elucidate the pattern of CD98 gene regulation

in neonatal and adult mouse tissues, failed to show a

consistent result, i.e., while CD98 expression was higher in

neonatal liver than in adult liver, the opposite was found

for lung. This suggests that the regulation of CD98 could

be tissue-dependent. Studies on the regulation of CD98

during carcinogenesis need further investigations. Since

accumulating evidence has shown an important role for

microRNAs in cell cycle, cell proliferation, and cancer

development [3, 18, 55, 56], we hypothesize that this group

of gene regulators could be a potential candidate for such

studies.

CD98 and amino acid transport

An elegant study by Estevez and colleagues provided the

first evidence that the minimal functional unit for amino

acid transport is a heterodimeric complex [57]. The authors

mutated two cysteine residues of CD98 (C109 and C330)

to serine, singly or in combination, and found that the

C109S mutant exhibited only 30–50% of y?L amino

acid transport activity compared to the wild-type, whereas

the C330S mutation had no effect. Hg?? and the imper-

meant reagent p-(chloromercuri)benzenesulfonate (pCMBS)

inhibited the transport activity of the wild-type and all the

mutants. Such inhibition was reversed by mercaptoethanol,

but notably, the C109S mutant showed a much higher

sensitivity towards the sulfhydryl reagents. Increased sen-

sitivity could also be induced in the wild-type with

mercaptoethanol pretreatment. It was concluded that for

the expression of system y?L transport activity, CD98

must associate with an endogenous protein of the oocyte,

and that such association involved a disulfide bond with

C109. Immunoprecipitation of CD98 under reducing or

non-reducing conditions showed that the endogenous pro-

tein was similar in size to the light chain of the CD98

surface antigen. CD98 has since been shown to associate

with different light chains including LAT-1 [24], LAT-2

[26, 28], y?LAT-1, y?LAT-2 [58], xCT [27], and asc-1

[59, 60] to form heterodimers that are the minimal func-

tional units for amino acid transport activity (Table 1). All

the CD98-linked amino acid transporters (except rat LAT-

2, which is able to perform net transport) appear to function

as highly coupled amino acid exchangers, but the speci-

ficity depends on the associated light chain. Asc-1 may

have some unidirectional flux of substrates in addition to

the exchange transport [59].

The extracellular domain of CD98 is necessary for its

interaction with the light chains to support amino acid

transport [61]. The mechanisms by which CD98 renders

the light chain functional remain largely unknown, but

evidence has suggested its role in guiding the light chains

to the membrane surface. Nakamura et al. [62] demon-

strated that CD98 is required for the proper sorting of the

light chain LAT-1 to the plasma membrane of COS cells as

in its absence, LAT-1 was mostly remained in the Golgi. It

was also shown that CD98 is capable of guiding LAT-1 to

the plasma membrane independently of disulfide linkage

between the two proteins, suggesting a presence of non-

covalent steric interaction. In another study, Broer et al.

[63] showed that a deletion of 68 amino acids from the

C-terminus of human CD98 was sufficient to disrupt proper

translocation of LATs to the plasma membrane, causing

severe impairment of the transporter activity.

We and other groups have shown that in polarized IECs,

CD98 is targeted to the basolateral membrane, where it is

covalently linked to LAT-2, and presumably also y?LAT-1,

to form functional heterodimers [20, 29, 30]. Studies have

demonstrated that basolaterally expressed CD98/LAT-2 in

IECs represents the minimal functional unit for a Na?-

independent transporter of zwitterionic amino acids of any

size [26, 28] (Fig. 1). We have shown that cross-linking of

CD98 affects the intrinsic activity of the LAT-2 transporter

by increasing the affinity and reducing the capacity of

LAT-2-mediated leucine uptake in Caco2-BBE monolayers

[64]. In addition, we have reported that cross-linking of

CD98 regulates LAT-2-dependent leucine efflux [64].

Other studies have shown that serial C-terminal truncated

constructs of CD98 (ranging from 15 to 404 residues)
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caused a complete loss of light chain function, although all

heterodimers were expressed at the cell surface. This

indicates that the 15 C-terminal residues of CD98 are

required for the transport function of the heterodimer.

Mutation of the conserved residue leucine 523 to glutamine

in the carboxyl terminus reduced the Vmax of arginine and

leucine uptake without affecting the affinity of the trans-

porter for both arginine and leucine residues [65].

Interestingly, we have demonstrated that in the intestinal

epithelial Caco2-BBE cell line, the heterodimer CD98/

LAT-2 basolaterally interacts with the intracellular adhe-

sion molecule I (ICAM-1), modulating LAT-2-mediated

amino acid transport activity [64]. ICAM-1 has been shown

to be important in cell–cell, cell-extracellular matrix

interactions and cellular interactions such as the immune

response [66, 67]. Therefore, CD98 could regulate amino

acid transport either on its own or in combination with

other molecules. The mechanisms by which CD98 controls

amino acid transport activity, and the possible interactions

involved, remain largely unknown and need further

investigations.

CD98 and integrin activation

CD98 has been shown to associate with integrins and to

regulate integrin functions [68] (Fig. 1). Integrins are a

major family of cell-surface receptors that mediate cell

adhesive and signaling events during interactions with the

extracellular matrix or other cells [69]. They are hetero-

dimeric transmembrane glycoproteins composed of

noncovalently associated a and b subunits. Integrins are

involved in various biological functions including cell

growth, migration, development, metastasis, and immuno-

logic and inflammatory responses [69, 70]. The first

evidence indicating that CD98 interacts with integrins

was provided by a genetic screen for genes that complement

the suppression of b integrin activation that occurs in

the presence of free b1 tails [68]. In this pioneer study, a

Chinese hamster ovary cell line stably expressed a consti-

tutively activated chimeric integrin complex was used.

Overexpression of a b integrin cytoplasmic tail located at the

plasma membrane leads to dominant suppression of integrin

activation, most likely by titration of intracellular effector

molecules. CD98 was isolated as one of these possible

effectors since its overexpression led to the complementa-

tion of the dominant suppression (CODS) caused by the b
integrin cytoplasmic tail [68]. These investigators further

investigated that CD98 binds specifically to b1A and b3

integrins, but not b1D or b7 [71]. In a following study, by

generating chimeric constructs of CD98 and CD69, another

type-II transmembrane protein, this group showed that the

cytoplasmic and transmembrane domains of CD98 are

necessary and sufficient for integrin binding and comple-

mentation of dominant suppression, whereas the

extracellular domain of this protein is required for amino

acid transport function of the heterodimer [61]. Such inter-

action of CD98 with integrins has been shown to be

important in integrin signaling that regulates a wide variety

of biological processes, including cell fusion, differentia-

tion, proliferation, aggregation, adhesion, migration, and

malignant transformation [20, 43, 44, 61, 68, 71–77], which

will be described more profoundly in the following sections

(Table 2).

CD98 and cell homeostasis

As discussed above, CD98 is a multifunctional protein that

regulates integrin signals and amino acid transport. In

addition to a direct physical regulation of integrin function,

CD98 may also regulate other downstream signalings via

its effects on transmembrane signaling pathways [78]. We

recently showed that CD98 basolaterally expressed in IECs

can be extracellularly phosphorylated by protein kinases

released by T lymphocytes [79]. Extracellular (ecto-)

phosphorylation has been implicated in many physiological

processes, such as cell–cell interactions, cellular differen-

tiation and proliferation, ion fluxes, and cellular activation

[80]. In our system, we demonstrated that the ecto-phos-

phorylation of CD98 directly affected its multiple

functions, including its role in the attachment and

Table 2 Summary of the functions of CD98 mentioned in this review

Function CD98 domain involved Reference

Amino acid transport-associated functions

Interact with amino acid transporters and support

amino acid transport

Extracellular domain [61–65]

Integrin signaling-associated functions

Regulate cell homeostasis: cell growth, proliferation,

migration, adhesion development

Cytoplasmic and transmembrane

domains

[11, 14, 20, 43, 44, 61, 68–77, 81,

82, 86, 87]

Regulate immune responses [11–13, 90–96]

CD98 in homeostasis and immunity 3019
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spreading of IECs, and homotypic and heterotypic cell–cell

interactions [79].

Because of its crucial role, abnormal expression or

function of CD98 or disruption of its interactions with its

binding partners can lead to defects in cell homeostasis.

Loss of CD98 resulted in early embryonic lethal in mice

[81]. To investigate the potential stage-specific roles of

CD98 in murine embryonic development, Sato et al. [82]

recently generated a mouse model from embryonic stem

(ES) cell line harboring a mutant CD98 allele that encodes

a truncated form of CD98 protein (DCD98) fused to b
galactosidase and neomycin phosphotransferase II (b geo).

The authors showed that the mutant protein CD98-b geo

was able to interact with b1 integrin, although it was

mainly remained in the cytoplasm and thus may be unable

to support amino acid transport [82]. Further analysis

showed that the homozygous mutant (CD98D/D) embryos

died between E7.5 and E9.5 [82]. The authors therefore

proposed that CD98 may be essential for early post-

implantation development by regulating integrin signaling,

while the other function of CD98 as a component of amino

acid transporters may be required for embryonic develop-

ment at later stages [82].

In other studies, ES cell lines that lack CD98 gene

(CD98-/-), although have normal b integrin levels, exhibit

an impaired ability to spread on fibronectin or laminin and

are susceptible to detachment-induced cell death, which

were restored by a chimera that couples to integrins but not

amino acid transporters [73]. Conversely, mutations of

integrin b tails that block CD98 binding impair cell

spreading, an important biological response to integrin

signaling [75]. CD98 has been shown to stimulate adhesion

of breast cancer cells to laminin via the integrin a3b1 [83].

CD98 interacts with b1 integrin in transfected CHO cells

and mouse embryonic fibroblasts, and such interaction is

required for integrin signaling including cell spreading,

migration, proliferation, and survival [74, 75]. Failure of

the interaction between these two proteins leads to a defect

in focal adhesion, contributing to cell transformation [72].

Indeed, overexpression of the transmembrane portion of

CD98 can lead to cellular transformation in vitro [72], and

this suggests that the high levels of CD98 found in several

human cancers can contribute to tumorigenesis. CD98 was

also shown to be involved in fibronectin matrix assembly in

vitro and in vivo, a process important in development,

wound healing, and tumorigenesis, by mediating integrin

signaling [74]. It was noted that CD98 expression was not

required for fibronectin biosynthesis or affinity of cellular

fibronectin binding integrins, which are important con-

tributors for fibronectin assembly [74]. Recently, it was

shown that CD98 is involved in integrin trafficking,

thereby regulating keratinocyte adhesion and differentia-

tion [76]. Interestingly, by profiling of adhesion molecules

expressed in tumor endometrial-derived cell lines, used

as models to identify markers of cellular receptivity,

Dominguez et al. [43] identified CD98 as a novel molecule

selectively and significantly associated with the receptive

phenotype. Endometrial overexpression of CD98 markedly

enhanced mouse blastocyst adhesion, and its silencing by

siRNA reduced the blastocyst adhesion rate [43]. The

authors therefore suggested that CD98 is an important

determinant of endometrial receptivity for embryonic

implantation in humans [43]. Our group has shown that

expression of human CD98 in a CD98-deficient Madin

Darby Canine Kidney cell line disrupts intercellular adhe-

sion, leading to cytoskeletal disorder [20]. This phenotypic

conversion, which probably depends on the interaction of

human CD98 with respective ‘‘ligands’’, is accompanied by

reorganization of the actin cytoskeleton. Interactions

between CD98 and amino acid transporters are unlikely to

be involved in this process, as overexpression of the CD98

mutated at residue 109 (C109S) preventing disulfide link-

age between CD98 and amino acid transporter did not

inhibit the process. This observation is in agreement with

the finding that CD98-amino acid transporter interaction is

not required for the association of CD98 and integrins [61].

Recently, by generating tissue-specific gain- and loss-of-

function mouse models with genetically manipulated CD98

expression specifically in IECs, we showed that CD98 has

a crucial role in controlling homeostatic and innate immune

responses in the gut [11]. We showed that IEC-specific

CD98 overexpression in mice resulted in abnormal integrin

signaling, leading to dysregulated cell proliferation and

survival [11]. A balance between cell death and survival is

key for the maintenance of intestinal homeostasis, and its

dysregulation has been linked to intestinal pathologies.

IEC-specific CD98 overexpression also caused barrier

dysfunction [11] and a burdened increase of cultivable

bacteria in the gastrointestinal tract and in feces from mice

(unpublished data). It has been known that commensal

bacteria in the intestinal lumen while provide benefits to

the mammalian host such as increased metabolic/digestive

capabilities and exclusion of harmful microbes, may

behave as a pathogen and elicit an immune inflammatory

response in the context of a dysfunctional intestinal epi-

thelial barrier [84]. Indeed, a comparative analysis of gene

expression profiles in the intestine of transgenic mice with

IEC-specific CD98 overexpression showed a huge number

of dysregulated genes, including those involved in

inflammatory responses [11]. A correlation between the

levels of CD98 overexpression and the abnormality of

some phenotype indexes was observed in transgenic mice.

Importantly, we provided direct evidence that IEC-specific

CD98 overexpression aggravates intestinal inflammation in

a mouse model of dextran-sulphate sodium (DSS)-induced

colitis by inducing barrier dysfunction and perturbing

3020 H. T. T. Nguyen, D. Merlin
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inflammatory responses, both factors known to contribute

to the pathophysiology of IBD [11]. It should be noted that

our analysis of SLC3A2 polymorphisms in IBD patients

showed that no polymorphism in the SLC3A2 gene was

significantly associated with IBD susceptibility [11]. In

addition to induction of gut homeostatic defects and

increased inflammatory responses to DSS-induced colitis,

IEC-specific CD98 overexpression promotes colitis-asso-

ciated tumorigenesis in mice. Further analysis indicated

that the ability of IEC-specific CD98 overexpression to

induce tumorigenesis was linked to its capacity to induce

barrier dysfunction and to stimulate cell proliferation and

production of pro-inflammatory mediators [11]. Con-

versely, CD98 downregulation specifically in IECs resulted

in attenuated inflammatory responses and resistance to both

DSS-induced colitis and colitis-associated tumorigenesis

[11]. Our study was in agreement with previous reports that

loss of CD98 impairs the tumorigenicity of ES cells, which

can be restored by re-expression of the integrin-interacting

domains of CD98 [73]. Indeed, the oncogenic activity of

CD98 has been suggested for years as it is highly expressed

in proliferative normal tissue [85] and almost all human

melanoma cell lines, regardless of the tissue of origin [50],

as well as in several carcinomas, such as squamous cell

carcinoma of the larynx [51], lung adenocarcinomas [52],

breast cancer [53], renal cell cancer [54], and various

human neoplasms [10]. Furthermore, overexpression of

CD98 has been shown to result in malignant transformation

[72, 86, 87]. However, to our knowledge, our study is the

first to provide direct evidence that IEC-specific CD98

overexpression aggravates intestinal inflammation and

consequently promotes colitis-associated tumorigenesis in

mice [11]. Our current unpublished data showed that CD98

expression was increased in intestinal adenomas developed

in the ApcMin/? mouse model, which harbors a germ-line

mutation in adenomatous polyposis coli (APC) gene and

spontaneously develop numerous adenomas in the small

intestine [88, 89]. In addition, IEC-specific CD98 overex-

pression increased intestinal tumor incidence and tumor

size in ApcMin/? mice, which correlated with enhanced

proliferation and decreased apoptosis of IECs, as well as

increased the production of pro-inflammatory cytokines

and chemokines (unpublished data). We also validated

these results using mice exhibiting IEC-specific CD98

downregulation. IEC-specific CD98 down-regulation effi-

ciently attenuated IEC proliferation and cytokine/

chemokine production, consequently reducing tumor inci-

dence and tumor growth in ApcMin/? mice (unpublished

data). Studies from other groups using CD98 conditional

null mouse showed that smooth muscle cell-specific dele-

tion of CD98 although did not affect normal vessel

morphology, suppressed proliferation and induced apop-

tosis in vascular smooth muscle cells, indicating its

requirement for neointimal formation after arterial injury

[14]. Together, these findings demonstrate clearly a crucial

role for CD98 in the regulation of cell homeostasis, and

that abnormal in its expression/function may contribute to

human diseases.

CD98 in immune responses

CD98 was discovered since 1981 as a lymphocyte-activating

antigen [3, 4], however, the mechanisms of CD98 activity in

the immune system is largely unknown. It has been shown

that anti-CD98 antibodies can co-stimulate T lymphocytes,

whereas others can inhibit them [90, 91]. Treatment of T

cells with immobilized CD98 antibodies resulted in prolif-

eration when used in conjunction with submitogenic anti-

CD3 stimulation [92]. In agreement with this study,

screening of antibodies for their ability to co-stimulate T

cells together with anti-CD3 antibodies revealed a new

CD98-specific antibody, indicating a co-stimulatory role for

CD98 in T-cell activation and function [93]. It should be

noted that the CD98 antibody-mediated co-stimulation

required a functional interaction between integrins and

CD98 as it was inhibited by b1 integrin-blocking antibodies

[93]. The same group later showed the induction of homo-

typic aggregation among human T cells through CD98,

which was inhibited by b1 integrin monoclonal antibody

[94]. This study also provided evidence for the specific

association of a4b1 integrin and CD98 on human T lym-

phocytes [94]. Therefore, CD98-dependent lymphocyte

proliferation and adhesion may involve integrins. In other

studies, CD98 antibodies were shown to block antigen-

specific responses of T cells. Because antigen-presenting

cells were included in these experiments, it was concluded

that monocytes regulated T cell activation through CD98

[90]. There are also conflicting reports of the involvement of

IL-2 or the IL-2 receptor in CD98 antibody-augmented

proliferation [90, 95]. However, it was not known in these

experiments whether the anti-CD98 antibodies were indeed

crosslinking/activating, or blocking, with one notable

exception, where intracellular phosphorylation was

observed after treatment with anti-CD98 antibody [96]. In

addition to regulation of T cell functions by interacting with

certain integrin b-subunits, CD98 is involved in the transport

of leucine and isoleucine, which are important regulators of

the mammalian target of rapamycin (mTOR) pathway gov-

erning nutrient-regulated lymphocyte function [97, 98].

In an elegant study by Cantor et al. [13], by using con-

ditional knockout mice with B cell-specific CD98 deletion,

it was shown that CD98 facilitates adaptive humoral

immunity by supporting integrin-dependent rapid prolifer-

ation of B cells that is necessary for clonal expansion and

subsequent differentiation into plasma cells. Reconstitution
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with CD98 mutants that mediates integrin signaling, but not

amino acid transport, supported the proliferation of CD98-

deficient B cells, indicating that the integrin-binding

domain of CD98 was required for B cell proliferation. This

study importantly establishes a connection of CD98-

dependent integrin and immunoreceptor signaling pathways

that regulate lymphocyte proliferation [13]. Recently, this

group investigated the role of CD98 in T cell-mediated

immunity and autoimmune disease pathogenesis. They

showed that in contrast to B cells, CD98-deficient T cells

showed only modestly impaired antigen-driven prolifera-

tion and nearly normal homeostatic proliferation. However,

T cell-specific CD98 deletion resulted in dramatically

reduced T cell clonal expansion and consequently pre-

vented experimental autoimmune diabetes [12]. The

integrin-binding domain of CD98 was shown to be required

for antigen-driven T cell clonal expansion in the patho-

genesis of an autoimmune disease [12]. These findings

suggested that targeting CD98–integrin interaction might

selectively ablate clonal expansion and preserve other

integrin-dependent T cell functions, such as formation of

immune synapses and homing to peripheral tissues [12].

As described in the previous section, we showed that

IEC-specific CD98 overexpression resulted in barrier dys-

function, among the earliest events that precede evident

inflammation or mucosal damage [48] and spontaneous

upregulation of pro-inflammatory genes such as tumor

necrosis factor-alpha (TNF-a), consequently increased

inflammatory responses to DSS-induced colitis [11]. In a

recent review of interest, Turner [99] has discussed about

the regulation of intestinal mucosal barrier in response to

physiological and immunological stimuli, and provided

evidence that this regulation shapes mucosal immune

responses in the gut and may contribute to disease when

dysfunctional. It was also emphasized in this review that

defects in barrier function alone are insufficient to cause

disease, and that there are immune mechanisms that main-

tain mucosal homeostasis despite barrier dysfunction [99].

Therefore, in our model, both barrier dysfunction and dys-

regulated innate immune responses, with the consequent

defects in controlling gut microbiota, contribute to the

robust DSS-induced intestinal inflammation observed in

mice having IEC-specific CD98 overexpression. IEC-spe-

cific CD98 downregulation while did not cause any defects

in intestinal homeostasis, attenuated inflammatory respon-

ses and resistance to both DSS-induced colitis and colitis-

associated tumorigenesis [11]. Our findings indicate that

intestinal CD98 expression has a crucial role in controlling

homeostatic and innate immune responses in the gut.

Apart from the findings for CD98 functions via its

interactions with either integrin or amino acid transporters,

as discussed in the previous section, we demonstrated that

CD98 expressed in the basolateral membrane of IECs

could be ecto-phosphorylated by ecto-protein kinases

released from T lymphocytes, and that its ecto-phosphor-

ylation could modulate epithelial cell–T lymphocyte

interactions [79]. Since IEC–lymphocyte interactions have

been shown to play a key role in immune responses within

the intestinal tract [100], it is interesting to speculate that

CD98 ecto-phosphorylation could be effective under

pathological conditions, where extracellular ATP required

for ecto-phosphorylation can reach high concentration [80],

thereby regulating T cell-mediated immune responses. In

this study, the molecular mechanism by which ecto-phos-

phorylation of CD98 modulates cell–cell interactions

remains unrevealed, giving an exciting area for future

investigation. We speculate that CD98 ecto-phosphoryla-

tion may have substantial effects on the binding affinity of

CD98 for surface proteins expressed on other cells, or it

may functionally affect other proteins that interact with

CD98 and are involved in cell–cell interactions.

Perspective

The complicated molecular structure and multifunctional

nature of CD98, while raise challenging questions, make

works in this field intriguing. How the amino acid transport

and integrin function are combined in one protein is still

mysterious. It is not clear whether association with the light

chain is necessary for CD98-mediated integrin activation.

Linking these two functions might be important for polar-

ized cells, such as in intestinal epithelium [44]. Another

important issue is that external stimuli via CD98 can gen-

erate intracellular phosphorylation-mediated signals,

making the biology of such interactions likely to be a par-

ticularly interesting area of future study. Indeed, CD98 has

been shown to bind galectin-3 [101, 102], a lectin that is

involved in a broad diversity of biological functions

including immunomodulation, host–pathogen interactions,

embryogenesis, angiogenesis, cell migration, wound heal-

ing, and apoptosis [103]. More studies are needed to

identify other possible ligands of the CD98 complex and to

investigate the mechanism of down-stream intracellular

signaling pathways activated by recognition of such ligands

by CD98. Finally, since CD98 has an important role in the

regulation of cellular homeostasis and immunity, modula-

tion of CD98 expression and/or function represents a

promising therapeutic strategy for the treatment and pre-

vention of immunological diseases and malignancies.

Future studies targeting CD98 expression or CD98–integrin

interaction in genetically modified mice or in experimental

disease models using advanced biotechnologies, such as

nanotechnology that we have been developing in the labo-

ratory, could address this issue and promise to offer exciting

results.
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