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ABSTRACT 

Transport of system xc~ is an exchange agency with high specificity for anionic form of cystine and glutamate. 
The protein mediating this transport is a disulfide-linked heterodimer of a light chain named xCT and a heavy 
chain previously known as 4F2hc. We have isolated two cDNAs encoding xCT from the human cDNA library. 
One clone coded for a protein of 501 amino acids with 12 putative transmembrane domains. When functionally 
expressed in Xenopus oocytes together with the human 4F2hc, human xCT induced the transport activity whose 
characteristics are similar to those of system xc~. Another clone seemed to contain a partial human xCT and a long 
3' untranslated region. The human xCT gene was localized at chromosome 4q28-31. Analysis of the 5 -flanking 
region of the human xCT gene revealed several sites for potentially binding of transcriptional factors, including 
NF-E2 and AP-1. Transport of cystine via system xc" has been known as a regulatory factor for the intracellular 
glutathione level, and its transport activity is induced in response to the oxygen tension in culture. Northern blot 
analysis demonstrated that the expression of both xCT and 4F2hc was significantly enhanced by oxygen. The re­
sults suggest that oxygen regulates the activity of system xc" by modulating the expression of both xCT and 4F2hc 

mRNAs. Antiox. Redox Signal. 2, 665-671. 

I N T R O D U C T I O N tem highly specific for cystine and glutamate 

(Bannai, 1986). Cystine taken up via this sys-

P l a s m a membrane transport of amino acids tem, designated system xc", is rapidly reduced 

is mediated by several transport systems to cysteine, which is used for the synthesis of 

(Christensen, 1990), and recent studies have proteins and glutathione (Bannai and Tateishi, 

shown that some transport systems require two 1986). Because cysteine is a rate-limiting pre-

components for expressing their activities cursor for glutathione synthesis, the mtracellu-

(Mastroberardino et al, 1998; Torrents et al, lar glutathione is regulated by the system xc 

1998- Pineda et al, 1999; Segawa et al, 1999). activity. The activity of system xc is induced 

The 'heavy chain of 4F2 cell-surface antigen by electrophilic agents and oxidative stress 

(4F2hc) has been shown to be the c o m m o n (Bannai, 1984; Bannai et al, 1991). In mouse 

component of these transporters. W e have de- peritoneal macrophages, bacterial lipopolysac-

scribed in cultured mammalian cells a Na+-in- charide drastically induces this activity (Sato et 

dependent anionic amino acid transport sys- al, 1995). In human fibroblast IMR-90 cells, 
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which are derived from a fetal lung, the activ­

ity is significantly induced by oxygen (Bannai 

et al., 1989). Recently, we have isolated cDNA 

encoding this transporter from the mouse 

cDNA library and demonstrated that the ex­

pression of system xc" requires two compo­

nents, 4F2hc and a novel protein designated 

xCT (Sato et al, 1999). 4F2hc is expressed ubiq­

uitously whereas the expression of xCT is de­
tected in brain, but not heart, lung, liver, and 
kidney (Sato et al, 1999). In the present study, 

we have constructed the cDNA library from the 
human fibroblast cell line WI26Va4, and 
cloning and expression of the cDNA for human 

xCT in the combination of 4F2hc have been per­
formed. W e have also investigated the effect of 
oxygen on the expression of xCT and 4F2hc 
mRNAs. 

MATERIALS A N D METHODS 

Cell culture 

SV-40-transformed human fibroblast cell 
line (WI26Va4) and normal human fibroblasts 
(IMR-90) were cultured routinely in Dul­
becco's modified Eagle medium (DMEM) 
supplemented with 10% fetal bovine serum 
(FBS) at 37°C in 5% C02 and 95% air. To in­
vestigate the effect of oxygen, cells were cul­
tured in a gas-tight chamber flushed with 5% 
C02 and 95% 02 and with 5% C02 and 95% 
N2, and the concentration of 02 was adjusted 
to 80% and 2%, respectively, monitoring by 
the oxygen meter. 

cDNA cloning 

WI26Va4 cells were cultured for 8 hr with 100 

fiM diethyl maleate and m R N A was isolated. 

A unidirected c D N A library was constructed 

using AZAPII cloning system (Stratagene) and 

the c D N A library was screened using mouse 

xCT c D N A as a probe. T w o plasmid clones, ob­

tained by in vivo excision of the hybridizing 

AZAPII clones, were sequenced on both strands 

by dye terminator cycle sequencing method by 

PE Applied Biosystem. 

Functional characterization by Xenopus 

oocytes expression 

Oocytes were injected with 5 ng each of the 

cloned cRNA. Two days after injection, the rate 
of uptake of cystine by five oocytes was mea­

sured at 23°C for 10 min in 125 fil of uptake 
medium. The uptake medium contained [14C] 

cystine (1 fid/ml and at 20 fiM) in modified 
Barth's saline (10 m M HEPES, p H 7.5, 88 m M 
NaCl, 1 m M KCl, 0.3 m M Ca(N03)2/ 0.4 m M 

CaCl2, 0.8 m M MgS04, 50 units/ml penicillin, 
and 50 /u.g/ml streptomycin). The uptake was 
terminated by rapidly rinsing the oocytes three 

times with ice-cold modified Barth's saline, and 
then the radioactivity in oocytes was counted. 

Northern blot analysis 

The cDNA probes for human xCT, human 
4F2hc, and mouse /3-actin were labeled using [a-
32P]dCTP and Rediprime™ II random prime la­

beling system (Amersham Pharmacia Biotech). 
R N A was electrophoresed on a 1% agarose gel 
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FIG. 1. Structure of human cDNA clones for xCT. Clone 1 contains a single open reading frame for human xCT 
The region from 918 to 1,842 of clone 1 is identical to that from 1 to 925 of clone 2 ThP t^L J T t°rj1"man X>T' 
and the stop codon are shown as black arrows and white arrows, respectively The r e r i o n f o r l T , 
clones and the striped bar in mouse clone are higUy conserved. kH fepresSs^ reJIoTo£Vcfpr'oductfoTthe 
radiation hybrid mapping. AAA represents poly(A)+ b piuuuci rur uie 
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in the presence of 2.2 M formaldehyde, trans­

ferred to a Hybond-N+ membrane (Amersham 

Pharmacia Biotech), and hybridized in a solu­

tion containing 50% formamide for 16 hr at 

42°C. The membranes were washed twice for 

15 min at room temperature with 1 X SSC, 0.1% 

sodium dodecyl sulfate (SDS) and then washed 

twice for 15 min at 68°C with 0.1 X SSC, 0.1% 
SDS. 

Chromosome mapping 

Chromosome mapping was performed by 
Research Genetics, Inc. using the Genebridge 4 

Radiation Hybrid Mapping panel. PCR screen­

ing was done using primers 5'-CTCTCCC-

TATGATATGTTGCTGGAGG-3' and 5'-CGT-

G A A A T G G C A T T A C A A T G G C A G G G - 3 ' , 
which are located at the 3'-untranslated region 
of the cDNA, clone 2. 

Rapid amplification of cDNA ends (5' RACE) 

Total R N A was isolated from WI26Va4 cells, 

and 5' R ACE was performed using the 5' RACE 

system for rapid amplification of cDNA ends, 

version 2.0 (Life Technologies), following the 

manufacturer's protocol. 

RESULTS 

A cDNA library was constructed from 
WI26Va4 cells that had been treated with di­

ethyl maleate for 8 hr to augment the activity 

of system xc~. This library was screened using 

mouse xCT c D N A as a probe, and two clones 

were isolated. The insert of one clone (clone 1) 

was composed of 1,861 bp and contained a sin­

gle open reading frame that encoded a puta­

tive protein. W e decided the transcription ini­

tiation site by 5' RACE and found that the 
predicted transcription initiation site existed at 

43 bp 5' upstream of clone 1. Another clone 

(clone 2) was composed of 5,626 bp and con­

tained a single open reading frame. As shown 

in Fig. 1, the 5'-terminal sequence of this clone 

was identical with the sequence of 918 to 1,842 

of clone 1, indicating that the 5' region of clone 

2 was partially deleted. However, clone 2 con­

tained a long 3'-untranslated region. W e have 

performed Northern blot analysis of total R N A 
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isolated from human fibroblasts using clone 1 

or the 3'-untranslated region of clone 2 as 

probes. Those probes recognized the same tran­

script, which was approximately 12 kb (data 

not shown). Clone 1 cDNA encoded a putative 

protein of 501 amino acids (Fig. 2). Compari­

son of the sequence of this protein against pro­

tein data bases revealed that this protein has 

89% homology to mouse xCT and probably a 

human homologue, i.e., human xCT. Analysis 

of the amino acid sequence according to the al­

gorithm of Kyte and Doolittle (1982) predicts 

hxCT MVRKPVVSTISKGGYLQGNVNGRLPSLGNKEPPGQEKVQLKRKVTLLRGVSIIIGTIIGA 6 
mxGT MVRKPVVATISKGGYLQGNMSGRLPSMGDQEPPGQEKVVLKKKITLLRGVSIIIGTVIGS 6 
hxCT GIFISPKGVLQNTGSVGMSLTIWTVCGVLSLFGALSYAELGTTIKKSGGHYTYILEVFGP 12 
mxCT GIFISPKGILQNTGSVGMSLVFHSACGVLSLFGALSYAELGTSIKKSGGHYTYILEVFGP 12 
hxCT LPAFVRVWVEILIIRPAATAVISLAFGRYILEPFFIQCEIPEIAIKLITAVGITVVMVLN 18 
mxCT LLAFVRVWVELLVIRPGATAVISLAFGRYILEPFFIQCEIPELAIKLVTAVGITVVMVIN 18 
hxCT SMSVSWSARIQIFLTFCKLTAILIIIVPGVMQLIKGQTQNFKDAFSGRDSSITRLPLAFY 24 
mxCT STSVSHSARIQIFLTFCKLTAILIIIVPGviQLIKGQTHHFKDAFSGRDTSLMGLPLAFY 24 

hxCT YGMYAYAGWFYLNFVTEEVENPEKTIPLAICISMAIVTIGYVLTNVAYFTTINAEELLLS 30 

mxCT 
hxCT 
mxCT 
hxCT 
mxCT 

hxCT 
mxCT 

YGMYAYAGWFYLNFITEEVDNPEKTIPLAICISMAIITVGYVLTNVAYFTTISAEELLQS 300 
NAVAVTFSERLLGNFSLAVPIFVALSCFGSMNGGVFAVSRLFYVASREGHIPEILSMIHV 360 
SAVAVTFSERLLGKFSLAVPIFVALSCFGSMNGGVFAVSRLFYVASREGHLPEILSMIHV 360 
RKHTPLPAVIVLHPLTMIMLFSGDLDSLLNFLSFARWLFIGLAVAGLIYLRYKCPDMHRP 4 20 
HKHTPLPAVIVLHPLTMVMLFSGDLYSLLNFLSFARWLFMGLAVAGLIYLRYKRPDMHRP 4 20 

FKVPLFIPALFSFTCLFMVALSLYSDPFSTGIGFVITLTGVPAYYLFIIKDKKPRHFRIM 480 
FKVPLFIPALFSFTCLFMVVLSLYSDPFSTGVGFLITLTGVPAYYLFIVWDKKPKWFRRL 480 

SEKITRTLQIILEVVPEEDKL 501 
SDRITRTIQIILEVVPEDSKEL 502 

B 

F I G . 2. (A) S e q u e n c e a l i g n m e n t of x C T . T h e d e d u c e d 
a m i n o acid sequences of h u m a n x C T ( h x C T ) a n d m o u s e 
x C T ( m x C T ) w e r e aligned. Identical a n d h o m o l o g o u s 
a m i n o acids are indicated b y a n asterisk a n d a dot, re­
spectively. (B) H y d r o p a t h y plot of h u m a n x C T . Kyte-
Doolittle h y d r o p a t h y analysis w a s d o n e using a w i n d o w 
of 17 a m i n o acids. T h e abscissa indicates the a m i n o acid 
n u m b e r . T h e solid bars indicate the putative t r a n s m e m ­
brane d o m a i n s . 
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an extremely hydrophobic protein that may 

contain as many as 12 membrane-spanning do­

mains. 

When the cRNA from clone 1 was injected 

into Xenopus oocytes in combination with the 

cRNA of human 4F2hc, the uptake of cystine 

by the oocytes significantly increased (Fig. 3A). 

The cystine uptake did not increase with the in­

jection of the cRNA of clone 1 or 4F2hc alone. 

The increased cystine uptake was inhibited by 

glutamate, but not by aspartate, arginine, ser­

ine, or leucine (Fig. 3B). T h e results confirm that 

A 2 

o o 
o 

!I 

4) 

IU 

7.5-

5-

2.5 

n. 
water xCT 4F2hc xCT 

4F2hc 

-1120 tcactgaatccaaaaccacatgtaactatagQcaoaaatgatatctaggatttcttttct 
-1060 tttcqtqtttgttttttcttgqcqcttggttgqgqqggttqqqqgggtttqoqqqtqttt 

-1000 tgcctttttgactottgcooagtoaatattttaatttagcttQcatttttaatqcatttt 

-940 oaotttgtQatofltaocaatogtttQtotQQtgtggqqaooogtCQtQcotaQtatcqtt 

-880 actttctataactaccattctgttttcctttacaggcttttgctatatacatatttttat 

-820 gtgqttgtgqttgtgtggttttgqqcttqggqqttttttttggtggttcgqqggggeggc 

-760 otgocaotggaggQtatgtatcttttacQtogttcaQaoQoatcocctagtqctaotqoa 

-700 ggtcqgqqqqtggctqttttctqgqqtcqtggtgqqttttgtqttqgtcqcqctcqqqtq 

-640 gtgqtttaaqqtactggtttattqtgqgtagtaqgaqqtqattttqtcttttqatgttga 

-580 ggqaggcttqtqgttgtgtgtqtgtgocqgoqgtqtoqagtgtqgqqtctttoottttqt 
-520 qqqtqttggqtttgqctgtqttgccttqtqqQqqqctcqqqqtqqqqoqqtqqqqqqcot 

-460 tqcqcqqqttqtgqqqttcqqqctgtgttgttqtqqqcqqtgtqgctttqggqtqcqttc 

-400 tqctcqcqqqqcqgtcgcqtgtqqqqtgtttttatqcqcgcqttqqqgqqqqqgqqqctc 

-340 cttqqqqtgqqgtqqctqtttcctgtttcqttttgtttgaacqgcttttgttgctcqctq 

-280 cgqgttgctttqqqtctctgggqqggtctgttccgqqtttqctqcttctggqttggctqq 

-220 qqtctctttqqqgtgtgtgctttgttctctqqgqqgcttqggtcqgttgqgcqqcqoqct 

-160 cctcctgtttttttctttttttqQqqQaqqgjqgctgqgtqqtlgctggqggcttctcqtqt 

-100 ggctgqtgcqaacctggqgqqtttgcqtcotcqtttqgctgtqgtqqgttggtgtgqcqq 
+1 

-40 gcqqqcqcttqqqtqcqogcccqtgqggqqgctgogctggTTTGTAATGATAGGGCGGCA 
+21 GCAGCAGCAGCAGCAGCAGTGGTGGAACGAGGAGGTGGAGAATTGAGAGCACGATGCATA 

FIG. 4. Sequence of 5'-flanking region of human xCT 
gene. T h e predicted transcription initiation site is indi­
cated b y + 1 . T h e potential A P - 1 binding sites are s h o w n 
b y underline a n d the potential N F - E 2 binding site is 
boxed. T h e TATA-like b o x is s h o w n b y double underline. 

B 150 

a 10 0 

c 
o 50 

Ctl Glu Asp Arg Ser Leu 

FIG. 3. (A) The rate of uptake of L-cystine in Xenopus 
oocytes. Oocytes were injected with water, 5 ng each of 
xCT cRNA (labeled as xCT), 4F2hc cRNA (labeled as 
4F2hc), or both (labeled as xCT + 4F2hc), and 2 days af­
ter injection the rates of uptake of 20 fxM L-[14C]cystine 
were measured. Data represent the means of duplicate de­
terminations from one experiment typical of three. (B) 
Comparison of the inhibitory potential of various amino 
acids on the uptake of L-cystine. Oocytes were injected 
with 5 ng each of xCT cRNA and 4F2hc cRNA, and 2 days 
after injection the rates of uptake of 20 fiM L-[14C]cystine 
were measured in the absence (Ctl) or presence of the var­
ious L-amino acids (2 m M ) indicated. Each data point was 
calculated by subtracting the uptake value obtained in 
water-injected oocytes from those in cRNA-injected 
oocytes, and the uptake value in the absence of inhibitors 
is designated as 100%. Data represent the means of du­
plicate determinations from one experiment typical of 
three. 

the increased uptake is mediated b y system xc~ 

and that the protein encoded b y clone 1 c D N A 

is human xCT. 

W e have performed database searches (BLAST 

programs, NCBI) using the sequence of clone 

1 and found that three bacterial artificial chro­

mosome (BAC) clones contained at least a part 

of clone 1 sequence. Two of these BAC clones 

were obtained and their sequences were ana­

lyzed. One BAC clone (CIT-HSP-2283E8.TF) 

contained the first exon and the 5'-flanking re­

gion of human xCT. Another BAC clone 

(RPCI11-60B17.TJ) contained the downstream 

of 761 of clone 1. A search of the 5'-flanking re­

gion, using Matlnspector V2.2 based on 

TRANSFAC 4.0 (Quandt et al, 1995), revealed 

the presence of one potential binding site of 

NF-E2 and 12 sequences that are homologous to 

the consensus AP-1-binding sequence (Fig. 4). 

The human xCT gene was chromosome 

mapped by using a radiation hybrid panel 

(Genebridge 4 panel) with primers corre­

sponding to the 3'-untranslated region of clone 

2 (Fig. 1). The PCR reaction with these primers 

generated a single product of 355 nucleotides 

using the BAC clone (RPCI11-60B17.TJ) or the 
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genome D N A derived from human placenta as 

the templates. Chromosome mapping data 

demonstrated that the xCT gene was linked to 

a distance of 0.1 cR (27 kb) from the marker WI-

5179 located at chromosome 4q28-31. 

W e previously demonstrated that oxygen in­

duced the activity of system xc~ in human fi­

broblast, IMR-90 cells (Bannai et al, 1989). To 

investigate the effect of oxygen on the expres­

sion of xCT and 4F2hc mRNAs, the cells were 

cultured at 2, 20, or 80% 02 for 3 days, and to­

tal R N A was isolated. Northern blot analysis of 

these RNAs showed that the expression of xCT 

was significantly increased in an 02 concentra­

tion-dependent manner (Fig. 5). It is notewor­

thy that the expression of 4F2hc was also in­

duced by oxygen. IMR-90 cells, which had been 

cultured at 2 % 02 for 3 days, were transferred 

to the atmospheric oxygen and after 8 hr total 

R N A was isolated. Northern blot analysis of 

these RNAs revealed that both xCT and 4F2hc 

m R N A s were significantly induced by the 

change of oxygen tension (Fig. 6). 

1 2 3 

x C T 

(kb) 

12 

4F2hc 

6-actin 

2.0 

-2.0 

FIG. 6. Induction of xCT m R N A by oxygen. IMR-90 
cells were cultured for 3 days at 2% 02 and total RNA 
was isolated (lane 1). Then the cells were further cultured 
at 2 % 02 (lane 2) or 2 0 % 02 (lane 3) for 8 hr, and total 
R N A was isolated. Fifteen micrograms each of total R N A 
was loaded per lane. The hybridization was performed 
as described in Materials and Methods. 

DISCUSSION 

In the present study, we isolated two cDNA 

clones for human xCT. Clone 1 contained a 

2 3 

x C T 

(kb) 

12 

4F2hc 

B-actin 
mmm, fjM&t* m^^, 
w ^®& mm 

2.0 

2.0 

FIG. 5. Effect of oxygen on the expression of xCT m R N A 
in human fibroblasts. Total RNA was isolated from hu­
man fibroblast IMR-90 cells cultured at 2% (lane 1), 20% 
(lane 2), or 80% (lane 3) 02 for 3 days. Fifteen micrograms 
each of total RNA was loaded per lane. The hybridization 
was performed as described in Materials and Methods. 

complete reading frame encoding a protein of 

501 amino acids. Clone 2 encodes a part of hu­

m a n xCT and has a long 3'-untranslated region. 

Northern blot analysis of total R N A isolated 

from human fibroblasts revealed that the ma­

jor band that hybridized with the probe of hu­

m a n xCT c D N A was approximately 12 kb (Figs. 

5 and 6). In Northern blot analysis of total R N A 

isolated from the mouse peritoneal macro­

phages, the band of similar size is detected with 

the probe of mouse xCT c D N A , although some 

bands of smaller sizes were also detected by the 

probe (Sato et al, 1999). These results suggest 

that m R N A s for xCT have 3'-untranslated re­

gions of different lengths, which probably 

represents alternative splicing, alternative 

polyadenylation sites, or a combination of both. 

It is not clear whether the major band m R N A 

(12 kb) functions as a mature m R N A for trans­

lation of xCT in the cell. Recently, m R N A for 

the cationic amino acid transporter-1, which 

has a long 3'-untranslated region, is post-tran-

scriptionally modulated, and the 3'-untrans­

lated region plays an important role to stabi­

lize the m R N A (Aulak et al, 1999). It is likely 

that 3'-untranslated region of xCT m R N A is in-
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volved in regulating the expression of xCT 

post-transcriptionally. 
The activity of system xc" is induced by 

electrophilic agents such as diethyl maleate in 
various mammalian cultured cells (Bannai, 

1984; Bannai et al, 1991). This induction is 

probably mediated by the transcription factor 

NF-E2 and the electrophile response element 

(Wasserman and Fahl, 1997), which exists in 

the 5'-flanking region of human xCT gene 

(Fig. 4). As shown in Fig. 5, the expression of 
xCT and 4F2hc m R N A s significantly de­

pended on the 02 concentration in culture. In 
the 5'-flanking region of human 4F2hc, there 

are several AP-1 binding sites (Gottesdiener et 
al, 1988). Similar sites exist in the 5'-flanking 
region of the human xCT gene (Fig. 4). AP-1 

is a heterodimer of the protein products of in­
dividual members of the Fos and Jun imme­
diate-early response gene families, or a ho­

modimer of Jun proteins. AP-1 is activated by 
various stimuli, including superoxide anion 
and H202. This transcription factor may be in­
volved in the regulation of the expression of 
xCT and 4F2hc by oxygen through these po­

tential AP-1 binding sites. 
The gene for human xCT was assigned by 

linkage analysis to 4q28-31. There are some dis­
orders that are linked in the similar region. 

However, the link between those disorders and 
xCT is unknown. Recently, it has been shown 

that the mutations in the genes for the compo­

nents of amino acid transporters, rBAT (also 
named NBAT, D2, or NAA-Tr) and y+LAT-l, 

cause disorders, cystinuria (Calonge et al, 
1994), and lysinuric protein intolerance (Tor­
rents et al, 1999), respectively. Isolation of hu­

m a n xCT c D N A will enable us to investigate 

further the genetic disorders and the mutation 

of xCT gene. 
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ABBREVIATIONS 

BAC, bacterial artificial chromosome; 

D M E M , Dulbecco's modified Eagle medium; 

4F2hc, 4F2 heavy chain; FBS, fetal bovine 

serum; kb, kilobase(s); 5' RACE, rapid amplifi­

cation of cDNA ends; SDS, sodium dodecyl sul­

fate. 
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