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ABSTRACT. The cystine transport activity of a lens epithelial cell line originated from a canine mature cataract was investigated. The distinct 
cystine transport activity was observed, which was inhibited to 28% by extracellular 1 mM glutamate. The cDNA sequences of canine 
cysteine/glutamate exchanger (xCT) and 4F2hc were determined. The predicted amino acid sequences were 527 and 533 amino acid 
polypeptides, respectively. The amino acid sequences of canine xCT and 4F2hc showed high similarities (>80%) to those of humans. The 
expression of xCT in lens epithelial cell line was confirmed by western blot analysis. RT-PCR analysis revealed high level expression only 
in the brain, and it was below the detectable level in other tissues.
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Among many amino acid transporters, system xc
− is a 

heterodimeric transporter comprised of a light chain, xCT 
(xc

− transporter) and heavy chain (4F2hc) which mediates 
the exchange of extracelluar cystine and intracellular glu-
tamate at the plasma membrane [4, 32]. As a heterodimeric 
transporter, system xc

− requires both xCT and 4F2hc for its 
activity as a functional transport-unit of this carrier protein, 
which belongs to the SLC7 gene family [35].

Glutathione (GSH) is a tripeptide consisting of glutamate, 
glycine and cysteine, which plays an important role in 
several physiologic processes, including protection of cells 
against oxidative damage. Glutamate and glycine occur at 
relatively high intracellular concentrations, so that cysteine 
availability largely determines GSH synthesis. Therefore, 
system xc

− is critically important for GSH production as a 
cysteine supplier into the cells. As a potent antioxidant, GSH 
maintains enzymes and protein thiols in their reduced state 
and scavenges free radicals and other reactive oxygen spe-
cies [9, 22, 23].

The lens epithelial cells (LEC) are the progenitors of the 

lens fibers in vivo and undergo a developmental transition 
into fiber cells of the lens cortex, a process characterized 
by distinct biochemical and morphologic changes, such as 
the synthesis of crystallins proteins, cell elongation, loss 
of cellular organelles and disintegration of the nucleus [1]. 
Notably, LEC possesses a milli-molar order of high GSH. 
While glutamate and glycine transport system in lens epithe-
lial cells are well documented [18, 19], the cystine transport 
system is poorly understood, especially LEC from mature 
cataract. Previously, we developed a lens epithelial cell 
line originated from a mature cataract of dog and reported 
several characteristics of this cell line [16]. In this study, 
we investigated functional analysis of cystine transport of 
the lens epithelial cell line, clarified the cDNA sequence of 
canine xCT and 4F2hc and examined distribution of xCT in 
various canine tissues.

MATERIALS AND METHODS

Animals: All experiments were performed according to 
the guidelines of The Laboratory Animal Care Committee of 
Azabu University and were in compliance with the Funda-
mental Guideline for Proper Conduct of Animal Experiment 
and Related Activities in Academic Research Institutions. All 
canine tissues were obtained from a healthy male Shiba dog.

Determination of cDNA sequence of xCT and 4F2hc: 
Total RNA was isolated from canine tissues using an RNA 
extraction solution (Isogen, Nippon Gene, Tokyo, Japan) 
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as described previously [16]. The primers were selected 
from the conserved region of cDNA sequence between 
humans and rodents (DDBJ accession Nos. AF252872 and 
AY766236, respectively). The primers used in this study are 
shown in Table 1. Previously, we reported the partial DNA 
sequence of canine 4F2hc [26]. In order to determine the 3′ 
and 5′ regions of cDNA, RACE methods were carried out 
using a SMARTer RACE cDNA amplification kit (Takara 
Bio, Kyoto, Japan) and a set of canine xCT or 4F2hc gene-
specific primers, respectively. RT-PCR products were puri-
fied from the agarose gel using a Wizard SV gel clean-up 
system (Promega, Madison, WI, U.S.A.). The extracted and 
purified DNA was cloned into a pCR II-TOPO cloning vec-
tor (Invitrogen, Carlsbad, CA, U.S.A.) and sequenced with a 
BigDye terminator kit ver. 3 (Applied Biosystems, Carlsbad, 
CA, U.S.A.).

Measurement of cystine transport activity in LEC: The ca-
nine lens epithelial cell line originated from mature cataract 
was maintained as described previously [16]. Radioactive 
(14C-) cystine was purchased from Perkin Elmer (Waltham, 
MA, U.S.A.). The transport activity was measured as fol-
lows. The cells were plated in a 5 × 105 cell/ 6-well plate 
24 hr before the experiment. The cells were washed 3 times 
with 130 mM NaCl, 5 mM KCl, 2 mM MgCl2, 10 mM glu-
cose, 15 mM Tris/MOPS pH 7.4 and 0.1% BSA. Then, a 
medium containing 10 µM radiolabeled cystine was added 
and incubated at 37°C for 10 min. Uptake was terminated 
by washing with ice-cold phosphate-buffered saline. After 
solubilizing the cells with 1% SDS, the radioactivity was 
measured with a liquid scintillation counter, and protein 
content was determined by the Micro BCA method. The 
transport activity was expressed as nmol/min/mg protein. To 
evaluate the inhibitory effect of extracellular homocysteic 
acid (HCA) and other amino acids, they were added to the 
incubation medium to a final concentration of 100 µM and 1 
mM, respectively.

RT-PCR analysis of xCT mRNA in canine tissues: All 
RNA samples from various canine tissues were treated 
with DNase 1 (Invitrogen). cDNA synthesis was carried 
out using the Superscript III first-strand synthesis system 
for RT-PCR (Invitrogen), according to the manufacturer’s 

instructions. We performed RT-PCR using newly designed 
primers specific to canine xCT (Table 1). RT-PCR conditions 
were as follows: 94°C 2 min and 25 cycles of three steps; 
94°C 15 sec 60°C 10 sec and 72°C 30 sec. Integrity of RNA 
was tested by glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) as reported previously [26].

Western blot analysis of xCT protein in various canine 
tissues: The cell membrane of brain tissue for Western blot 
analysis was prepared as reported by Denker et al. [6]. In 
brief, LEC or brain was homogenized at 4°C in the buffer 
containing 0.1 M KCl, 5 mM Na2HPO4 pH 7.5, 0.75 mM 
Na-EGTA pH 7.5, 1 mM DDT, 5 mM MgCl2, 200 µg/ml 
phenylmethylsulfonyl fluoride and 4 µg/ml leupeptin. Ho-
mogenates were centrifuged for 10 min to remove debris. 
The 1-vol. supernatant was layed over a 5-vol. sucrose 
solution containing 0.8 mM sucrose and 2 mM Na-EGTA 
and was centrifuged at 32,000 × g for 40 min. The mem-
branes protein of the pellet was solubilized, and protein 
concentrations were determined by the BCA method [26]. 
The membranes protein samples were mixed with Laemmli 

Table 1.	 Sequences of oligonucleotides used in this study

Primer Sequence (5’–3’) Product (bp)
Oligonucleotide for  cloning of canine xCT1 and 4F2hc

xCT-gsp1 (for 3’RACE) sense TGTCCGCAAGCACACTCCTCTGCCAGC
xCT-gsp2 (for 5’RACE) anti CCGGTGTTCTGGAGCACGCCCTTAGGAG
4F2hc-gsp2 (for 3’RACE) sense TGCGGGCTGGTGTGGATGGGTTCCAGGT
4F2hc-gsp1 (for 5’RACE) anti GGGAGTGAGGACCAGAATGACCCGGATG

Oligonucleotide for  RT-PCR 
  transcript

xCT sense CGGGCTCAGCITACCTCTACAGCT 365
(AB847157) anti AGTGCCAATGGACATGAGGTCCACCA
 GAPDH sense ATC ACC ATC TTC CAG GAG CGA GA 192
(AB038240) anti GTC TTC TGG GTG GCA GTG ATG G

(accession number) is indicated.

Fig. 1.	 Cystine transport activity of LEC with (closed col-
umn) or without (open column) 1 mM Glu, serine or 100µM 
homocysteic acid (HCA). The values are means and SD of 
more than 4 individual experiments.
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sample buffer (Bio-Rad, Hercules, CA, U.S.A.), heated at 
94°C for 5 min and electrophoresed into 12% polyacryl-
amide gels (190V, 40 min). After the transferring proteins 
to PVDF membrane (90V, 150 min), it was then treated with 
the primary antibody (rabbit anti-human xCT, x 500, Santa 
Cruz Biotechnology,  Santa Cruz, CA, U.S.A.), followed by 

the secondary antibody (anti-rabbit IgG (H+L) goat IgG Fab’ 
HRP, x20,000, Seikagaku Corp., Tokyo, Japan). The xCT 
protein was detected with an ECL plus a chemiluminescence 
detection system (GE Healthcare Bioscience, Piscataway, 
NJ, U.S.A.) and exposed to an x-ray film.

Fig. 2.	 Nucleotide and deduced amino acid sequences of canine xCT are shown. Canine xCT cDNA was 1,727 bp and contained an entire 
open reading frame of 1,581 bp, encoding canine xCT of 485 amino acids. (DDBJ accession number is AB847157) (A). The termination 
codon is asterisked. Arrows indicate the positions of introns. Alignment of the cDNA sequence with the canine genome chromosome 19 
predicts 10 exons of 97– 406 base pairs. Coding regions ■; untranslated regions. (B).
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RESULTS

Figure 1 shows the cysteine transport activity of lens epi-
thelial cells with or without extracellular 1 mM glutamate. 
The cystine transport activity at this experimental condition 
was 0.626 ± 0.169 nmol/min/mg protein, and it was reduced 
to 28% by existence of 1 mM glutamate in the medium which 
hindered the intracellular Glu efflux. On the other hand, 
neutral amino acid serine did not affect the cystine transport 
activity in LECs. Homocysteic, the inhibitor of cystine/glu-
tamate transporter, reduced 35% of cystine transport activ-
ity. The cDNA sequence of canine xCT was 1,727 bp which 
encodes 527 amino acids (Fig. 2). The amino acid sequence 
of canine xCT indicated 84% identity to that of humans. The 
cDNA sequence of canine xCT was identical to the acces-
sion No. EF143580 which was deposited as putative canine 
xCT in DDBJ, but lacked N-terminus 21 amino acids. The 
deduced amino acid sequence obtained in this study was 26 
amino acids longer than human in the C-terminus (Fig. 3). 
Figure 4 shows the cDNA sequence of canine 4F2hc. Pre-
viously, we reported the partial cDNA sequence of canine 
4F2h [26] and the cDNA sequence of canine xCT and 4F2hc 
were deposited in the DDBJ (Accession Nos.AB847157 and 
AB786709, respectively). An obtained nucleotide sequence 
corresponding to canine 4F2hc cDNA was 2,228 bp in length 
and contained an entire open reading frame of 1,599 bp, en-
coding 533 amino acids (Fig. 4). The amino acid sequence of 
canine 4F2hc showed 80% similarities to that of human (Fig. 
5). Canine 4F2hc possesses 3 amino acid insertions between 
amino acid No. 31 and 32 of rat 4F2hc. Humans and dogs 
have 2 amino acid insertions between amino acid No. 49 
and 50 of the rat. Conversely, rats have three amino acids 
between 501 and 502 amino acids of canines. To determine 

the genomic distribution of each cDNA, the UCSC genome 
browser site (http://genome.ucsc.edu/) was used to align 
canine genomic sequences and each cDNA. It was revealed 
that the cDNA sequence of xCT and 4F2hc consisted of 11 
exons of 97–406 base pairs and 9 exons of 59–587 base 
pairs, respectively (Figs. 2B and 4B).

Figure 6A shows the detection of canine xCT mRNA in 
various tissues from healthy dog (A). The discrete bands of 
181 bp in length, which were derived from canine RNA, were 
observed only in the brain tissue of healthy dog. Western blot 
analysis using anti-human xCT detected at ca 58 kDa in the 
membrane of both LEC and brain (Fig. 6B).

DISCUSSION

The GSH is ubiquitous and essential to many physiologi-
cal processes. It maintains enzyme and protein thiols in their 
reduced state and scavenges free radicals and other reactive 
oxygen species [12, 30, 37]. This reducing potential is par-
ticularly important in the lens, which is continually exposed 
to free radicals and reactive oxygen species generated from 
peroxisome, inflammatory cytokines, exposure to ultraviolet 
light, ionizing radiation and chemotherapeutic agents. Cata-
ract is associated with protein modifications brought about 
by oxidative damage to the lens. The young lens is protected 
from such damage through a robust oxygen radical scaven-
ger system that is essential in the detoxification of reactive 
species and vital for maintaining lens transparency. With 
advancing age, the ability of this system to protect the lens 
from oxidative damage is reduced, ultimately resulting in 
opacification of the lens and formation of old-age cataract.

In this study, we investigated the cystine transport activity 
of a lens epithelial cell line originated from mature cataract 

Fig. 3.	 Amino acid sequences of canine xCT were compared with those of humans and mice. Multiple sequence alignments were performed 
using the Genetyx Programme (ver. 10). Asterisks and dots indicate identical residues and conservative substitutions, respectively. The 
conserved cysteine (#) was predicted to be the disulfide bond site to 4F2hc.
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Fig. 4.	 Nucleotide and deduced amino acid sequence of canine 4F2hc are shown. Full-length canine 4F2hc cDNA was 2,230 bp and con-
tained an entire open reading frame of 1,599 bp, encoding canine 4F2hc of 533 amino acids (DDBJ accession number is AB786709). The 
termination codon is asterisked. The polyadenylation signal is boxed (A). Arrows indicate the positions of introns. Alignment of the cDNA 
sequence with the canine genome chromosome 18 predicts 9 exons of 59–587 base pairs. Coding regions ■; untranslated regions. (B).
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of a canine and confirmed the distinct cystine transport activ-
ity, which was inhibited to 28% and 65% by extracellular 
glutamate and homosteaic acid, respectively (Fig. 1). It was 
reported that the transport activity of the cystine/glutamate 
exchanger was hindered by extracellular glutamate [32]. 
Therefore, the cystine transport of LEC was due to system 
xc

−. The cDNA sequence of xCT and 4F2hc which consisted 
of system xc

− was determined (Figs. 2 and 4). The deduced 
amino acid sequences of canine xCT and 4F2hc showed 
high similarities to those of humans and mice (Figs. 3 and 
5). The distribution of xCT was investigated using various 
healthy canine tissues. RT-PCR analysis revealed high level 
expression only in the brain (Fig. 5A). It was reported that 
xCT mRNA is most prominently expressed in the brain 
in human, but was not at detectable levels in other tissues 
[32], whereas 4F2hc was ubiquitously expressed [26, 29]. In 
this study, it was confirmed that distribution of canine xCT 
was conserved among mammalians [3]. The expression of 
xCT protein in the lens epithelial cell line was examined by 
western blot analysis using anti-human xCT. It was detected 
at 58 kDa in the membrane of LEC as well as brain, which 
was identical to the calculated molecular mass of canine xCT 
polypeptide (58 kDa) (Fig. 3).

Amino acid transport system xc
− mediates the entry of 

cystine into cells coupled to the efflux of glutamate. The 
xc

− is a heterodimer, consisting of 4F2hc as the heavy chain 
and xCT as the light chain. 4F2hc is a subunit common to 
6 amino acid transport systems, including LAT1, LAT2, 
y+LAT1, y+LAT2, asn1 and xCT as light chain, whereas 
xCT is unique to system xc

− [28]. It has been demonstrated 
that the 4F2hc is essential for the functional expression of 

Fig. 5.	 Amino acid sequences of canine 4F2hc were compared with those of humans and mice. Multiple sequence alignments were performed 
using the Genetyx Programme (ver. 10). Asterisks and dots indicate identical residues and conservative substitutions, respectively. The 
conserved cysteine (#) was predicted to be the disulfide bond site to xCT.

Fig. 6.	 RT-PCR analysis of canine xCT in various healthy dog 
tissues (A) and Western blot analysis of the membrane of canine 
LEC were examined using anti-human xCT antibody (B). (A) Lane 
1: cerebellum, lane 2; trachea, lane 3; kidney, lane 4; lung, lane 
5; liver, lane 6; spleen, lane 7; salivary gland, lane 8; pancreas, 
lane 9; testis, lane 10; heart, lane 11; intestine, lane 12; bladder, 
lane 13; skeleton muscle. Integrity of mRNA was examined by 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). m: 100 bp 
ladder. (B) The membrane protein samples of LEC and brain were 
30 µg and 5 µg, respectively. The right panel represents negative 
control using normal rabbit serum (× 10).
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xCT in the plasma membrane, while xCT is not capable of 
amino acid transport on its own [15, 24]. 4F2hc is report-
edly necessary for trafficking of the light chain to the plasma 
membrane, whereas the light chain is thought to determine 
the transport characteristics [36].

Under normal physiological conditions, system xc
− is ex-

pressed ubiquitously at low levels in mammalian cells [11]. 
However, under a condition of oxidative stress, the transport 
activity of this carrier appears to be up-regulated [17, 25, 
34], possibly via an amino acid response-element [31]. As a 
result of this up-regulation, an increased number of cystine 
molecules can be transported into the cells, which in turn 
would provide an increased number of molecules of cysteine 
(rate limiting substrate) for GSH synthesis. Interesingly, 
the xCT is reportedly up-regulated in cancer in humans and 
plays a critical role in the growth of cancer cells [13, 21, 
27]. In cancer cells, the GSH levels maintain DNA synthesis, 
growth and multidrug resistance, and sustenance of GSH 
levels through GSH biosynthesis is vital for growth and sur-
vival of tumors. Therefore, GSH is regarded as an important 
target in cancer therapy, and various therapeutic approaches 
based on GSH depletion of cancer cells have been suggested 
[5, 7 , 8, 10, 14, 20, 21, 33]. In summary, we investigated 
cystine transport activity in a canine lens epithelial cell 
line originated from a mature cataract, clarified the cDNA 
sequence of canine xCT and 4F2hc and examined the dis-
tribution of xCT of canine tissues. We will next investigate 
xCT expression in various canine cancer samples as a first 
step to clarify the relationship between xCT level and cancer 
development in canines.
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