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Abstract 

Cysteine is an essential amino acid for infants, aged people as well as patients with metabolic 
disorders. Although the thiol group of cysteine side chain is active in oxidative reactions, the role 
of cysteine in cancer remains largely unknown. Here, we report that the expression level of the 
solute carrier family 3, member 1 (SLC3A1), the cysteine carrier, tightly correlated with clinical 
stages and patients’ survival. Elevated SLC3A1 expression accelerated the cysteine uptake and the 
accumulation of reductive glutathione (GSH), leading to reduced reactive oxygen species (ROS). 
ROS increased the stability and activity of PP2Ac, resulting in decreased AKT activity. Hence, 
SLC3A1 activated the AKT signaling through inhibiting PP2A phosphatase activity. Consistently, 
overexpression of SLC3A1 enhanced tumorigenesis of breast cancer cells, whereas blocking 
SLC3A1 either with specific siRNA or SLC3A1 specific inhibitor sulfasalazine suppressed tumor 
growth and also abolished dietary NAC-promoted tumor growth. Collectively, our data 
demonstrate that SLC3A1 promotes cysteine uptake and determines cellular response to 
antioxidant N-acetylcysteine, suggesting SLC3A1 is a potential therapeutic target for breast cancer. 
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Introduction 

A hallmark of cancer cells is the presence of 
elevated reactive oxygen species (ROS). Moderate 
ROS stimulates the phosphorylation of 
mitogen-activated protein kinase (MAPK) and 
extracellular signal-regulated kinase (ERK), 
expression of cyclin D1, hypoxia inducible factor-1 
stability and the activation of JUN N-terminal kinase 
(JNK) (1-3). ROS also directly inhibits the activity of 
tumor suppressors including phosphatase and tensin 
homolog (PTEN) and protein tyrosine phosphatases 
(PTPs) due to the presence of the redox-sensitive 
cysteine residues in their catalytic center (4, 5). 
Although moderate ROS promotes tumor growth and 
metastasis, excessive ROS induces apoptosis. 

NADPH and GSH are main electron donors to 
reduce excessive ROS. There are three metabolic 
pathways to generate NADPH: 1) the pentose 
phosphate pathway, 2) through the conversion of 
pyruvate to malate by malic enzymes and 3) through 
the conversion of isocitrate to α-ketoglutarate by 
isocitrate dehydrogenases (6). Electron donors and 
antioxidant enzymes, such as manganese superoxide 
dismutases (SOD), glutathione peroxidases (GPx) and 
thiol-disulfide oxidoreductases, are upregulated in 
response to elevated ROS (6, 7). Furthermore, NRF2 
(nuclear factor, erythroid 2 like 2) directly increases 
the transcription of all NADPH-generating enzymes 
by modulating glucose and glutamine metabolism (8). 
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GSH is produced by recycling or de novo 

synthesis. Synthesis of GSH occurs via a two-step 
ATP-requiring enzymatic process. The first step is 
catalyzed by glutamate- cysteine ligase (GCL), which 
is composed of catalytic and modifier subunits (GCLC 
and GCLM). This step conjugates cysteine with 
glutamate, generating γ-glutamylcysteine. 

The second step is catalyzed by GSH synthase, 
which adds glycine to γ-glutamylcysteine to form 
γ-glutamylcysteinylglycine or GSH, which exerts a 
negative feedback inhibition on GCL. The inactivation 
of tumor-specific metabolic enzyme PKM2 by high 
level of ROS leads to the diversion of metabolites 
towards NADPH generation and subsequent GSH 
regeneration (9). Serine is a metabolic precursor of 
glycine, and glycine is used by glutathione synthetase 
for the second step of de novo GSH synthesis. 
Therefore, the phosphoglycerate dehydrogenase 
(PHGDH) - driven serine biosynthesis is another 
important metabolic pathway to yield GSH (10) (11). 

Thus, cysteine as well as glutamate and glycine 
are critical substrates for synthesis of glutathione 
(GSH). Among these three amino acids, glutamate 
and glycine are most elevated intermediate 
metabolites in cancer cells (12), while cysteine is 
derived normally from the diet and protein 
breakdown. Therefore, we speculate the uptake of 
cysteine is elevated in response to excessive ROS in 
cancer cells. 

The uptake of cysteine mainly depends on 
heterodimeric amino acid transporters (HATs) 
present on the cytoplasma membrane, consisting a 
heavy chain SLC3 (solute carrier 3) and a light chain 
SLC7. The heavy chain SLC3 is essential for plasma 
membrane localization and the light chain 
stabilization. Two heavy chains, SLC3A1 and SLC3A2 
have been identified. SLC3A2 interacts with most the 
light chain whereas SLC3A1 has been known to form 
a heterodimer only with SLC7A9, a family member of 
light chain (13, 14). The SLC3A1 protein is mainly 
expressed in the apical plasma membrane in the 
epithelial cells of intestinal mucosa and the renal 
proximal tubule (15-17). Mutations and deletions of 
this gene are associated with cystinuria (18, 19). 
However, the role of SLC3A1 in cancer remains 
largely unknown. 

In this study, we found that SLC3A1 expression 
was upregulated in breast cancer cells, and promoted 
tumorigenesis of breast cancer cells. Moreover, we 
found ROS increased stability and activity of PP2Ac 
(protein serine/threonine phosphatase 2A catalytic 
subunit), which was distinct from PTPs that was 
inactivated by ROS. 

 

 

Results 

Expression levels of SLC3A1 are correlated 
with breast cancer progression 

We have previously shown that SLC3A1, the 
heavy chain of the heterodimeric cysteine 
transporters, was highly upregulated in various breast 
cancer cell lines, compared to the expression of ASCTs 
(neutral amino acid transporter), the additional 
cysteine transporters, such as ASCT1-3 (Figure S1A). 
To determine whether cysteine promotion of breast 
cancer tumorigenesis depends on SLC3A1, its 
expression was further analyzed by quantitative PCR 
in various breast cancer cell lines. As shown in Figure 
1A, although the expression of light chains, such as 
SLC7A5, SLC7A7 and SLC7A9, increased to some 
extent (2 times to 28 times) in some of breast cancer 
cell lines comparing to normal breast epitheliam, 
SLC3A1 expression is highly upregulated in most 
breast cancer lines, 30 times more than that in normal 
breast epithelium. Our immunohistochemistry data 
also showed that SLC3A1 was highly expressed in 
breast cancers compared to peritumoral tissues 
(Figure 1B); and closely correlated with clinical stages 
of breast cancers (Figure 1C). Nonimmune IgG was 
considered as negative control (Figure S1B). Also, the 
Kaplan-Meier survival analysis showed all 
histological grades of breast cancer patients with 
higher SLC3A1 expression had a worse prognosis 
than those with lower SLC3A1 expression (p < 0.05, 
Figure 1D, S1C & S1D), suggesting that the cysteine 
transporter SLC3A1 promote breast cancer 
progression. 

SLC3A1 promotes tumorigenesis of breast 
cancer cells 

To investigate whether SLC3A1 potentiates 
breast cancer progression, the SLC3A1 were 
overexpressed in breast cancer MDA-MB-231 cells 
with low level of endogenous SLC3A1 or 
knocked-down in breast cancer MDA-MB-453 cells 
with high level of endogenous SLC3A1 (Figure 2A). 
Our data showed that SLC3A1 overexpression 
promoted the growth of MDA-MB-231 cells while 
SLC3A1knockdown attenuated the growth of 
MDA-MB-453 cells (Figure 2B). Consistent with this 
observation, the overexpression of SLC3A1 
accelerated cell proliferation, which was evident by an 
increase in the BrdU incorporation, and the 
subpopulation of cells in the S phase; conversely, the 
knockdown of SLC3A1 decreased both cell 
proliferation and the subpopulation of cells in the S 
phase (Figure S2A & S2B). Thus, the most significant 
findings were that the overexpression of SLC3A1 
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significantly increased the colony numbers of breast 
cancer cell while SLC3A1 knockdown reduced these 

colonies (Figure 2C); suggesting SLC3A1 promotes 
tumorigenesis of breast cancer cells. 

 

 
Figure 1. The expression level of SLC3A1 is correlated with breast cancer progression. A. Expression analysis of cysteine transporter genes by qPCR in breast cancer 
cell lines. B. Immunohistochemistry analysis on tissue array of clinical breast cancers vs peritumoral tissues. The graphic presents the levels of SLC3A1 expression, which were 
analyzed by the densitometry method (***: P < 0.001). C. Immunohistochemistry analysis on tissue array of breast cancers at different clinical stages. The graphic presents the 
levels of SLC3A1 expression, analyzed by the densitometry method (***: P < 0.001). D. Kaplan-Meier analysis of breast cancer patients with low level (259 cases) vs high level (132 
cases) of SLC3A1 expression. 
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Figure 2. SLC3A1 promotes tumorigenesis of breast cancer cells. A. SLC3A1 expression analysis of breast cancer cell lines. B. SLC3A1 overexpression increases 
MDA-MB-231 cell growth (*: P < 0.05); SLC3A1 knockdown decreases MDA-MB-453 cell growth (*: P < 0.05). The left pictures were representative cell photos at the indicated 
time points, the right histograms were quantitative results. C. SLC3A1 promotes the colony formation of breast cancer cells (**: P < 0.01; *: P <0.05). D. SLC3A1 overexpression 
promotes breast cancer cell tumorigenesis in xenograft mouse model. Blue is the control, Red is the overexpression group. E. SLC3A1 knockdown attenuates MDA-MB-453 cells 
tumorigenesis. Blue is control. 

 
The role of SLC3A1 in tumorigenesis of breast 

cancer cells was confirmed by injecting MDA-MB-231 
cells overexpressing SLC3A1 or MDA-MB-453 
depleted of SLC3A1 into the armpits of nude mice as 
indicated by the schematic drawing (Figure S2C). As 
shown in Figure 2D, three weeks after injection, 
MDA-MB-231 cells expressing SLC3A1 formed 

tumors (3 in 8 injections) at the cell density of 5 x 10
5 

while control MDA-MB-231 cells developed tumors (2 

in 8 injections) only at the cell density of 4 x 10
7
. In 

contrast, SLC3A1 knockdown significantly 
suppressed tumor formation of MDA-MB-453 cells (5 
in 8 injections vs 0 in 8 injections at cell numbers of 5 x 

10
7
) (Figure 2E). These observations suggested that 

SLC3A1 significantly promotes breast cancer cell 
tumorigenesis and growth. 
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SLC3A1 decreases ROS level by elevating 
cysteine uptake 

We first employed the mass-spectrometry 
analysis for the cellular metabolites to determine 
whether SLC3A1 promotes tumorigenesis through 
enhancing cysteine uptake in breast cancer cells 
overexpressing SLC3A1. However, the GS/MS 
analysis was unable to detect cysteine due to its 
instability (Figure 3A). We, therefore, used the 
homocysteine ELISA assay to determine the uptake of 
cysteine by breast cancer cells. As is shown in Figure 
3A, SLC3A1 knockdown reduced while its 
overexpression increased cysteine uptake. To 
determine whether SLC3A1 modulated the cellular 
redox homeostasis, the levels of ROS and GSH were 

detected in breast cancer cells overexpressing SLC3A1 
or depleted of SLC3A1. Overexpression of SLC3A1 
increased the level of reductive glutathione GSH and 
the ratio of GSH to GSSH while SLC3A1 knockdown 
reduced the concentration of GSH and the ratio of 
GSH to GSSH (Figure 3B). As expected, the level of 
ROS was decreased or increased in cells expressing 
SLC3A1 or devoid of SLC3A1, respectively (Figure 
3C). To further confirm the effect of SLC3A1 on ROS 
levels, cells expressing SLC3A1 were treated with the 
cysteine transporter inhibitor Sulfasalazine (20). As 
Figure 3C displays, sulfasalazine significantly 
increased cellular ROS level. These observations 
suggested that SLC3A1 down- regulates ROS level 
through an increase in cysteine uptake. 

 

 
Figure 3. SLC3A1 decreased ROS level by elevating cysteine uptake. A. SLC3A1 increases Cysteine uptake. The cellular concentration of amino acid except cysteine was 
analyzed by GC-MS. Cysteine uptake was analyzed using the Homocysteine ELISA Kit. The cysteine concentration in control cells was 17.56 mg/L. B. SLC3A1 increases the 
content of reductive GSH and the ratio of GSH to GSSH. C. SLC3A1 increases the cellular ROS level. The Sulfasalazine was used a SLC3A1 inhibitor. NAC: N-acetylcysteine. 
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Figure 4. SLC3A1 promoted AKT activation by suppressing PP2A activity. A. Screening for potential molecule(s) mediating SLC3A1 regulation of tumor growth and 
progression. B. AKT activation induced by SLC3A1. The plasmid expressing SLC3A1 were transfected into 293T cells at the indicated concentrations. C. SLC3A1-triggered AKT 
activation abolished by H2 O2. D. PP2Ac but not PDK1 was regulated by cellular ROS level. E. PP2Ac was increased in breast cancer MDA-MB-453 cells depleted of SLC3A1. F. 
Inhibition of PP2A enhances AKT activation. The final concentration of okadaic acid was 1nM. G. SLC3A1 promotes oncogene expression through AKT-β-catenin pathway. H. 
ROS increases PP2Ac stability and activity through cysteine oxidation. The PP2Ac proteins for activity assay were purified from 293T cells treated with or without H2 O2. The 
yellow marked residues are conserved substrate binding motif of protein tyrosine phosphatases. The red marked residues are a speculated ROS reaction motif. CHX 
(cycloheximide): a protein synthesis inhibitor. 

 

SLC3A1 promotes AKT activation through 
suppressing PP2A activity 

We explored the mechanism underlying breast 

cancer cell tumorigenesis promoted by cysteine, by 
examining the phosphorylation and/or total protein 
levels of potential targets of ROS in cells expressing 
SLC3A1 or depleted of SLC3A1. As shown in Figure 
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4A, SLC3A1 significantly and specifically activated 
AKT. To validate the effect of SLC3A1 on AKT 
activation, the time course and dose response 
experiments were performed. Figures 4B & S3A show 
that AKT activation, evident by its phosphorylation, 
gradually increased with an increase in the SLC3A1 
amount or in time post-transfection. MDA-MB-231 
cells expressing SLC3A1 were treated with H2 O2 to 

determine whether ROS mediated SLC3A1 activation 
of AKT. The concentration and the time of treatment 
of MDA-MB-231 cells with H2 O2 were established by 

the dose response and the time course experiments, 
respectively (Figure S3B). The MDA-MB-231 cells 
without treatment or treated with NAC were 
considered as controls. As Figure 4C shows, H2 O2 

abolished the SLC3A1-induced AKT activation while 
NAC did not have additional effects on the AKT 
activation compared to MDA-MB-231 cells expressing 
SLC3A1. Without SLC3A1 overexpression, NAC only 
had limited effect on AKT activation, indicating that 
the cysteine transporter SLC3A1 was essential for the 
cysteine-induced AKT activation and determined 
tumor response to NAC. 

It is widely accepted that inhibition of 
phosphatases is regulated by oxidation of redox- 
sensitive cysteine residues (21). To explore the 
mechanism underlying the activation of AKT by 
cysteine, the expression and/or activation of both of 
the upstream kinase PDK1 and potential 
phosphatases of AKT were analyzed in MDA-MB-231 
cells. As shown in Figure S3C, SLC3A1 
overexpression activated PDK1 while reducing the 
protein level of phosphatase PP2Ac, the catalytic 
subunit of PP2A. To further confirm whether PDK1 
mediated cysteine-activated AKT signaling, 
MDA-MB-231 cells expressing SLC3A1 were treated 
with H2 O2. Our data revealed that SLC3A1 

overexpression activated PDK1 but this activation was 
not influenced by the H2O2 treatment and did not 

affect redox- regulated AKT signaling (Figure 4D), 
suggesting redox-regulated AKT activation was not 
dependent on PDK1. Furthermore, PP2Ac was 
detected in cells depleted of SLC3A1. As displayed in 
Figure 4E, SLC3A1 knockdown increased PP2Ac 
protein level and decreased AKT activity. 
MDA-MB-231 cells were treated with the PP2A 
inhibitor okadaic acid (OA) to verify if PP2A 
regulated AKT activation. Figure 4F shows that OA 
treatment increased AKT activity as is reflected by its 
phosphorylation at S473. The AKT activity was 
proportional to the increase in the dose of OA 
suggesting that PP2A regulated AKT activity. 

We analyzed the molecular determinants 
downstream of AKT signaling in cells expressing 
SLC3A1 or depleted of SLC3A1 to determine the role 

of SLC3A1/AKT signaling in tumorigenesis, Figure 
4G shows that SLC3A1 overexpression promoted the 
β-catenin accumulation and the expression of one of 
its target genes, c-myc, which is an important 
oncogene driving tumorigenesis. These observations 
suggest that the SLC3A1 promotes breast cancer cell 
tumorigenesis through AKT/GSK3β/β-catenin 
pathway. 

The half-life and the activity of PP2Ac protein 
were analyzed in 293T cells to examine whether these 
parameters were affected by ROS. As shown in Figure 
4H, the H2 O2 treatment increased the PP2Ac stability 

from 24 hours to 72 hours; the PP2A activity was also 
increased. Once the Cys251 of PP2Ac was mutated to 
serine, the half-life of PP2Ac was prolonged and the 
PP2A activity was elevated compared to wild type 
PP2Ac. However, the H2O2 treatment did not affect 

the stability and activity of mutant PP2Ac (Figure 4H). 

Inhibition of SLC3A1 suppresses formation 
and progression of breast cancer 

The tumor formation ability of breast cancer cells 
treated with SLC3A1 inhibitor sulfasazine (20) (22) 
was analyzed to establish whether inhibition of 
SLC3A1 would impede tumorigenesis. The dose and 
the treatment time with sulfasazine were determined 
by the dose response and the time course experiments 
in MDA-MB-231 cells. As shown in Figure 5A, 
SLC3A1 promoted the growth of MDA-MB-231 cancer 
cells which was significantly inhibited by 1 mM SASP, 
particularly in the cells overexpressing SLC3A1. The 
tumor formation ability was determined in the 
MDA-MB-231 cells expressing SLC3A1 after 24 hours 
pretreatment with the 1mM of SASP. As Figure 5B 
shows, the pre-treatment of cells with SASP before 
injection significantly impaired tumor formation of 
the MDA-MB-231 cells expressing SLC3A1 compared 
to the control group (5 tumors in 8 injections vs. 7 
tumors in 8 injections). Furthermore, pre- treatment 
with SASP also reduced tumor volume (Figure 5B). 

To further confirm whether SASP could suppress 
tumor growth in vivo, MDA-MB-453 cells xenografted 
tumors were treated with SASP locally, NAC in diet, 
or SASP plus NAC. As shown in Figure 5C, compared 
to the control group, the NAC alone promoted tumor 

growth (tumors in the 3
rd 

column vs. tumors in the 1
st 

column) and the SASP alone suppressed the tumor 

growth (tumors in the 2
nd 

column vs. tumors in the 1
st 

column). More importantly, the SASP treatment 
impaired the NAC-promoted tumor growth in vivo 

(tumors in the 4
th 

column vs. tumors in the 3
rd 

column), suggesting SLC3A1 is a potential target for 
breast cancer therapy. 
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Figure 5. Inhibition of SLC3A1 suppresses breast cancer tumorigenesis. A. Determination of dose and treating time of sulfasalazine (SASP) on breast cancer cell. 
MDA-MB-231 cells were treated for 4 days at the indicated doses in the dose response experiment or treated with 1 mM of SASP for the indicated time points. B. Pre-treatment 
with SLC3A1 inhibitor attenuated tumor initiation and tumor growth of breast cancer. Tumors in blue circles but not in red circles were inoculated with MDA- MB-231 cells 
pre-treated with SLC3A1 inhibitor sulfasalazine. C. SLC3A1 inhibitor sulfasalazine suppressed tumor growth. SASP: Sulfasalazine, 16 mg/Kg/Day for 10 days. NAC: 
N-acetylcysteine, 1g/L in drinker water. D. The working model for SLC3A1 determination of cysteine promotion of breast cancer tumorigenesis. Cys: cysteine; ROS: reactive 
oxidative species; PP2A: protein serine/threonne phosphatase 2A. 

 

Discussion 

The concept that antioxidants can help fight 
cancer was well accepted in the general population 
and supported by some scientific studies (23-28). 
However, the therapeutic outcomes of tumor 

treatment with antioxidants are still controversial. 
These conflicting outcomes of antioxidants may be 
explained by the multiple roles ROS plays during the 
evolution of cancer. A recent study reported that 
supplementing the diet with the antioxidants 
N-acetylcysteine (NAC) markedly increases tumor 



 Theranostics 2017, Vol. 7, Issue 4 
 

 
http://www.thno.org 

1044 

progression and reduces survival in transgenic lung 
cancer mouse model (29). In this regard, our recent 
study demonstrated that the SLC3A1 is a critical 
subunit for cysteine uptake by the cells, and that the 
tumor promoting effect of NAC is determined by the 
cysteine transporter, SLC3A1, located on the plasma 
membrane of tumour cells. 

ROS was speculated to inactivate PP2A through 
sulfenylation of the cysteine residue in the conserved 
motif which is similar to that present in protein 
tyrosine phosphatases (PTPs) (30, 31). ROS reacts with 
low pKa protein thiols, such as those on cysteine to 
form sulfenic acid (-SOH) (32). PTPs with the 
conserved motif HC(X)5 RS/T are inactivated by the 

ROS-catalyzed sulfenylation since binding of PTPs to 
their substrates is interrupted by this modification in 
their binding motif (Figure 4H). In contrast to PTPs, 
our data have demonstrated that ROS-catalyzed 
oxidation increased the stability and activity of PP2A. 
The motif of HC(X)4 EXV in PP2Ac, similar to the 

HC(X)5RS/T motif of PTPs, creates a unique 

environment for the catalytic cysteine residue (21). 
However, their roles are different in that the 
sulfenylation of cysteine 251 in the HC(X)4 EXV motif 

upregulates the stability and activity of phosphatase 
PP2Ac.This controversial role of sulfenylation could 
be due to the structure difference between two types 
of phosphatases. Unlike PTPs, PP2A is a holoenzyme, 
its substrate binding site is on the regulatory subunit 
while its sulfenylation motif is on the catalytic 
subunit. It is conceivable that the sulfenylation of 
PP2Ac does not affect the activity of PP2A as was 
confirmed by our data. 

Our data demonstrate that tumorigenesis of 
breast cancer cells promoted by cysteine is dependent 
on the up-regulation of SLC3A1. Cysteine decreased 
the stability and activity of PP2Ac through reducing 
ROS level and activated AKT/GSK3β/β-catenin 
signaling (Figure 5D). Our findings support the 
conclusion that SLC3A1-mediated increase of cysteine 
uptake promotes tumorigenesis of breast cancer cells, 
and determines breast cancer cell response to 
antioxidant N-acetylcysteine. Thus, SLC3A1 can serve 
as a potential target for breast cancer therapy. 

Materials and methods 

Reagents and antibodies 

The PP2A inhibitor Okadaic acid (OA) (Sigma, 
America) was dissolved in cultured medium with 
DMSO. The source for antibodies used for 
immunoblotting (IB) were as follows: Akt, 
phospho-Akt, phospho-GSK-3β, β- catenin (Cell 
Signaling Technology, MA, USA), GSK-3β (Epitomics, 
CA, USA), PP2A (ABclonal), SLC3A1 (ProteinTech), 

and β- actin (Santa Cruz Biotechnology, CA, USA). 

Cell culture 

293T cells and human breast cancer cells were 
cultured in DMEM (Invitrogen, Grand Island, NY, 
USA) supplemented with 10% fetal bovine serum 
(FBS; PAA, Australia). 

Western Blotting 

The cells were placed on ice and washed with 
ice-cold PBS. Total protein extract was prepared with 
the appropriate amount of RIPA lysis buffer (25 mM 
Tris-HCl at pH 7.5, 2 mM EDTA, 25 mM NaF and 1% 
Triton X-100) containing 1 X protease inhibitor 
mixture (Roche Inc., CH, Switzerland) and 1 X PMSF. 
The proteins were resolved on 7-15% 
SDS-polyacrylamide gels and transferred by 
electroblotting to nitrocellulose membranes (Bio-Rad 
Inc., CA, USA). The membranes were blocked with 
5% nonfat dry milk in TBST (the mixture of 
tris-buffered saline and Tween 20) for 1 hour. Proteins 
of interest were detected with specific antibodies, 
blots were scanned using an Odyssey infrared 
imaging system (LI-COR), and proteins were 
quantitatively analyzed using the Odyssey software. 

Establishment of stable cell lines expressing 
SLC3A1 or depleted of SLC3A1 

Short-hairpin sequences targeting human 
SLC3A1 (NM_000341.3) were synthesized (Sangon 
Biotech) and separately inserted into miRzip lentiviral 
vector (Open Biosystems, Lafayette, CO). Lentiviruses 
knocking down SLC3A1 were generated in 293T cells 
by the co-transfection of vector containing shRNA 
sequence, pVSVg, pRSV-Rev, and pMDL (g/p) for 72 
hours. Lentiviruses expressing SLC3A1 were 
generated in a 3 - plasmids packaging system, 
including psPAX2 and PMD2G. Viruses were 
collected from the supernatant of transfected 293T 
cells 3 days after transfection. 

Cysteine uptake assay 

The uptake of cysteine was analyzed by the 
Human Homocysteine (HCY) ELISA Kit. Briefly, 5 × 

10
5 

cells were cultured in six-well plates for 24 h, 
followed by co-culture in 2 ml medium with or 
without cysteine for additional 12h. After completely 
washing, a biotin- conjugated antibody specific for 
HCY was added to the wells, and a colorimetric 
method was applied. 

Mass spectrometry analysis of metabolites 

The cellular contents of amino acids were 
analyzed by GC-MS as previously described (33). 

5X10
6 

cells were harvested and suspended in 
chloroform-methanol-water (2:1:1, v/v/v). The 
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derivatized sample was injected into a Shimadzu QP 
2010 GC tandem quadrupole MS (Kyoto, Japan). The 
GC separation was performed on an Agilent DB-5 MS 
fused silica capillary column (30 m × 0.25 mm × 0.25 
μm). The column temperature was 70 °C for the first 3 
min and then increased 5 °C/min to 310 °C for 5 min. 
The injection temperature was set as 300 °C, and the 
injection volume was 1 μL with a 10:1 split ratio. 
Helium (99.9995%, China) was applied as a carrier 
gas. The column flow was 1.2 mL/min, and the 
column was equipped with a linear velocity control. 
The mass spectra scanning scope was set to 33−600 
m/z in the full scan mode with a scan speed of 5 scans 
s-1 and a solvent cut time of 5.6 min based on the 
retention time of the pyridine solvent. The 
temperatures of the interface and the ion source were 
adjusted to 280 and 240 °C, respectively. The detector 
voltage was maintained at 1.2 kV, and the electron 
impact (EI) model was selected to achieve ionization 
of the metabolites at 70 eV. 

Reactive oxygen species and glutathione 
detection 

The 2,7-Dichlorodihydrofluorescein diacetate 
(DCFH-DA, Sigma) was used as a cellular ROS 
indicator. The DCFH-DA was transformed into 
2,7-dichlorodihydrofluorescein (DCFH) by the 
esterases, which could be further oxidized to a highly 
fluorescent compound 2,7-dichlorofluorescein (DCF) 
by ROS. Cells were co-cultured with the 10 µM of 
DCFH-DA for 20 minutes, and analyzed by flow 
cytometry. The intensity of DCF represented 
intracellular ROS levels. GSH and GSSG Levels were 
measured using a GSH and GSSG Assay Kit 
(Beyotime, China) according to the manufacturer's 
protocol. 

Analysis of PP2Ac modification, stability 
and activity 

To analyze the modification of PP2Ac, the mass 
spectrometry analysis was performed on PP2Ac 
purified from MDA-MB-231 cells. For the stability 
assay, the protein levels of PP2Ac were analyzed in 
MDA-MB-231 cells treated with 50 ug/ml of 
cycloheximide and 0.2 mM of H2 O2 for the indicated 

times (24, 48, 72 hours). The cells without H2 O2 

treatment were considered as control. 
PP2A phosphatase activity was analyzed by the 

release of 
32

P phosphate from phosphorylase as 
previously described (34). PP2A purified from 
MDA-MB-231 cells was incubated with 15 µM 
phosphorylase A in 20 mM MOPS, pH 7.4, 50 mM 
NaCl, 1 mM MgCl2, 1% (v/v) 2-mercaptoethanol, 1 
mM dithiothreitol, 10% glycerol, and 0.1 mg/mL of 
BSA in a total volume of 40 µL for 15 min at 30 °C. The 

reaction was terminated by addition of 60 µL of 1% 
bovine serum albumin and 300 µL of 15% (w/v) 
trichloroacetic acid and was incubated on ice for 10 
min. After centrifugation at 15,000g for 10 min, the 

supernatant (300 µL) was analyzed for 
32

P release by 
liquid scintillation counting. 

Xenografted mouse Tumors 

Six-week-old female BALB/c nude mice were 
obtained from a Shanghai animal laboratory. The 
animals were handled according to the protocol 
approved by the Institutional Animal Care and Use 
Committee of Shanghai Jiao Tong University School of 
Medicine. The Control MDA-MB-231 cells or 
MDA-MB-231 cells expressing SLC3A1 OE at the 
indicated cell numbers were injected subcutaneously 
into mouse mammary fat pads. The MDA-MB-453 
cells were mixed with Matrigel before injection. 

Statistical analysis 

The data were presented as the means ± SD. All 
data were representative of at least three independent 
experiments. The differences between groups were 
assessed by Student’s t test; all presented differences 
were p < 0.05 unless otherwise stated. 

Supplementary Material  

Supplementary figures.  
http://www.thno.org/v07p1036s1.pdf   
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