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Cancer cells with specific genetic alterations may be highly
dependent on certain nutrients for survival, which can inform
therapeutic strategies to target these cancer-specific metabolic
vulnerabilities. The glutamate/cystine antiporter solute carrier
family 7 member 11 (SLC7A11, also called xCT) is overex-
pressed in several cancers. Contrasting the established pro-sur-
vival roles of SLC7A11 under other stress conditions, here we
report the unexpected finding that SLC7A11 overexpression
enhances cancer cell dependence on glucose and renders cancer
cells more sensitive to glucose starvation-induced cell death
and, conversely, that SLC7A11 deficiency by either knockdown
or pharmacological inhibition promotes cancer cell survival upon
glucose starvation. We further show that glucose starvation
induces SLC7A11 expression through ATF4 and NRF2 tran-
scription factors and, correspondingly, that ATF4 or NRF2 defi-
ciency also renders cancer cells more resistant to glucose starva-
tion. Finally, we show that SLC7A11 overexpression decreases
whereas SLC7A11 deficiency increases intracellular glutamate lev-
els because of SLC7A11-mediated glutamate export and that sup-
plementation of �-ketoglutarate, a key downstream metabolite of
glutamate, fully restores survival in SLC7A11-overexpressing cells
under glucose starvation. Together, our results support the notion
that both glucose and glutamate have important roles in maintain-
ing cancer cell survival and uncover a previously unappreciated
role of SLC7A11 to promote cancer cell dependence on glucose.
Our study therefore informs therapeutic strategies to target the
metabolic vulnerability in tumors with high SLC7A11 expression.

To survive, cancer cells require an adequate supply of nutri-
ents to meet their biosynthetic and bioenergetics needs and to

maintain appropriate redox balance (1–3). Two of the most
abundant and, arguably, the most important nutrients support-
ing cancer cell survival are glucose and glutamine (4). Glucose
provides the major carbon source to generate energy (in the
form of ATP) as well as precursors for the synthesis of macro-
molecules, including fatty acids, nucleotides, and amino acids.
When transported into cells, glucose is metabolized to acetyl-
CoA through a series of metabolic reactions, including glycol-
ysis (1). Acetyl-CoA then enters into the tricarboxylic acid
(TCA)4 cycle (also known as the citric acid cycle or the Krebs
cycle), in which the carbon derived from glucose is oxidized to
CO2, coupled with the generation of the high-energy electrons
NADH and FADH2, which are subsequently utilized to gener-
ate ATP through electron transport and oxidative phosphory-
lation in mitochondria. In addition, the TCA cycle provides
important precursors for many biosynthetic pathways. For
example, �-ketoglutarate (�KG), a key intermediate in the TCA
cycle, can serve as a precursor for the amino acid glutamate.
Glutamine, on the other hand, is the most abundant amino acid
in cell culture medium. Intracellular glutamine is first con-
verted to glutamate, which then provides an important source
for both carbon and nitrogen in various biosynthetic reactions
(5). For example, glutamate can be converted to �KG through
either a transamination or deamination reaction, which serves
as an important anaplerotic reaction to replenish �KG and to
maintain the TCA cycle.

Although nutrient supplies often are in excess under in vitro
culturing conditions, nutrient availability could be limiting
within a tumor mass under in vivo conditions because of the
poor tumor vasculature in the tumor microenvironment and
the increase of nutrient uptake in cancer cells, which eventually
induces metabolic stress in cancer cells (6). Cancer cells often
engage strategies of metabolic adaptation or metabolic flexibil-
ity to survive and grow under metabolic stress. One common
strategy of metabolic adaptation employed by cancer cells is a
shift to utilize other types of nutrient when one nutrient is lim-
ited. For example, when glucose is limited, tumor cells often
enhance glutamine metabolism and promote glutamine-depen-
dent �KG formation to maintain the TCA cycle and to support
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bioenergetics and biosynthesis in cancer cells (7, 8). Similarly, it
has been shown that defective mitochondrial pyruvate trans-
port induces metabolic flexibility and promotes glutamine
metabolism to maintain the TCA cycle and cell survival (9, 10).

Specific genetic alterations in cancer cells may reprogram
their metabolism networks and render such cancer cells highly
dependent on one particular nutrient for survival, thus limiting
their metabolic flexibility (2). For example, AKT hyperactiva-
tion promotes glucose uptake and glycolysis and renders cancer
cells highly dependent on glucose for survival (11). Correspond-
ingly, cancer cells with AKT hyperactivation are sensitive to glu-
cose starvation (12). On the other hand, the Myc transcription
factor promotes glutamine metabolism through transcriptional
regulation of various enzymes involved in glutaminolysis, leading
to glutamine dependence, and cancer cells with high Myc levels or
activity are exquisitely sensitive to glutamine withdrawal (13, 14).
These findings may have important therapeutic implications, as
they suggest that tumors with specific genetic alterations may be
particularly sensitive to drugs blocking the supply or metabolism
of the nutrient on which cancer cells depend. For example, treat-
ment of inhibitors of glutaminase, the key enzyme to convert glu-
tamine to glutamate, in a Myc-induced liver cancer mouse model
significantly decreased tumor development and prolonged animal
survival (15), suggesting the utility of glutaminase inhibitors in the
treatment of Myc-driven cancers. Thus, a more in-depth under-
standing of the interplays among different metabolism pathways
and the underlying mechanism of cancer cell dependence on
nutrients may provide novel insights into cancer therapies.

The amino acid transport system xc
� is an antiporter that

imports extracellular cystine coupled to the efflux of intracel-
lular glutamate (16). The transport system xc

� exists as a het-
erodimer, consisting of solute carrier family 7 member 11
(SLC7A11, also known as xCT), the catalytic subunit of the
transport system xc

� that mediates the transport function, and
solute carrier family 3 member 2 (SLC3A2, also known as 4F2hc
or CD98hc), the chaperone that recruits SLC7A11 to the
plasma membrane (17). Because of the reduced microenviron-
ment inside cells, intracellular cystine is quickly converted to cys-
teine, which then serves as a rate-limiting precursor for synthesis
of the antioxidant tripeptide glutathione. SLC7A11 plays impor-
tant roles in maintaining intracellular glutathione levels and
protecting cells from oxidative stress-induced cell death (17).
Consistent with this, many studies have shown that SLC7A11 is
up-regulated in human cancers, and its inhibitors, such as sul-
fasalazine, have an anti-tumor effect (18, 19). However, the poten-
tial role of SLC7A11-mediated glutamate export function in can-
cer biology remains much less understood. In this study, we
revealed that SLC7A11-mediated efflux of intracellular glutamate
reduces metabolic flexibility in cancer cells and makes cancer cells
more dependent on glucose for survival. Our study may provide a
conceptual framework to target tumors with high SLC7A11
expression by drugs that block glucose uptake or metabolism.

Results

Glucose starvation induces SLC7A11 through ATF4 and NRF2

Analysis of microarray or RNA sequencing data generated
from our previous studies (20, 21) revealed that glucose starva-

tion induced SLC7A11 expression (Fig. 1, A and B). Real-time
PCR analysis confirmed glucose starvation-induced SLC7A11
expression in several cancer cell lines, including UMRC6,
786-O, and RCC4 (all renal cancer cell lines) and NCI-H226 (a
mesothelioma cell line) (Fig. 1C). Western blotting confirmed
that glucose starvation increased AMPK phosphorylation as
expected and also induced SLC7A11 protein levels in UMRC6
and 786-O cells (Fig. 1D). We further confirmed glucose star-
vation-induced SLC7A11 expression in several other cancer
cell lines from different tumor types (Fig. 1E), suggesting that
glucose starvation induces SLC7A11 expression in a diverse
array of cancer cells irrespective of their tumor origins.

Next we sought to identify the transcription factors that reg-
ulate glucose starvation-induced SLC7A11 expression. Previ-
ous studies showed that two stress-inducible transcription fac-
tors, ATF4 and NRF2, bind on the cis-regulatory elements of
the SLC7A11 gene and cooperatively regulate SLC7A11 tran-
scription (22). To examine whether ATF4 and/or NRF2 are
involved in the regulation of glucose starvation-induced
SLC7A11 expression, we utilized CRISPR technology and gen-
erated ATF4- and NRF2-deficient cells in UMRC6 cells by two
independent single guide RNAs (sgRNAs). Western blotting
revealed that the protein levels of ATF4 or NRF2 were
extremely low under basal conditions (with 25 mM glucose),
and glucose starvation significantly increased the protein levels
of both ATF4 and NRF2 (Fig. 1F), which is consistent with the
stress-inducible nature of these two transcription factors (23,
24). We found that the protein levels of ATF4 and NRF2 were
dramatically decreased in the corresponding sgRNA-infected
cells under glucose starvation, and, notably, glucose starvation-
induced SLC7A11 expression was almost abolished in either
ATF4 or NRF2 sgRNA-infected cells (Fig. 1F). Taken together,
our data suggest that glucose starvation induces SLC7A11
expression through ATF4 and NRF2 transcription factors.

SLC7A11 sensitizes cancer cells to glucose starvation–induced
cell death

The aforementioned data prompted further studies on the
potential role of SLC7A11 in the regulation of cancer cell depen-
dence on glucose. In some cellular contexts, cancer cells are
dependent on glucose for survival, as glucose provides redox
balance; correspondingly, it has been shown that long-term glu-
cose starvation results in cell death associated with increased
reactive oxygen species (ROS) levels, and treatment with
the antioxidant N-acetylcysteine (NAC) abolishes glucose
starvation–induced cell death in these cells (20, 25). Because
SLC7A11-mediated cystine uptake promotes the biosynthesis
of glutathione, an important antioxidant, we hypothesized that
SLC7A11-high cancer cells should be less sensitive to glucose
starvation (thus less dependent on glucose for survival), as these
cells have better capabilities to detoxify glucose withdrawal–
induced ROS.

To test this hypothesis, we first examined whether glucose
starvation–induced SLC7A11 expression depends on ROS. We
first confirmed that NAC treatment normalized glucose starva-
tion-induced ROS levels (Fig. 2A) and significantly attenuated
glucose starvation–induced cell death in UMRC6 cells (Fig. 2, B
and C). Surprisingly, we found that, in the same cell line, NAC
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treatment did not attenuate even slightly increased glucose
starvation–induced SLC7A11 expression (Fig. 2, D and E). Our
data showed that glucose starvation induces SLC7A11 expres-
sion independent of ROS, at least in the cell line used in our
study, and further suggested that there is a dissociation between
SLC7A11 and its antioxidant function under glucose starvation.

In addition, when we correlated SLC7A11 protein levels
across a panel of cancer cell lines with sensitivities of these cell
lines to glucose starvation-induced cell death, we observed that
cancer cells with high SLC7A11 levels were more sensitive,
rather than more resistant, as we hypothesized, to glucose

starvation–induced cell death than cells with low SLC7A11 lev-
els (Fig. 3, A and B). To study whether SLC7A11 plays any
causal role in the regulation of glucose starvation–induced cell
death, we generated SLC7A11 knockdown cells in UMRC6 cells
(Fig. 3C), which harbor high SLC7A11 expression and are sen-
sitive to glucose starvation–induced cell death (Fig. 3, A and B).
Notably, SLC7A11 knockdown in UMRC6 cells significantly
attenuated glucose starvation–induced cell death (Fig. 3, D and
E). We confirmed this observation with SLC7A11 knockdown in
another SCL7A11-high/glucose starvation–sensitive cell line,
NCI-H226 (Fig. 3, F and G). Importantly, SLC7A11 knockdown

Figure 1. Glucose starvation induces SLC7A11 through ATF4 and NRF2. A, heatmap representation of genes regulated upon glucose (Glc) starvation in
UMRC6 cells. B, normalized SLC7A11 level from a mouse microarray using mouse embryonic fibroblasts (MEFs) treated with and without glucose for 24 h. C–E,
glucose starvation–induced SLC7A11 expression in different cells was analyzed by RT-PCR (C) and Western blot analysis (D and E). F, the effects of NRF2 and ATF4
deletion on SLC7A11 induction upon glucose starvation in UMRC6 cells were examined by Western blotting. *, p � 0.05; **, p � 0.01.
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efficiency correlated with the corresponding sensitivities to glu-
cose starvation in these cells. Conversely, overexpression of
SLC7A11 in RCC4 and 786-O cells (which exhibit low SLC7A11
expression and are resistant to glucose starvation; Fig. 3, A and B)
markedly potentiated glucose starvation–induced cell death (Fig.
3, H–J for 786-O cells and K and L for RCC4 cells). Consistent
with the data from genetic approaches described above, we
further showed that pharmacologic inhibition of SLC7A11
transporter activity by sulfasalazine significantly attenuated
glucose starvation–induced cell death in either UMRC6 cells (Fig.
3M) or SLC7A11-overexpressing RCC4 cells (Fig. 3N). Taken
together, our results revealed that SLC7A11 renders cancer cells
more dependent on glucose and, correspondingly, sensitizes can-
cer cells to glucose starvation–induced cell death.

ATF4 and NRF2 promote glucose starvation-induced cell death
at least partly through SLC7A11

Because our data showed that glucose starvation induces
SLC7A11 expression through ATF4 and NRF2, we next sought

to determine the roles of ATF4 and NRF2 in glucose starvation-
induced cell death. To test this, we cultured UMRC6 cells
infected with control, ATF4, or NRF2 sgRNA (Fig. 1, E and F) in
glucose-containing or glucose-free medium. Cell morphologi-
cal analysis revealed that, although ATF4 or NRF2 deficiency
did not affect cell viability under 25 mM glucose conditions,
there were significantly fewer dead cells in ATF4- or NRF2-
deficient cells than in control cells under glucose starvation
conditions (Fig. 4, A and B). Cell viability assay confirmed that
ATF4 or NRF2 deficiency partially attenuated glucose starvation-
induced cell death in UMRC6 cells (Fig. 4, C and D). Next we
studied whether SLC7A11 plays any causal role in the cell death
resistance phenotype in ATF4- or NRF2-deficient cells under glu-
cose starvation. We showed that overexpression of SLC7A11 in
ATF4- or NRF2-deficient cells significantly resensitized cells to
glucose starvation–induced cell death (Fig. 4, E–H). Together, our
data reveal that ATF4 and NRF2 promote glucose starvation–
induced cell death at least partly through SLC7A11.

Figure 2. Glucose starvation induces SLC7A11 independent of ROS. A, cellular ROS levels in UMRC6 cells after glucose (Glc) withdrawal for 6 h were
determined by H2DCFDA flow cytometer analysis. To prevent ROS generation, 2 mM NAC was added to the glucose-free medium. Right panel, data represent
mean � S.D. (n � 3). Con, control. B and C, UMRC6 cells cultured in glucose-free medium for 6 h were monitored under inverted microscopy (B), and cell death
was analyzed by PI staining (C). Scale bar � 100 �m. D and E, SLC7A11 mRNA and protein levels in UMRC6 cells upon glucose starvation and NAC treatment were
analyzed by RT-PCR (D) and Western blotting (E). ***, p � 0.001; ****, p � 0.0001.
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SLC7A11 regulation of glutamate efflux underlies SLC7A11-
mediated increased sensitivity to glucose starvation

The aforementioned data prompted us to further study the
underlying mechanisms by which SLC7A11 promotes glucose
starvation–induced cell death. Under glucose depletion condi-
tions, other nutrients, most notably glutamine, can partly compen-
sate for glucose to maintain the TCA cycle and to enable glucose-

independent cell survival (5, 7, 8). Glutamine is first metabolized to
glutamate, and glutamate then serves as a precursor for several
important metabolism processes, including the TCA cycle, nucle-
otide biosynthesis, and glutathione biosynthesis (5). Because
SLC7A11 functions as an antiporter by exporting intracellular glu-
tamate in exchange with extracellular cystine (17), we reasoned
that SLC7A11 overexpression may partially deplete intracellular

Figure 3. SLC7A11 sensitizes cancer cells to glucose starvation–induced cell death. A, SLC7A11 protein levels in different cancer cell lines were determined
by Western blotting. B, cell death upon glucose (Glc) starvation for 0 –36 h in different cancer cell lines was analyzed by PI staining. C, SLC7A11 protein levels in
SLC7A11 knockdown UMRC6 cells. D and E, cell death in SLC7A11 knockdown UMRC6 cells upon glucose withdrawal was monitored (D) and analyzed by PI
staining (E). Scale bar � 100 �m. F, SLC7A11 protein levels in SLC7A11 knockdown NCI-H226 cells. G, cell death upon glucose withdrawal was analyzed by PI
staining for SLC7A11 knockdown NCI-H226 cells. H, SLC7A11 protein levels in SLC7A11-overexpressing 786-O cells. EV, empty vector. I and J, cell death in
SLC7A11-overexpressing 786-O cells upon glucose withdrawal was monitored (I) and analyzed by PI staining (J). Scale bar � 100 �m. K, SLC7A11 protein levels
in SLC7A11-overexpressing RCC4 cells. L, cell death in SLC7A11-overexpressing RCC4 cells upon glucose withdrawal was analyzed by PI staining. M and N, cell
death in UMRC6 cells (M) or SLC7A11-overexpressing RCC4 cells (N) upon glucose withdrawal and treatment with 1 mM sulfasalazine (SAS) was monitored and
analyzed by PI staining. **, p � 0.01; ***, p � 0.001; ****, p � 0.0001.
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glutamate levels through exporting glutamate, thus rendering cells
more dependent on glucose for survival. Correspondingly, such
cells would be more vulnerable to glucose starvation, as they lack
glutamine/glutamate-derived metabolic adaptation.

To test this hypothesis, we first examined the effects of
SLC7A11 deficiency on intracellular glutamate levels. Consist-
ent with the known role of SLC7A11 in exporting glutamate
(16), our results showed that SLC7A11 knockdown increased
intracellular glutamate levels (Fig. 5, A and B. Note that
SCL7A11 knockdown efficiency correlated with corresponding
intracellular glutamate levels in these cells. Also see Fig. 3, C
and F). Conversely, we showed that SLC7A11 overexpression
decreased intracellular glutamate levels (Fig. 5, C and D). One of
the most important metabolites downstream of glutamate is
�KG, which serves as a key intermediate in the TCA cycle. To
further study whether the decreased levels of glutamate, and
likely �KG, in SLC7A11-overexpressing cells underlie the
increased sensitivities of these cells to glucose starvation, we
examined whether supplementation of dimethyl �KG, a cell-

permeable form of �KG, in SLC7A11-overexpressing cells
would dampen SLC7A11 overexpression-induced cell death
under glucose starvation. Indeed, our results revealed that
dimethyl �KG treatment in SLC7A11-overexpressing 786-O or
RCC4 cells fully restored cell survival to a level similar as that in
corresponding empty vector cells under glucose starvation con-
ditions (Fig. 5, E and F). Collectively, our results strongly sug-
gested that SLC7A11 regulation of glutamate efflux and the
corresponding decrease in intracellular glutamate/�KG levels
are at least partially responsible for the increased sensitivity to
glucose starvation in SLC7A11-overexpressing cells.

Discussion

Previous studies have shown that decreased flux from glu-
cose into the TCA cycle, such as under conditions of glucose
deprivation or defective mitochondrial pyruvate transport,
induces metabolic flexibility and promotes compensatory glu-
tamine metabolism to maintain the TCA cycle and cell survival
in various cancer cells (7–10) (Fig. 6, A and B). Our study rein-

Figure 4. ATF4 and NRF2 promote glucose starvation–induced cell death. A–D, NRF2- and ATF4-deficient cells were cultured in glucose (Glc)-free medium
for 6 h. Shown are representative images (A and B) and quantification of cell viability (C and D) of the indicated cell lines that were cultured in glucose-free
medium for 6 h. Scale bar � 100 �m. E and G, SLC7A11 protein levels in SLC7A11-overexpressing NRF2-deficient (E) or ATF4-deficient cells (G). EV, empty vector.
F and H, cell death in UMRC6 cells with the indicated genotypes after 5-h glucose starvation was analyzed by PI staining. **, p � 0.01; ****, p � 0.0001.
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forces the important roles of metabolic flexibility by both glu-
cose and glutamine in the maintenance of cancer cell survival
and suggests a model in which SLC7A11 can limit such meta-
bolic flexibility in cancer cells by decreasing intracellular gluta-
mate, a key metabolite downstream of glutamine, as SLC7A11
mediates the efflux of intracellular glutamate, resulting in par-
tial depletion of intracellular glutamate in cancer cells. We pro-
pose that, because of decreased intracellular glutamate levels,
cancer cells with high SLC7A11 have more limited metabolic
flexibility and more reliance on glucose for survival than those
with low SLC7A11 (Fig. 6C). Correspondingly, SLC7A11-high
cancer cells are much more vulnerable than their SLC7A11-low
counterparts when glucose is limited (Fig. 6D). A recent study
made similar observations as those shown in our study (26). It
will be important to further test this model by metabolite pro-
filing and flux analyses in future studies.

Our study provides several important implications regarding
both the biological roles of SLC7A11-mediated amino acid
transport and therapies to target metabolic vulnerabilities in
cancer treatment. First, most current studies of SLC7A11 have
focused on its role in regulating cystine import, glutathione
biosynthesis, and redox balance. Our study shows that SLC7A11-
mediated glutamate efflux also plays important roles in tumor
biology, but such roles are only revealed under glucose-limiting

conditions. It will be interesting to further explore the biological
impact of SLC7A11-mediated glutamate efflux under other stress
conditions. Second, previous studies revealed that, in different
cancer cell lines, SLC7A11 overexpression generally confers resis-
tance to cell death induced by various stress conditions, such as
oxidative stress, genotoxic stress, and proteasome inhibition,
whereas SLC7A11 deficiency increases sensitivity to stress-in-
duced cell death (22, 27, 28). It is generally accepted that SLC7A11-
medated cystine uptake and glutathione biosynthesis underlie its
pro-survival function under these stress conditions. Thus, the pro-
cell death function of SLC7A11 in the context of glucose starvation
revealed in this study is rather unexpected and unique. How
SLC7A11 exerts such context-dependent roles in the regulation of
cell death and survival remains to be further explored. Finally,
because SLC7A11 is highly expressed in several types of human
cancer (18, 19), our study further suggests that cancer cells or
tumors with high SLC7A11 expression may be sensitive to drugs
that block glucose metabolism, such as glycolysis inhibitors.

Experimental procedures

Cell culture studies

The HEK293T cells and other cancer cell lines used in this
study were obtained from the ATCC. Plasmid transfections

Figure 5. SLC7A11 regulation of glutamate efflux underlies SLC7A11-mediated increased sensitivity to glucose starvation. A and B, intracellular
glutamate levels were determined in SLC7A11 knockdown UMRC6 cells after 3 h of glucose (Glc) withdrawal (A) or NCI-H226 cells after 1 h of glucose withdrawal
(B). All values were normalized to control shRNA (shCon) cells in complete medium with 25 mM glucose. C and D, intracellular glutamate levels were determined
in SLC7A11-overexpressing 786-O cells after 8 h of glucose withdrawal (C) or RCC4 cells after 14 h of glucose withdrawal (D). All values were normalized to empty
vector (EV) cells in complete medium with 25 mM glucose. E and F, SLC7A11-overexpressing 786-O cells (E) or RCC4 cells (F) were cultured in complete medium
or glucose-free medium with and without 5 mM dimethyl-�KG for 24 h. Cell death was measured by PI staining. ***, p � 0.001; ****, p � 0.0001.
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were performed using Lipofectamine 3000 (Life Technologies).
Lentiviruses were produced in HEK293T cells with packing
mixture (ViraPower lentiviral expression system, Invitrogen)
and used to infect target cells according to the instructions of
the manufacturer. For glucose starvation experiments, cells
were cultured in DMEM with different concentrations of glu-
cose (0 or 25 mM) plus 10% (v/v) dialyzed FBS, as described in
our previous publication (29).

Cell death and viability measurement

To measure cell death, the cells were stained with propidium
iodide (PI) followed by FACS analysis as described previously
(30, 31). Briefly, cells were washed with cold PBS twice, and the
cell number was adjusted to 1 � 106. The cells were resus-
pended in 100 �l of PBS containing 2 �g/ml of PI. The cells
were incubated for 30 min at room temperature and analyzed
with an LSRII flow cytometer (BD Biosciences). The CCK8 kit
(Sigma, 96992) was used to measure the viability of cells in a
96-wll plate. 7500 cells/well were seeded and incubated over-
night. Then cells were washed once with PBS, followed by glu-
cose-free medium treatment for 6 h. All medium was then
removed, and fresh medium containing CCK8 reagent was
replaced. The plate was incubated for 1 h, and A450 was mea-
sured by microplate reader (FLUOstar Omega, BMG Labtech).

ROS measurement

Cells were incubated in a 60-mm dish containing 4 �M

CM-H2DCFDA (Thermo Fisher, C6827). After incubation for
30 min at 37 °C, cells were washed with PBS and trypsinized,
followed by PI stating in PBS for 5 min. Then cells were sub-

jected to flow cytometry analysis using a cytometer (Accuri C6,
BD Biosciences).

Constructs and reagents

shRNAs targeting human SLC7A11 (V2LHS_204910, V2LHS_
251161) and the SLC7A11 cDNA-containing pDONR223 plas-
mid were obtained from the MD Anderson Cancer Center
shRNA and ORFeome Core Facility. SLC7A11 was cloned into
the plenti6-V5 destination vector using gateway LR clonase II
enzyme mixture (Thermo Fisher Scientific, 11791-020). sgRNA
targeting NRF2 and ATF4 was cloned into the pLenti-
CRISPR-V2 plasmid. Dimethyl �-ketoglutarate and N-acetyl-L-
cysteine were purchased from Sigma (349631 and A7250,
respectively). Sulfasalazine was obtained from Santa Cruz Bio-
technology (sc-204312).

Real-time PCR

Real-time PCR was performed as described previously (32,
33). Briefly, total RNA was extracted from cells using RNeasy
(Qiagen), and first-strand cDNA was prepared with a high-ca-
pacity cDNA reverse transcription kit (Applied Biosystems,
ABI). Real-time PCR was performed using the QuantiTect
SYBR Green PCR kit (Qiagen) or TaqMan Universal PCR Mas-
ter Mix (ABI) and was run on Stratagene MX3000P. For quan-
tification of gene expression, the 2���Ct method was used.
�-Actin expression was used for normalization.

Western blot analysis

Cultured cells were lysed with Nonidet P-40 buffer (150 mM

sodium chloride, 1.0% Nonidet P-40, and 50 mM Tris (pH 8.0))

Figure 6. Model for the role of SLC7A11 in glucose dependence. See “Discussion” for a detailed description.
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containing complete mini protease inhibitors (Roche) and
phosphatase inhibitor mixture (Calbiochem). Western blots
were obtained utilizing 20 – 40 �g of lysate protein. The follow-
ing antibodies were used in this study: monoclonal anti-vinculin
antibody (Sigma-Aldrich, V4505, 1:10,000 dilution), SLC7A11/
xCT (D2M7A) rabbit mAb (Cell Signaling Technology, 12619,
1:5000 dilution), phospho-AMPK� (Thr-172, 40H9) rabbit
mAb (Cell Signaling Technology, 2535S, 1:1000 dilution),
AMPK� (D63G4) rabbit mAb (Cell Signaling Technology,
5832S, 1:1000 dilution), ATF-4 (D4B8) rabbit mAb (Cell Signal-
ing Technology, 11815, 1:1000 dilution), NRF2 (D1Z9C) XP�
rabbit mAb (Cell Signaling Technology, 12721, 1:1000 dilu-
tion), and �-tubulin antibody (Cell Signaling Technology, 2144,
1:5000 dilution).

Intracellular glutamate detection in cell lysates

The Glutamate-GloTM assay kit (Promega, J7021) was used
to measure intracellular glutamate levels. Briefly, the cells were
seeded in a 96-well plate, followed by glucose starvation as
described above. Cells were then washed with ice-cold PBS and
lysed with 0.6 N HCl. The lysing reagent was inactivated using 1
M Tris base. Glutamate dehydrogenase uses the glutamate pres-
ent in the lysate and NAD	 to produce �KG and NADH. In the
presence of NADH, a pro-luciferin reductase substrate is con-
verted by reductase to luciferin, which is then used by Ultra-
GloTM recombinant luciferase to produce light. The lumines-
cent signal was subsequently measured by a Gen5 microplate
reader (Biotek). All values were normalized to control (empty
vector or control shRNA) cells in complete medium.

Statistical analysis

The results of the cell culture experiments were collected
from three independent cultures for each sample. Data are pre-
sented as means � S.D. Statistical significance (p value) of dif-
ferent columns was calculated using unpaired Student’s t test.
Statistical significance (p value) of different groups was calcu-
lated using two-way analysis of variance (*, p � 0.05; **, p �
0.01; ***, p � 0.001; ****, p � 0.0001).

Oligonucleotide and primer sequences

Oligonucleotide and primer sequences were as follows:
SLC7A11 forward RT-PCR, 5�-ATGCAGTGGCAGTGAC-
CTTT-3�; SLC7A11 reverse RT-PCR, 5�-GGCAACAAA-
GATCGGAACTG-3�; �-actin forward RT-PCR, 5�-CGGAAC-
CGCTCATTGCC-3�; �-actin reverse RT-PCR, 5�-ACCCACA-
CTGTGCCCATCTA-3�; ATF4 sgRNA1 forward, 5�-CACC-
GAGGTCTCTTAGATGATTACC-3�; ATF4 sgRNA1 reverse,
5�-AAACGGTAATCATTCAAGAGACCTC-3�; ATF4 sgRNA2
forward, 5�-CACCGAGTCCCTCCAACAACAGCAA-3�; ATF4
sgRNA2 reverse, 5�-AAACTTGCTGTTGTTGGAGGGACTC-
3�; NRF2 sgRNA2 forward, 5�-CACCGTTACAACTAGATG-
AAGAGAC-3�; NRF2 sgRNA2 reverse, 5�-AAACGTCTCT-
TCATCTAGTTGTAAC-3�; NRF2 sgRNA3 forward, 5�-CAC-
CGCAGATCCACTGGTTTCTGAC-3�; NRF2 sgRNA3 reverse,
5�-AAACGTCAGAAACCAGTGGATCTGC-3�; control sgRNA
forward, 5�-CACCGGCACTACCAGAGCTAACTCA-3�; and
control sgRNA reverse, 5�-AAACTGAGTTAGCTCTGGTA-
GTGCC-3�.
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