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SUMMARY

Mutations in cancer reprogram amino acid metabolism to drive tumor growth, but the molecular 

mechanisms are not well understood. Using an unbiased proteomic screen, we identified mTORC2 

as a critical regulator of amino acid metabolism in cancer via phosphorylation of the cystine-

glutamate antiporter xCT. mTORC2 phosphorylates serine 26 at the cytosolic N-terminus of xCT, 

inhibiting its activity. Genetic inhibition of mTORC2, or pharmacologic mTOR kinase inhibition, 

promotes glutamate secretion, cystine uptake and incorporation into glutathione linking growth 

factor receptor signaling with amino acid uptake and utilization. These results identify an 

unanticipated mechanism regulating amino acid metabolism in cancer, enabling tumor cells to 

adapt to changing environmental conditions.

Graphical Abstract

INTRODUCTION

Dysregulated amino acid metabolism is an emerging hallmark of cancer (Hanahan and 

Weinberg, 2011; Pavlova and Thompson, 2016). Tumor cells take up amino acids from the 

extracellular environment as a carbon and nitrogen source for protein and nucleotide 

synthesis (DeBerardinis et al., 2008). Uptake of amino acids from the tumor 

microenvironment also contributes to one-carbon metabolism and redox maintenance 

(Altman et al., 2016; Yang and Vousden, 2016). Macropinocytosis, a recently described 

opportunistic pathway of amino acid uptake (Commisso et al., 2013; Pavlova and 

Thompson, 2016), provides one mechanism for coupling cancer cell proliferation with 

amino acid availability. However, tumor cells may also regulate amino acid uptake by 
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modulating the level or activity of specific amino acid transporters (Bhutia et al., 2015). 

Currently, the underlying molecular mechanisms of amino acid transporter regulation in 

cancer are not well understood.

The cystine-glutamate antiporter xCT encoded by the SLC7A11 gene, is highly expressed in 

multiple human cancer types, including triple negative breast cancer and glioblastoma 

(GBM) (Chung et al., 2005; Takeuchi et al., 2012; Timmerman et al., 2013). xCT is a 12-

pass transmembrane protein, which together with its binding partner CD98 (SLC3A2) forms 

the amino acid transporter system xc
−. The primary function of system xC

− is to take up 

cystine, the oxidized dimeric form of cysteine, in exchange for glutamate, contributing to 

tumor growth (Bassi et al., 2001; Lewerenz et al., 2012). In nutrient depleted conditions, 

cystine uptake is critical for glutathione synthesis to buffer reactive oxygen species (ROS), 

whereas in nutrient replete conditions, glutamate can contribute to many anabolic reactions 

(Commisso et al., 2013; Conrad and Sato, 2012; DeBerardinis et al., 2008; Kim et al., 2001). 

Thus, post-translational mechanisms of xCT regulation may be important for enabling tumor 

cells to rapidly respond to changing environmental conditions. In triple negative breast 

cancer, extracellular glutamate inhibits xCT through a paracrine mechanism, inducing HIF 

to drive tumor growth (Briggs et al., 2016), suggesting that xCT may be highly responsive to 

extracellular amino acids. Suppression of xCT activity results in intracellular cysteine 

depletion, which directly inhibits HIF prolyl hydroxylases, thereby inducing HIF to promote 

tumor growth (Briggs et al., 2016). We hypothesized that cell autonomous signaling 

mechanisms could provide an additional route of xCT regulation.

To identify complementary pathways of xCT regulation, we performed an unbiased mass 

spectrometry proteomics screen to identify xCT binding partners. Here we discovered an 

unanticipated mechanism of cross talk between altered growth factor receptor signaling and 

glutamate-cystine metabolism in tumor cells, linking growth factor receptor signaling with 

amino acid metabolism in cancer.

RESULTS

Unbiased screen identifies mTORC2 as a binding partner of xCT

We stably expressed a FLAG-tagged xCT or vector control in GBM cells and used Stable 

Isotope Labeling in Cell culture (SILAC) (Ong and Mann, 2006) coupled to mass 

spectrometry to identify xCT binding partners. xCT-bound complexes were 

immunoprecipitated and subjected to quantitative LC/MS-MS (Figure 1A), revealing 125 

potential xCT binding proteins with a median fold enrichment of xCT/vector > 10, Log10 

(xCT/vector) > 1 (Figure 1B and Table S1), that enriched in pathways involved in cellular 

and protein metabolism by DAVID (Huang da et al., 2009) Gene Ontology (GO) analysis 

(Figure 1C and Table S2). Established xCT binding partners including CD98 (SLC3A2), 

part of system xC
−, and CD44, an obligate binding partner (Ishimoto et al., 2011), were 

identified as well as the recently described binding partner epidermal growth factor receptor 

(EGFR) (Tsuchihashi et al., 2016). Surprisingly, Rictor and mTOR, which are core 

components of mTOR complex 2 (mTORC2), were also identified as potential xCT binding 

partners (Figure 1B). No additional AGC kinases were detected.
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In GBM, lung cancer and triple-negative breast cancer cell lines, Co-Immunoprecipitation 

(Co-IP) experiments confirmed the physical association between xCT and endogenous 

mTORC2 components mTOR and Rictor. Importantly, Raptor, which is specific to mTORC1 

(Figures 1D and S1A), was not identified in the SILAC screen and was not detected by Co-

IP analysis, thus confirming that the physical association with xCT was specific to 

mTORC2. Reverse Co-IP confirmed the binding of xCT to both a FLAG-tagged mTOR and 

a myc-tagged Rictor, in GBM cells (Figure S1B). These data demonstrate that xCT 

specifically interacts with mTORC2, but not mTORC1, in GBM cells.

mTORC2 phosphorylates xCT downstream of growth factor signaling in GBM

mTORC2 is a serine/threonine kinase that is a core-component of altered growth factor 

receptor signaling in some cancer types, including GBM (Masui et al., 2015a; Masui et al., 

2013; Tanaka et al., 2011). EGFRvIII mutation in GBM cells, or ligand stimulation of EGFR 

and/or PTEN loss, activates mTORC2 to promote tumor growth (Tanaka et al., 2011), 

potentially by phosphorylating AGC kinases including Akt, SGK1 as well as several 

members in the PKC family such as PKCα, PKCδ and PKCξ (Jacinto and Lorberg, 2008; 

Kennedy and Lamming, 2016; Pearce et al., 2010). mTORC2 has also recently been 

identified as being responsive to nutrient levels (Masui et al., 2013; Moloughney et al., 

2016), and is involved in regulating a number of essential metabolic pathways in cancer, 

including glycolysis, glutaminolysis, de novo lipid synthesis and nucleotide and ROS 

metabolism (Aramburu et al., 2014; Dang, 2012; Lamming and Sabatini, 2013). Rictor 

overexpression did not affect the levels of xCT mRNA, excluding effects of mTORC2 on 

xCT transcription, at least in the time course studied (Figure S2A). Therefore, we 

hypothesized that mTORC2 could possibly regulate xCT activity through phosphorylation. 

A number of serine and threonine residues on xCT that have been previously reported to be 

potential phosphorylation sites including S26, S51 and S481 (Hornbeck et al., 2015; Lundby 

et al., 2012; Schweppe et al., 2013; Yu et al., 2011; Zhou et al., 2013), could potentially 

serve as targets of mTORC2. Importantly, S26, S51 and S481 are all preceded by an arginine 

at the −3 position (RXXS/T) (Figure 2A), which suggest that they could belong to the broad 

category of AGC kinase family substrates (Alessi et al., 1996; Pearce et al., 2010).

To test the hypothesis that mTORC2 regulates xCT phosphorylation in response to growth 

factor signaling, we knocked down Rictor or Raptor with siRNAs in GBM cells stably 

expressing wild-type EGFR, and examined xCT phosphorylation after stimulation with EGF. 

To broadly monitor the state of xCT serine/threonine phosphorylation, we performed 

immunoprecipitation of cellular lysates using phospho-RXXS/T antibody conjugated beads, 

followed by immunoblotting for myc-tagged xCT. As shown in Figure 2B, EGF stimulation 

increased xCT phosphorylation, which was abrogated by Rictor knockdown, demonstrating 

that EGF signaling promotes xCT serine/threonine phosphorylation in an mTORC2-

dependent manner. Inhibition of mTORC1 has been shown to hyperactivate mTORC2 

signaling through relief of IRS-1 dependent feedback inhibition (Dibble et al., 2009; 

Harrington et al., 2004; Manning, 2004). Consistent with this model, Raptor knockdown 

increased mTORC2 signaling in an IRS-dependent fashion (Figure S2B), leading to elevated 

xCT phosphorylation (Figure 2B). In addition, the mTOR kinase inhibitor Torin1, which 

blocks both mTORC1 and mTORC2 activity (Liu et al., 2010), but not the mTORC1-
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specific inhibitor Rapamycin (Figure S2F), significantly inhibited xCT phosphorylation on 

RXXS/T motifs in GBM cells (Figures 2C and S2F).

mTORC2 phosphorylates and activates downstream AGC kinases including PKCa, Akt and 

SGK1, amplifying the signaling cascade by phosphorylating a much broader range of 

downstream substrates involved in various cellular processes (Laplante and Sabatini, 2009, 

2012). Therefore, we tested the possibility of whether xCT phosphorylation was regulated 

by any of the AGC kinases downstream of mTORC2. Surprisingly, we did not detect 

physical interaction between any AGC kinases including PKCα, Akt or SGK1 and xCT in 

either the SILAC or Co-IP experiments across different cell lines (Table S1 and Figures S2C 

and S2D). Furthermore, neither siRNA-mediated genetic knockdown, nor pharmacological 

inhibition of PKCα, Akt and SGK1 (Halland et al., 2015) suppressed xCT phosphorylation 

upon EGF stimulation (Figures S2E and S2F), suggesting that downstream effector AGC 

kinases are not required for mTORC2-mediated xCT phosphorylation.

xCT is phosphorylated at serine 26 in the cytosolic N-terminus by mTORC2

xCT is a twelve-transmembrane protein (Gasol et al., 2004). We hypothesized that 

mTORC2-dependent phosphorylation of xCT would be more likely to occur on cytosolic 

domains, which are more accessible to kinases including mTORC2 (Figure 3A). Consistent 

with this hypothesis, deletion of xCT’s cytosolic N-terminus completely abrogated the 

phosphorylation of xCT on RXXS/T motifs. In contrast, deletion of xCT’s cytosolic C-

terminus had no effect on xCT phosphorylation (Figures 3B and 3C). Several previous large-

scale quantitative LC/MS-MS phosphoproteomic studies identified phosphorylation of xCT 

on serine 26 at the cytosolic N-terminus (Schweppe et al., 2013; Zhou et al., 2013), 

including the demonstration that xCT serine 26 phosphorylation was decreased by an mTOR 

kinase inhibitor Ku-0063794 but not rapamycin in mouse embryonic fibroblasts (Yu et al., 

2011). In addition, xCT serine 26 resides within an mTOR substrate motif defined in part by 

a proline or glycine at −1 position and a phenylalanine, proline or leucine at the +1 position 

previously identified by Hsu et al (Hsu et al., 2011). These data raised the possibility that 

mTORC2 might regulate xCT by phosphorylating serine 26 of xCT’s N-terminus cytosolic 

domain. Serine 26 of xCT is largely conserved across species (Figure 3D) (Hornbeck et al., 

2015), suggesting that it may be a biologically important phosphorylation site.

To test the hypothesis that mTORC2 regulates xCT by phosphorylating it on serine 26, we 

immunoprecipitated the FLAG-tagged xCT protein, and subjected samples to LC/MS-MS 

analysis after peptide fractionation by hydrophilic interaction chromatography (HILIC) 

(Figure 3E). As shown in Figure 3F, xCT is phosphorylated on serine 26 in GBM cells. To 

determine whether serine 26 of xCT is indeed an mTORC2 substrate, we performed an in 

vitro kinase assay using purified mTORC2 and peptides containing the xCT serine 26 

sequence (Figure S3A). xCT S26 (serine 26) phosphorylation at even higher levels 

compared to Akt S473 (serine 473), an established mTORC2 substrate (Sarbassov et al., 

2005), was detected. Further, the phosphorylation resistant mutant xCT S26A (serine 26 to 

alanine mutation) was not phosphorylated by mTORC2. (Figure 3G). In contrast, xCT S26 

could not be phosphorylated by SGK1, and phosphorylation of xCT S26 by Akt1 was 

markedly less than that of GSK3β, a known Akt1 substrate (Figure S3B). Importantly, xCT 
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S26A mutant could no longer be phosphorylated upon growth factor stimulation in GBM 

cells (Figures 3H and S3C) and phosphorylation of the S26A xCT did not change in 

response to Torin1 treatment (Figure 2C). Taken together, these data suggest that mTORC2 

phosphorylates xCT on serine 26 in response to EGFR signaling.

Phosphorylation resistant mutant S26A increases xCT activity

To examine the effect of mTORC2-dependent phosphorylation of serine 26 on xCT function, 

we measured glutamate secretion using a series of strategic mutants. First, we deleted either 

the cytosolic N or C terminus of xCT, revealing that both domains were important for xCT 

function, as measured by glutamate secretion (Figure S4A), although the mechanisms by 

which each domain regulates xCT activity appeared to differ. Deletion of the C-terminus of 

xCT prevented it from binding to CD98 (Figures S4B and S4C), which is required for xCT 

recruitment onto the plasma membrane (Bassi et al., 2001). In contrast, the interaction 

between CD98 and xCT remained intact in the N-terminus deletion mutant, indicating that 

the cytosolic N-terminus regulates xCT function through alternative mechanisms (Figures 

S4B and S4C). This prompted us to test whether serine 26 phosphorylation could be the 

point of regulation at the N-terminus of xCT.

In the previous Co-IP experiment, we observed that the endogenous xCT could bind to the 

exogenously overexpressed xCT protein (Figure S2C). Thus, to exclude potential effects of 

endogenous xCT binding, we obtained xCT knockout MEFs and generated stable cell lines 

overexpressing the wild-type xCT, or the phosphorylation resistant mutant S26A (Figure 

4A). Since the glutamate transport function of xCT is Na+ independent and requires the 

presence of extracellular cystine, we measured glutamate secretion in xCT KO MEF cell 

lines in a Na+ free PBS buffer system as reported previously (Kobayashi et al., 2015), and 

compared glutamate secretion in the absence or presence of cystine as well as the xCT 

inhibitor sulfasalazine (SAS) (Gout et al., 2001) to exclude possible glutamate efflux 

through other transporters. The phosphorylation resistant mutant S26A significantly 

increased glutamate secretion (Figure 4B). Together, these data suggest that xCT activity is 

increased when mTORC2 mediated phosphorylation on serine 26 is ablated.

mTORC2 inhibition increases xCT activity, cystine uptake, and incorporation into 
glutathione

Having shown that inhibition of the mTORC2-mediated phosphorylation on serine 26 

increases xCT activity, we hypothesized that inhibition of mTORC2 should also have the 

same effect. Genetic inhibition of mTORC2 by two different Rictor shRNAs significantly 

increased glutamate secretion through xCT (Figures 4C, S4D and S4E). Treatment with 

Torin1 phenocopied Rictor knockdown, significantly increased xCT-specific glutamate 

secretion (Figures 4D, S4D and S4E) and cystine uptake (Figure 4E) in multiple GBM cell 

lines, as well as in triple negative breast cancer and lung cancer cell lines - which have high 

levels of xCT and mTORC2 activity (Figure S4E) (Briggs et al., 2016; Masui et al., 2013), 

while xCT is not affected by Torin1 in normal human astrocytes (NHA) (Figure S4F). These 

results demonstrate that genetic inhibition of mTORC2 or pharmacological inhibition of 

mTOR kinase increases xCT activity.

Gu et al. Page 6

Mol Cell. Author manuscript; available in PMC 2018 July 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



GBM cells as well as many other cancer cells are well known for relying on uptake of 

extracellular cystine for glutathione synthesis (Chung et al., 2005). Therefore, we performed 

metabolic tracer analysis using 13C-labeled cystine, to examine whether cystine 

incorporation into glutathione is consistent with increased cystine uptake by mTOR kinase 

inhibition. As predicted by our model, Torin1 treatment enhanced cystine uptake (Figure 4E) 

and incorporation of the labeled cystine into glutathione (Figure 4G). Labeled cystine 

incorporation into both GSH and GSSG was increased over time in Torin1 treated cells 

before steady state was reached with 100% labeling at 24h (Figures 4F and 4G). In addition, 

xCT knockdown further significantly decreased glutathione levels in addition to Torin1 

(Figure 4H), and combination of an xCT inhibitor erastin with Torin1 resulted in significant 

GBM cell death while cell survival was not affected by either drug alone (Figure 4I), 

indicating that increased xCT activity has a major contribution to glutathione synthesis and 

GBM cell survival upon pharmacological mTOR kinase inhibition. More importantly, 

consistent with our previous findings that mTORC2 activity is responsive to glucose 

availability in GBM cells, glucose deprivation also inhibited mTORC2-mediated xCT 

phosphorylation upon EGF stimulation (Figure S4G). Taken together, these data demonstrate 

a critical role for mTORC2 in linking growth factor receptor signaling with glucose, amino 

acid and glutathione metabolism in cancer.

DISCUSSION

By using an unbiased proteomic screen for xCT binding partners, followed by functional 

validation, we have made the surprising discovery that mTORC2 regulates amino acid 

metabolism in tumor cells by phosphorylating serine 26 of the cystine-glutamate antiporter 

xCT on its cytosolic N-terminus to suppress glutamate secretion. Aberrant growth factor 

receptor signaling and or c-MYC activation increase glutamine uptake, converting it to 

glutamate to provide tumor cells with a carbon source for TCA anaplerosis as well as a 

nitrogen source for protein and nucleotide synthesis (Altman et al., 2016; DeBerardinis et 

al., 2008; Masui et al., 2015a). Thus, when microenvironmental nutrient levels are sufficient 

to support tumor cell proliferation, it would be disadvantageous for cancer cells to secrete 

glutamate. The mechanism identified here ensures that glutamine-derived glutamate can be 

used primarily for tumor growth when extracellular nutrient levels can support it. However, 

when nutrients become scarce, it would be advantageous for tumor cells to increase xCT-

dependent cystine uptake at the expense of glutamate efflux, enabling tumor cells to buffer 

cellular redox stress by synthesizing glutathione from xCT-derived cystine. Therefore, the 

mechanism described here enables tumor cells to adapt to changing nutrient levels, linking 

proliferative signals to environmental conditions. It is interesting to note that mTORC2 has 

recently been shown to require either glucose or acetate in order to phosphorylate its 

downstream substrates (Masui et al., 2015b), raising the possibility that under nutrient poor 

conditions, lower mTORC2 signaling could tilt the balance from proliferation to survival, at 

least in part by favoring glutamate efflux, cystine uptake and glutathione synthesis to protect 

tumor cells from cellular stress.

xCT is a 12-pass transmembrane protein that has two serine residues preceded by an 

arginine at the −3 position (RXXS/T) , S26, S51 on its N-terminus that may serve as 

consensus phosphorylation sites for mTORC2. Unlike S51, which lies in the transmembrane 
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domain, S26 is predicted to reside on the cytoplasmic face of the membrane, where it could 

be engaged by mTORC2 (Gasol et al., 2004; UniProt, 2015). Interestingly, in a SILAC-

based mass spectrometric screen of TSC null MEFs to identify mTOR regulated proteins 

which identified Grb10 as an mTORC1 substrate, Yu and colleagues identified serine 26 of 

xCT as a site whose phosphorylation is inhibited by the mTOR kinase inhibitor 

Ku-0062794, but not by rapamycin (Yu et al., 2011), consistent with our finding that xCT 

serine 26 is an mTORC2 substrate. mTORC2 is thought to promote its biological activity by 

phosphorylating AGC kinases such as AKT, PKC and SGK1 which in turn phosphorylate 

their downstream substrates (Laplante and Sabatini, 2009, 2012). It is interesting to note that 

we found no evidence of xCT binding to these AGC kinases either by SILAC-Mass 

Spectrometry, or in the Co-IP studies, suggesting that mTORC2 may directly regulate xCT 

serine 26 phosphorylation.

High xCT levels are associated with poor outcome in a number of cancer types, including 

glioblastoma (Robert et al., 2015) and triple negative breast cancer (Timmerman et al., 

2013). The mTORC2-dependent mechanism reported here, in addition to a recently 

described paracrine mechanism of xCT reported by Briggs and colleagues (Briggs et al., 

2016), suggests that regulation of xCT function by post-translational modification may be 

critical for its tumor promoting effects. In triple negative breast cancer cells, high 

extracellular glutamate levels were demonstrated to suppress xCT function, depleting tumor 

cells of intracellular cysteine. Intracellular cysteine depletion was shown to cause oxidation 

of specific cysteine residues of the prolyl hydroxylase EglN1, thereby suppressing EglN1-

dependent HIF1 α degradation, thus elevating intra-tumoral HIF1 α levels to drive tumor 

growth (Briggs et al., 2016). In addition, a recent study suggests that xCT plays an important 

in regulating nutrient flexibility (Shin et al., 2017). Our results identified an important 

molecular mechanism linking growth factor signaling with anapleurotic flux through 

phosphorylation of xCT on serine 26. Future studies will be needed to determine whether 

there is any cooperation between these complementary post-translational regulatory 

mechanisms.

The diversity of metabolic adaptations employed by cancer cells in response to rapidly 

changing conditions, contributes to their biological aggressiveness and therapeutic resistance 

by enabling them to proliferate when nutrients are plentiful and to shift their resources to 

survival when nutrients are scarce (Palm et al., 2015). The results presented here 

demonstrate that mTORC2 controls cystine uptake and glutathione metabolism by directly 

phosphorylating xCT, thus linking altered growth factor receptor signaling with amino acid 

metabolism and ROS buffering in cancer.

Star Methods Text

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Dr. Paul Mischel (pmischel@ucsd.edu).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and cell culture—All cell lines used in this study are listed in the Key 

Resource Table. Human cell lines (including U87, U87wtEGFR, U87EGFRvIII, U251, 

T98G, U373, Hs578T, MDA-MB-231, A549, HEK293T) were cultured in DMEM 

supplemented with 10% FBS. U87wtEGFR and U87EGFRvIII isogenic cell lines were 

established as described previously (Wang et al., 2006) Cell lines were not authenticated as 

they were obtained from ATCC. xCT KO MEFs were a kind gift from Dr. Hideyo Sato, 

Yamagata University, Japan (Kobayashi et al., 2015) and were cultured in DMEM 

supplemented with 10% FBS and additionally supplemented with 50uM β-mercaptoethanol. 

xCT KO MEFs were authenticated using PCR to confirm knockout of the xCT gene. 

GBM39, GBM6 and GSC11 patient-derived neurosphere lines were cultured in NeuroCult 

medium supplemented with epidermal growth factor, fibroblast growth factor, and heparin. 

Normal Human Astrocytes (NHA) were obtained from LONZA and were not authenticated. 

NHAs were cultured according to the manufacturer’s protocol using the AGM BulletKit. All 

cells were cultured in a humidified incubator with 5% CO2 at 37 °C.

METHOD DETAILS

Glutamate Secretion Assay—Glutamate secretion from cells were measured using a 

Nova BioProfile Basic Analyzer (Nova Biomedical), or with the Amplex® Red Glutamic 

Acid/Glutamate Oxidase Kit. Briefly, cells were seeded in triplicates in 6-well plates at 

optimal density, and 24 h before measurement cells were washed three times with 1 × PBS 

and changed to 1 ml fresh DMEM media supplemented with 5% dialyzed FBS, including 

three wells without cells as blank control. After incubation, media were collected from each 

well and analyzed by the BioProfile Basic Analyzer or using the Amplex® Red Glutamic 

Acid/Glutamate Oxidase Kit according to manufacturer’s instructions. Cell numbers were 

determined using the TC20TM Automated Cell Counter (Bio-Rad). Glutamate secretion was 

calculated by subtracting the levels of glutamate in the blank control and normalized to cell 

counts for each sample.

SILAC Labeling and Mass Spectrometry—U87EGFRvIII cells stably expressing the 

vector control or FLAG-xCT were cultured in DMEM SILAC media that lack lysine and 

arginine and supplemented with 10% dialyzed FBS. 12C6-L-arginine and 12C6-L-lysine 

were supplemented to the vector control cells and 13C6, 15N4-L-arginine and 13C6, 15N2-

L-lysine were supplemented to the FLAG-xCT cells. Cells were passaged at least five times 

to ensure complete labeling (Ong and Mann, 2006). SILAC labelled cells were lysed in 

Pierce IP lysis buffer supplemented with Halt Protease and Phosphatase Inhibitor Cocktail. 

Protein lysates were cleared by centrifugation and incubated with anti-FLAG M2 affinity gel 

overnight at 4 °C. FLAG-xCT and its binding proteins were eluted with 0.1 M glycine, pH 

2.5 at room temperature with rotation for 2 min and then neutralized with 1 M Tris-HCl, pH 

7.8. The eluted proteins were then reduced, alkylated and digested with 1 µg of trypsin. 

Digested peptides were desalted using a 50 mg Sep-Pak C18 cartridge and fractionated using 

HILIC (Hydrophilic Interaction Liquid Chromatography) with a linear gradient from 

19%-32% H2O with 0.01% TFA over 24 minutes on an TSKgel Amide-80 1 mm inner 

diameter column (TOSOH BioSci). The HILIC fractions were analyzed by LC-MS/MS on a 

LTQ XL-Orbitrap Discovery mass spectrometer with one full scan followed by 10 MS2 
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dependent scans. A Dionex UltiMate 3000 RSLC nano pump was used with a 70min 

gradient from 12–33% acetonitrile with 0.1% formic acid and a flow rate of 300 nl/min.

Western Blotting—Cultured cells were lysed with RIPA lysis buffer, and supplemented 

Halt Protease and Phosphatase Inhibitor Cocktail. Protein concentration of each sample was 

determined with Bradford Assay using the Protein Assay Dye Reagent Concentrate. Equal 

amounts of protein extracts were mixed with 4 × Laemmli sample buffer and separated by 

electrophoresis on 4–12% NuPAGE Bis-Tris Mini Gel, and then transferred using the Trans-

Blot® TurboTM Transfer System (BioRad) onto nitrocellulose membranes. Membranes 

were blocked with 5% bovine serum albumin (BSA) and incubated with corresponding 

primary antibodies and horseradish peroxidase-conjugated secondary antibodies. The 

immunoreactivity was detected with SuperSignal™ West Pico Chemiluminescent Substrate 

or SuperSignal™ West Femto maximum Sensitivity Substrate. Signals were captured and 

analyzed using the Bio-Rad ChemiDoc™ MP Imaging system and the Image Lab™ 

Software (Bio-Rad).

Co-immunoprecipitation (Co-IP) and Immunoprecipitation (IP)—Cells were lysed 

with Pierce IP lysis buffer and supplemented with Halt Protease and Phosphatase Inhibitor 

Cocktail. Protein concentrations were determined by Bradford Assay using the Protein 

Assay Dye Reagent Concentrate for each sample and equal amounts of protein lysates were 

incubated with antibody-conjugated beads as indicated at 4 °C overnight with end-to-end 

rotation. Protein-bound beads were then washed 3–4 times with wash buffer according to 

manufacturer’s instructions provided for different beads used in the experiment. Proteins 

were then eluted with 3 × FLAG peptide for Co-IP with the anti-FLAG®M2 affinity gel; or 

with 0.1 M glycine, pH 2.5 at room temperature with rotation for 2 min and then neutralized 

with 1 M Tris-HCl, pH 7.8 for all the other Co-IP and IP experiments. Both input and eluate 

samples were analyzed by SDS-PAGE and immunoblotting.

Generation of transient and stable protein overexpression cell lines—Transient 

overexpression of mTOR, Rictor and Raptor in U87 cells was performed by transfecting one 

10mm plate of 80–90% confluent U87 cells with 10 µg of FLAG-mTOR (Vilella-Bach et al., 

1999), myc-Rictor-corrected (Sarbassov et al., 2004), or HA-Raptor (Kim et al., 2002) DNA 

plasmids using X-tremeGENE™ HP DNA Transfection Reagent at 1:3 plasmid / reagent 

ratio in DMEM media supplemented with 10% FBS. Media were changed after 24 h of 

incubation and cells were harvested at 48 h post-transfection. The FLAG-Rictor plasmid was 

generated by cloning the Rictor gene from the myc-Rictor plasmid into the p3xFLAG-

CMV-10 Expression Vector. Stable overexpression of wild type and mutant xCT cell lines 

were established using the lentiviral expression system. Briefly, Myc-DDK-tagged 

SLC7A11 cDNA was cloned into the lentiviral expression vector pLVX-Puro using a pair of 

pLVX-puro-xCT primers. The xCT point mutants S26A was generated using the 

QuikChange Multi Site-Directed Mutagenesis Kit. The xCT N-terminus deletion mutant was 

generated by PCR, and the C-terminus deletion mutants was generated by fusion PCR using 

two sets of primers. Cloning primers are listed in Table S3. Lentivirus were packaged in 

HEK293T cells by transfecting cells with pLVX-Puro-xCT plasmids together with lentiviral 

packaging plasmids TAT, Gag/Pol, VSVG and Rev using the X-tremeGENE™ HP DNA 
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Transfection Reagent. Media was changed after 16 h of transfection and virus were collected 

after 48 h. U87EGFRvIII cells were infected with virus in the presence of 12.5 µg/ml 

Polybrene for 24 h and selected with 1 µg/ml puromycin for at least one week to establish 

stable overexpression cell lines before used for experiments.

Transient and stable knockdown of proteins using siRNA and shRNA—
Transient knockdown of proteins was achieved by transfection of siRNAs using 

Lipofectamine® RNAiMAX Transfection Reagent in DMEM media supplemented with 

10% FBS. Media were changed after 24 h of transfection and cells were harvested 48 h post-

transfection or with an additional 24 h of drug treatment. All siRNAs were obtained from 

GE Dharmacon except for the siRNA targeting xCT was custom synthesized by GE 

Dharmacon. Lentiviral shRNA plasmids scramble shRNA, Rictor_1 shRNA and Rictor_2 

shRNA (Sarbassov et al., 2005) were used to generate stable mTORC2 knockdown cell lines 

shscramble, shRictor1 and shRictor2. Generation of stable knockdown cell lines was also 

performed using the lentiviral delivering system similar to the procedure described above for 

stable overexpression cell lines. Cells were all selected for at least one week and kept in 1 

µg/ml puromycin before used for further experiments.

RNA Extraction and Real-Time PCR (RT-PCR)—Total RNA was extracted using the 

RNeasy Mini Kit. RNA concentrations were measured and 1 µg of RNA was used from each 

sample for cDNA synthesis using the SuperScript® VILOTM cDNA Synthesis Kit. RT-PCR 

was performed using the 2 × SYBR Green qPCR Master Mix (Bimake, B21202) on the 

CFX96 Real-Time PCR Detection System (Bio-Rad) following the manufacturer’s 

instructions. Results were analyzed using the delta delta Ct method and TPB was used as the 

reference gene. Primer sequences were listed in Table S3.

Protein Sequence Analysis—Human xCT protein sequence was downloaded from 

UniProtKB with the accession number Q9UPY5. The complete sequence was scanned 

through for serine/threonine residues proceeded with arginine at the −3 position, hence the 

RXXS/T motif. xCT 2D structure was constructed based on the sequence analysis and 

predicted topology information available on UniProtKB (UniProt, 2015).

In Vitro Kinase Assay—mTORC2 was purified from HEK293T cells transiently 

overexpressing FLAG-Rictor. Cells were lysed as described above using IP lysis buffer and 

lysates were subjected to IP using anti-FLAG®M2 affinity gel at 4 °C for 2 h, and mTORC2 

was eluted using 3xFLAG peptide at 4 °C for an additional 30 min. Biotinylated Peptide 

substrates [GYXXXX(S/A)XXXXGRRRRR] were custom synthesized by EZBiolab, and 

peptide sequences were listed in Figure S3A. In vitro kinase assay was carried out by 

incubating 0.1 mM peptide with IP-purified mTORC2, recombinant Akt1 or SGK1 kinase in 

kinase reaction buffer (25 mM HEPES pH 7.4, 50 mM KCl, 10 mM MgCl2) together with 

50 µM cold ATP and 5 µCi [γ-32P]ATP for 1 h at room temperature and terminated with 0.5 

volume of M guanidine hydrochloride. Each reaction was performed in triplicates and µl of 

reaction mix was spotted onto SAM2® Biotin Capture Membrane. Membranes were washed 

and dried according to manufacturer’s instructions. Radioactivity was determined by 
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autoradiography and quantified by scintillation counting. Data was analyzed using GraphPad 

Prism 7.

xCT activity assay—Glutamate secretion in xCT KO MEF cell lines were measured 

using a Na+ free PBS buffer system to exclude other glutamate transporter activity as 

reported (Kobayashi et al., 2015). Briefly, cells were seeded in 6-well plates at optimal 

density, washed three times with prewarmed Na+ free PBS buffer (137 mM choline chloride, 

3 mM KCl, 0.01% CaCl2, 0.01% MgCl2 and 0.1% glucose, pH 7.4) and incubated in 1 ml 

Na+ free PBS buffer without cystine, with 500 µM cystine, or with 500 µM cystine and 500 

µM SAS at 37 °C for 1 h. After incubation, supernatants were collected from each well and 

analyzed using the Amplex® Red Glutamic Acid/Glutamate Oxidase Kit. Glutamate 

secretion was calculated by subtracting the blank control, normalized to cell counts as well 

as cell surface xCT levels for each sample.

Cell Surface Protein Purification—Cell Surface proteins were purified using the 

PierceTM Cell Surface Protein Isolation Kit according to manufacturer’s instructions. 

Briefly, cells were washed with cold PBS and incubated with Sulfo-NHS-SS-Biotin at 4°C 

for 30min to label cell surface proteins. After labeling the reaction was quenched and cells 

were collected and lysed. Protein concentrations of lysates were determined using Bradford 

assay and equal amount of proteins from each sample were incubated with NeutrAvidin 

Agarose gels at 4 °C overnight to purify labeled cell surface proteins. After incubation 

proteins were eluted and subject to SDS-PAGE and immunoblotting analysis.

Cystine Uptake Assay—Sodium-independent cystine uptake through xCT was measure 

using a sodium nitroprusside based assay as described previously (Nakagawa and Coe, 

1999). Briefly, cells were seeded at optimal confluency in 6-well plates and treated with 

drugs as indicated in the paper. After drug treatment, cells were first washed three times with 

1 × PBS at room temperature, and pre-incubated in 1 ml cystine uptake buffer (122 mM 

choline chloride, 1.8 mM KCl, 1.3 mM CaCl2, 1.2 mM potassium phosphate, 25 mM 

Triethylammonium bicarbonate, 10 mM glucose, 0.4 mM MgSO4, pH7.4) for 15 min before 

1 µM L-cystine was added and further incubated for 1 h at 37 °C. 500 µl uptake buffer was 

collected from each well and centrifuged at 14,000 × rpm for 2 min. 400 µl of the 

supernatant was added to cuvettes containing 300 µl 10% NaCN, 100 µl ddH2O and 1 ml 

150 mM choline chloride, pipetted to mix and incubated at room temperature for 20 min. 

Then 100 µl of 20% sodium nitroprusside solution was added to the cuvette, mixed and 

absorbance was read at 521 nm using a NanoDrop 2000c Spectrometer immediately within 1 

min. Cystine concentrations was calculated using a standard curve and cystine uptake was 

calculated by subtracting from blank controls without cells and normalized to cell counts 

from each well.

Metabolite Extraction and LC-MS/MS Metabolomics Analysis—Cells were 

washed three times with 1 × PBS and incubated in DMEM supplemented with 5% dialyzed 

FBS for 24 h before sample extraction. Cells were rinsed quickly on ice with ice cold 150 

mM ammonium acetate (NH4AcO) and scraped off in 1 ml ice cold 80% methanol and 

collected into Eppendorf tubes. 5 nmol of norvaline was added to the cell suspension as 
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internal control and the tubes were vortexed and spun down at 15,000 rpm for 5 min at 4 °C. 

Cell pellets were re-extracted with additional 200 µl of cold 80% methanol and supernatants 

were combined and transferred into glass vials and dried under vacuum. Metabolites were 

resuspended in 50 µl 70% acetonitrile (ACN) and 5 µl was used for analysis on a Q Exactive 

Orbitrap Mass Spectrometer (Thermo Scientific) in polarity-switching mode with positive 

voltage 3.0 kV and negative voltage 2.25 kV. The mass spectrometer was coupled to an 

UltiMate 3000RSLC (Thermo Scientific) UHPLC system. Mobile phase A was 5 mM 

NH4AcO, pH 9.9, B was ACN, and the separation achieved on a Luna 3 mm NH2 100 A 

(150 × 2.0 mm) (Phenomenex) column. The flow was 300 µl/min, and the gradient ran from 

15% A to 95% A in 18 min, followed by an isocratic step for 9 minutes and reequilibration 

for 7 minutes.

Total Glutathione Measurement—Total cellular glutathione was measured using the 

GSH/GSSG-Glo™ Assay Kit. Briefly, cells were seeded at 1000 cells/well in 96 well plates 

after 48 h of siRNA transfection and treated with DMAO or Torin1 for an additional 24 h. 

After treatment media was removed and cells were lysed on a plate shaker for 5 min with 

Total Glutathione Reagent provided by the kit and transferred to a white 96 well plate. 

Subsequent reagents were added following manufacturer’s protocol and luminescence was 

measured using a Tecan Infinite M1000 microplate reader (Tecan) and normalized to cell 

counts from parallel wells for each treatment condition.

FITC-Annexin V/PI Apoptosis Assay—Cells were seeded in 6-well plates at 80,000–

100,000 cells/well. Next day media was changed to regular DMEM supplemented with 5% 

FBS together with indicated drug treatment for 24 h. Cells were then trypsinized and 

resuspended in fresh media and combined with media supernatant to ensure collection of the 

dead cells. Cell suspension were spanned down at 400xg for 4 min and resuspended in 100ul 

1x Annexin V binding buffer. Annexin V / PI staining was performed using the FITC 

Annexin V Apoptosis Detection Kit I according to the manufacturer’s protocol. After 15min 

of incubation additional 1 × binding buffer was added before samples were analyzed by flow 

cytometry using the BD LSRII flow cytometer (BD Biosciences). Data analysis was 

performed using the Kaluza Analysis Software and GraphPad Prism 7.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis—Data were all presented as mean ± standard error of the mean 

(SEM). Statistical analysis was performed using two-tail unpaired Student’s t test for 

experiments where two means are compared unless specified otherwise. One-way analysis 

of variance (ANOVA) and two-way ANOVA was used when needed to compare means of 

three or more experimental groups and were indicated in the figure legend. Details of 

calculation and how statistical significance was determined, number of replicates, as well as 

p values were specified in corresponding figure legend.

LC/MS Proteomics Data Analysis—MS data were searched on Sorcerer2-SEQUEST 

using the reviewed Swiss-Prot human database with the following static and variable 

modifications for the two IPs. The modifications for the SILAC IP were K 8.0142 (variable, 

heavy lysine), R 10.00827(variable, heavy arginine), M 15.994920 (static, oxidation), and C 
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57.021465 (static, carbamidomethyl). The modifications for the phosphorylation 

identification IP were STY 79.963311(variable, phosphorylation), M 15.994920 (static, 

oxidation), and C 57.021465 (static, carbamidomethyl). The Trans-Proteomic Pipeline V4.3 

JETSTREAM rev1 was used to analyze the search result. A PeptideProphet of 0.8 was 

applied and the common contaminants were removed; the identified peptides were 

quantified using XPRESS and a minimal ion intensity of 1.0E3 was used to calculate the 

abundance ratio. At least three unique peptides were required for a protein or a protein 

complex to be identified as an xCT binding protein, and the median abundance ratio for each 

identified protein was calculated and plotted.

Gene Ontology (GO) Analysis—The enrichment of GO terms (http://

www.geneontology.org/) of xCT physically interacted proteins were calculated by Fisher’s 

exact test using the DAVID bioinformatics resources (Huang da et al., 2009). A Benjamini-

Hochberg-corrected false discovery rate (FDR) ≤ 0.05 was used to determine the enriched 

functions.

LC/MS Metabolomics Data Analysis—Metabolites were detected based on a delta ppm 

of 3 or less and retention time accuracy relative to purchased standards of 30 sec or less and 

quantified as area under the curve (AUC) using the TraceFinder 3.3 (Thermo Scientific) 

software. Relative amounts of metabolites as well as percentage of labeling were calculated 

and normalized to control samples (DMSO treatment or si scramble knockdown) as well as 

total cell numbers.

DATA AND SOFTWARE AVAILABILITY

Original imaging data have been deposited to Mendeley Data and are available at: http://

dx.doi.org/10.17632/46v4njmrs3.1. DAVID bioinformatics resources are available at: https://

david.ncifcrf.gov/home.jsp. The mass spectrometry proteomics data have been deposited to 

the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the 

PRIDE partner repository (Vizcaino et al., 2013) with the dataset identifier PXD006461.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. xCT physically interacts with mTOR Complex 2 in GBM cells
(A) A brief schematic of the SILAC labeling and Mass Spectrometry experiment performed 

to identify xCT specific binding proteins in U87EGFRvIII cells.

(B) The median fold enrichment of the identified proteins was plotted on a Log10 scale as 

xCT versus vector. A cutoff of Log10 (xCT/vector) <1 was applied and indicated by the 

shaded area below the dash line. Known xCT binding proteins as well as mTOR and Rictor 

were labeled in red.
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(C) DAVID gene ontology (GO) analysis was performed using the list of 125 potential xCT 

binding proteins identified in (B). Top 10 enriched biological pathways were plotted using 

the – (Log10 FDR). The enriched pathway that contain both mTOR and Rictor were 

indicated in red and the full gene list of each pathway can be found in Table S2.

(D) Co-immunoprecipitation (Co-IP) was performed to validate mTOR and Rictor as xCT 

binding proteins in GBM (T98G), breast cancer (MDA-MB-231, Hs578T), and lung cancer 

(A549) cell lines stably expressing the FLAG-tagged xCT or vector control.

See also Figure S1, Table S1 and Table S2.
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Figure 2. mTORC2 phosphorylates xCT downstream of growth factor signaling
(A) RXXS/T motifs on xCT were listed by analyzing xCT protein sequence. S26 (in red) 

phosphorylation was detected in our study and has been reported by others. S51 and S481 

(in blue) phosphorylation were reported on PhosphoSitePlus but were not detected in our 

experiments. Phosphorylation of the remaining RXXS/T sites (in black) on xCT has not 

been reported in any other studies or observed in our experiments (Hornbeck et al., 2015). 

(http://www.phosphosite.org/uniprotAccAction?id=Q9UPY5.)

Gu et al. Page 21

Mol Cell. Author manuscript; available in PMC 2018 July 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.phosphosite.org/uniprotAccAction?id=Q9UPY5


(B) Immunoprecipitation (IP) - western blot was performed in U87 cells stably expressing 

wtEGFR and myc-tagged xCT. Cells were serum starved for 24 h post 24 h of transfection 

with siRNA before stimulation with 25 ng/ml EGF. Cell lysates were collected at indicated 

time points and subjected to pRXXS/T IP and western blotting analysis.

(C) U87EGFRvIII cells stably overexpressing xCT or vector control were treated with 250 

nM Torin1. Protein lysates were collected over a time course of 24 h for IP-western blot to 

determine xCT phosphorylation on RXXS/T motifs.

See also Figure S2.

Gu et al. Page 22

Mol Cell. Author manuscript; available in PMC 2018 July 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. mTORC2 phosphorylates xCT on serine26
(A) A simplified schematic diagram of xCT 2D structure constructed based on sequence and 

predicted domains of xCT obtained from UniProt-KB. Transmembrane domains were shown 

as cylinders. Potential phosphorylation sites within RXXS/T motifs were labeled with the 

same color code as in Fig.2A.

(B) A simplified schematic diagram depicting xCT mutants generated and used in the 

following experiments.
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(C) Phosphorylation on RXXS/T motifs in wildtype and mutant xCT were analyzed by 

pRXXS/T IP and western blot.

(D) Phosphorylation on xCT serine 26 is conserved across species. (Hornbeck et al., 2015). 

(http://www.phosphosite.org/uniprotAccAction?id=Q9UPY5.)

(E) Schematic of LC-MS/MS to identify potential phosphorylation sites on xCT in GBM 

cells.

(F) Tandem mass spectrometry (MS/MS) spectra showing phosphorylation of xCT on serine 

26 in U87EGFRvIII cells.

(G) In vitro kinase assay was carried out by incubating mTORC2 IP-purified from 

HEK293T cells, peptide substrates and [γ-32P]-ATP in kinase reaction buffer at room 

temperature for 1 h. Scintillation counts from three independent replicates were presented as 

mean counts per minute (cpm) ± SEM. Statistical analysis was performed using one-way 

ANOVA. *** refers to p value < 0.001. n.s. refers to not statistically significant.

(H) IP-western blot detecting wild-type or S26A mutant xCT phosphorylation on RXXS/T 

motifs upon EGF stimulation.

See also Figure S3.
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Figure 4. Inhibition of xCT phosphorylation on serine 26 increases glutamate/cystine transport 
and supports glutathione synthesis
(A) Cell surface and total protein levels of xCT were analyzed by western blotting in xCT 

KO MEFs stably overexpressing vector control, wt xCT and xCT S26A. Band intensities 

were quantified by densitometry and relative surface xCT levels was calculated, and 

normalized to Na, K-ATPase as loading control of cell surface proteins.

(B) xCT activity assay was performed in xCT KO MEFs stably overexpressing vector 

control, wt xCT and xCT S26A. Glutamate secretion was measured using the AmplexRed 

glutamate assay kit, calculated and normalized to cell counts and cell surface xCT protein 
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levels. Results were obtained from three replicates and data are presented as mean ± SEM. 

Statistical analysis was performed using one-way ANOVA. *** refers to p value < 0.001.

(C) Glutamate secretion was measured using the AmplexRed glutamate assay kit in 

U87EGFRvIII cells with stable Rictor knockdown using two different shRNAs. Results were 

obtained from three independent replicates and data are presented as mean ± SEM. *** 

refers to p value < 0.001. Statistical analysis was performed using two-way ANOVA 

comparing the mean of shRictor1 and shRictor2 to shscramble control.

(D) Glutamate secretion was measured in U87EGFRvIII cells treated with Torin1 for 24 h 

after transfected with 50 nM siRNA targeting xCT for 48 h by NOVA Bioprofile 400 

analyzer. Results were obtained from three independent replicates and data are presented as 

mean ± SEM. **refers to p value < 0.01. n.s. refers to not statistically significant. Statistical 

analysis was performed using two-way ANOVA comparing the mean of Torin1 to DMSO 

control in each conditions.

(E) Cystine uptake was measured in U87EGFRvIII cells after treatment with 250 nM Torin1 

for 24 h using a sodium cyanide and sodium nitroprusside based assay (Egea et al., 2015; 

Nakagawa and Coe, 1999). Results were obtained from seven replicates and data are 

presented as mean ± SEM. *** refers to p value < 0.001.

(F) A brief schematic showing the labeling process of GSH and GSSG with [3,3’-13C2] L-

Cystine.

(G) Exogenous cystine incorporation into newly synthesized glutathione was determined by 

labeling cells with [3,3’-13C2] L-Cystine together with 24 h of DMSO or Torin1 treatment in 

DMEM supplemented with 5% dialyzed FBS. The labeling percentage of both GSH and 

GSSG by [3,3’-13C2] L-Cystine were calculated. Each column represents three replicate 

samples collected at each time point. Data are presented as mean ± SEM. *** refers to p 

value < 0.001. n.s. refers to not statistically significant.

(H) Total cellular GSH levels were measured using the GSH/GSSG-Glo™ Glutathione 

Assay Kit (Promega). U87EGFRvIII cells were treated with DMSO or 250 nM Torin1 for 24 

h after being transfected with xCT siRNA for 48 h. Total cellular GSH levels were 

normalized to blank control and cell counts. Results were obtained from three replicate 

samples and data are presented as mean ± SEM. Statistical analysis was performed using 

one-way ANOVA. *** refers to p value < 0.001.

(I) U87EGFRvIII cells were treated with DMSO or 250 nM Torin1 with or without µM 

erastin which has been reported to induce ferroptosis in several cancer cell lines. Cells were 

collected and stained with FITC-Annexin V and PI after 24 h of treatment and cell death was 

analyzed by flow cytometry. %Ferroptotic cells shown in the bar graph on the right was 

calculated by adding up the percentage of cells in the upper and lower right quadrant in each 

graph on the left.

See also Figure S4.
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