
UC San Diego
UC San Diego Previously Published Works

Title
mTORC2 Regulates Amino Acid Metabolism in Cancer by Phosphorylation of the Cystine-
Glutamate Antiporter xCT

Permalink
https://escholarship.org/uc/item/5x41n1q6

Journal
Molecular Cell, 67(1)

ISSN
1097-2765

Authors
Gu, Yuchao
Albuquerque, Claudio P
Braas, Daniel
et al.

Publication Date
2017-07-01

DOI
10.1016/j.molcel.2017.05.030
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5x41n1q6
https://escholarship.org/uc/item/5x41n1q6#author
https://escholarship.org
http://www.cdlib.org/


Short Article
mTORC2 Regulates Amino
 Acid Metabolism in
Cancer by Phosphorylation of the Cystine-Glutamate
Antiporter xCT
Graphical Abstract
Highlights
d The cystine-glutamate antiporter xCT physically interacts

with mTORC2

d Phosphorylation of serine 26 bymTORC2 inhibits xCT activity

d Inhibition of mTORC2 enhances xCT-mediated cystine

uptake and glutathione synthesis
Gu et al., 2017, Molecular Cell 67, 128–138
July 6, 2017 ª 2017 Elsevier Inc.
http://dx.doi.org/10.1016/j.molcel.2017.05.030
Authors

Yuchao Gu, Claudio P. Albuquerque,

Daniel Braas, ..., Huilin Zhou,

Kun-Liang Guan, Paul S. Mischel

Correspondence
pmischel@ucsd.edu

In Brief

Gu et al. identified mTORC2 as an

important regulator of glutamate and

glutathionemetabolism in cancer through

phosphorylating the cystine-glutamate

antiporter xCT on serine 26.



Molecular Cell

Short Article
mTORC2 Regulates Amino Acid Metabolism
in Cancer by Phosphorylation
of the Cystine-Glutamate Antiporter xCT
Yuchao Gu,1,3 Claudio P. Albuquerque,3 Daniel Braas,1,4 Wei Zhang,10 Genaro R. Villa,1,2,3 Junfeng Bi,3 Shiro Ikegami,5

Kenta Masui,6 Beatrice Gini,7 Huijun Yang,3 Timothy C. Gahman,14 Andrew K. Shiau,14 Timothy F. Cloughesy,11

Heather R. Christofk,1,4 Huilin Zhou,3,8,13 Kun-Liang Guan,9,13 and Paul S. Mischel3,12,13,15,*
1Department of Molecular and Medical Pharmacology
2Medical Scientist Training Program

David Geffen UCLA School of Medicine, Los Angeles, CA 90095, USA
3Ludwig Institute for Cancer Research, University of California, San Diego, La Jolla, CA 92093, USA
4UCLA Metabolomics Center, Los Angeles, CA 90095, USA
5Division of Neurological Surgery, Chiba Cancer Center, Chiba 260-8717, Japan
6Department of Pathology, Tokyo Women’s Medical University, Tokyo 162-8666, Japan
7Department of Medicine, University of California, San Francisco, San Francisco, CA 94143, USA
8Department of Cellular and Molecular Medicine
9Department of Pharmacology
10Department of Medicine

UCSD School of Medicine, La Jolla, CA 92093, USA
11Department of Neurology, David Geffen School of Medicine, University of California, Los Angeles, Los Angeles, CA 90095, USA
12Department of Pathology
13Moores Cancer Center

UCSD School of Medicine, La Jolla, CA 92093 USA
14Small Molecule Discovery Program, Ludwig Institute for Cancer Research, University of California, San Diego, La Jolla, CA 92093, USA
15Lead Contact

*Correspondence: pmischel@ucsd.edu

http://dx.doi.org/10.1016/j.molcel.2017.05.030
SUMMARY

Mutations in cancer reprogram amino acid meta-
bolism to drive tumor growth, but the molecular
mechanisms are not well understood. Using an unbi-
ased proteomic screen, we identified mTORC2 as a
critical regulator of amino acid metabolism in cancer
via phosphorylation of the cystine-glutamate anti-
porter xCT. mTORC2 phosphorylates serine 26 at
the cytosolic N terminus of xCT, inhibiting its activity.
Genetic inhibition of mTORC2, or pharmacologic
inhibition of the mammalian target of rapamycin
(mTOR) kinase, 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.

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
128 Molecular Cell 67, 128–138, July 6, 2017 ª 2017 Elsevier Inc.
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 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 xCTencodedby theSLC7A11

gene, is highly expressed in multiple human cancer types,

including triple-negative breast cancer and glioblastoma (GBM)

(Chung et al., 2005; Takeuchi et al., 2013; 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

takeupcystine, the oxidizeddimeric formof cysteine, in exchange

for glutamate, contributing to tumor growth (Bassi et al., 2001;

Lewerenz et al., 2012). In nutrient depleted conditions, cystine up-

take is critical for glutathione synthesis to buffer reactive oxygen

species (ROS), whereas, in nutrient replete conditions, glutamate

can contribute tomanyanabolic reactions (Commisso et al., 2013;

ConradandSato, 2012;DeBerardinis et al., 2008;Kimetal., 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, extra-

cellular glutamate inhibits xCT through a paracrine mechanism,

inducing hypoxia inducible factor (HIF) to drive tumor growth

(Briggset al., 2016), suggesting that xCTmaybehighly 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 unan-

ticipated mechanism of crosstalk 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

GBMcells 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 immunopre-

cipitated and subjected to quantitative liquid chromatography-

tandem mass spectrometry (LC-MS/MS) (Figure 1A), revealing

125 potential xCT binding proteins with a median fold enrich-

ment of xCT/vector >10, Log10 (xCT/vector) >1 (Figure 1B and

Table S1), that enriched in pathways involved in cellular and pro-

tein metabolism by DAVID (Huang 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 compo-

nents of mTOR complex 2 (mTORC2), were also identified as po-

tential xCT binding partners (Figure 1B). No additional AGC ki-

nases were detected.

In GBM, lung cancer and triple-negative breast cancer cell

lines, co-immunoprecipitation (coIP) experiments confirmed the

physical association between xCT and endogenous mTORC2

componentsmTORandRictor. Importantly, Raptor, which is spe-

cific to mTORC1 (Figures 1D and S1A), was not identified in the

SILAC screen and was not detected by coIP analysis, thus con-

firming that the physical association with xCT was specific to

mTORC2. Reverse coIP confirmed the binding of xCT to both a

FLAG-taggedmTOR and a myc-tagged Rictor, in GBM cells (Fig-

ure 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 and a core component

of altered growth factor receptor signaling in many cancer
types, including GBM (Masui et al., 2013, 2015a; Tanaka

et al., 2011). EGFRvIII mutation in GBM cells, or ligand stimula-

tion of EGFR and/or PTEN loss, activates mTORC2 to promote

tumor growth (Tanaka et al., 2011), potentially by phosphory-

lating AGC kinases including Akt, SGK1, as well as several

members in the PKC family such as PKCa, PKCd, and PKCx

(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 regu-

late xCT activity through phosphorylation. A number of serine

and threonine residues on xCT that have been previously re-

ported 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 suggests 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 phosphor-

ylation in response to growth factor signaling, we knocked

down Rictor or Raptor with small interfering RNAs (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 phos-

pho-RXXS/T-antibody-conjugated beads, followed by immuno-

blotting for myc-tagged xCT. As shown in Figure 2B, EGF stim-

ulation increased xCT phosphorylation, which was abrogated by

Rictor knockdown, demonstrating that EGF signaling promotes

xCT serine/threonine phosphorylation in an mTORC2-depen-

dent manner. Inhibition of mTORC1 has been shown to hyperac-

tivate 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 (Fig-

ure S2B), which lead to elevated xCT phosphorylation (Fig-

ure 2B). In addition, the mTOR kinase inhibitor Torin1, which

blocks both mTORC1 and mTORC2 activity (Liu et al., 2010),

but not the mTORC1-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 down-

stream substrates involved in various cellular processes (Lap-

lante and Sabatini, 2009, 2012). Therefore, we tested the possi-

bility 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
Molecular Cell 67, 128–138, July 6, 2017 129
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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 dashed line. Known xCT binding proteins as well as mTOR and Rictor were labeled in red.

(C) DAVID gene ontology (GO) analysis was performed using the list of 125 potential xCT binding proteins identified in (B). Top ten enriched biological pathways

were plotted using the – (Log10 FDR). The enriched pathway that contains 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 (coIP) 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 and Tables S1 and S2.
including PKCa, Akt or SGK1, and xCT in either the SILAC

or coIP experiments across different cell lines (Table S1 and

Figures S2C and S2D). Furthermore, neither siRNA-mediated
130 Molecular Cell 67, 128–138, July 6, 2017
genetic knockdown nor pharmacological inhibition of PKCa,

Akt, and SGK1 (Halland et al., 2014) suppressed xCT phosphory-

lation upon EGF stimulation (Figures S2E and S2F), suggesting
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(legend on next page)
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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 12-transmembrane protein (Gasol et al., 2004). We hy-

pothesized 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 termi-

nus had no effect on xCT phosphorylation (Figures 3B and 3C).

Several previous large-scale quantitative LC-MS/MS phospho-

proteomic 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

(MEFs) (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. (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 GSK3b, a knownAkt1 substrate (Figure S3B). Importantly,

xCT S26A mutant could no longer be phosphorylated upon

growth factor stimulation in GBM cells (Figures 3H and S3C),
Figure 2. mTORC2 Phosphorylates xCT Downstream of Growth Facto

(A) RXXS/Tmotifs on xCTwere listed by analyzing xCT protein sequence. S26 (in re

S51 and S481 (in blue) phosphorylation were reported on PhosphoSitePlus but w

sites (in black) on xCT has not been reported in any other studies or observe

uniprotAccAction?id=Q9UPY5.)

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

24 hr of transfection with siRNA before stimulation with 25 ng/mL EGF. Cell lysa

western blotting analysis.

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

IP-western blot to determine xCT phosphorylation on RXXS/T motifs.

See also Figure S2.
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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
Toexamine the effect ofmTORC2-dependent phosphorylation of

serine 26 on xCT function, wemeasured glutamate secretion us-

ing a series of strategicmutants. First, we deleted either the cyto-

solic 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 termi-

nus 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 be-

tween 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). Thispromptedus to testwhether serine26phosphorylation

could be the point of regulation at the N terminus of xCT.

In the previous coIP experiment, we observed that the endo-

genous xCT could bind to the exogenously overexpressed xCT

protein (Figure S2C). Thus, to exclude potential effects of endo-

genous xCTbinding,weobtained xCT knockoutMEFsandgener-

ated 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 re-

quires the presence of extracellular cystine, we measured gluta-

mate secretion in xCT KOMEF 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 signifi-

cantly increased glutamate secretion (Figure 4B). Together, these

data suggest that xCT activity is increased when mTORC2-medi-

ated 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 phos-

phorylation on serine 26 increases xCT activity, we hypothesized

that inhibition of mTORC2 should also have the same effect. Ge-

netic inhibition of mTORC2 by two different Rictor short hairpin

RNAs (shRNAs) significantly increased glutamate secretion
r Signaling

d) phosphorylationwas detected in our study and has been reported by others.

ere not detected in our experiments. Phosphorylation of the remaining RXXS/T

d in our experiments (Hornbeck et al., 2015). (http://www.phosphosite.org/

essing wtEGFR and myc-tagged xCT. Cells were serum starved for 24 hr after

tes were collected at indicated time points and subjected to pRXXS/T IP and

250 nM Torin1. Protein lysates were collected over a time course of 24 hr for
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Figure 3. mTORC2 Phosphorylates xCT on Serine 26

(A) A simplified schematic diagram of xCT 2D structure constructed based on sequence and predicted domains of xCT obtained from UniProt-KB (UniProt

Consortium, 2015). Transmembrane domains were shown as cylinders. Potential phosphorylation sites within RXXS/T motifs were labeled with the same color

code as in Figure 2A.

(legend continued on next page)
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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 (NHAs) (Figure S4F).

These results demonstrate that genetic inhibition of mTORC2

or pharmacological inhibition of mTOR kinase increases xCT

activity.

GBM cells as well as many other cancer cells are well

known for relying on uptake of extracellular cystine for gluta-

thione 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 bymTOR kinase inhibition. As pre-

dicted by our model, Torin1 treatment enhanced cystine uptake

(Figure 4E) and incorporation of the labeled cystine into gluta-

thione (Figure 4G). Labeled cystine incorporation into both gluta-

thione (GSH) and glutathione disulfide (GSSG) was increased

over time in Torin1-treated cells before steady state was reached

with 100% labeling at 24 hr (Figures 4F and 4G). In addition, xCT

knockdown further significantly decreased glutathione levels in

addition to Torin1 (Figure 4H), and combination of an xCT inhib-

itor erastin with Torin1 resulted in significant GBM cell death,

while cell survival was not affected by either drug alone (Fig-

ure 4I), indicating that increased xCT activity has a major

contribution to glutathione synthesis and GBM cell survival

upon pharmacological mTOR kinase inhibition. More impor-

tantly, consistent with our previous findings that mTORC2 activ-

ity is responsive to glucose availability in GBM cells, glucose

deprivation also inhibited mTORC2-mediated xCT phosphoryla-

tion 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 gluta-

thione metabolism in cancer.

DISCUSSION

By using an unbiased proteomic screen for xCT binding part-

ners, followed by functional validation, we have made the sur-

prising discovery that mTORC2 regulates amino acid meta-

bolism 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
(B) A simplified schematic diagram depicting xCT mutants generated and used i

(C) Phosphorylation on RXXS/T motifs in wild-type and mutant xCT were analyze

(D) Phosphorylation on xCT serine 26 is conserved across species (Hornbeck et

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

(F) Tandem mass spectrometry (MS/MS) spectra showing phosphorylation of xC

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

room temperature for 1 hr. Scintillation counts from three independent replicates w

performed using one-way ANOVA. ***p value <0.001. n.s., not statistically signifi

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

See also Figure S3.
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source for tricarboxylic acid cycle (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 pri-

marily 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 gluta-

thione 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 fromproliferation to sur-

vival, 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 phos-

phorylation sites for mTORC2. Unlike S51, which lies in the trans-

membrane domain, S26 is predicted to reside on the cyto-

plasmic face of the membrane, where it could be engaged

by mTORC2 (Gasol et al., 2004; UniProt Consortium, 2015).

Interestingly, in a SILAC-based mass spectrometric screen of

TSC-null MEFs to identify mTOR-regulated proteins, Yu and

colleagues identified serine 26 of xCT as a site whose phosphor-

ylation is inhibited by themTOR 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 coIP 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 GBM (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
n the following experiments.

d by pRXXS/T IP and western blot.

al., 2015) (http://www.phosphosite.org/uniprotAccAction?id=Q9UPY5).

GBM cells.

T on serine 26 in U87EGFRvIII cells.

EK293T cells, peptide substrates, and [g-32P]-ATP in kinase reaction buffer at

ere presented asmean counts perminute (cpm) ±SEM. Statistical analysis was

cant.

RXXS/T motifs upon EGF stimulation.
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Briggs et al. (2016), suggests that regulation of xCT function by

post-translational modification may be critical for its tumor-pro-

moting effects. In triple-negative breast cancer cells, high extra-

cellular glutamate levels were demonstrated to suppress xCT

function, depleting tumor cells of intracellular cysteine. Intracel-

lular cysteine depletion was shown to cause oxidation of specific

cysteine residues of the prolyl hydroxylase EglN1, thereby sup-

pressing EglN1-dependent HIF1a degradation, thus elevating

intra-tumoral HIF1a levels to drive tumor growth (Briggs et al.,

2016). In addition, a recent study suggests that xCT plays an

important role in regulating nutrient flexibility (Shin et al., 2017).

Our results identified an important molecular mechanism linking

growth factor signaling with anapleurotic flux through phosphor-

ylation 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 meta-

bolism by directly phosphorylating xCT, thus linking altered

growth factor receptor signaling with amino acid metabolism

and ROS buffering in cancer.
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(A) Cell-surface and total protein levels of xCT were analyzed by western blotting in xC

and xCT S26A. Band intensities were quantified by densitometry, and relative surfac

control of cell-surface proteins.

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

AmplexRed glutamate assay kit, calculated, and normalized to cell counts and cell-su

data are presented as mean ± SEM. Statistical analysis was performed using one-w

(C) Glutamate secretion wasmeasured using the AmplexRed glutamate assay kit in U

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

two-way ANOVA comparing the mean of shRictor1 and shRictor2 to shscramble con

(D) Glutamate secretion was measured in U87EGFRvIII cells treated with Torin1 for 2

Bioprofile 400 analyzer. Results were obtained from three independent replicates, an

significant. Statistical analysis was performed using two-way ANOVA comparing the

(E) Cystine uptakewasmeasured in U87EGFRvIII cells after treatment with 250 nMTor

(Egea et al., 2015; Nakagawa and Coe, 1999). Results were obtained from seven rep

(F) A brief schematic showing the labeling process of GSH and GSSG with [3,30-13C
(G) Exogenous cystine incorporation into newly synthesized glutathionewas determine

Torin1 treatment in DMEM supplemented with 5% dialyzed FBS. The labeling percent

column represents three replicate samples collected at each time point. Data are pre

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

Torin1 for 24 hr after transfected with xCT siRNA for 48 hr. Total cellular GSH levels we

three replicate samples, and data are presented as mean ± SEM. Statistical analysis

(I) U87EGFRvIII cells were treated with DMSO or 250 nM Torin1 with or without 1 mM e

lines. Cells were collected and stained with FITC-Annexin V and PI after 24 hr of trea

shown in the bar graph on the right was calculated by adding up the percentage of c

See also Figure S4.
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T KO MEFs stably expressing vector control, wild-type xCT (wt xCT) xCT,

e xCT levels were calculated and normalized to Na, K-ATPase as loading

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

rface xCT protein levels. Results were obtained from three replicates, and

ay ANOVA. ***p value <0.001.

87EGFRvIII cells with stable Rictor knockdown using two different shRNAs.

mean ± SEM. ***p value <0.001. Statistical analysis was performed using

trol.

4 hr after transfected with 50 nM siRNA targeting xCT for 48 hr by NOVA

d data are presented as mean ± SEM. **p value <0.01. n.s., not statistically

mean of Torin1 to DMSO control in each conditions.

in1 for 24 hr using a sodium cyanide and sodium nitroprusside-based assay

licates, and data are presented as mean ± SEM. ***p value <0.001.

2] L-cystine.

d by labeling cells with [3,30-13C2] L-cystine together with 24 hr of DMSOor

age of both GSH and GSSG by [3,30-13C2] L-cystine were calculated. Each

sented as mean ± SEM. ***p value < 0.001. n.s., not statistically significant.

ssay Kit (Promega). U87EGFRvIII cells were treated with DMSO or 250 nM

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

was performed using one-way ANOVA. ***p value < 0.001.

rastin, which has been reported to induce ferroptosis in several cancer cell

tment, and cell death was analyzed by flow cytometry. %Ferroptotic cells

ells in the upper- and lower-right quadrant in each graph on the left.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-FLAG M2 Sigma Cat#F3165; RRID: AB_259529

Rabbit anti-mTOR Cell Signaling Cat#2972; RRID: AB_330978

Rabbit Monoclonal anti-Raptor, Clone 24C12 Cell Signaling Cat#2280; RRID: AB_561245

Rabbit Monoclonal anti-Rictor, Clone D16H9 Cell Signaling Cat#9476; RRID: AB_10612959

Rabbit Monoclonal anti-pEGFR-Y1068, Clone D7A5 Cell Signaling Cat#3777; RRID: AB_2096270

Rabbit anti-EGFR Millipore Cat#06-874

Rabbit Monoclonal anti-pAkt-S473, Clone D9E Cell Signaling Cat#4060; RRID: AB_2315049

Rabbit anti-Akt Cell Signaling Cat#9272; RRID: AB_329827

Rabbit Monoclonal anti-pNDRG1-T346, Clone

D98G11

Cell Signaling Cat#5482; RRID: AB_10693451

Rabbit Monoclonal anti-NDRG1, Clone D8G9 Cell Signaling Cat#9485; RRID: AB_11178525

Rabbit Monoclonal anti-pS6-S235/236, Clone

D57.2.2E

Cell Signaling Cat#4858; RRID: AB_916156

Mouse Monoclonal anti-S6, Clone 54D2 Cell Signaling Cat#2317; RRID: AB_2238583

Rabbit Monoclonal anti-p4EBP1-T37/46, Clone 236B4 Cell Signaling Cat#2855; RRID: AB_560835

Rabbit Monoclonal anti-4EBP1, Clone 53H11 Cell Signaling Cat#9644; RRID: AB_2097841

Rabbit Monoclonal anti-xCT/SLC7A11, Clone D2M7A Cell Signaling Cat#12691

Rabbit Monoclonal anti-4f2hc/CD98, Clone D6O3P Cell Signaling Cat#13180

Rabbit anti- pPKCa-S657 Santa Cruz Cat#sc12356; RRID: AB_2168557

Rabbit anti-PKCa Cell Signaling Cat#2056; RRID: AB_2284227

Rabbit Monoclonal anti-SGK1, Clone D27C11 Cell Signaling Cat#12103

Rabbit Monoclonal anti-IRS1, Clone 59G8 Cell Signaling Cat#2390; RRID: AB_10692516

Mouse Monoclonal anti-Actin, Clone AC40 Sigma Cat#A4700; RRID: AB_476730

Mouse Monoclonal anti-alpha-Tubulin, Clone B-5-1-2 Sigma Cat#T6074; RRID: AB_477582

Mouse Monoclonal anti-Myc-tag, Clone 9B11 Cell Signaling Cat#2276; RRID: AB_331783

Anti-rabbit IgG, HRP-linked Cell Signaling Cat#7074; RRID: AB_2099233

Anti-mouse IgG, HRP-linked Cell Signaling Cat#7076; RRID: AB_330924

Mouse anti-FLAG M2 Affinity Gel Sigma Cat#A2220; RRID: AB_10063035

Rabbit Monoclonal anti-phospho-Akt substrate

(RXXS*/T*) Magnetic bead conjugate, Clone 110B7E

Cell Signaling Cat#8050; RRID: AB_10858576

Biological Samples

GBM39 patient-derived neurospheres This paper N/A

GBM6 patient-derived neurospheres This paper N/A

GSC11 patient-derived neurospheres This paper N/A

Chemicals, Peptides, and Recombinant Proteins

DMEM CORNING Cat#10-013

DMEM Media for SILAC ThermoFisher Scientific Cat#89985

Fetal Bovine Serum (FBS) Omega Scientific Cat #FB-21

Dialyzed FBS Sigma Cat #F0392

b-mercaptoethanol GIBCO Cat #31350010

NeuroCult medium STEMCELL Technologies Cat #05751

Epidermal Growth Factor (EGF) Sigma Cat #E9644

Fibroblast Growth Factor (FGF) Sigma Cat #F0291

Heparin Sigma Cat #H3149

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

AGM BulletKit LONZA Cat #CC-3186

FLAG Peptide Sigma Cat#F3290

Rapamycin Sigma Cat#R0395; CAS:53123-88-9

Torin1 Tocris Biosceince Cat#4247; CAS:1222998-36-8

Sulfasalazine (SAS) Sigma Cat#S0883; CAS:599-79-1

Buthionine Sulfoximine (BSO) Sigma Cat#B2515; CAS:83730-53-4

MK2206 Selleckchem Cat#S1078; CAS:1032350-13-2

Sanofi SGK1-selective inhibitor Halland et al., 2014 CAS:1426214-51-8

Sotrastaurin Selleckchem Cat#S2791; CAS:425637-18-9

L-arginine hydrochloride MP BIOMEDICALS Cat#02194627; CAS:1119-34-2

L-lysine hydrochloride MP BIOMEDICALS Cat#02194697; CAS:657-27-2

L-cystine MP BIOMEDICALS Cat#02194649; CAS:56-89-3

13C6-L-arginine Cambridge Isotope Laboratories Cat#CLM-2265-H-PK; CAS:201740-91-2

13C6, 15N2-L-lysine Cambridge Isotope Laboratories Cat#CNLM-291-H

13C6, 15N4-L-arginine Cambridge Isotope Laboratories Cat#CNLM-539-H; CAS#202468-25-5

AKT1, Active SignalChem Cat#A16-10G

Formic Acid Acros Organic Cat#423755000

CAS#64-18-6

Acetonitrile Acros Organic Cat# 61001-0040

CAS#75-050–8

TSK Amide-80 TOSOH Bioscience Cat#21486

Sep-Pak 50mg Waters Cat#WAT054955

SGK1, Active SignalChem Cat#S06-10G

Peptides used in in vitro kinase assays are listed

in Figure S3A

N/A N/A

Critical Commercial Assays

Amplex Red Glutamic Acid/Glutamate Oxidase Kit ThermoFisher Scientific Cat#A122221

Pierce IP lysis buffer ThermoFisher Scientific Cat#87787

RIPA lysis buffer Boston BioProducts Cat#BP-115

100x Halt Protease and Phosphatase cocktail ThermoFisher Scientific Cat#78443

4 x Laemmli sample buffer Bio-Rad Cat#161-0747

NuPAGE 4-12% Bis-Tris Protein Gels ThermoFisher Scientific Cat#NP0336

Trans-Blot Turbo Midi Nitrocellulose Transfer Packs Bio-Rad Cat#1704159

SuperSignal West Pico Chemiluminescent Substrate ThermoFisher Scientific Cat#34080

SuperSignal West Femto maximum Sensitivity

Substrate

ThermoFisher Scientific Cat#34096

QuikChange Multi Site-Directed Mutagenesis Kit Agilent Cat#200514

X-tremeGENE HP DNA Transfection Reagent Sigma Cat#6366236001

Polybrene EMD Millipore TR-1003-G

Lipofectamine RNAiMAX Transfection Reagent ThermoFisher Scientific Cat#13778150

RNeast Mini Kit QIAGEN Cat#74106

SuperScript VILO cDNA Synthesis Kit ThermoFisher Scientific Cat#11754050

2 x SYBR Green qPCR Master Mix Bimake Cat#B21202

Protein Assay Dye Reagent Concentrate Bio-Rad Cat#5000006

SAM2 Biotin Capture Membrane Promega Cat#V2861

Pierce Cell Surface Protein Isolation Kit ThermoFisher Scientific Cat#89881

GSH/GSSG-Glo Assay Kit Promega Cat#V6611

FITC Annexin V Apoptosis Detection Kit I BD Biosciences Cat#556547

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

Original imaging data This paper http://dx.doi.org/10.17632/46v4njmrs3.1

LC/MS Proteomics data This paper PRIDE: PXD006461

Experimental Models: Cell Lines

Human: U87 ATCC HTB-14

Human: U87wtEGFR This paper Wang et al., 2006

Human: U87EGFRvIII This paper Wang et al., 2006

Human: T98G ATCC CRL-1690

Human: U373 ATCC HTB-17

Human: Hs578T ATCC HTB-126

Human: MDA-MB-231 ATCC HTB-26

Human: A549 ATCC CCL-185

Human: HEK293T ATCC CRL-3216

Mouse: xCT KO MEF Sato H. Laboratory Kobayashi et al., 2015

Human: Normal Human Astrocyte (NHA) LONZA CC-2565

Oligonucleotides

SMARTpool: ON-TARGETplus Rictor siRNA GE Dharmacon Cat#L-016984

SMARTpool: ON-TARGETplus Raptor siRNA GE Dharmacon Cat#L-004107

SMARTpool: ON-TARGETplus IRS1 siRNA GE Dharmacon Cat#L-003015

SMARTpool: ON-TARGETplus AKT1 siRNA GE Dharmacon Cat#L-003000

SMARTpool: ON-TARGETplus AKT2 siRNA GE Dharmacon Cat#L-003001

SMARTpool: ON-TARGETplus AKT3 siRNA GE Dharmacon Cat#L-003002

SMARTpool: ON-TARGETplus SGK1 siRNA GE Dharmacon Cat#L-003027

SMARTpool: ON-TARGETplus PKCa siRNA GE Dharmacon Cat#L-003523

xCT siRNA GE Dharmacon N/A

sense: AGAAAUCUGGAGGUCAUUAdTdT

antisense: UAAUGACCUCCAGAUUUCUdTdT

Additional list of DNA oligos: see Table S3 N/A N/A

Recombinant DNA

FLAG-mTOR Vilella-Bach et al., 1999 Addgene #26603

myc-Rictor corrected Sarbassov et al., 2004 Addgene #11367

HA-Raptor Kim et al., 2002 Addgene #8513

p3xFLAG-CMV-10 Expression Vector Sigma Cat#E7658

myc-DDK-tagged xCT Origene Cat#RC204136

pLVX-Puro Vector Clontech Cat#632159

Rictor_1 shRNA Sarbassov et al., 2005 Addgene #1853

Rictor_2 shRNA Sarbassov et al., 2005 Addgene #1854

scramble shRNA Sarbassov et al., 2005 Addgene #1864

Software and Algorithms

Image Lab Software Bio-Rad RRID: SCR_014210

GraphPad Prism7 GraphPad Software RRID: SCR_000306

Kaluza Analysis Software Beckman Coulter N/A

DAVID bioinformatics resources v6.7 https://david.ncifcrf.gov/home.jsp RRID:SCR_001881

TraceFinder Software version 3.3 Thermo Scientific N/A

The Trans-Proteomic Pipeline V4.3 JETSTREAM rev1 Institute for System Biology N/A

LTQ Orbitrap Discovery 2.5.5 SP2 Thermo Scientific P/N 1227044
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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).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and cell culture
All cell lines used in this study are listed in the Key Resources 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 theywere obtained fromATCC. xCTKOMEFswere a kind gift fromDr. Hideyo Sato, Yamagata University, Japan (Kobayashi et al.,

2015) and were cultured in DMEM supplemented with 10% FBS and additionally supplemented with 50uM b-mercaptoethanol. xCT

KO MEFs were authenticated using PCR to confirm knockout of the xCT gene. GBM39, GBM6 and GSC11 patient-derived neuro-

sphere 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 hr before

measurement cells were washed three times with 1 x PBS and changed to 1 mL fresh DMEMmedia 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 TC20 Automated Cell Counter (Bio-Rad). Glutamate secretion was calculated by subtract-

ing 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 labeled 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 mg 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 min 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 dependent scans. A Dionex UltiMate 3000 RSLC nano pump was used

with a 70 min 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 supplemented with Halt Protease and Phosphatase Inhibitor Cocktail. Protein con-

centration of each sample was determined by Bradford Assay using the Protein Assay Dye Reagent Concentrate. Equal amounts of

protein extracts were mixed with 4 x Laemmli sample buffer and separated by electrophoresis on 4%–12% NuPAGE Bis-Tris Mini

Gel, and then transferred using the Trans-Blot Turbo Transfer System (Bio-Rad) onto nitrocellulose membranes. Membranes were

blocked with 5% bovine serum albumin (BSA) in TBST buffer and incubated with corresponding primary antibodies and horseradish

peroxidase-conjugated secondary antibodies. The immunoreactivity was detected with SuperSignal West Pico Chemiluminescent

Substrate or SuperSignalWest FemtomaximumSensitivity Substrate. Signals were captured and analyzed using the Bio-RadChem-

iDoc MP Imaging system and the Image Lab Software (Bio-Rad).

Co-immunoprecipitation (CoIP) and Immunoprecipitation (IP)
Cells were lysed with Pierce IP lysis buffer supplemented with Halt Protease and Phosphatase Inhibitor Cocktail. Protein concentra-

tions 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
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used in the experiment. Proteins were then eluted with 3 x FLAG peptide for coIP 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 coIP

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 100 mm plate of 80%–90%

confluent U87 cells with 10 mg 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 hr of incubation and cells were harvested at 48 hr post-transfection.

The FLAG-Rictor plasmid was generated by cloning the Rictor gene from themyc-Rictor plasmid into the p3xFLAG-CMV-10 Expres-

sion Vector. Stable cell lines expressing wild-type and mutant xCT 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 mutant S26A was generated using the QuikChange Multi Site-Directed Mutagenesis Kit. The xCT N terminus

deletionmutant was generated by PCR, and the C terminus deletionmutants 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 Transfection Reagent.

Media was changed after 16 hr of transfection and virus were collected after 48 hr. U87EGFRvIII cells were infected with virus in

the presence of 12.5 mg/ml Polybrene for 24 hr and selected with 1 mg/ml puromycin for at least one week to establish stable 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 hr of transfection and cells were harvested 48 hr post-

transfection or with an additional 24 hr of drug treatment. All siRNAs were obtained fromGE Dharmacon except for the siRNA target-

ing 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 protein expression cell lines. Cells were all selected for at least one week and kept in 1 mg/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 mg of RNA was used from each sam-

ple for cDNA synthesis using the SuperScript VILO cDNA Synthesis Kit. RT-PCR was performed using the 2 x 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/Tmotif. xCT 2D structure

was constructed based on the sequence analysis and predicted topology information available on UniProtKB (UniProt Con-

sortium, 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 hr, 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 mMMgCl2)

together with 50 mM cold ATP and 5 mCi [g-32P]ATP for 1 hr at room temperature and terminated with 0.5 volume of 7.5 M guanidine

hydrochloride. Each reaction was performed in triplicates and 7.5 ml of reaction mix was spotted onto SAM2 Biotin Capture

Membrane. Membranes were washed and dried according to manufacturer’s instructions. Radioactivity was determined by autora-

diography and quantified by scintillation counting.

xCT activity assay
Glutamate secretion in xCT KOMEF cell lines were measured using a Na+ free PBS buffer system to exclude other glutamate trans-

porter activity as reported (Kobayashi et al., 2015). Briefly, cells were seeded in 6-well plates at optimal density, washed three times

with prewarmedNa+ free PBS buffer (137mMcholine chloride, 3mMKCl, 0.01%CaCl2, 0.01%MgCl2 and 0.1%glucose, pH 7.4) and
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incubated in 1 ml Na+ free PBS buffer without cystine, with 500 mM cystine, or with 500 mM cystine and 500 mM SAS at 37�C for 1 hr.

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 proteinswere purified using the Pierce Cell Surface Protein Isolation Kit according tomanufacturer’s instructions. Briefly,

cells were washed with cold PBS and incubated with Sulfo-NHS-SS-Biotin at 4�C for 30 min to label cell surface proteins. After la-

beling the reaction was quenched and cells were collected and lysed. Protein concentrations of lysates were determined using Brad-

ford 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 andCoe, 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 x 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 mM L-cystine was added and further incubated for 1 hr

at 37�C. 500 ml uptake buffer was collected from each well and centrifuged at 14,000 x rpm for 2 min. 400 ml of the supernatant

was added to cuvettes containing 300 ml 10%NaCN, 100 ml ddH2O and 1ml 150mM choline chloride, pipetted tomix and incubated

at room temperature for 20 min. Then 100 ml 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 uptakewas calculated by subtracting fromblank 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 x PBS and incubated in DMEM supplemented with 5%dialyzed FBS for 24 hr before metabolite

extraction. Cells were rinsed quickly on ice with ice cold 150 mM ammonium acetate (NH4AcO) and scraped off in 1 ml �80�C 80%

methanol and collected into Eppendorf tubes. 5 nmol of norvaline was added to the cell suspension as 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 ml of cold 80%meth-

anol and supernatants were combined and transferred into glass vials and dried under vacuum. Metabolites were resuspended in

50 ml 70% acetonitrile (ACN) and 5 ml was used for analysis on a Q Exactive Orbitrap Mass Spectrometer (Thermo Scientific) in po-

larity-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 was

achieved on a Luna 3 mm NH2 100 A (150 3 2.0 mm) (Phenomenex) column. The flow was 300 ml/min, and the gradient ran from

15% A to 95% A in 18 min, followed by an isocratic step for 9 min and re-equilibration for 7 min.

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 hr of siRNA transfection and treated with DMSO or Torin1 for an additional 24 hr. 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 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 hr. 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 400 x g for 4 min and resus-

pended in 100 ml 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 15 min of incubation additional 1 x 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 Stu-

dent’s t test for experiments where twomeans are compared unless specified otherwise. One-way analysis of variance (ANOVA) and
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two-way ANOVA was used when needed to compare means of three or more experimental groups and were indicated in the figure

legends. Details of calculation and how statistical significance was determined, number of replicates, as well as p values were spec-

ified in the figure legends.

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 57.021465 (static, carbamidomethyl). The modifications for the phosphory-

lation 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 interacting proteins were calculated by Fisher’s exact test using

the DAVID bioinformatics resources (Huang 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 s or

less and quantified as area under the curve (AUC) using the TraceFinder 3.3 (Thermo Scientific) software. Relative amounts of me-

tabolites 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 accession number for the mass spectrometry

proteomics data reported in this paper is PRIDE: PXD006461 and is available at Proteome Xchange (http://proteomecentral.

proteomexchange.org) (Vizcaı́no et al., 2013).
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