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ABSTRACT OF THE DISSERTATION

Targeting Metabolic Co-dependencies to Overcome Therapeutic Resistance in Cancer
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Professor Cauis Gabriel Radu, Co-Chair

Professor Paul Mischel, Co-Chair

Oncogenic mutations in cancer reprogram nutrient metabolism to drive tumor growth and
survival under environmental stress and drug treatment, but the molecular mechanisms are not
well understood. Using an unbiased proteomic screen, we identified mTORC?2 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 when nutrient is abundant to conserve glutamine-derived glutamate for
biosynthesis. Genetic inhibition of mMTORC2, or pharmacologic mTOR kinase inhibition,
promotes glutamate secretion, cystine uptake and incorporation into glutathione. This adaptation
renders tumor cells exquisitely sensitive to combined inhibition of glutathione synthesis and
MTOR kinase, resulting in massive ferroptotic tumor cell death. These results identified an
unanticipated mechanism of amino acid metabolic reprogramming in cancer, revealing a drug-

induced metabolic co-dependency as a potentially exploitable therapeutic vulnerability.
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Chapter 1

Introduction



Deregulated Metabolism as a Hallmark of Cancer

In the 1956 Science paper: On the Origin of Cancer Cells (Warburg, 1956), Otto Warburg first
proposed the theory that the fundamental cause of cell transformation and cancer is the forced
adaptation to glycolysis-dependent energy generation as a consequence of impaired mitochondria
respiration. And this was based on the observations of elevated fermentation across cancer cells,
which is now also known as the Warburg effect (Otto, 2016). At the time his theory was met with
strong opposing debates, as Sidney Weinhouse stated “...that there’s no sound experimental basis
for the believe that oxidative metabolism in tumors is impaired”, and he argued that many cancers
did not have decreased oxygen consumption despite elevated glycolysis (Weinhouse, 1956).
Nevertheless, the important observation of elevated glycolysis across cancers remained inarguably
true (Smith and Kenyon, 1973). These seemingly controversial observations raised two interesting
questions. First, what is the real cause of elevated glycolysis in cancer cells? Sidney Weinhouse’s
denial of impaired respiration in cancer might not be 100% correct, as it was only based on no
apparent changes in oxygen consumption observed in certain cancers. But increased glycolysis
could also result from other changes in mitochondria metabolism that does not necessarily affect
oxygen consumption, such as decoupling of mitochondria respiration with the TCA cycle. And the
second question is how metabolic shift to elevated glycolysis led to neoplastic transformation?
Considering that transformation of normal cells to neoplasia usually involves a series of genetic
and epigenetic changes (Rangarajan et al., 2004), the question then lies in whether altered
metabolism could lead to such changes and how. One possible mechanism might involve excess
ROS produced as metabolic waste, which could potentially cause DNA mutations and increase
genome instability. In addition, it was recently discovered that metabolism and epigenetics are
intricately linked with each other. Metabolites such as a-ketoglutarate (a-KG), SAM, acetyl-CoA
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and NAD+ are all important substrates and cofactors for epigenetic modifying enzymes, whereas
metabolites that share similar chemical structures could act as inhibitors such as 2-
hydroxyglutarate (2-HG), fumarate and succinate. Changes in intracellular levels of these
metabolites could therefore affect the global epigenetic landscape of the cell, and increasing
evidence have suggested that metabolism-mediated epigenetic changes are playing very important
roles during neoplastic transformation (Flavahan et al., 2016; Janke et al., 2015; Kaelin and

McKnight, 2013; Kottakis et al., 2016; Lu et al., 2016; Lu and Thompson, 2012).

Around the same time when Warburg’s theory was proposed, in 1953, the DNA double helix
structure was discovered by Watson and Crick (Watson and Crick, 1953), which revolutionized
the whole field of cancer research. The following 50 years witnessed a booming era of cancer
genetics together with the development of in-depth DNA sequencing technologies. As more and
more cancers were being sequenced, accumulating findings of cancer-specific mutations has led
to the general recognition that cancer is a genetic disease (Vogelstein et al., 2013), and therapies
targeting these cancer-specific mutations could be a cure for cancer. It was not until the continuous
failures of targeted therapies against oncogenic, or so-called “cancer-causing” mutations when
people started to consider alternative perspectives of cancer in the hope to find better cures

(Cloughesy et al., 2014; Huang et al., 2014; Vander Heiden, 2011).

In 2008, Christofk et al reported an intriguing discovery that almost all cancer cells and
proliferating cells express the PKM2 isoform of pyruvate kinase, which is responsible for the
metabolic shift to aerobic glycolysis, in other words, fermentation in the presence of oxygen

(Christofk et al., 2008a; Christofk et al., 2008b). This important rediscovery of the Warburg effect
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brought back attentions on the altered metabolism in cancer cells (Koppenol et al., 2011). As our
knowledge of cancer metabolism increasingly grew in the last decade, deregulated metabolism is
now recognized as one of the hallmarks of cancer (Fig. 1-1) (Hanahan and Weinberg, 2011,

Pavlova and Thompson, 2016).

Deregulated Glucose Metabolism in Cancer

As Warburg observed as early as in the 1920s, cancer cells avidly take up glucose and generate
lactate through glycolysis instead of using it for oxidative phosphorylation in the mitochondria
(Warburg, 1956). It wasn’t clear then how and why cancer cells revert back to this primitive form
of glucose metabolism, which is normally seen in embryonic stem cells during early stages of
development (Shyh-Chang et al., 2013). Although whether increased glycolysis is a forced
adaptation to impaired mitochondria respiration still remained debatable, we now understand that
certain oncogenic mutations could directly drive glucose uptake and glycolysis. Amplification or
mutations of the epidermal growth factor receptor (EGFR) could result in hyperactivation of the
PI3K-Akt-mTOR pathway, which upregulates expression and membrane levels of glucose
transporters such as GLUT1 and GLUT3 (Babic et al., 2013). The oncogenic Ras protein also
drives glucose uptake by increasing the expression of GLUTL (Yun et al., 2009). In addition,
oncogenic mutations could also elevate levels of key glycolytic enzymes such as hexokinase
(HK2), aldolase, pyruvate kinase (PKM2) and lactate dehydrogenase (LDHA), as well as
downstream mitochondria proteins and membrane transporters such as pyruvate dehydrogenase
(PDK1) and monocarboxylate transporters (MCT1/4) (Cairns et al., 2011). Consequently, cancer
cells are able to maintain a high rate of glycolytic flux, prevent glucose-derived pyruvate from

entering the mitochondria, while diverting it for lactate production and secretion out of the cell.
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So why glycolysis? Energetically, metabolizing glucose through fermentation and secreting it as
lactate might seem a stupid choice, as glycolysis only generates 2 molecules of ATP from one
molecule of glucose while oxidative phosphorylation could generate 36! But by taking up
significantly larger amounts of glucose and metabolizing it at a much higher rate, cancer cells are
actually able to generate more ATP through glycolysis than normal cells to support proliferation
(Warburg, 1956). More importantly, starting from the very first steps of glycolysis, cancer cells
could exploit glycolytic intermediates as precursors for biosynthesis and production of reducing
equivalents (Pavlova and Thompson, 2016). For example, glucose-6-phosphate is diverted into the
pentose phosphate pathway to generate NADPH and ribose-5-phosphate for nucleotide synthesis;
fructose-6-phosphate is shunt into the hexosamine synthesis pathway to provide substrates for
protein glycosylation; glyceralderhyde-3-phosphate (G3P) is converted to DHAP to synthesize
glycerol-3-phosphate for phospholipids; 3-phosphoglycerate is used as the precursor for
serine/glycine synthesis which also generates methyl donors and large amounts of NADPH as it is
coupled with the folate and methionine cycle in one-carbon metabolism. While cancer cells mainly
control flux of glycolytic intermediates into these branching pathways by upregulating the
expression levels of corresponding metabolic enzymes, the unique expression of the special
isoform of pyruvate kinase PKM2 in cancer controls the overall rate of glycolysis on the other end
as it catalyzes the last step to generate pyruvate (Chaneton et al., 2012; Israelsen et al., 2013). The
activity of PKMZ2 is regulated and inhibited by tyrosine phosphorylation downstream of growth
factor signaling, allowing cancer cells to couple glycolytic flux to cellular growth demands
(Christofk et al., 2008b). In the end, excess pyruvate is converted to lactate, which is important to
maintain the cellular NAD+ pool to support glycolysis, and avoid overflow of NADH into the

mitochondria which would exert an inhibition on the TCA cycle (Pavlova and Thompson, 2016).
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Despite the significant increase in glycolysis, metabolic tracer analysis in cancer cells also revealed
that glucose-derived pyruvate could be oxidized through the TCA cycle in the mitochondria
(Marin-Valencia et al., 2012). It was found that cancer cells convert a large amount of glucose-
derived pyruvate into citrate in the mitochondria, but instead of completing the TCA cycle, most
of the citrate is secreted into the cytosol and broken down into acetyl-CoA and oxaloacetate to
replenish the cytosolic acetyl-CoA pool for fatty acid synthesis and protein acetylation, while
oxaloacetate is converted to malate and transported back to the mitochondria for anaplerosis
(Pavlova and Thompson, 2016). Another interesting feature of mitochondria metabolism in cancer
is that the electron transport chain in cancer cells could accept electrons from alternative sources
to generate ATP, therefore the TCA cycle is no longer restricted for energy production, and TCA
cycle intermediates could now be used to provide cancer cells with building blocks for fatty acid,
amino acid and nucleotide synthesis (Pavlova and Thompson, 2016). And besides glucose, many
cancers appear to utilize alternative carbon sources to fuel the TCA cycle such as glutamine or
fatty acid (Carracedo et al., 2013; DeBerardinis et al., 2007). Essentially, the mitochondria in

cancer cells have been reprogrammed to fully support biosynthesis instead of energy production.

Even though we are still on our way to fully understand why cancer cells perform aerobic
glycolysis with the TCA cycle and oxidative phosphorylation remained intact, the reprogramming
of glucose metabolism observed across cancer has already served as the foundation for tumor
imaging using 18F-FDG PET. Meanwhile inhibitors targeting glycolytic enzymes such as

hexokinase 2, PDK1 and MCT1 are currently being tested in the clinic as potential anti-cancer



therapeutics (Martinez-Outschoorn et al., 2017; Phelps, 2000), which we’ll discuss more in the last

part of this chapter.

Deregulated Amino Acid Metabolism in Cancer

Besides glucose metabolism, amino acid metabolism is also deregulated in cancer. Cancer cells
commonly increase amino acid uptake through upregulation of specific amino acid transporters as
well as downstream metabolic enzymes. For example, many cancers drive glutamine uptake and
metabolism through c-myc mediated upregulation of glutamine transporters ASCT2 and SN2, as
well as GLS1 - the enzyme that catalyze the very first step converting glutamine to glutamate.
Glutamate is then fluxed into many critical metabolic pathways such as transamination, glutathione
synthesis, serine-glycine synthesis, TCA cycle aneplerosis, and NADPH production through the
malate-aspartate shuttle and malic enzyme (DeBerardinis et al., 2007). Glutamine metabolism is
also essential for providing both the carbon backbones and nitrogen source for nucleotide synthesis,
which is reflected by the coherent upregulation of downstream rate-limiting enzymes for de novo
nucleotide synthesis such as phosphoribosyl pyrophosphate synthetase (PRPS2) and carbamoyl-
phosphate synthetase 2 (CAD) (Ben-Sahra et al., 2013; Cunningham et al., 2014). In addition,
glutamine and glutamate could also act as important exchangers for nutrient uptake through
specific amino acid transporters such as SLC7A5 and xCT. (Chung et al., 2005; Nicklin et al.,
2009; Takeuchi et al., 2012; Timmerman et al., 2013). Alternatively, mutant Ras or c-src was
found to drive an opportunistic way of obtaining amino acids through micropinocytosis, in which
cancer cells are able to engulfed extracellular proteins and nutrients by forming small vesicles,
from which proteins could then be broken down in the lysosome to replenish the cellular amino

acid pool (Commisso et al., 2013).



Deregulated Lipid Metabolism in Cancer

Sufficient lipid supply is also critical for rapidly proliferating cancer cells. Many cancers such as
GBM rely on uptake of lipids from the extracellular environment generated by neighboring stromal
cells in the form of protein-bound LDL or through specific transporters, as de novo lipid synthesis
is both energetically consuming and requires a significant amount of reducing equivalents (Guo et
al., 2009; Hayashi et al., 2004). Given the abundant lipid pool in the brain, GBM cells were found
to become cholesterol auxotrophs and even lost the feedback inhibition mechanism to convert
excess cholesterol to oxysterols, which are responsible for activating the liver X receptor to inhibit
cholesterol uptake and promote cholesterol efflux in normal cells (Villa et al., 2016). But under a
different context when extracellular lipids are scarce, tumor cells were also able to to ramp up de
novo lipid synthesis from acetyl-CoA using citrate derived from glucose and aneplerotic glutamine
metabolism in the mitochondria. Interestingly, under hypoxia, tumor cells were also found to
undergo reductive carboxylation of glutamine to generate citrate through IDH1 for lipogenesis
(Metallo et al., 2011). In addition, the cellular acetyl-CoA pool could also be replenished by

catabolism of branch chain amino acids (BCAA) in certain cancers (Tonjes et al., 2013).

Not only does proliferation requires doubling of total membrane lipids, cancer cells also undergo
membrane remodeling by changing the levels of different membrane lipid species, which also has
significant functional importance (Beloribi-Djefaflia et al., 2016). For example, many oncogenic
signaling proteins are localized on the plasma membrane, such as EGFR, Ras, Rac, PI3K and Akt.
Membrane fluidity and formation of lipid clusters and micro-domains are crucial for protein

oligomerization, proper conformational changes, as well as protein-protein interactions, which are



usually required for kinase activation and the occurrence of downstream signaling events (Zhou et
al., 2015). Furthermore, membrane-bound organelles such as the mitochondria also rely on the
membrane integrity for proper functioning (Betz et al., 2013). Therefore, it’s not surprising that
cancer cells display unique lipid profiles compared to normal cells, and the synthesis as well as
remodeling of specific lipid species in cancer are usually in turn driven directly or indirectly

downstream of oncogenic signaling pathways.

Current next-generation sequencing and metabolic studies in cancer has established a strong link
between oncogenes, oncogenic mutations and metabolic reprogramming (Cairns et al., 2011). We
now know that many oncogenes and oncogenic mutations directly drive metabolic reprogramming
in cancer cells, supporting the perspective that cancer is a genetic disease, and that genetic
mutations are responsible for metabolic reprogramming required for cellular transformation.
Another branch of view that stems from the early Warburg’s experiments instead were trying to
argue that cancer is more likely a metabolic disease, in which neoplastic transformation is the
consequence of forced metabolic reprogramming that happened in the first place and eventually
resulted in irreversible epigenetic and genetic changes. Especially recent studies also suggested
possible links between cancer and metabolic diseases such as diabetes and obesity (Thompson,
2011). But maybe these aren’t two conflicting hypothesis after all. Early geneticists have long
understood that phenotype = genotype + environment, which obviously puts genetic mutations and
metabolic reprogramming on the same side of the equation. We hope that future studies could help
us eventually understand the intricate links between genetic mutations and metabolism and how

they both contribute to cancer, one and every step along the way.
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Fig. 1-1. Reprogrammed Metabolism in Cancer.

Glucose metabolism in cancer is reprogrammed to favor glycolysis as glycolytic intermediates
provide substrates for biosynthesis of macromolecules as well as reductive NADPH. On the other
hand, cancer cells utilize glutamine for TCA cycle, which decouples glucose metabolism from the
mitochondria electron transport chain for energy production. Figure was originally published by

DeBeradinis et al (DeBerardinis and Chandel, 2016).
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MTOR - The Maestro of Cancer Cell Metabolism

Hyperactivation of mTOR signaling in Cancer

mTOR, also known as the mechanistic target of rapamycin, is an essential coordinator that
integrates cellular energy, nutrient, stress status and growth factors signals with cell growth and
division (Zoncu et al., 2011). Hyperactivation of mTOR is commonly seen across cancer,
liberating cell growth from the requirement of extracellular growth factor signals (Guertin et al.,
2009; Masri et al., 2007). This is usually achieved by amplification or activating mutations in
upstream kinases such as EGFR, PI3K, Akt and Ras, which activates mTOR by phosphorylating
specific components in the mTOR complexes or the mTOR-inhibitory TSC1/2 complex (Carriere
etal., 2011; Gan et al., 2011; Liu et al., 2013; Ma et al., 2005a; Yuan and Cantley, 2008). Loss of
tumor suppressor genes could also lead to aberrant activation of mTOR, such as the phosphatase
and tensin homolog (PTEN) which is a negative regulator of the PI3K-Akt pathway, NF1 which
inhibits Ras activation, LKB1 which activates AMPK that inhibit mTOR in response to energy
stress, and TSC1/2 which negatively regulates mTOR through the small G protein Rheb (Banerjee
etal., 2011; Huynh et al., 2015; Johannessen et al., 2005; Ma et al., 2005b; Shackelford and Shaw,
2009). Germ line mutations in these tumor suppressor genes usually give rise to tumor-associated
syndromes, such as the PTEN harmatoma tumor syndrome, neurofibromatosis type 1 caused by
NF1 deletion, Peutz-Jegher’s syndrome in patients with LKB1 loss, as well as Tuberous sclerosis
syndrome or lymphangioleimyomatosis (LAM) cause by TSC1/2 deletion, which are all

commonly associated with mTOR hyperactivation (Nagy et al., 2004).

mMTOR kinase is the catalytic subunit of two distinct complexes mMTOR Complex 1 (mTORC1)
and mTOR Complex 2 (MTORC?2). Two distinct scaffold proteins, Raptor in mTORC1 and Rictor
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MTORC2, differentiate the two complexes by recruiting different components for complex
assembly and restricting substrate specificity. Other components in mMTORCL1 include PRAS40,
DEPTOR and mLST8, whereas mTORC2 also contains mSIN1 and PROTOR in addition to
DEPTOR and mLST8 (Fig. 1-2A) (Zoncu et al., 2011). Both mTORC1 and mTORC2 respond to
upstream growth factor signals and promote cell growth and proliferation, albeit through different
downstream effector kinases and proteins. mTORC1 phosphorylates two major substrates S6
kinase 1 (S6K1) and elF4E-biniding protein 1 (4EBP1), which both induce protein synthesis by
promoting mMRNA translation initiation and elongation, and S6K1 also promotes ribosome
biogenesis by upregulating the activity of rRNA polymerase RNA polymerase | (RNAP1) (Hsieh
etal., 2010). mTORC?2 on the other hand phosphorylates and activates a set of AGC family kinases
including Akt, serum- and glucocorticoid- regulated kinase (SGK) and protein kinase C (PKC),
which are involved in regulating cell cycle, survival and metabolism (Garcia-Martinez and Alessi,

2008; Hung et al., 2012; Pearce et al., 2010).

MTOR Complexes as nutrient sensors in cancer

Besides responding to upstream growth factor signals, both mTOR complexes also play the role
as nutrient sensors in the cell through different mechanisms (Fig. 1-2B) (Efeyan et al., 2015; Zoncu
etal., 2011). mTORC1 was identified as an essential component of a complex amino acid sensing
machinery on the lysosome, which also involves Rag GTPases, Ragulator, v-ATPase, and amino
acid transporters SLC38A9 and SLC36A1 (Fig. 1-3A) (Goberdhan et al., 2016). In addition,
MTORC1 also senses amino acids through mechanisms mediated by the MAP kinase regulator
MAP4K3 and the Class 111 PI3-kinase Vsp34 (Efeyan and Sabatini, 2010; Findlay et al., 2007,
Nobukuni et al., 2005), as well as through Rag-independent mechanisms mediated by two
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membrane trafficking proteins Arfl and RabAl involved in ER-Golgi transport (Li et al., 2010).
MTORC1 also senses decreased cellular energy levels (ATP/AMP) , hypoxia and DNA damage in
an AMPK-dependent manner (Hardie et al., 2012). mTORC2 on the other hand, was identified as
an important glucose sensor in tumor cells. The availability of glucose-derived acetate turned out
to be required for acetylation of Rictor to sustain consistent mMTORC2 activation upon growth
factor stimulation, which in turn further drives glycolysis through the Akt-FOXO-c-myc mediated
upregulation of glycolytic genes (Fig.1-3B) (Babic et al., 2013; Masui et al., 2015). The fact that
the nutrient and energy sensing role of mTOR is largely maintained in cancer along with its
hyperactivation suggests that effective coupling of cell proliferation with cellular nutrient and

energy status is also critical for cancer cells.
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Fig. 1-2. Structure and Function of mTOR Complexes.
(A) mTORC1 and mTORC2 contains both shared and unique components.
(B) mTOR complexes are responsive to upstream signals from growth factors, nutrient and stress

status as well as DNA damage, and control downstream protein synthesis, metabolism and

autophagy. Figure was modified and originally published by Zoncu et al (Zoncu et al., 2011).
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(A) Amino acid sensing mechanisms by mTORC1. Figure was originally published by
Shimobayashi et al (Shimobayashi and Hall, 2016). (B) mTORC2 senses cellular glucose and
acetate levels through acetylation of Rictor. Figure was originally published by Masui et al (Masui

etal., 2015).
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MTOR mediates metabolic reprogramming in cancer

Upon receiving signals from growth factors and nutrients, mTOR not only drives protein synthesis,
but also elevates cellular metabolism, powering biosynthesis by ensuring continuous supply of
energy, substrates and reducing equivalents (Duvel et al., 2010). Both mTOR complexes are
involved in mechanisms regulating glycolysis, mitochondria function, glutamine metabolism and
lipogenesis (Fig. 1-4 and Fig. 1-5) (Masui et al., 2015; Wu et al., 2014). Hyperactivation of
mTORC1 upregulates Hif-1 and c-myc, both of which promotes transcription of glycolytic genes
(Yecies and Manning, 2011). mTORC2 on the other hand activates Akt, which induces expression
of the rate limiting enzymes hexokinase (HK) and phospho-fructose kinase (PFK) in glycolysis,
while inhibits gluconeogenesis through phosphorylation of GSK3pB (Sarbassov et al., 2005;
Thompson and Thompson, 2004; Vivanco and Sawyers, 2002). mTORC1 also regulates
mitochondria function through PGCla and YY1, which are both major transcription factors
controlling expression of nuclear encoded mitochondria genes (Cunningham et al., 2007).
MTORC2 instead has been shown to help maintain interaction between hexokinase 2 and the
mitochondria voltage dependent anion channel (VDAC) through Akt-mediated mechanisms
(Gottlob et al., 2001). In addition, mTORC2 is also required for maintaining the integrity of the
mitochondria associated endoplasmic reticulum membrane (MAM), which is crucial for proper

mitochondrial calcium flux and membrane potential (Betz et al., 2013).

Besides glucose metabolism, mTORC1 also regulates glutaminase (GLS) and glutamate
dehydrogenase, which catalyze the first two steps in glutamine metabolism (Csibi et al., 2013).
Several key transcription factors regulating amino acid transporters, such as c-myc, Hifl and ATF4,

are also regulated by mTORCL1 to promote uptake of essential as well as nonessential amino acids,

16



especially leucine and glutamine (Csibi et al., 2014). Recent unpublished studies from our lab
discovered an important role of mTORC2 in glutamate and redox metabolism through direct

phosphorylation of the glutamate-cystine transporter xCT.

In addition, the expression and processing of SREBP1, which is an essential transcription factor
controlling genes in core pathways of lipid metabolism, is also regulated by S6K1 and Akt
downstream of mMTORC1 an mTORC2 (Duvel et al., 2010; Hagiwara et al., 2012; Lamming and
Sabatini, 2013; Porstmann et al., 2008). Furthermore, Akt is found to phosphorylate and activate

ACLY to maintain the cytosolic acetyl-CoA pool for de novo lipogenesis (Berwick et al., 2002).

mMTORC1 and mTORC2 also regulate distinct metabolic processes. mTORC1 is involved in
regulating de novo pyrimidine synthesis through phosphorylation of carbomyl phosphate
synthetase (CAD) by S6K1 (Ben-Sahra et al., 2013; Robitaille et al., 2013). Autophagy is also
regulated by mTORC1-mediated phosphorylation of ATG proteins, through which cells could
degrade and recycle intracellular components to provide sufficient nutrients for cell survival under
starvation or stressful conditions (Chan, 2009). Likewise, mMTORC2 also regulates cell survival, as
well as cytoskeleton dynamics and ceramide/sphingolipid synthesis through downstream AGC

family kinases SGK1 and PKC (Hung et al., 2012; Laplante and Sabatini, 2012).

Interestingly, recent studies also revealed an important role of mTOR in promoting cancer cell
survival in nutrient-depleted conditions. It was observed that activation of mMTORCL1 on the
contrary suppressed tumor growth in Ras-driven cancer cells, while mTORC1 inhibition promoted

cell proliferation through induction of autophagy to facilitate catabolism of endocytosed proteins
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from macropinocytosis (Palm et al., 2015). These together suggest that it will be crucial to fully
understand how mTOR regulates metabolism in tumors with distinct genetic backgrounds, and
under different microenvironment, before the correct decision could be made about whether

targeting mTOR is the right treatment option for each individual patient.
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Fig. 1-4. mTOR Complex 1 Reprograms Metabolism in Cancer.
mTORC1 regulated metabolic enzymes are involved in glycolysis, pentose phosphate pathway and

lipid biosynthesis. Figure was originally published by Duvel et al. (Duvel et al., 2010)
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XCT - An Emerging Therapeutic Target for Cancer

Structure and Function of the xCT transporter

XCT was first discovered in the 1980s and characterized as a 12-transmembrane protein that
belongs to the family of Heterodimeric Amino Acid Transporters (HAT) (Bannai and Kitamura,
1980). HAT family amino acid transporters usually consist of a functional light chain which
determines the transporter’s substrate specificity, and a heavily glycosylated heavy chain usually
shared between different HAT family members (Chillaron et al., 2001). xCT is the light subunit
of the cystine-glutamate antiporter system xC-, which is linked to the heavy subunit 4F2hc (also
known as CD98) through a disulfide bridge (Bassi et al., 2001). No crystal structure of XCT is
available to date, but predicted structures of xCT have been proposed based on protein sequence
analysis using membrane topology algorithmns. Additional studies using the cysteine accessibility
strategy revealed that both the N- and C-terminus of XCT reside in the cytosol, and a re-entrant
loop between the 2" and 3 transmembrane domain is involved in restricting substrate binding
and specificity (Gasol et al., 2004). Interestingly, additional amino acid residues further away from
the re-entrant loop were also identified to be required for substrate binding, suggesting that these
substrate-docking sites might be spatially close to each other, which leads to the assumption that
XCT likely adopts a barrel-like cylindrical structure with its N- and C-terminus close to each other
rather than spreading apart in a linear fashion. Dimerization of XCT has also been suggested but
whether it is required for transporter activity of is unknown (Gasol et al., 2004), whereas CD98
was suggested to be required for XCT function and recruitment onto the plasma membrane (Sato

etal., 1999).
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XCT functions as a cystine-glutamate antiporter, which exports glutamate and imports cystine
both in the anion form in a 1:1 ratio, and in a Na*-independent and CI- dependent manner.
Although xCT is a bi-directional transporter, the direction of substrate transport through xCT is
largely determined by the concentration gradient. Generally, extracellular glutamate level in the
brain, where XCT is mainly found to be expressed, is around 2-9 uM, as neurons and astrocytes
avidly take up glutamate through EAATSs such as GLT1 and GLAST to prevent overactivation of
post-synaptic neurons, while intracellular glutamate levels can reach as high as 10 mM. On the
other hand, cystine is immediately reduced into cysteine upon entering the cell, and used for
glutathione synthesis or involved in other redox reactions, therefore intracellular cystine level is
usually much lower level compared to the extracellular environment (Lewerenz et al., 2012).
Besides glutamate and cystine, aspartate and cystathionine were also identified as possible

substrates of XCT (Kobayashi et al., 2015).

Mechanisms regulating xCT

As xXCT is responsible for the uptake of cystine, which is the rate-limiting substrate for glutathione
synthesis, it is not surprising that Nrf2 was first identified to bind to the antioxidant response
element (ARE) in the xCT promoter and induces transcription of XCT in response to oxidative
stress. (Ishii et al., 2000; Sasaki et al., 2002). In addition, amino acid starvation was also found to
induce transcription of XCT through ATF4 binding onto the amino acid responsive element (AARE)
in the xCT promoter. Activation of the amino acid sensor GCN2 in response to decreased amino
acid levels in the cell phosphorylates elF2a, which led to increased translation of ATF4 and XCT
transcription. (Sato et al., 2004). Surprisingly, p53 was recently discovered as an XCT

transcriptional repressor, which has been proposed to play an important role in inducing cell death
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through ferroptosis in response to cellular stress during embryonic development and tumor
suppression (Fig. 1-6) (Jiang et al., 2015). In contrast, post-translational mechanisms regulating
XCT are largely unknown. Despite several potential phosphorylation sites, one N-glycosylation
site (Bridges et al., 2001) and multiple ubiquitination sites have been detected on XCT based on
cumulative data obtained from large-scale phosphoproteomic studies, validation of these
phosphorylation events and identification of the responsible kinases still awaits. More importantly,
we have yet to understand the functional importance of these post-translational modifications on
XCT. Nevertheless, CD44v6, which is a variant form of CD44, has been shown to stabilize xCT

on the plasma membrane in certain types of cancer (Ishimoto et al., 2011).
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Fig. 1-6. Mechanisms Regulating XCT Transcription.
XCT transcription is induced by Nrf2 and ATF4 in response to oxidative stress and amino acid
starvation, and suppressed by p53. Figure was modified based on originally published paper by

Lewerenz et al. (Jiang et al., 2015; Lewerenz et al., 2012)
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The Important Roles of XxCT in Cancer

Uptake of extracellular cystine was essential for cell survival in many cancers. Systemic depletion
of cystine with a genetically engineered human cyst(e)inase was recently reported to selectively
kill cancer cells both in vitro and in vivo while it is very well tolerated in animals (Cramer et al.,
2016). Cystine uptake is predominantly mediated by XCT in cancer, especially in glioblastoma
(GBM), lymphoma and triple-negative breast cancer, where XCT is found to be significantly
upregulated (Timmerman et al., 2013; Ye et al., 1999; Zhang et al., 2012). Interestingly, XCT is
normally expressed in the brain, especially in astrocytes, and lymphoid organs such as the spleen
and thymus, suggesting that the tissue of origin might also contribute to the unique dependence of

XCT in different cancers (Lewerenz et al., 2012).

In GBM, tumor cells preferentially express XCT rather than the other two glutamate transporters
GLT and GLAST normally seen in astrocytes and neurons (Fig. 1-7) (Savaskan and Eyupoglu,
2010). Genetic knockdown or pharmacological inhibition of XCT is sufficient to completely block
glutamate secretion in GBM cells (Ye et al., 1999). Glutamate secreted by tumor cells through
XCT accumulates in the tumor microenvironment and could reach to a level of several hundred-
fold higher than in normal brain (Marcus et al., 2010; Ye and Sontheimer, 1999). High levels of
extracellular glutamate promotes GBM cell proliferation and migration through activating the
AMPA glutamate receptor, while inducing excitotoxicity and cell death of surrounding neurons
and astrocytes, facilitating tumor expansion and resulting in epilepsy and brain edema
(Buckingham et al., 2011; Chen et al., 2009; Chung et al., 2005; Ishiuchi et al., 2007; Savaskan et

al., 2008). It was suggested that the differential expression levels of the AMPA and NMDA
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glutamate receptors might explain the distinct effect of extracellular glutamate on normal brain

and glioma cells (van Vuurden et al., 2009).

(A) glutamate Na Cystine
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Fig. 1-7. XCT is Preferentially Expressed in Glioma Cells.

Astrocytes and neurons normally express GLT1 and GLAST which mediate sodium-dependent
uptake of glutamate. Glioma cells on the contrary express the cystine/glutamate antiporter XCT,
which is sodium-independent and mediates export of glutamate and uptake of cystine. Figure

was modified and originally published by Savaskan et al. (Savaskan and Eyupoglu, 2010)

In chronic lymphocytic leukemia (CLL), tumor-associated stromal cells, rather than CLL cells,
were found to express high levels of xCT. Stromal cells avidly take up cystine through xCT and
provide the reduced form of cysteine to the neighboring CLL cells through the ASC1 transporter
(Zhang et al., 2012). Inhibition of xCT in stromal cells significantly decreased glutathione levels
in CLL cells while treating CLL cells alone with an xCT inhibitor had no effect on total cellular
glutathione levels, suggesting that CLL cells are solely dependent on the cysteine provided by

stromal cells for glutathione synthesis and cell survival.
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Analysis of nutrient dependency in breast cancers identified a specific reliance on XCT in triple-
negative breast cancer (TNBC). XxCT expression level is significantly higher in TNBC compare to
estrogen (ER)- or progesterone (PR) driven breast cancers (Timmerman et al., 2013). More
interestingly, a recent study by Kaelin et al suggested that the high levels of xCT in TNBC cells is
responsible for Hifla induction under normoxia to drive tumor growth and metabolism. It was
found that accumulation of extracellular glutamate secreted from XCT could feedback inhibit xCT
activity and suppress cystine uptake, which eventually led to cysteine depletion in tumor cells.
Cysteine depletion is responsible for oxidation of cystine residues on the prolyl hydroxylase
domain (PHD) protein EgIN1, which inactivates EgIN1 and suppressed EgIN1-dependent Hifla
degradation (Briggs et al., 2016). As oxidation of cysteine residues is a common post-translational
mechanism regulating protein function and activity of many redox-responsive proteins, we would
expect that the importance of XCT in cancer cells might go far beyond maintaining glutathione
synthesis. It will be interesting to look into how XCT is involved in regulating other important

cellular functions through affecting cysteine residues oxidation of proteins in cancer cells.

Targeting XCT in Cancer

The unique dependence on XCT for cystine uptake suggests that cancer cells should be more
sensitive to XCT inhibition compared to normal cells. Genetic knockdown as well as
pharmacological inhibition of XxCT in GBM significantly suppressed tumor growth, prevented
tumor cell migration and helped alleviate brain edema and neurodegeneration by blocking
glutamate secretion (Chen et al., 2009; Chung et al., 2005; Savaskan and Eyupoglu, 2010;
Savaskan et al., 2008). In vivo administration of XCT inhibitors in CLL mouse models significantly

decreased tumor cell viability and increased the cytotoxicity of standard chemotherapeutic agents
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F-ara-A and oxaliplatin through suppressing glutathione synthesis (Huang et al., 2005; Zhang et
al., 2012). In addition, inhibition of glutamine metabolism or direct inhibition of xCT was also
shown to induce oxidative stress in TNBC cells and suppressed tumor growth in vivo (Briggs et

al., 2016; Timmerman et al., 2013).

But xCT inhibition has not yet been successful in clinical studies due to low specificity or poor
pharmacokinetic properties of currently available xCT inhibitors such as sulfasalazine (SAS) and
(S)-4-caboxyphenylglycine [(S)-4CPG] (Griffith, 1982; Robe et al., 2009). A new category of
compounds was recently identified from a synthetic lethal screen in RAS-driven cancer cells,
which can induce an iron-dependent, non-apoptotic form of cell death (Dolma et al., 2003; Yang
and Stockwell, 2008). Following studies identified erastin as one of the most promising candidate
compound and it was found that erastin significantly inhibited cystine uptake through xCT, which
led to glutathione depletion and lipid peroxidation in the cell and resulted in an iron-dependent
form of cell death termed ferroptosis. But no direct binding between erastin and xCT was detected,
suggesting that the inhibition of xCT and cystine uptake by erastin was likely a secondary effect
(Dixon et al., 2012). Interestingly, another group of structurally related compounds were also
identified as ferroptosis inducers, which target the phospholipid hydroperoxidase glutathione
peroxidase 4 (GPX4) — an enzyme responsible for glutathione-mediated reduction of oxidized
lipids (lipid peroxide) in the mitochondria (Yang et al., 2014). These together suggest that cancer
cells might share the vulnerability towards glutathione depletion, and indicate that besides XCT,
additional key players in glutathione metabolism such as GCLC and GPXs could also be potential
drug targets. In fact, several glutathione depleting agents have already been evaluated in cancer,

including a naturally-occurring compound phenethyl isothiocyanate (PEITC), which specifically
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reacts with intracellular glutathione and transports it out of the cell; and L-Buthionine
sulphoximine (BSO) — an inhibitor targeting the rate-limiting enzyme GCLC in glutathione
synthesis. Both of them showed very promising anti-tumor effect (Bailey et al., 1994; Yuan et al.,
2016). But so far, these candidate compounds including erastin, PEITC and BSO are still not
optimal for use in the clinic due to undesired systemic toxicities or poor pharmacokinetic

properties (Griffith, 1982).
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Targeting Reprogrammed Metabolism in Cancer

To date, a total of 125 “driver” genes have been identified in cancer, including 54 oncogenes and
71 tumor suppressor genes (Vogelstein et al., 2013). Targeting oncogenic driver mutations was
once believed to be the cure for cancer, until resistance invariably occurred as tumor cells become
independent of the initial driver mutation for survival and proliferation. Unlike the diversity of
oncogenic mutations in cancer, common metabolic phenotypes are usually seen in genetically
distinct tumors and driven by different oncogenes, suggesting that cancer cells might be less
flexible with metabolic perturbations. Metabolic reprogramming is thought to serve three major
purposes in cancer: 1) catabolism of nutrients to meet bioenergetics needs; 2) anabolism of
nutrients for biosynthesis; 3) maintaining cellular redox balance (Fig. 1-8) (DeBerardinis and
Chandel, 2016). The metabolic reprogramming in cancer has been mostly described in the first
part of this chapter. Here in the last section of the introduction we want to present some of the
exciting recent findings and our current understanding of cancer-specific metabolic vulnerabilities

for designing better therapeutic strategies targeting metabolism in cancer.

Targeting Bioenergetic Pathways in Cancer

Glycolysis and mitochondria OXPHOS are two major pathways generating ATP in cancer. Most
cancer cells are dependent on the high rate of glycolysis for energy production, therefore inhibitors
targeting key enzymes in glycolysis have been extensively studied and tested in cancer. 2-
deoxyglucose (2-DG) and 3-bromopyruvate (3-BP) are potent inhibitors targeting hexokinase
(HK?2) in glycolysis, but both display systemic toxicities (Dwarakanath et al., 2009; Jae et al., 2009;
Klippel et al., 2012; Shoshan, 2012). Inhibitors of lactate dehydrogenase (LDHA) as well as lactate
transporters MCT1 and MCT4 on the other hand are very well tolerated and are currently being
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evaluated in both preclinical and clinical studies (Doherty and Cleveland, 2013; Polanski et al.,
2014). Dichloroacetate (DCA) is another glycolysis inhibitor currently being tested in clinical trials.
DCA inhibits pyruvate dehydrogenase kinase (PDK1), which could revert the glycolytic
phenotype in cancer cells by forcing pyruvate entry into the mitochondria and suppress lactate

production (Dunbar et al., 2014; Michelakis et al., 2010).

On the other hand, a subset of cancer cells are found especially dependent on mitochondria
metabolism and sensitive to mitochondria inhibitors, including cancer stem cells, tumor cells with
limited access to glucose, as well as tumors treated with inhibitors targeting EGFR, PI3K, Akt or
mTOR which suppress glycolysis (Birsoy et al., 2014; Hsu et al., 2015; Shackelford et al., 2013;
Viale et al., 2014). Biguanides such as metformin and phenformin, which were initially used in
patients with diabetes to inhibit gluconeogenesis, were identified as mitochondria inhibitors
targeting Complex | in the electron transport chain (ETC) and both are currently involved in
hundreds of ongoing clinical trials in different cancers as single therapy or in combination with
standard chemotherapies and targeted therapies (Foretz et al., 2014; Kasznicki et al., 2014).
Another famous mitochondria inhibitor is arsenic trioxide, which was initially identified to induce
differentiation of leukemia cells and approved for clinical use in patients with relapsed or
refractory acute promyelocytic leukemia (APL). Surprisingly it was later found that the real target

of arsenic trioxide is the mitochondria Complex 111 (Lo-Coco et al., 2013; Pelicano et al., 2003).

In addition, glutamine also contributes to the TCA cycle and OXPHOS especially under hypoxia
and glucose-limiting conditions. Enzymes in glutamine metabolism such as glutaminase and

glutamate pyruvate transaminase (GPT) have also become potential therapeutic targets for cancer
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(DeBerardinis et al., 2007). One small molecule glutaminase inhibitor CB-839 is currently
undergoing clinical evaluation (Gross et al., 2014). It was also observed that when glucose is
limited, tumor cells could obtain fatty acids from the microenvironment or from stromal cells to
generate ATP and NADPH through B-oxidation, which suggest that the enzyme carnitine O-
palmitoyltransferase (CPT) involved in fatty acid B-oxidation in the mitochondria could also be a
potential drug target for cancer (Boroughs and DeBerardinis, 2015; Jeon et al., 2012; Nieman et

al., 2011; Zaugg et al., 2011).

Targeting Biosynthesis Pathways in Cancer

A major advantage of elevated glycolysis and decoupling of the TCA cycle with OXPHOS
observed in cancer cells is to provide precursors for biosynthesis of macromolecules. In fact,
targeting biosynthesis has long been the rationale behind some of the most successful modern
chemotherapies such as L-asparaginase, dihydrofolate reductase inhibitor pemetrexed and
thymidylate inhibitor 5-fluorouracil (Wilson et al., 2014). In fact, many de novo amino acid,
nucleotide and lipid synthesis pathways are dependent on metabolic intermediates from glycolysis
and the TCA cycle, including the serine/glycine synthesis pathway, purine and pyrimidine
synthesis pathways, as well as fatty acid and cholesterol synthesis pathways (DeBerardinis and
Chandel, 2016). Therefore, the glycolysis and mitochondria inhibitors mentioned above as well as
additional small molecule inhibitors targeting biosynthetic pathways have also been tested for their
effect on inhibiting biosynthesis in cancer. For example, phosphoglycerate dehydrogenase
(PHGDH) and serine hydroxymethyltransferase (SHMT2) are two major enzymes in the
serine/glycine synthesis pathway highly amplified or upregulated in breast cancer and melanoma

(DeNicola et al., 2015; Jain et al., 2012; Locasale et al., 2011; Mullarky et al., 2011; Possemato et
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al., 2011; Yang and Vousden, 2016). Recently a small molecule inhibitor targeting PHGDH was

reported and is currently undergoing further preclinical studies (Mullarky et al., 2016).

Another important biosynthetic process that we could potentially target in cancer involves
nucleotide synthesis. The ribose-5-phosphate synthesized by the pentose phosphate pathway (PPP),
aspartate derived from the TCA cycle through glutamine anaplerosis, and formate generated from
one-carbon metabolism downstream of the serine/glycine synthesis pathway are all essential
substrates for de novo nucleotide synthesis. Although few inhibitors targeting these pathways are
available to date, several candidate enzymes have been suggested by RNAI studies as promising
targets, including glucose-6-phosphate dehydrogenase (G6PD) and phosphoglycerate mutase
(PGAML1) in the PPP, pyruvate carboxylase, a-ketoglutarate dehydrogenase, and glutaminase
mediating TCA  cycle anaplerosis, as well as  methylenetetrahydrofolate
dehydrogenase/cyclohydrolase (MTHFD2) and monofonctional Cl-tetrahydrofolate synthase

(MTHFD1L) involved in the mitochondrial one-carbon metabolism (Nilsson et al., 2014).

Acetyl-CoA is another important biosynthetic precursor, which is essential for de novo fatty acid
and cholesterol synthesis as well as protein acetylation. Acetyl-CoA could be derived from
citrate by ACLY, or from acetate by acetyl-CoA synthase (ACCS2). Genetic knockdown and
pharmacological inhibition of ACLY and ACCS2 both suppressed tumor growth in vivo,
possibly through inhibiting de novo lipogenesis and histone acetylation (Bauer et al., 2005;
Schug et al., 2015; Schug et al., 2016). Other inhibitors targeting de novo lipid synthesis also
include fatty acid synthase (FASN) inhibitor TVB-2640 and HMG-CoA reductase inhibitor

statins (Nielsen et al., 2012; Rohrig and Schulze, 2016).
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Targeting Redox Pathways in Cancer

A third major feature of metabolic reprogramming in cancer is upregulation of redox metabolism,
including NADPH production, glutathione synthesis, thioredoxin pathway, as well as
mitochondria superoxide dismutase (SOD). NADPH is one of the major reducing powers in cancer
cells, and is also responsible for regenerating reduced glutathione and thioredoxin. The main
pathways and enzymes contributing to cellular NADPH pool in cancer include the PPP pathway,
one-carbon metabolism, malic enzyme (ME1) as well as cytosolic and mitochondria isocitrate
dehydrogenase IDH1 and IDH2 (Fan et al., 2014; Jiang et al., 2016; Patra and Hay, 2014; Son et
al., 2013). But since normal cells also share many of these common pathways to generate NADPH,
inhibitors targeting these pathways will most likely encounter the problem of systemic toxicity.
Two exceptions are G6PD in the PPP pathway and MTHFD2 in one-carbon metabolism, as
systemic depletion of G6PD could be tolerated and MTHFD2 is found to be differentially
upregulated in cancer cells but not in normal proliferating cells (Nilsson et al., 2014). In fact,
normally NADPH does not directly react with oxidized proteins, but rather transfer its reducing
power onto glutathione and thioredoxin by glutathione reductase (GR) and thioredoxin reductase
(TXNR). The reduced glutathione and thioredoxin carrying the reductive thiol group then reduces
oxidized proteins or lipids in the cell either by specific enzymes such as glutathione peroxidase
(GPXs) or directly react with the substrates in the case of thioredoxin (Trachootham et al., 2009).
Therefore, targeting glutathione and thioredoxin pathways might be an alternative way to inhibit
redox metabolism in cancer. Sulfasalazine and erastin which inhibit xCT-mediated uptake of the
rate-limiting substrate cystine, BSO which targets the rate limiting enzyme GCLC in glutathione
synthesis, together with TXNR inhibitor PX-12 are examples of promising drug candidates

targeting the glutathione and thioredoxin pathways in cancer (Chung et al., 2005; Dixon et al.,
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2012; Trachootham et al., 2009). Another interesting idea to exhaust the reductive potential of
cancer cells is by treating cells with the oxidized form of vitamin C — dehydroascorbate (DHA).
In KRAS-driven tumors such as colorectal cancer where GLUT1 is highly expressed, DHA was
shown to be preferentially taken up by cancer cells through GLUT1, which then rapidly depleted

the NADPH and GSH pool and induced ROS-mediated tumor cell death (Yun et al., 2015).

. .
. .
: :
Glu : oep----» pop B xsp.-.-.. sRSP Gl oueeed Fhetee
Nicotinamide yeoly 1 n H i S
i i F6P F2.68P 1 1 i gt
@D ;o : ¢ 5.10-CH,THF :
: y F1.68P ; IMP - UMP \9 :
NADH Amino aci Sphingomyelin
N Q metabolism v THF DHF
a aci
i : 3Pc°~ 3PHP ====» Ser dNTPs 'd Isoprenoids
: E A:P Cholesterol
Fatty acyl-CoA E ZPG Lipidogenesis 1
i Acetyl-CoA——— HMG-CoA @ | | Mt
P PEP <\ / y
l 1
Fatty acyl- v o
cam;itine Lactate Pyruvate Mnlate Cm'ate Malonyl-CoA ‘ > Fatty acids Glyomel
: : ' MAG
v ‘ Cytosol

v
Fatty acyl- OAA 4.‘_ Pyruvate «—— Malate

carmtme
l'—o

SU— Aee:leoA

B—oxidation .......... S
Malate Y
D-isocitrate

b Krebs cycle

\k(a- G

Mitochondrial matrix

33



Fig. 1-8. Potential Therapeutic Targets in Cancer Metabolism.
Many metabolic enzymes involved in bioenergetics pathways, biosynthesis pathways and redox
pathways are found differentially expressed in cancer and could be potential therapeutic targets.

Figure was originally published by Galluzzi et al (Galluzzi et al., 2013).

Exploiting Cancer-specific Metabolic Co-dependencies

Oncogenic mutations, tumor microenvironment and drug treatments all contribute to the specific
metabolic phenotypes and dependencies in cancer cells. For example, EGFR determines the
specific dependence on uptake of exogenous lipids rather than de novo synthesis in GBM cells,
rendering them specifically sensitive to LXR agonists which deplete intracellular cholesterol pool
by inhibiting cholesterol uptake through LDLR and promotes cholesterol efflux through ABCAL,
which significantly reduced tumor cell viability, while statins that inhibit de novo lipid synthesis
had no effect in GBM (Villa et al., 2016). In colorectal cancer, glucose-limiting condition was
found to select for a population of cancer cells harboring KRAS or BRAF mutations, as mutant
KRAS or BRAF significantly upregulates the glucose transporter GLUT1 which allows tumor
cells to compete for the limited glucose for survival. Targeting glycolysis using 2-DG or 3-BP
preferentially inhibits tumor cells with KRAS or BRAF mutations while sparing those with wild
type KRAS or BRAF (Yun et al., 2009). In addition, we also discovered a novel mechanism
through which mTORC2 regulates glutathione metabolism by phosphorylation of XxCT in response
to nutrient and oxidative stress. Treatment with small molecule mTOR Kkinase inhibitors
significantly increased tumor cell dependency on glutathione in GBM, due to a specific and

significant induction of mitochondria ROS and lipid peroxidation by mTOR kinase inhibitors,

34



which eventually led to ferroptotic cell death if not resolved by glutathione. These suggest that
Torinl-treated GBM cells are especially sensitive to glutathione depletion by the XCT inhibitor
erastin or GCLC inhibitor BSO. In general, the above examples all emphasize the importance that
we should carefully assess the context-specific metabolic phenotypes in different cancer before

the right therapeutic targets can be chosen.

After almost a hundred years since Warburg first reported the differential metabolism in cancer,
our knowledge and insights about cancer metabolism have greatly advanced, especially with the
development of new technologies and better models made available in recent years. We now
understand that besides oncogenic mutations, tumor microenvironment and treatment
perturbations are also important determinants involved in the selection for the specific metabolic
phenotypes seen in different cancers and even in different individuals with the same type of cancer.
We also uncovered the link between metabolism and epigenetics, which might be the first step to
cellular transformation and the underlying cause of cancer. In fact, studying metabolism in intact
whole tumors as well as looking for tumor-stromal interactions have become two important current
trends in cancer metabolism research (Hensley et al., 2016; McMillin et al., 2013). In addition, as
metabolism in cancer cells is very flexible, development of new models and computational
approaches would allow us to look at metabolic changes in real-time, in different cellular
compartments and under specific drug treatments to explore better therapeutic strategies targeting

metabolism in cancer.
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Chapter 2
Growth Factor Signaling and mTOR Mediates Metabolic

Reprograming in Cancer
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MTOR Reprograms Amino Acid Metabolism in Cancer through

Phosphorylation of XxCT

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., 2007). 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).
Tumor cells take up amino acids either through specific amino acid transporters (Bhutia et al.,
2015), or through macropinocytosis, a recently described opportunistic pathway of amino acid
uptake (Commisso et al., 2013; Pavlova and Thompson, 2016). 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 responsible for the
uptake of 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 repleted conditions, glutamate can contribute to many anabolic reactions

(Conrad and Sato, 2012; DeBerardinis et al., 2008; Kim et al., 2001; Son et al., 2013). Thus,
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post-translational mechanisms of XCT regulation may be important for enabling tumor cells to
rapidly respond to changing environmental conditions. 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.
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RESULTS

MTORC2 Phosphorylates XCT on Serine 26

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 (Fig. 2-1A), revealing 125 potential XCT binding proteins with a
median fold enrichment of xCT/vector >10 (Fig. 2-1B and Supplementary Table 1). DAVID
(Huang da et al., 2009) Gene Ontology (GO) analysis showed enrichment in pathways involved
in cellular and protein metabolism (Fig. 2-1C and Supplementary Table 2). Established xCT
binding partners including CD98 (SLC3A2) and CD44 (Ishimoto et al., 2011), were identified as
well as the epidermal growth factor receptor (EGFR) (Tsuchihashi et al., 2016). Surprisingly,
Rictor and mTOR, which are core components of mTOR complex 2 (mMTORC2), were also

identified as potential xCT binding proteins (Fig. 2-1B).

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 (Fig. 2-2A),
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 mMTORC2. Reverse Co-IP confirmed the
binding of XCT to both a FLAG-tagged mTOR and a myc-tagged Rictor, in GBM cells (Fig. 2-
2B). These data demonstrate that XCT specifically interacts with mTORC2, but not mTORC1, in

GBM cells.
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Fig. 2-1. mTORC?2 is Identified as an XCT Binding Protein.

(A) A brief schematic of the SILAC Mass Spectrometry experiment performed to identify xCT
specific binding proteins in US7EGFRUVIII cells.

(B) The median fold enrichment of the identified proteins was plotted on a Logio scale as XCT
versus vector. A cutoff of Logio (xCT/vector) <1 was applied and indicated by the dash line.
Known XCT binding proteins as well as mTOR and Rictor were labeled in red. The complete list
of proteins identified can be found in Table. 1.

(C) DAVID gene ontology (GO) analysis of the 125 potential XCT binding proteins identified in
(B). Top 10 enriched biological pathways were plotted using the — (Logio FDR). The enriched
pathways that contain both mTOR and Rictor were indicated in red and the full gene list of each

pathway can be found in Table. 2.
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Fig. 2-2. mTORC2 Physically Interacts with xCT in Cancer Cells.

(A) Co-immunoprecipitation (Co-IP) was performed to validate mTOR and Rictor as xCT
binding proteins in GBM (U87vlll, U251, T98G), triple-negative cancer (MDA-MB-231,
Hs578T) and lung cancer (A549) cell lines stably overexpressing the FLAG-tagged xCT or
vector control.

(B-C) Reverse Co-IP was performed to verify mTOR and Rictor as XCT binding proteins.
US7EGFRvVIII cells with stable xCT overexpression or vector control were transiently
transfected with pcDNA vector control, FLAG-mTOR (A) or myc-Rictor (B). After 48 h of
transfection, protein lysates were collected and incubated with Dynabeads Protein A pre-
incubated with mTOR or Rictor specific antibodies. Eluates were subjected to immunoblotting to

probe for XCT, mTOR, Rictor and corresponding tags.
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MTORC2 phosphorylates xCT downstream of growth factor signaling in cancer

MTORC?2 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 (Jacinto and Lorberg, 2008; Pearce et al., 2010). mTORC2 has
recently been shown to regulate 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; Masui et al., 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 (Fig. 2-3A). Therefore, we hypothesized that
MTORC?2 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), which could potentially serve as targets of mTORC2.
Importantly, S26, S51 and S481 are all preceded by an arginine at the -3 position (RXXS/T) (Fig.
2-3B), suggesting that they might 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 sSiRNAs 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
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lysates using phospho-RXXS/T antibody conjugated beads, followed by immunoblotting for
myc-tagged XCT. As shown in Fig. 2-3C, 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. In contrast to Rictor,
Raptor knockdown increased XxCT phosphorylation (Fig. 2-3C), which is consistent with the
hyperactivation of mMTORC2 that commonly occurs as a consequence of mTORC1 inhibition due
to the mTORC1-medidated negative feedback regulation (Dibble et al., 2009). In addition, the
MTOR kinase inhibitor Torinl, which blocks both mTORC1 and mTORC2 activity (Liu et al.,

2010), significantly inhibited XCT phosphorylation on RXXS/T motifs in GBM cells (Fig. 2-3D).

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 PKCa, Akt or SGK1 and xCT in either the
SILAC or Co-IP experiments (Table 1 and Fig. 2-4). Furthermore, neither siRNA-mediated
genetic knockdown, nor pharmacological inhibition of PKCa, Akt and SGK1 suppressed xCT
phosphorylation upon EGF stimulation (Fig. 2-5 and 2-6), suggesting that downstream effector

AGC kinases are not required for nTORC2-mediated XxCT phosphorylation.
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Fig. 2-3. mTORC2 Phosphorylates xCT Downstream of Growth Factor Signaling.

(A) RT-PCR analysis of XCT mRNA levels in U87 cells transiently transfected with vector
(pcDNA) control, mTOR, Raptor or Rictor. Cells were collected after 72 h of transfection and
MRNAs were extracted. Results were calculated from four independent replicates and data were
shown as mean + SEM. Statistical analysis was performed using one-way ANOVA and
compared to the mean of pcDNA as control. n.s. refers to not statistically significant.

(B) 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.)

(C) Immunoprecipitation (IP) - western blot was performed in U87 cells stably expressing EGFR
and myc-tagged xCT. Cells were serum starved for 24 h post 24 h of transfection with siRNA
before stimulated with 25 ng/ml EGF. Cell lysates were collected at indicated time points and
subjected to pRXXS/T IP and western blotting analysis.

(D) UB7EGFRVIII cells stably overexpressing XCT or vector control were treated with 250 nM
Torinl. Protein lysates were collected over a time course of 24 h for IP-western blot to determine

XCT phosphorylation on RXXS/T motifs.
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Fig. 2-4. AGC Kinases Downstream of mTORC2 Does Not Bind to xCT.

(A-B) Co-IP experiment was performed using (A) GBM cell lines US7EGFRvIII, U251 and
T98G, and lung cancer cell line A549, as well as triple negative breast cancer cell lines Hs578T
and MDA-MB-231 (B) stably overexpressing FLAG-tagged XCT or vector control to detect xCT

binding with PKCa, Akt and SGK1.
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Fig. 2-5. Knockdowns of AGC Kinases Downstream of mMTORC2 Do Not Affect xCT
Phosphorylation on RXXS/T Motifs.

U87 cells stably expressing wt EGFR and myc-tagged xCT were transfected with indicated
siRNA targeting Rictor or mTORC2 downstream AGC kinases. 24 h post-transfection cells were
serum starved for an additional 24 h and then stimulated with 25 ng/ml EGF for 30 min before

protein lysates were collected and subjected to pRXXS/T IP and western blotting analysis.
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Fig. 2-6. Pharmacological Inhibition of Neither mTORC1 Nor AGC Kinases Downstream
of mMTORC2 Affect XCT Phosphorylation on RXXS/T Motifs.

U87 cells stably expressing wt EGFR and myc-tagged xCT were serum starved for 24 h in the
presence of DMSO or indicated kinase inhibitors (Rapamycin: 10 nM, Torinl: 250 nM; MK2206:
1 pM; Sanofi-SGK1-selective compound: 2 uM; Sotrastaurin: 5 uM; Akti + SGKi +PKCi refers
to combination treatment with MK2206, Sanofi-SGK1-selective compound and Sotrastaurin at
the same concentration as individual drug treatment mentioned above) and then stimulated with
25 ng/ml EGF before protein lysates were collected at indicated time points and subjected to
pRXXS/T IP and western blotting analysis. Inhibition of kinase activity were also analyzed by

western blot as shown in the input panels.
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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 (Fig. 2-7A). 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 (Fig. 2-7B). 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 but not rapamycin in mouse
embryonic fibroblasts (Yu et al., 2011). In addition, XCT serine 26 is resided 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 XxCT by phosphorylating serine 26 of XCT’s
N-terminus cytosolic domain. Serine 26 of XCT is largely conserved across species (Fig. 2-8A)

(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). As
shown in Fig. 2-8B, xCT phosphorylation on serine 26 was detected in GBM cells. To determine
whether serine 26 of XCT is indeed an mTORC2 substrate, we performed an in vitro kinase assay

using purified mMTORC2 and peptides containing the XCT serine 26 sequence (Fig. 2-8C and 2-
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8F). 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 mTOR (Fig. 2-8C and 2-8F). In contrast, XxCT S26 could not be
phosphorylated by SGK1 (Fig. 2-8D and 2-8F), and phosphorylation of XxCT S26 by Aktl was
markedly less than that of GSK3p, a known Aktl substrate (Fig. 2-8E and 2-8F). Importantly,
XCT S26A mutant could no longer be phosphorylated upon growth factor stimulation in GBM
cells (Fig. 2-8G) and phosphorylation of the S26A xCT did not change in response to Torinl
treatment (Fig. 2-3D). Taken together, these data suggest that mTORC2 phosphorylates xCT on

serine 26 in response to EGFR signaling.
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Fig. 2-7. xCT Phosphorylation on RXXS/T Motifs Occurs on the Cytosolic N-terminus.

(A) 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) Phosphorylation on RXXS/T motifs in wt XCT and cytosolic N- and C-terminus deletion

mutants were analyzed by pRXXS/T IP and western blot.
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Fig. 2-8. mTORC2 Phosphorylates xCT on Serine 26.

(A) Phosphorylation on xCT serine 26 is conserved across species. (Hornbeck et al., 2015).
(http://www.phosphosite.org/uniprotAccAction?id=Q9UPY?5.)

(B) LC-MS/MS identified phosphorylation of XCT on serine 26 in US7TEGFRVIII cells. A brief
schematic of the experiment and the identification of phosphorylated xCT serine 26 peptide was
shown.

(C-F) In vitro kinase assay was carried out by incubating IP-purified mTORC2 from HEK293T
cells (C), recombinant Aktl (D), SGK1 (E), and peptides with corresponding substrate sequences
(F) and [y-32P]-ATP. A representative dot plot of autoradiography was shown and radioactivity
was quantified as scintillation counts from three independent replicates and presented as mean
counts per minute (cpm) £ SEM. Statistical analysis was performed using one-way ANOVA.

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

motifs upon EGF stimulation.
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MTORC2 Fine-tunes xCT Activity through Phosphorylation in Response to

Growth Factor and Nutrient

Phosphorylation resistant mutation 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 xXCT, revealing that both domains were important for xCT function,
as measured by glutamate secretion (Fig. 2-9A). Although both N- and C-terminus deletion
mutants were still localized on the plasma membrane, the mechanisms by which each domain
regulates xCT activity seemed to differ (Fig. 2-9B and C). Deletion of the C-terminus of XCT
prevented it from binding to CD98, 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 (Fig. 2-9B and C). 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 (Fig. 2-4A). Thus, to exclude potential effects of
endogenous XCT binding, we obtained XCT knockout MEFs and generated stable cell lines
expressing the wild-type XCT, or the phosphorylation resistant mutant S26A. 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
(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
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efflux through other transporters. The phosphorylation resistant mutant S26A significantly
increased glutamate secretion (Fig. 2-9D and E). Together, these data suggest that XCT activity is

increased when mTORC2 mediated phosphorylation on serine 26 is ablated.
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Fig. 2-9. Phosphorylation-resistant Mutation on XCT serine 26 Increased XCT Activity.

(A) Glutamate secretion was measured and in US7EGFRUVIII cells stably overexpressing vector,
wt XCT or N-del and C-del mutant xCT. Statistical analysis was performed using one-way
ANOVA.

(B) Cell surface and total protein levels of wt XCT and N-del and C-del mutant xCT were
analyzed by western blotting.

(C) Co-IP-western blot to detect binding of wt XCT or N-del and C-del mutant xCT with CD98.
(D) 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.

(E) XCT activity assay was perfomed 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 levels. Statistical

analysis was performed using one-way ANOVA.
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MTORC2 inhibition increases XCT activity

Having shown that ablation of the mTORC2-mediated phosphorylation on serine 26 increases
XCT activity, we hypothesized that inhibition of mTORC2 should also result in increased xCT
activity. Inhibition of mTORC2 by two different Rictor shRNAs significantly increased
glutamate secretion through xCT (Fig. 2-10A and B), which is consistent with decreased xCT
phosphorylation (Fig. 2-10C). On the other hand, overexpression of Rictor activated mTORC2
and significantly decreased glutamate secretion in U87 cells (Fig. 2-10D), albeit the decrease
was not as dramatic since basal mTORC2 activity is already high in U87 cells due to PTEN
deletion. Treatment with Torinl phenocopied Rictor knockdown, and significantly increased
XCT-specific cystine uptake and glutamate secretion in multiple GBM cell lines, patient-derived
neurosphere lines, as well as in triple negative breast cancer and lung cancer cell lines - which
have high levels of xCT and mTORC2 activity (Fig. 2-10 E, F and Fig. 2-11) (Briggs et al., 2016;
Masui et al., 2013). siRNA knockdown of XCT prevented the increase in glutamate secretion
upon inhibition of mMTORC2, demonstrating XCT specifically mediated the increased glutamate
secretion (Fig. 2-10A, E and Fig. 2-11B). In addition, glucose deprivation has previously been
shown to inhibit mTORC2 by depleting cellular acetyl-CoA pool, which is required for
acetylation of Rictor and sustained activation of mTORC2 upon growth factor stimulation
(Masui et al., 2015b). Therefore we tested whether glucose deprivation could also result in
decreased XCT phosphorylation and increased xCT activity. As we expected, depletion of
glucose in GBM cells significantly inhibited mTORC2 activity, XCT phosphorylation on
RXXS/T motifs and increased glutamate secretion upon growth factor stimulation, which could
be partially rescued by acetate (Fig. 2-12). These results demonstrate that genetic inhibition of

mTORC?2 or pharmacological inhibition of mTOR kinase, as well as glucose-deprivation induced
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MTORC2 inhibition all increase XCT activity potentially through suppression of xCT

phosphorylation on serine 26.
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Fig. 2-10. mTORC2 Inhibition Increases xCT-dependent Glutamate Secretion and Cystine
Uptake in US7EGFRVIII Cells.

(A-B) Glutamate secretion was measured by NOVA Bioprofile 400 analyzer in US7EGFRvIII
cells with stable Rictor knockdown using two different ShRNAs and after 72h of transfection
with an xCT or scramble control siRNA. Statistical analysis was performed using two-way
ANOVA. Western blot was performed to confirm knockdown of Rictor and suppression of
downstream signaling pathways.

(C) Immunoprecipitation (IP) - western blot was performed in US7EGFRVIII with stable Rictor
knockdown using two different ShRNAs and stable overexpression of either vector control and
wt XCT to detect XCT phosphorylation on RXXS/T motifs. Band intensity was quantified using
ImageLab™ Software.

(D) Glutamate secretion was measured using the AmplexRed glutamate assay kit in U87 cells
48h after transfection to transiently overexpress mTOR, Raptor and Rictor. Statistical analysis
was performed using two-way ANOVA comparing the mean of mTOR, Raptor and Rictor to
vector control. Western blot was performed to confirm overexpression.

(E) Cystine uptake was measured in US7EGFRuVIII cells after treatment with 250 nM Torinl 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.

(F) Glutamate secretion after 72h of transfection with an XxCT or scramble control siRNA and 24
h of Torinl treatment was measured in US7EGFRvVIII cells using NOVA Bioprofile 400 analyzer.
Inhibition of mMTOR and downstream signaling pathways by Torinl was confirmed by western

blot.
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Fig. 2-11. mTORC2 Inhibition Increases xCT-dependent Glutamate Secretion in GBM
Patient-derived Neurosphere Lines, Triple-negative Breast Cancer and Lung Cancer Cell
Lines.

(A) Glutamate secretion after 24 h of Torinl treatment in patient-derived neurosphere lines were
measured using the AmplexRed glutamate assay Kit.

(B) The specificity of increased glutamate secretion through XCT upon Torinl treatment in
different cell lines was confirmed by XCT knockdown. Glutamate secretion was measured using
NOVA Bioprofile 400 analyzer after 24 h of Torinl treatment and 72h of transfection with an
XCT or scramble control siRNA. Statistical analysis was performed using two-way ANOVA

comparing the mean of Torinl to DMSO control.
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Fig. 2-12. Glucose Depletion Inhibited mTORC2-mediated xCT Phosphorylation on Serine

26 and Increased Glutamate Secretion in GBM Cells.

(A) U8 cells expressing wt EGFR were starved in glucose/pyruvate free DMEM media for 24 h

before cells were stimulated with 25 ng/ml EGF for 30 min and cell lysates were collected and

subjected to IP and western blotting to detect xCT phosphorylation on RXXS/T motifs.

(B) Glutamate secretion was measured using NOVA Bioprofile 400 analyzer after incubating
u87vlll cells in DMEM (4.5 g/l glucose), glucose / pyruvate free DMEM, or glucose / pyruvate

free DMEM with 50 mM acetate for 24 h. Statistical analysis was performed using one-way

ANOVA.
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DISCUSSION

By using an unbiased proteomic screen for xCT binding partners, followed by functional
validation, we have made the surprising discovery that mTORC2 reprograms 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., 2007; 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, tumor
cells increase xCT-dependent cystine uptake at the expense of glutamate efflux, possibly to
enable 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 requires either glucose or acetate derived acetyl-CoA to stay active and
phosphorylate its downstream substrates (Masui et al., 2015b), raising the possibility that under
nutrient poor conditions, lower mTORC?2 signaling could tilt the balance from proliferation to
survival, as we also discovered that glucose deprivation induced mTORC2 inhibition drives
xCT-mediated glutamate efflux and cystine uptake, providing substrates for glutathione synthesis

to protect tumor cells from cellular stress.
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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 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 EQIN1, thereby suppressing EgIN1-dependent HIFla degradation, thus
elevating intra-tumoral HIFla levels to drive tumor growth (Briggs et al., 2016). Our results
provided a complementary mechanism of XCT post-translational inhibitory modification as a
direct molecular link between pro-proliferative growth factor signaling with metabolic adaptation
that favors 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.

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 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 mTORCL1 substrate, Yu and colleagues identified serine 26 of XCT as a site whose
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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 AKT,
PKC and SGK1 which in turn phosphorylate other substrates (Laplante and Sabatini, 2009,
2012). It is interesting to note that we found no evidence of these other AGC kinases either by
SILAC-Mass Spectrometry, or in the Co-IP studies, suggesting that mMTORC2 may regulate xCT

serine 26 phosphorylation directly.

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 glutamate secretion by directly phosphorylating xCT, thus linking
altered growth factor receptor signaling with amino acid metabolism and ROS buffering in

cancer.
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EXPERIMENTAL PROCEDURES

Cell Culture

Human cancer cell lines (U87, U251, T98G, U373, Hs578T, MDA-MB-231, A549) were
purchased from ATCC. xCT KO MEFs were a kind gift from Dr. Hideyo Sato, Yamagata
University, Japan (Kobayashi et al., 2015). U87wtEGFR and U87EGFRvIII isogenic cell lines
were established as described previously (Wang et al., 2006). All the above listed cells were
cultured in DMEM (CORNING, 10-013) supplemented with 10% FBS (Omega Scientific) in a
humidified incubator with 5% CO2 at 37 °C. Glucose depletion experiments were performed
using glucose / pyruvate free DMEM (ThermoFisher Scientific, 11966025) without serum. xCT
KO MEFs were additionally supplemented with 50uM p-mercaptoethanol (Gibico, 31350010).
GBM39, GBM6 and GSC11 patient-derived neurosphere lines were cultured in NeuroCult
medium (STEMCELL Technologies, 05751) supplemented with epidermal growth factor (Sigma,

E9644), fibroblast growth factor (Sigma, F0291), and heparin (Sigma, H3149).

Antibodies and Reagents

Antibodies used include: anti-FLAG®M2 (Sigma, F3165), mTOR (Cell Signaling, 2972), Raptor
(Cell Signaling, 2280), Rictor (Cell Signaling, 9476), Actin (Sigma, A4700), Myc-tag (Cell
Signaling, 2276), EGFR (Millipore, 06-874), pEGFR-Y 1068 (Cell Signaling, 3777), Akt (Cell
Signaling, 9272), pAkt-S473 (Cell Signaling, 4060), NDRG1 (Cell Signaling, 9485), pNDRG1-
T346 (Cell Signaling, 5482), S6 (Cell Signaling, 2317), pS6-S235/236 (Cell Signaling, 4858),
4EBP1 (Cell Signaling, 9644), pAEBP1-T37/46 (Cell Signaling, 2855), Tubulin (Sigma, T6074),

xCT/SLC7A11 (Cell Signaling, 13691), 4F2hc/CD98 (Cell Signaling, 13180), PKCa (Cell
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Signaling, 2056), pPKCa-S657 (Santa Cruz, sc12356), SGK1 (Cell Signaling, 12103), anti-
rabbit 1gG (Cell Signaling, 7074), anti-mouse 1gG (Cell Signaling, 7076).

Reagents and drugs used include: FLAG® peptide (Sigma, F3290), anti-FLAG®M?2 affinity gel
(Sigma, A2220), phospho-Akt substrate (RXXS*/T*) magnetic bead conjugate (Cell Signaling,
8050), Sulfasalazine (SAS, Sigma, S0883), Torinl (Tocris Bioscience, 4247), Rapamycin
(Sigma, R0395), MK2206, Sanofi SGK1-selective inhibitor and Sotrastaurin were kindly

provided by SMD lab in LICR San Diego.

SILAC Labeling and Mass Spectrometry Analysis

UB7EGFRVIII cells stably expressing the vector control or FLAG-XCT were cultured in SILAC
media (Thermo Scientific) that lack lysine and arginine and supplemented with 10% dialyzed
FBS (Gibico). 12C6-L-arginine and 12C6-L-lysine (Sigma) were supplemented to the vector
control cells and 13C6-L-arginine and 13C6-L-lysine (Cambridge Isotope Laboratories) 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
(Thermo Scientific) supplemented with 100x Halt Protease and Phosphatase cocktail (Thermo
Scientific). Protein lysates were cleared by centrifugation and incubated with anti-FLAG M2
affinity gel (Sigma) overnight at 4 °C. FLAG-xXCT 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-HCI, pH 7.8. The eluted proteins were then reduced, alkylated and digested with 1 ug of
trypsin. Digested peptides were desalted using a 50mg Sep-Pak C18 cartridge, fractionated on a
TSKgel Amide-80 (1.0-mm inner diameter) column (TOSOH Bioscience), and analyzed by an

Orbitrap-LTQ mass spectrometer as previously described (Albuquerque CP MCP 2008). MS
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data were searched on Sorcerer-SEQUEST using the reviewed Swiss-prot human database. 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 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 software
(https://david.ncifcrf.gov/home.jsp). A Benjamini-Hochberg-corrected false discovery rate (FDR)

< 0.05 was used to determine the enriched functions.

Western Blotting

Cultured cells were lysed with RIPA lysis buffer containing 50 mM Tris-HCI, 150 mM NaCl, 1%
NP-40, 0.5% sodium deoxycholate, and 0.1% SDS (Boston BioProducts, BP-115), and
supplemented with protease and phosphatase inhibitor cocktail (ThermoFisher Scientific, 78842).
Protein concentration of each sample was determined with Bradford Assay using the Protein
Assay Dye Reagent Concentrate (Bio-Rad, 5000006). Equal amounts of protein extracts were
mixed with 4 x Laemmli sample buffer (Bio-Rad, 161-0747) and separated by electrophoresis on
4-12% NuPAGE Bis-Tris Mini Gel (Invitrogen, NP0336), and then transferred using the Trans-
Blot® Turbo™ Transfer System (Bio-Rad) onto nitrocellulose membranes (Bio-Rad, 1704159).
Membranes were blocked with 5% bovine serum albumin (BSA) and incubated with

corresponding primary antibodies and horseradish peroxidase-conjugated secondary antibodies.
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The immunoreactivity was detected with SuperSignal™ West Pico Chemiluminescent Substrate
(ThermoFisher Scientific, 34080) or SuperSignal™ West Femto maximum Sensitivity Substrate
(ThermoFisher Scientific, 34096). Signals were captured and analyzed using the Bio-Rad

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

Co-immunoprecipitation (Co-1P) and Immunoprecipitation (IP)

Cells were lysed with IP lysis buffer containing 25 mM Tris-HCI pH 7.4, 150 mM NacCl, 1% NP-
40, 1 mM EDTA, 5% glycerol (ThermoFisher Scientific, 87787), and supplemented with
protease and phosphatase inhibitor cocktail (ThermoFisher Scientific, 78842). Protein
concentrations were determined 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 x FLAG peptide for Co-IP with the anti-FLAG®M?2 affinity gel; or with 0.1
M glycine, pH2.5 at room temperature with rotation for 2 min and then neutralized with 1 M
Tris-HCI, pH7.8 for all the other Co-IP and IP experiments. Both input and eluate samples were

analyzed by SDS-PAGE and immunoblotting.

DNA Constructs and Generation of XCT mutants

FLAG-mTOR (Cat. No. 26603), myc-Rictor (Cat. N0.11367), HA-Raptor DNA (Cat. No. 8513)
plasmids were obtained from Addgene. Lentiviral ShRNA plasmids shcramble, shRictorl and
shRictor2 were obtained from Addgene. myc-FLAG-tagged xXCT plasmid were obtained from

Origene (RC204136) and the myc-FLAG-tagged xCT ORF was cloned into the lentiviral
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expression vector pLVX-Puro (Clontech, 632164). The xCT point mutants S26A, S26D were
generated using the QuikChange Multi Site-Directed Mutagenesis Kit (Agilent, 200514). The

XCT N- and C-terminus deletion mutants were generated by PCR.

DNA plasmid, siRNA, shRNA transfection and generation of stable cell lines

Transfection of DNA plasmids were performed using X-tremeGENE HP (Roche, 06366236001)
in DMEM supplemented with 10% FBS. Media were changed after 24 h of transfection and cells
were harvested 48 h post-transfection for transient overexpression experiments. Transfection of
SIRNA into cells were performed using Lipofectamine® RNAIMAX Transfection Reagent
(ThermoFisher Scientific, 13778150) in DMEM 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. siRNA for Rictor was obtained from ThermoSCIENTIFIC (L-
016984-00-0005), and siRNA for xCT was customed synthesized by ThermoSCIENTIFIC with
the sequence: Sense: 5-AGAAAUCUGGAGGUCAUUAITIT-3’, Antisense: 5’-
UAAUGACCUCCAGAUUUCUTAT-3’. Generation of stable cell lines was performed using
the lentiviral delivering system. Lentivirus was packaged using 293T cells by co-transfecting
cells with lentiviral packaging plasmid and DNA constructs containing gene of interest. Virus
were collected and used to infect GBM cells in the presence of 12.5 pug/ml Polybrene Infection /
Transfection Reagent (EMD Millipore, TR-1003-G). Media were changed after 24 h and cells
were selected for one week before used for experiments and maintained cultured with 1 pg/mi

puromycin.
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Real-Time PCR (RT-PCR)

Total RNA was extracted using the RNeasy Mini Kit (Qiagen, 74106). RNA concentrations were
measured and 1 pg of RNA was used from each sample for cDNA synthesis using the
SuperScript® VILO™ cDNA Synthesis Kit (ThermoFisher Scientific, 11754050). 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 used are:

xCT forward: 5’-CAGGAGAAAGTGCAGCTGAA-3’,

xCT reverse: 5’-CTCCAATGATGGTGCCAATG-3,

TBP forward: 5’>-GAGCTGTGATGTGAAGTTTCC-3’

TBP reverse: 5°>-TCTGGGTTTGATCATTCTGTAG-3".

Protein Sequence Analysis

Human xCT protein sequence was downloaded from UniProtKB with the accession number
QIUPY5. 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 UniProtkKB

(UniProt, 2015).

In Vitro Kinase Assay
MTORC2 was purified by IP from HEK293T cells transiently overexpressing FLAG-Rictor

using anti-FLAG®M?2 affinity gel. Recombinant Aktl (#A16-10G) and SGK1 (#S06-10G) were
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purchased from SignalChem. Biotinylated Peptide substrates [GYXXXX(S/A)XXXXGRRRRR]
were synthesized and purchased from EZBiolab. Peptide phosphorylation by mTOR kinase was
determined by incubating 0.1 mM peptide with kinase in reaction buffer (25 mM HEPES pH 7.4,
50 mM KCI, 10 mM MgCl2 ) with 50 uM cold ATP and 5 uCi [y->?PJATP for 1 h at room
temperature and terminated with 0.5 volume of 7.5 M guanidine hydrochloride. Each reaction
was performed in triplicates and 5 pl of reaction mix was spotted onto SAM?® Biotin Capture
Membrane (Promega, V2861). Membranes were washed and dried according to manufacturer’s
instructions. Radioactivity was determined by autoradiography and quantified by scintillation

counting.

Glutamate Secretion Assays

Glutamate secretion from cells were measured using a Nova BioProfile Basic Analyzer (Nova
Biomedical), or with the Amplex® Red Glutamic Acid/Glutamate Oxidase Kit (ThermoFisher
Scientific, A12221). 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 x PBS and changed to 1 ml
fresh DMEM media supplemented with 5% dialyzed FBS (Gibico), including three wells without
cells as blank control. After incubation media were collected from each well and analyzed
according to manufacturer’s instructions. Cell numbers were determined using the TC20™
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.
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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 KCI, 0.01% CaCl2, 0.01%
MgCI2 and 0.1% glucose, pH 7.4) and incubated in 1 ml same Na+ free PBS buffer without
cystine, with 500 uM cystine, or with 500 uM cystine and 500 uM 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 Pierce™ Cell Surface Protein Isolation Kit
(ThermoFisher Scientific, 89881) 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

electrophoresis and immunoblotting analysis.
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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 x PBS at room temperature, and pre-
incubated in 1 ml cystine uptake buffer (122 mM choline chloride,1.8 mM KCI,1.3 mM
CaCl2,1.2 mM potassium phosphate,25 mM Triethylammonium bicarbonate,10 mM glucose, 0.4
mM MgSOs, pH7.4) for 15 min before 1 uM L-cystine (MP BIOMEDICALS, 02194946) was
added and further incubated for 1 h at 37 °C. 500 pl uptake buffer was collected from each well
and centrifuged at 14,000 x rpm for 2 min. 400 pl of the supernatant was added to cuvettes
containing 300 pl 10% NaCN, 100 pl ddH20 and 1 ml 150 mM choline chloride, pipetted to mix
and incubated at room temperature for 20 min. Then 100 pl 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.

Statistical Analysis

Data were all collected from at least three independent replicates and presented as mean + SEM
unless otherwise indicated. Statistical analysis was performed using unpaired Student’s t test
unless otherwise indicated. Statistical significance was indicated as * p < 0.05, ** p < 0.01, ***

p <0.001, and n.s. as not statistically significant.
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Growth Factor Signaling Reprograms Glucose and Lipid Metabolism in GBM

See Appendix |
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Chapter 3

Identifying Metabolic Vulnerabilities Induced by mTOR Inhibition
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INTRODUCTION

The PI3K-Akt-mTOR pathway downstream of growth factor signaling is commonly
hyperactivated in many cancers due to amplification, kinase domain mutations or loss of
negative regulators such as AMPK and PTEN (Grabiner et al., 2014; Hollander et al., 2011; lyer
et al., 2012; Shackelford and Shaw, 2009; Yuan and Cantley, 2008). As the core signaling
pathway driving tumor cell proliferation and survival, components of this pathway such as
mTOR are among some of the most promising drug targets for cancer. First generation mTOR
inhibitors such as Rapamycin and Rapalogs have been successfully approved by the FDA for the
treatment of renal cell carcinoma and certain types of pancreatic and breast cancer (Wander et al.,
2011). Second-generation mTOR inhibitors, which directly bind to the kinase domain of mTOR,
and inhibit both mTOR complexes in an ATP-competitive manner were also developed.
Compounds such as Torinl/2, AZD2014, MLN028 and CC-223, as well as dual PI3BK-mTOR
inhibitors such as BEZ-235 and GDC-0980 are currently being evaluated in preclinical studies
with a few entering early clinical trials (Dienstmann et al., 2014; Faivre et al., 2006; Fruman and

Rommel, 2014).

Although first- and second-generation mTOR inhibitors both showed great tumor-inhibitory
effect in many cancers, variations in drug sensitivity and development of drug resistance
remained two major unsolved problems for expanding their use in cancer treatment. For example,
a phase | clinical trial testing the effect of Rapamycin in PTEN-deficient recurrent GBM patients
showed that treatment with Rapamycin in fact accelerated the disease progression due to ablation
of the feedback inhibition from S6K to IRS1 which led to reactivation of Akt and mTOR
(Cloughesy et al., 2008). In addition, Rapamycin-insenstive components downstream of
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MTORC1 such as 4EBP1, preexisting mutations in FKBP12 and mTOR kinase that interfere
with drug binding or increase intrinsic kinase activity, as well as mTOR-independent
mechanisms such as activation of complementary signaling pathways and induction of
autophagy are all potential mechanisms contributing to mTOR inhibitor resistance in cancer
(Gini et al., 2013; Grabiner et al., 2014; Lorenz and Heitman, 1995; Thoreen et al., 2009; Wagle
et al., 2014; Wei et al., 2016). But currently the underlying determinants of drug sensitivity and
mechanisms of resistance to mTOR inhibitors in different cancers still need to be better

understood.

In GBM, treatment with mTOR kinase inhibitors only induced cytostatic effects in in vitro cell
cultures, and in vivo tumor xenografts invariably developed drug resistance after prolonged
treatment (Wei et al., 2016). To identify potential survival mechanisms and targetable
vulnerabilities in cancer cells induced by mTOR inhibition, we specifically chose to focus on
cellular metabolism and performed LC-MS/MS metabolomics analysis on GBM cells upon
genetic or pharmacological inhibition of specific mTOR complexes. Consistent with the
important role of mTOR as a major regulator of cancer cell metabolism, significant changes in
many important metabolic pathways were observed, especially ones involved in biosynthesis and
redox metabolism. Further studies on affected redox metabolic pathways revealed that mTOR
inhibition significantly suppressed glutathione and NADPH production, disrupted mitochondria
function and cellular ROS homeostasis, indicating that mTOR inhibition might have rendered

cancer cells specifically sensitive to glutathione depletion and ROS-mediated cell death.
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RESULTS

MTOR Inhibition Induced Global Metabolic Changes in GBM Cells

To better understand how mTOR inhibition affects metabolism, especially nutrient utilization in
GBM cells, we performed metabolic tracer analysis by labeling US7EGFRvIII cells with either
[U-13C6]-D-Glucose or [U-13C5]-L-Glutamine for 24 h in the presence or absence of an EGFR
inhibitor Erlotinib or an mTOR kinase inhibitor Torinl. Total cellular metabolites were extracted
and subjected to LC-MS/MS analysis, in which total amounts, percent labeling and labeling
patterns of each metabolite by 13C6-Glucose or 13C5-Glutamine were quantified and complete
data analysis was included in Appendix Il. Two independent labeling experiments with [U-
13C6]-D-Glucose or [U-13C5]-L-Glutamine identified similar changes in total cellular
metabolite levels. Especially, Torinl significantly decreased levels of glycolysis, pentose
phosphate pathway and TCA cycle metabolites, glutathione, ATP, as well as nucleotides. Certain
amino acids including 2-HG, glutamate, glycine and valine were also decreased by Torinl (Fig.
3-1A and B). Interestingly, when we analyzed labeling patterns of metabolites by 13C6-Glucose
or 13C5-Glutamine, it appeared that de novo synthesis of nucleotides and certain amino acids
was strongly suppressed, suggesting that tumor cells might become more dependent on uptake of
exogenous nutrients. Both glucose and glutamine labeling of purines and pyrimidines were
significantly decreased, as well as glucose labeling of serine/glycine, which also led to a
significant reduction of the important methyl donor SAM that could potentially affect protein
and DNA methylation (Yang and Vousden, 2016). In addition, we also observed a strong
inhibition of glutamine labeling of glutamate, asparagine and proline (Fig. 3-2A and B).

Moreover, M4 labeling of TCA cycle metabolites such as citrate, malate, succinate and fumarate
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by 13C5-glutamine were all significantly decreased, suggesting that mTOR inhibition by Torinl

also suppressed glutaminolysis as well as glutamine anaplerosis into the TCA cycle.

Recent studies from our lab suggest that mTORC2 plays a very important role in sensing nutrient
status and promoting glycolysis in GBM cells (Masui et al., 2015; Masui et al., 2013), but
whether mTORC?2 is also involved in regulating other metabolic pathways in cancer remained
largely unknown. To gain further insights into how inhibition of different mTOR complexes
affects GBM cell metabolism, especially inhibition of mMTORC2, we performed metabolomics
analysis in GBM cells after 72 h of transfection with siRNAs targeting Rictor as well as
mTORC2 downstream AGC kinases Akt and SGK1. siRNA-mediated knockdowns of Rictor and
mTORC2 downstream kinases largely phenocopied the effect of Torinl, suppressing glycolysis,
mitochondria TCA cycle, as well as decreasing levels of many amino acids and nucleotides (Fig.
3-3). Although further studies are still needed to understand the detailed mechanisms responsible
for these changes, these results strongly support the important role of mTORC2 in cancer

metabolism.

To complement the above metabolomics studies, we also measured glucose and glutamine
uptake as well as lactate and glutamate secretion in GBM cells upon genetic or pharmacological
inhibition of specific mTOR complexes (Fig. 3-4). Inhibition of mMTORC1 or mTORC2 with
Raptor or Rictor shRNA or complex-specific inhibitors both significantly suppressed glycolysis
indicated by glucose uptake and lactate secretion, consistent with our previous findings that both
MTORCL1 and mTORC2 drives glycolysis downstream of growth factor signaling through c-Myc

in cancer (Babic et al., 2013; Masui et al., 2013). Glutamine uptake was also suppressed upon
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inhibition of MTORC1 or mTORC?2, albeit not as significant as glucose. In addition, only
inhibition of mMTORC2 increased glutamate secretion, while inhibition of mMTORCL1 showed the
opposite effect, further supporting our previous findings that it is specifically mTORC2, but not

mTORC1 that regulate XxCT activity through phosphorylation.

The global metabolomics analysis together with nutrient uptake measurements in GBM cells
showed that inhibition of mTOR had profound effects on tumor cell metabolism, especially
metabolism of glucose and glutamine that cancer cells mostly rely on. Glucose and glutamine are
the two major carbon and nitrogen sources for biosynthetic reactions and are both involved in
redox-related pathways generating reducing equivalents such as NADPH (Alberghina and Gaglio,
2014; Altman et al., 2016; Vander Heiden et al., 2009). Therefore, mTOR inhibition could have
rendered cancer cells more sensitive to certain metabolic perturbations, which we could take

advantage of to achieve tumor-killing effects.
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Fig. 3-1. mTOR Kinase Inhibitor Torinl Induced Global Metabolic Changes in GBM Cells.
(A-B) Heatmap showing steady state metabolite levels in U87vlIl cells treated with DMSO, 5
MM Erlotinib or 250 nM Torinl for 24 h. LC-MS/MS was performed on cellular metabolites
extracted from two independent experiments and results were normalized to norvaline as internal

standard and cell counts. For detailed methods please refer to experimental procedures.
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Fig. 3-2. mTOR Inhibition Altered Nutrient Utilization in GBM Cells.

(A-B) Glucose and glutamine labeling patterns of metabolites in major metabolic pathways
including glycolysis, pentose phosphate pathway and purine/pyrimidine synthesis pathways (A),
as well as mitochondrial TCA cycle (B) are depicted with %labeled data obtained from the same
experiment in Fig 3-1. Cells were treated with DMSO, 5 uM Erlotinib or 250 nM Torinl and
together incubated with 4.5 g/l [U-13C6]-D-Glucose or [U-13C5]-L-Glutamine for 24 h to reach

steady state labeling. %labeled data for all metabolites measured is presented in Appendix II.
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Fig. 3-3. Genetic Knockdown of mMTORC2 and Downstream Kinases Resulted in
Significant Alterations in Cellular Metabolism.

Heat map showing steady state metabolite levels in U87vlll cells after 72 h of transfection with
si scramble control or siRNAs targeting Rictor, Akt1/2/3, or SGK1. LC-MS/MS was performed

and results were normalized to norvaline as internal standard and cell counts. For detailed

methods please refer to experimental procedures.
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Fig. 3-4. mTOR Inhibition Suppresses Glycolysis and Glutamine Metabolism in GBM Cells.
Glucose, lactate, glutamine and glutamate levels in the media were measured using NOVA
Bioprofile 400 analyzer after 24 h incubation with US7EGFRVIII cells together with Rapamycin
(A), Torinl (B), or stably transfected with two different ShRNAs targeting Raptor (C) or Rictor

(D). Results were obtained from three independent replicates and data are presented as mean +

SEM.
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The Effect of mTOR Inhibition on Redox Metabolism in GBM

MTOR inhibition disrupts redox homeostasis in GBM cells

One important observation from our metabolomics studies was that mTOR inhibition resulted in
significant reduction in total cellular glutathione levels (Fig. 3-5A and B), as well as suppression
of major NADPH generating pathways, including the pentose phosphate pathway and de novo
serine/glycine synthesis pathway, as well as reduction of the glutamine-derived pyruvate which
indicates possible inhibition of the malic enzyme reaction (see Appendix Il for complete labeling
data) (Fan et al., 2014). These all suggest that mTOR inhibition might lower the redox capacity
of GBM cells. To further determine whether mTOR inhibition disrupted the redox homeostasis
in GBM cells, we also measured levels of different ROS species upon Torinl treatment.
Surprisingly, Torinl significantly increased mitochondria ROS and lipid ROS in GBM cells (Fig.
3-6A and B), while the level of cytosolic ROS was lower in Torinl treated cells compared to
DMSO control (Fig. 3-6C). This suggests that in addition to suppressing glutathione and
NADPH production, Torinl might have also affected mitochondria properties. As we expected,
mitochondria potential measured by JC-1 was significantly increased by Torinl (Fig. 3-6D),
which could potentially result from inhibition of the ATP synthase which prevented proton
influx into the matrix. It will be interesting determine the detailed mechanism of how Torinl
resulted in increased mitochondria potential in future studies and whether this is also related to
the increased mitochondria ROS and lipid ROS. These together suggested that mTOR inhibition
could lead to disruption of the redox homeostasis in GBM cells by inhibiting synthesis of redox

equivalents and affecting mitochondria function.
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Fig. 3-5. mTORC2 Inhibition Resulted in Decreased Glutathione Levels in GBM Cells.

(A-B) LC-MS/MS metabolomics analysis of intracellular metabolites extracted from U87vllI
cells treated with DMSO or Torinl for 24 h(A), or after 72 h of transfection with scramble or

Rictor siRNA(B).
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Fig. 3-6. Torinl Induced Mitochondria ROS / Lipid ROS and Increased Mitochondria

Potential in GBM Cells.

(A-C) Mitochondria ROS, lipid ROS and cytosolic ROS were analyzed by flow cytometry using

MitoSOXRed, C11-BODIPY and CM-H2DCFDA. GBM cells were treated with indicated drugs

or antioxidants for 24 h before cells were stained with different ROS probes for analysis.

(D) GBM cell lines U87, US7EGFRvVIII and U373 were treated with DMSO or 250 nM

Torinlfor 24 h before mitochondria potential was measured by flow cytometry using the JC-1

dye.

(E) Glutamate secretion was measured by NOVA Bioprofile 400 analyzer using media collected
from US7EGFRVIII cells treated with DMSO or 250 nM Torinlin the absence or presence of an
mitochondria uncoupler CCCP (2.5 uM). Results were obtained from three replicate samples and

data are presented as mean £ SEM. Statistical analysis was performed using two-way ANOVA.

*** refers to p value < 0.001.
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XCT is upregulated upon mTOR inhibition and contributes to glutathione synthesis in

GBM cells

Previous studies have identified that xCT transcription is regulated by the ROS-responsive
transcription factor Nrf2 to facilitate cystine uptake for glutathione synthesis upon oxidative
stress (Ishii et al., 2000; Sasaki et al., 2002). Therefore we tested whether Torinl-induced
glutathione reduction and mitochondria ROS could have also induced Nrf2-mediated xCT
transcription. Indeed xCT mRNA as well as protein levels were both increased in Torinl treated
cells (Fig. 3-7A and B), and siRNA-mediated knockdown of Nrf2 significantly reduced both
transcript and protein levels of xCT as well as GCLC, which is also an Nrf2 target gene and the
rate-limiting enzyme for glutathione synthesis (Fig. 3-7A and B). Furthermore, Torinl also
increased nuclear Nrf2 levels as well as its binding onto the Electrophile Response Element
(EpRE) within the xCT promoter (Fig. 3-7C and D). We also examined other known xCT
transcription factors ATF4 and p53 (Jiang et al., 2015; Sato et al., 2004). Knockdown of ATF4
did not affect xCT transcription, and Torinl on the contrary decreased nuclear ATF4 levels as
well as binding of ATF4 onto the Amino Acid Response Element (AARE) in the XCT promoter
(Fig. 3-7C, E and F). Interestingly, knockdown of p53 also suppressed xXCT transcription in
GBM cells, which is the opposite of its proposed role as an XCT transcription repressor reported
recently, but this on the other hand suggest that p53 might also contribute to the Torinl-induced

XCT transcription (Fig. 3-7 F).

Next, we performed rescue experiments to determine the exact underlying cause for the
induction of Nrf2-mediated XCT transcription upon Torinl treatment using cell-permeable

glutathione GSHest as well as mitochondria and lipid ROS scavengers MitoTEMPO and Trolox.
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RT-PCR showed that only the cell permeable glutathione GSHest was able to partially rescue the
increased Nrf2-dependent transcription of XxCT and GCLC, suggesting that it is the decreased
glutathione rather than increased mitochondria or lipid ROS that induced Nrf2, which could be
attributed to the different cellular compartmentalization of Nrf2 and mitochondria ROS (Fig. 3-
8A and B). Consistent with this finding, Torinl-induced increase in glutamate secretion through
XCT could also be rescued by GSHest, but not antioxidants such as Trolox or MNTBAP (Fig. 3-
8C, D and E). And interestingly, the mitochondria uncoupler CCCP which counteracts the
increased mitochondria potential by Torinl also reduced glutamate secretion (Fig. 3-6E). But
how changes in mitochondria potential is related to xCT-mediated glutamate transport is unclear.
In addition to increased xCT transcription, we found that inhibition of mMTORC2 but not
MTORC1 resulted in increased xXCT protein stability (Fig. 3-9A, B and C), but whether this is a
consequence of decreased phosphorylation of XCT on serine 26 by mTORC?2 still needs to be
determined. Taken together, it is very likely that increased transcription, protein stability as well
as decreased serine 26 phosphorylation of XCT all contributed to the consistent elevated xCT

levels and function in GBM cells upon Torinl treatment (Fig. 3-9D).

GBM cells are incapable of synthesizing cysteine from methionine (Chung et al., 2005) and
heavily rely on uptake of extracellular cystine for glutathione synthesis through xCT. Therefore
we wanted to determine whether induction of XCT contributed to glutathione synthesis, which
could be important for cancer cells to survive upon mTOR inhibition. We performed metabolic
tracer analysis using 13C-labeled cystine, to examine whether Torinl increases exogenous
cystine incorporation into glutathione (Fig. 3-10A). As predicted by our model, labeled-cystine

incorporation into GSH and GSSG were both significantly increased over time with Torinl
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treatment before steady state was reached with 100% labeling at 24h (Fig. 3-10B). In addition,
XCT knockdown further decreased cellular glutathione levels in addition to Torinl (Fig. 3-10C),
indicating that increased cystine uptake through xCT and incorporation into glutathione could
partially counteract glutathione loss upon mTOR inhibition. These data suggested that increased
XCT transporter function is important for maintaining glutathione synthesis upon mTOR
inhibition, which helps cancer cells to lower cellular ROS levels and avoid oxidative stress-

induced cell death.
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Fig. 3-7. mTORC2 Inhibition Induced Nrf-2 Mediated Transcription of XCT and
Glutathione Synthesis Genes.

(A-B) RT-PCR (A) and western blot (B) showing XCT and GCLC mRNA and protein levels
comparing cells transfected with a scramble or Nrf2 siRNA. Results were obtained from three
replicates and data are presented as mean + SEM.

(C) Western blot showing nuclear and cytosolic Nrf2 and ATF4 protein levels in US7EGFRvIII
cells treated with DMSO or Torinl for 24 h.

(D-E) ChIP-gPCR was performed to detect Nrf2 (C) or ATF4 (D) binding onto XCT promoter
region in US7EGFRVIII cells treated with DMSO or Torinl for 24 h. XCT intronl was used as a
negative control, NQO1 and ASNS were used as positive controls for Nrf2 and ATF4
respectively. Results were obtained from three replicates and data are presented as mean £ SEM.
(F) XCT expression levels was analyzed by RT-PCR in U87EGFRVIII cells after 72 h of
transfection with siRNAs targeting Nrf2, ATF4 or TP53 and treated with DMSO or Torinl for

24 h. Results were obtained from three replicates and data are presented as mean = SEM.
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Fig. 3-8. Cell-permeable Glutathione but not Antioxidants Rescued Torinl-induced xCT
Transcription and Glutamate Secretion.

(A-B) XCT expression levels were analyzed by RT-PCR in US87EGFRVIII cells treated with
DMSO or Torinl for 24 h together with 1.5 mM GSHest, 100 uM Trolox or 100 uM MnTBAP ..
Results were obtained from three replicates and data are presented as mean + SEM.

(C-E) Glutamate secretion was measured by NOVA Bioprofile 400 analyzer using media
collected from U8S7EGFRVIII cells treated with DMSO or 250 nM Torinl together with 1.5 mM
GSHest, 100 uM Trolox or 100 uM MnTBAP. Results were obtained from three replicate
samples and data are presented as mean + SEM. Statistical analysis was performed using two-

way ANOVA.
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Fig. 3-9. mTORC?2 Inhibition Increased xCT Stability and Surface Levels in GBM Cells.
(A-C) xCT protein stability was determined by time-course 40 pug/ml cycloheximide (CHX)
treatment in U87vIII cells pre-treated with Rapamycin (A) or Torinl (B) for 24 h, or with stable
Rictor knockdown(C).

(D) Cell surface proteins was purified using the Pierce Cell Surface Protein Isolation Kit and

levels of XxCT on the plasma membrane was analyzed by western blot.
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Fig. 3-10. mTOR Inhibition Increased Cystine Uptake Through xCT and Incorporation
into Glutathione in GBM Cells.

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

(B) Exogenous cystine incorporation into newly synthesized glutathione was determined by
incubating cells with [3,3’-13C2] L-Cystine. Metabolites were extracted and analyzed by LC-
MS/MS after 24h of DMSO or Torinl treatment in DMEM supplemented with 5% dialyzed FBS.
[3,3’-13C2] L-Cystine was added and incubated with the cells for indicated length of time of
labeling. The percentage labeling of both GSH and GSSG by [3,3’-13C2] L-Cystine were
calculated for both DMSO and Torinl treated samples.

(C) Total cellular GSH levels were measured using the GSH/GSSG-Glo™ Glutathione Assay
Kit (Promega). UB7EGFRUVIII cells were treated with DMSO or 250 nM Torinl for 24 h after
being transfected with XCT siRNA for 48 h. Total cellular GSH levels were normalized to blank

control and cell counts. Statistical analysis was performed using one-way ANOVA.
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DISCUSSION

Metabolic plasticity in cancer not only ensures rapid adaptation to constantly changing
environments, but also contributes to therapeutic resistance by enabling tumor cell survival and
proliferation in unfavorable conditions. mTORCL1 activation promotes tumor cell proliferation
when amino acids are abundant, but restricts proliferation when amino acids are limiting (Palm
et al., 2015). Thus, mTORCL inhibitors currently used in the clinics such as rapalogs, which do
not suppress mMTORC2, may on the contrary stimulate tumor growth if nutrients are scarce by
releasing tumor cells from mTORC1-dependent growth inhibition (Cloughesy et al., 2008; Palm
et al., 2015). However, tumor cell’s metabolic flexibility may also generate targetable
vulnerabilities as shown here. xCT-dependent regulation of cystine-uptake may be important for
preventing tumor cell death in response to cellular stress induced by mTOR inhibition (Jiang et
al., 2015), likely through maintaining glutathione synthesis to buffer elevated mitochonrdrial
ROS (Li et al., 2016). The data reported here indicate that inhibition of mTOR plays an
important role in generating a targetable vulnerability in cancer cells by suppressing production
reducing equivalents and inducing mitochondria and lipid ROS. mTOR kinase inhibitors are
currently under clinical development although preliminary data suggest that it may be difficult to
achieve therapeutic levels in the brain (Heffron, 2016; Heffron et al., 2016; Wander et al., 2011).
Recently, a third generation of mTOR inhibitor RapaLink-1 was reported which combined the
structure of first- and second-generation mTOR inhibitors with a linker designed based on the
spatial distance between the drug docking sites on FKBP12 and mTOR kinase. RapaLink-1 was
shown to reversed resistance due to FKBP12 and kinase domain mutations in xenograft tumors,
and achieved much better brain penetrance compared to existing mTOR inhibitors (Rodrik-
Outmezguine et al., 2016). Together with the mechanisms identified here, it will be interesting to
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test combination approaches in future studies to determine whether targeting xCT or glutathione

synthesis could further enhance the anti-tumor effect of mTOR inhibitors.
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EXPERIMENTAL PROCEDURES

Cell Culture
U87EGFRVIII isogenic cell lines were established as described previously (Wang et al., 2006).
All cells were cultured in DMEM (CORNING, 10-013) supplemented with 10% FBS (Omega

Scientific) in a humidified incubator with 5% CO2 at 37 °C unless specifically noted

Antibodies and Reagents

Antibodies used include: Actin (Sigma, A4700), Tubulin (Sigma, T6074), xCT/SLC7A11 (Cell
Signaling, 13691), Nrf2 (Cell Signaling, 12721), ATF4 (Cell Signaling, 11815), GCLC (Thermo
Scientific, PA519702), Histone H3 (Cell Signaling, 4499), Na*/K* ATPase (Cell Signaling,

3010), anti-rabbit IgG (Cell Signaling, 7074), anti-mouse 1gG (Cell Signaling, 7076).

Reagents and drugs used include: Torinl (Tocris Bioscience, 4247), cycloheximide (CHX,
Sigma, C4859), Rapamycin (Sigma, R0395), Glutathione reduced ethyl ester (GSHest, Sigma,
G1404), Trolox (Sigma, 238813), MitoTEMPO (Sigma, SML0737), MnTBAP (Sigma, 475870),

CCCP (Sigma, C2759).

Metabolite Extraction and LC-MS/MS Metabolomics Analysis

Cells were washed three times with 1 x PBS and incubated in Dulbecco’s Modified Eagle’s
Medium (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 (NHsAcO) 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 internal control and the tubes were vortexed and spun down at
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15,000 rpm for 5 min at 4 °C. Cell pellets were re-extracted with additional 200 ul of cold 80%
methanol and supernatants were combined and transferred into glass vials and dried under
vacuum. Metabolites were resuspended in 50 pl 70% acetonitrile (ACN) and 5 pl 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 x 2.0 mm) (Phenomenex) column. The flow was 300 pl/min, and the gradient ran from 15%
A to 95% A in 18 min, followed by an isocratic step for 9 minutes and re-equilibration for 7
minutes. Metabolites were detected and quantified as area under the curve (AUC) based on
retention time and accurate mass (< 3 ppm) 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.

Glutamate Secretion Assays

Glutamate secretion from cells were measured using a Nova BioProfile Basic Analyzer (Nova
Biomedical), or with the Amplex® Red Glutamic Acid/Glutamate Oxidase Kit (ThermoFisher
Scientific, A12221). 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 x PBS and changed to 1 ml
fresh DMEM media supplemented with 5% dialyzed FBS (Gibico), including three wells without
cells as blank control. After incubation media were collected from each well and analyzed

according to manufacturer’s instructions. Cell numbers were determined using the TC20™
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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. Cellular glucose
uptake, lactate secretion and glutamine uptake was also measured by Nova BioProfile Basic

Analyzer (Nova Biomedical) and calculated the same way as described for glutamate secretion.

Mitochondria ROS and Mitochondria Potential Measurement

Cells were seeded in 6 well plates and incubated with indicated drug or media. After treatment,
media was removed and cells were washed with 1x PBS before incubated with the MitoSOX™
Red Mitochondria Superoxide Indicator (ThermoFisher Scientific, M36008) or the Mitochondria
Membrane Potential Probe JC-1dye (ThermoFisher Scientific, T3168) according to
manufacturer’s protocol. After incubation cells were trypsinized and collect for flow cytometry
analysis using the BD LSRII flow cytometer (BD Biosciences) and signals were recorded from
10,000 events in the PE channel for MitoSOX™, or FITC and PE channels for JC-1. Data

analysis was performed using the Kaluza Analysis Software (Beckman Coulter).

Lipid ROS Measurement

Cells were seeded in 6 well plates and treated with indicated drugs. After treatment, media was
removed and cells were washed with 1x PBS before incubated with the lipid peroxidation sensor
BODIPY® 581/591 C11 (ThermoFisher Scientific, D3861) according to manufacturer’s protocol.
After incubation cells were trypsinized and collect for flow cytometry analysis using the BD

LSRII flow cytometer (BD Biosciences) and signals were recorded from 10,000 events using the
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FITC channel. And data analysis was performed using the Kaluza Analysis Software (Beckman

Coulter).

Western Blotting

Cultured cells were lysed with RIPA lysis buffer containing 50 mM Tris-HCI, 150 mM NaCl, 1%
NP-40, 0.5% sodium deoxycholate, and 0.1% SDS (Boston BioProducts, BP-115), and
supplemented with protease and phosphatase inhibitor cocktail (ThermoFisher Scientific, 78842).
Protein concentration of each sample was determined with Bradford Assay using the Protein
Assay Dye Reagent Concentrate (Bio-Rad, 5000006). Equal amounts of protein extracts were
mixed with 4 x Laemmli sample buffer (Bio-Rad, 161-0747) and separated by electrophoresis on
4-12% NUPAGE Bis-Tris Mini Gel (Invitrogen, NP0336), and then transferred using the Trans-
Blot® Turbo™ Transfer System (Bio-Rad) onto nitrocellulose membranes (Bio-Rad, 1704159).
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
(ThermoFisher Scientific, 34080) or SuperSignal™ West Femto maximum Sensitivity Substrate
(ThermoFisher Scientific, 34096). Signals were captured and analyzed using the Bio-Rad

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

Nuclear Protein Fractionation
Nuclear proteins were fractionated from total cell lysates using the NE-PER™ Nuclear and
Cytoplasmic Extraction Reagents (ThermoFisher Scientific, 78833) according to the

manufacturer’s protocol. Cytosolic and nuclear fractions were analyzed by western blot and
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Tubulin was used as the loading control for cytosolic proteins while Histone H3 was used as the

loading control for nuclear proteins.

Chromatin Immunoprecipitation (ChIP) -qPCR

ChIP was performed using the SimpleChlIP® Plus Enzymatic Chromatin IP Kit (Cell Signaling,
9004) according to the manufacturer’s protocol. US7TEGFRVIII cells were treated with DMSO or
250nM Torinl for 24 h and fixed in 1% formaldehyde to crosslink proteins with DNA. Nuclear
extracts were prepared with Micrococcal Nuclease digestion and following sonication in a water
bath sonicator. Chromatin was immunoprecipitated with Nrf2 or ATF4 antibody at 1:50 dilution.
Immunoprecipitated chromatin was washed and eluted, and purified DNA was used for RT-PCR
using specific primers for xCT promoter, XCT intron 1 as negative control or NQO1 and ASNS
promoter as positive control for Nrf2 and ATF4 to quantify transcription factor binding.
Recoveries were calculated as percent of input.

Primer sequences used for RT-PCR are listed as follows:

XCT promoter forward: 5'-TGAGTAATGCTGGAGGCTTCTC-3’

XCT promoter reverse: 5'-TATTTAAGCGCCTGCCTGTC-3'

XCT intronl forward: 5'-ATTGCAGGGAGTGTGCTCTT-3’

XCT intronl reverse: 5'-TCAGATTTTGCTTTGCTTGC-3'

NQO1 promoter forward: 5'-CCCTTTTAGCCTTGGCACGAAA-3’

NQO1 promoter reverse: 5'-TGCACCCAGGGAAGTGTGTTGTAT-3’

ASNS promoter forward: 5’- GCAGGCATGATGAAACTTCC-3°

ASNS promoter reverse: 5’- AGGGATGTGGACAGCTTGAC-3’
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siRNA, shRNA transfection and generation of stable cell lines

Transfection of SIRNA into cells were performed using Lipofectamine® RNAIMAX
Transfection Reagent (ThermoFisher Scientific, 13778150) in DMEM 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. sSiRNA for Rictor was obtained from
ThermoSCIENTIFIC (L-016984-00-0005), and siRNA for xCT was customed synthesized by
ThermoSCIENTIFIC with the sequence: Sense: 5’-AGAAAUCUGGAGGUCAUUAITAT-3’,
Antisense: 5’-UAAUGACCUCCAGAUUUCUITAT-3". Generation of stable cell lines was
performed using the lentiviral delivering system. Lentivirus was packaged using 293T cells by
co-transfecting cells with lentiviral packaging plasmid and DNA constructs containing gene of
interest. Virus were collected and used to infect GBM cells in the presence of 12.5 pg/ml
Polybrene Infection / Transfection Reagent (EMD Millipore, TR-1003-G). Media were changed
after 24 h and cells were selected for one week before used for experiments and maintained

cultured with 1 pug/ml puromycin. Raptor and Rictor sShRNAs were obtained from Addgene.

Real-Time PCR (RT-PCR)

Total RNA was extracted using the RNeasy Mini Kit (Qiagen, 74106). RNA concentrations were
measured and 1 pg of RNA was used from each sample for cDNA synthesis using the
SuperScript® VILO™ c¢DNA Synthesis Kit (ThermoFisher Scientific, 11754050). 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 used are:
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xCT forward: 5’-CAGGAGAAAGTGCAGCTGAA-3’,
xXCT reverse: 5’-CTCCAATGATGGTGCCAATG-3,
TBP forward: 5’-GAGCTGTGATGTGAAGTTTCC-3’

TBP reverse: 5°>-TCTGGGTTTGATCATTCTGTAG-3".

Cell Surface Protein Purification

Cell Surface proteins were purified using the Pierce™ Cell Surface Protein Isolation Kit
(ThermoFisher Scientific, 89881) 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

electrophoresis and immunoblotting analysis.

Statistical Analysis

Data were all collected from at least three independent replicates and presented as mean + SEM
unless otherwise indicated. Statistical analysis was performed using unpaired Student’s t test
unless otherwise indicated. Statistical significance was indicated as * p < 0.05, ** p < 0.01, ***

p <0.001, and n.s. as not statistically significant.
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Complete Data Analysis of LC-MS/MS Metabolomics with [U-13C6]-D-

Glucose and [U-13C5]-L-Glutamine Labeling

See Appendix Il
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Chapter 4
Targeting Metabolic Co-dependencies to Overcome Therapeutic

Resistance in GBM
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INTRODUCTION

Acquisition of oncogenic mutations or loss of tumor suppressors are commonly seen during
tumorigenesis and are responsible for driving tumor cell proliferation as well as reprogramming
of tumor cell metabolism. While granting a specific population of tumor cells with proliferative
advantages, such oncogenic mutations also become indispensable for tumor cell survival as
inhibition of oncogenes or reconstitution of tumor suppressors are usually lethal, as it is so-called
the “oncogene addiction”. This has set the foundation for modern cancer targeted therapies and
achieved great success in certain cases, such as the use of Gleevec for chronic myeoloid
lymphoma (CML) and EGFR inhibitors for non-small-cell lung cancer (NSCLC) (Luo et al.,
2009). Studies in recently years have also uncovered that besides oncogene addiction, tumor
cells also develop dependence on genes or pathways that are not intrinsically tumorigenic, and
this is largely determined by elevated cellular stress levels, specific tumor-associated metabolic
environments, as well as tumor-stromal interactions. These “non-oncogene addictions” have also
become attractive targets in cancer (Galluzzi et al., 2013). For example, Piperlongumine was
identified from a small molecule drug screen which targets the oxidative stress response pathway
and showed profound anti-tumor effects in mouse xenograft tumors, while sparing both slow or
fast dividing normal cells (Raj et al., 2011). In addition, previous study from our lab also
discovered that the mutant oncogene EGFR drives a metabolic co-dependency on exogenous
cholesterol in GBM, as these tumor cells reprogrammed cholesterol metabolism to take
advantage of the ample cholesterol pool in the brain, which is a good example of non-oncogene
addictions driven by both oncogenes and the tumor microenvironment (Villa et al., 2016). Other
non-oncogene addictions include interactions between cancer and stromal cells (Sherman et al.,
2014; Valencia et al., 2014; Zhang and Huang, 2011), as well as drug-induced co-dependencies
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on specific signaling or metabolic pathways (Gini et al., 2013; Wei et al., 2016). Therefore,
targeting these tumor-specific non-oncogene addictions might significantly improve the effect of

existing oncogene-targeted therapies and prevent drug resistance.

MTOR kinase inhibitors are among the most promising drug candidates for cancer, but many
cancers including GBM invariably developed drug resistance. Phosphoproteomic studies
identified activation of the Src and Erk pathway as one mechanism mediating drug resistance in
mMTOR kinase inhibitor-resistant GBM tumors (Wei et al., 2016), while induction of autophagy
as a consequence of mMTORCL inhibition serves as another resistance mechanism allowing tumor
cells to survive when nutrient uptake and metabolism is suppressed (Gini et al., 2013) (see also
Appendix I11). While combined inhibition of Src and Erk or autophagy effectively reverted drug
resistance to mTOR kinase inhibitors in GBM and prolonged tumor suppression, we also
attempted to test whether targeting survival mechanisms during early phase of drug treatment
could avoid development of drug resistance. Since previously it was identified from our
metabolomics studies that mTOR inhibition significantly suppressed the redox capacity of GBM
cells, resulting in decreased glutathione and increased mitochondria and lipid ROS, whereas xCT
is upregulated to maintain glutathione synthesis, suggesting that xCT-mediated glutathione
synthesis might be required for tumor cell survival upon mTOR kinase inhibition. Here we went
on to determine whether inhibition of XCT or depletion of glutathione could create synthetic
lethality in tumor cells when combined with mTOR kinase inhibitors. We discovered that GBM
cells specifically rely on cystine uptake through xCT for glutathione synthesis and cell survival
upon mTOR inhibition, and XCT or glutathione synthesis inhibitors significantly improved the

anti-tumor effect and overcome drug resistance of mMTOR Kkinase inhibitors in GBM.
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RESULTS
XCT-dependent Glutathione Synthesis is Required for Maintaining Redox

Homeostasis and Tumor Cell Survival upon mTOR Kinase Inhibition

To determine whether GBM cells become more dependent on glutathione synthesis for
maintaining redox balance and cell survival upon mTOR kinase inhibition, we first examined
whether combining glutathione depletion with mTOR kinase inhibitors affect ROS levels in
GBM cells. Glutathione depletion was achieved by using cystine-free cell culture media or L-
Buthionine Sulfoximine (BSO), an inhibitor of the rate-limiting enzyme GCLC in glutathione
synthesis, which both significantly depleted total cellular glutathione (Fig. 4-1A). We then
analyzed levels of different ROS species by flow cytometry (Fig. 4-1B, C and D) and observed
that cystine-deprivation or BSO alone both increased cytosolic ROS and lipid ROS, while
mitochondria ROS was unaffected. Whereas when combined with Torinl, cystine-deprivation
and BSO both resulted in significant increase in all three ROS species, especially mitochondria
ROS and lipid ROS. These imply that mTOR kinase inhibition sensitized GBM cells to

glutathione depletion and vice versa.

To further test whether maintaining glutathione synthesis become essential for cell survival upon
mTOR kinase inhibition, we quantified cell survival using Annexin V / PI staining (Fig. 4-2A
and B) and observed that combining cystine-depletion or BSO with Torinl both induced massive
GBM cell death, while either alone is not sufficient. Meanwhile, cell-permeable glutathione
GSHest (Fig. 4-3B), as well as antioxidants that specifically scavenges mitochondria or lipid
ROS rescued cell death induced by cystine-depletion / BSO + Torinl (Fig. 4-3C, D and E),

which confirmed that the cell death is ROS-mediated. Furthermore, overexpression of XCT also
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partially rescued cell death induced by BSO+Torinl (Fig. 4-2D), supporting our hypothesis that

xCT mediated-cystine uptake is crucial for maintaining glutathione synthesis and cell survival

upon mTOR kinase inhibition.
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Fig. 4-1. Combining mTOR Kinase Inhibition with Glutathione Depletion Significantly
Induced Mitochondria ROS and Lipid ROS in GBM Cells.

(A) Total cellular GSH levels were measured using the GSH/GSSG-GloTM Glutathione Assay
Kit (Promega). US7TEGFRVIII cells were treated with DMSO or 250 nM Torinl in cystine-free
media (left) or with 100 uM of BSO (right) for 24 h before total cellular GSH levels were
measured and normalized to cell counts. Results were obtained from three replicate samples and
data are presented as mean + SEM. Statistical analysis was performed using one-way ANOVA.
(B-D) Cytosolic ROS, mitochondria ROS and lipid ROS were analyzed by flow cytometry using
CM-H2DCFDA, MitoSOXRed and C11-BODIPY. U87EGFRVIII cells were treated with DMSO
or 250 nM Torinl in cystine-free media (left) or with 100 uM of BSO (right) for 24 h before

analysis.

142



DMEM + DFX
wf216% 256% ,Jorex 1.45%| 370% 323%)
DMSO = . £ T .
10/492.76%) - 2.52%] +0r{93.87%) sml 10490.53%) 2.45%]
: M:mv" * ¥ M:“mv“’ * x Anlv':;auv\v‘7 ¥
w]125% 1.97%) wjosze 78.01%)| ] 101%) 3.02%)
Torin1 = . L é &,
P T - [ oy T e
% Ferroptotic Cells
0 20 40 60 80 100
DMEM
DMSO CF DMEM
CF DMEM + DFX
DMEM
Torin1 CF DMEM
CF DMEM + DFX
c . cystine-free
cystine-free DMEM

DMSO

Torin1

Pl

DMSO

Torin1

Regular DMEM

Cystine-free

Cystine-free DMEM

w

DMEM + DFX

B vehicle 100 yMBSO 100 uM BSO + DFX
w017% [2.66%) w01 2.80%] wo26% 269%|
DMSO = .. T, .
o 5308% 3a6% o Joa95% 2.06%) wlozeen | Baew|
’ Anl:;)m v ¥ v ’ Ar:;xm v W v ’ ML:x\n v - v
wfossx ] a20%  fazam 57.47% 1 J055% 477
Torin1 =, i L i z &
=L
o foroe% |- 3.32% w2524%) ] R 3 14.06% 10J90.07%] 4.61%]
3 .@* : xgéf o ol
! An:lexiﬂ V.r = D N:;xm v = = t An:;xh v o ¥
% Ferroptotic Cells
0 20 40 60 80
vehicle
DMSO BSO
BSO + DFX
vehicle
Torin1 BSO

Torin1

vehicle

vector xCT
vehicle 100 uM BSO vehicle 100 uM BSO
S o, fosen I (g e frow w2
T 0% z 0. T 10
94.56% 1.66%) o [04.13%| 2.53%) 1 ]92:20% 301%]| 10 ]89.67% 5.00%|
Annexin V/ Annexin V/ Annexin V. Annexin V
,Jo.3s% 3.87%| 1 ]233% 26.54%) 1000.50%)| 3.72%) 10 1:48% 9.37%|
> T ‘g& & 4 L o
67.05% 873%| |, J2862% [ 42.51%) 1]88.96% oo [1082%) 1061.54% iab sk 27.61%)
- & ¥ o & S o] BN
Amnexnv Amnesinv Ameny Ametnv

BSO + DFX

100 M BSO

80+
2 60
8
)
5 40
o
o
<
R 204
O-

vector

100 uM BSO + DFX

mm DMSO

s Torini

[ BSO+DMSO
== BSO+Torin1
xCT



Fig. 4-2. xCT-dependent Glutathione Synthesis Protects Tumor Cells from Ferroptotic Cell
Death in Response to mTOR Kinase Inhibition.

(A-B) Cell death was quantified by flow cytometry using FITC-Annexin V and propodium
iodide (P1) assay. %Ferroptotic cells shown in the bar graph below was calculated by adding up
the percentage of cells in the upper and lower right quadrant in each graph on the left.

(C) UBTEGFRVIII cells were treated with indicated media conditions or drugs and pictures were
taken at 24 h (left) or 48 h (right) when cell death was prominent. Cell death in the cystine-free
DMEM + Torinl and the BSO + Torinl treated wells showed similar swelling and balloon-like
morphology resembling ferroptotic cell death.

(D) UBTEGFRVIII cells stably overexpressing XCT or vector control were treated with DMSO or
250 nM Torinl in combination with 100 uM BSO for 48 h before cells were collected and
analyzed. Cell death was quantified by flow cytometry using FITC-Annexin V and propodium

iodide (PI) assay.
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Fig. 4-3. Combined Inhibition of mMTOR Kinase and Glutathione Synthesis Induced Lipid
ROS-mediated Cell Death.

(A) UB7TEGFRVIII cells were treated with DMSO or 250 nM Torinl in combination with 100
MM BSO and different antioxidants (5 mM GSHest: cell permeable glutathione ester; 100 UM
Trolox: Vitamin E analog, cytosolic ROS and lipid ROS scavenger; 50 puM MitoTEMPO:
mitochondria ROS scavenger) for 24h before cells were stained with C11-BODIPY and lipid
ROS were analyzed using flow cytometry by recording the signal in the FITC channel.
Histograms (left) and mean C11-BODIPY (FITC) signal (right) were shown for each treatment
condition.

(B-D) UB7EGFRVIII cells were treated with DMSO or 250 nM Torinl in combination with 100
MM BSO and different antioxidants (5 mM GSHest (B): cell permeable glutathione ester; 100
MM Trolox (C): Vitamin E analog, cytosolic ROS and lipid ROS scavenger; 50 uM MitoTEMPO
(D): mitochondria ROS scavenger) for 48 h before cells were collected and cell death was
analyzed using flow cytometry after staining with FITC-Annexin V and PI.

(E) USTEGFRVIII cells were treated with DMSO or 250 nM Torinl in regular DMEM or
cystine-free DMEM supplemented with 5% FBS, together with different antioxidants (5 mM
GSHest: cell permeable glutathione ester; 100 uM Trolox: Vitamine E analog, cytosolic ROS
and lipid ROS scavenger; 100 uM MnTBAP: mitochondria ROS scavenger). Cell death was

analyzed and quantified after 24 h of treatment by flow cytometry.
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Combined Inhibition of mMTOR Kinase and Glutathione Synthesis Triggered

Ferroptotic Cell Death in GBM

Although we applied the conventional Annexin V / Pl assay commonly used for apoptosis
analysis to quantify cell death induced by combined inhibition of glutathione synthesis and
mTOR Kkinase, it was observed that unlike normal apoptotic cells, the dying cells exhibit a
distinct swollen, balloon-like feature under the microscope resembling that of ferroptosis (Fig. 4-
2C), which has been linked to xCT regulation, glutathione depletion, lipid ROS, and can be
rescued by iron-chelators such as deferoxamine (DFX) (Cao and Dixon, 2016; Dixon et al., 2012;
Jiang et al., 2015). These evidence prompted us to test whether combined inhibition of
glutathione synthesis and mTOR kinase induced cell death through ferroptosis in GBM.
Ferroptosis inhibitors DFX, cycloheximide and the MEK inihibitor U0126 all rescued cell death
induced by cystine-depletion + Torinl (Fig. 4-2A-B and Fig. 4-4B), while other cell death
modulators such as the apoptosis inhibitor z-VAD-fmk and the cell stress pathway p38 inhibitor
SB239062 did not (Fig. 4-4A and B) (Dixon et al., 2012), which strongly support our hypothesis
that the cell death is through ferroptosis. Consistent with this model, Erastin, which is a small
molecule inhibitor of XCT and a strong ferroptosis inducer (Dixon et al., 2014; Dolma et al.,
2003), caused tumor cell death in GBM cells only in the presence of Torinl (Fig. 4-5B). In
addition, while combining cystine-depletion or BSO with Torinl induced massive cell death in
multiple GBM cell lines as well as in patient-derived neurosphere lines (Fig. 4-5C), Rapamycin
did not show the same effect (Fig. 4-5A). Taken together, these results demonstrate that
inhibiting mTOR kinase concurrently with blocking glutathione synthesis results in massive cell

death through ferroptosis in GBM.
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Fig. 4-4. mTOR Kinase Inhibition Induces Cell Death through Ferroptosis when Combined
with Cystine Depletion.

(A) UBTEGFRVIII cells were treated in regular or cystine-free DMEM supplemented with 5%
FBS with DMSO or 250 nM Torinl with or without the apoptosis inhibitor z-VAD-fmk for 24 h.
Cell death was quantified by flow cytometry using FITC-Annexin V / Pl assay.

(B) US7EGFRVIII cells were treated with DMSO or 250 nM Torinl in regular DMEM or
cystine-free DMEM supplemented with 5% FBS with 100 mg/ml cycloheximide, 5 uM U0126,
10 puM SB239063 or vehicle control for 24 h. Cell death was analyzed by flow cytometry after

FITC-Annexin V / Pl staining and quantification was shown in the bar graph below.
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Fig. 4-5. Combined Inhibition of mMTOR Kinase and Glutathione Metabolism Resulted in
Massive Cell Death through Ferroptosis in GBM.

(A) UB7EGFRVIII cells were treated with 10 nM rapamycin together with 100 uM BSO for 48 h
and cell death was analyzed by flow cytometry after staining with FITC-Annexin V and Pl and
quantified as described previously.

(B) UB7EGFRUVIII cells were treated with DMSO or 250 nM Torinl with or without 1 pM
erastin. Cells were collected and stained with FITC-Annexin V and PI after 24 h of treatment and
cell death was analyzed using flow cytometry and quantified as described previously.

(C) BSO + Torinl treatment was tested in additional GBM cell line T98G and patient-derived
neurosphere lines GBM39 and GSC11. Cell death was quantified by flow cytometry using FITC-

Annexin V / Pl assay as described in previous figures.
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DISCUSSION

The metabolic flexibility of cancer cells allows them to rapidly adapt to the changing
environment and respond to cellular stress, which also commonly mediates resistance to drug
treatments. Here we took one step further and looked into whether GBM cells become dependent
on XCT-mediated cystine uptake and glutathione synthesis for survival upon mTOR inhibition.
We found that targeting this metabolic co-dependency by combining inhibition of mMTOR kinase
and glutathione depletion triggered massive GBM cell death through ferroptosis, which is a
specific form of regulated necrosis recently identified. Ferroptosis is iron-dependent, lipid-ROS
mediated, non-rescuable by apoptosis inhibitors, and can be induced by XCT inhibition,
glutathione depletion as well as inhibition of the mitochondria glutathione peroxidase Gpx4 (Cao
and Dixon, 2016; Dixon and Stockwell, 2014; Yang and Stockwell, 2016). GBM cells are in fact
relatively resistant to ferroptosis, as cell survival was largely unaffected despite significant
depletion of cellular glutathione by cystine deprivation or BSO, possibly due to upregulation of
glutathione synthesis as well as the thioredoxin pathway (Harris et al., 2015). While glutathione
depletion alone is not sufficient to induce lipid peroxidation and ferroptosis in GBM cells, the
addition of mTOR kinase inhibition greatly synergized by increasing mitochondria ROS,
especially as mitochondria membranes are composed of a higher ratio of unsaturated lipids and
are more prone to oxidative damage (Valencak and Azzu, 2014). In fact, treating GBM cells with
mTOR kinase inhibitors alone is already sufficient to increase lipid ROS, which is further
enhanced by glutathione depletion. While the detailed mechanisms of how mTOR kinase
inhibition induces mitochondria ROS and which mTOR complex is responsible for this effect
still needs to be determined, a recent unbiased chemical screen revealed a similar finding that
BSO can synergize with mTORCL1 inhibition to induce cell death in Tsc2-/- cells, and suggested

153



that it’s likely a consequence of the inability to buffer elevated mitochondrial ROS (Li et al.,
2016). We also tested the combination of BSO with rapamycin but didn’t observe any cytotoxic
effect in GBM cells, suggesting that additional mTORC2-mediated mechanisms such as
regulation of xCT might also contribute to the resistance of ferroptosis in GBM. Therefore it
would require inhibition of both mTOR complexes to synergize with BSO in order to trigger
ferroptotic cell death in GBM. As several mTOR kinase inhibitors are currently under clinical
development with new generations of inhibitors being discovered with better efficacy and brain
penetrance (Faivre et al., 2006; Rodrik-Outmezguine et al., 2016; Wander et al., 2011), while
BSO have been tested in cancer patients including GBM in early phase clinical trials and showed
specific accumulation in brain tumors (Fekete et al., 1990; Robe et al., 2006), it will be very
exciting to see the combination approaches being tested in future studies, especially with next

generation mTOR kinase inhibitors that have more favorable pharmacokinetic profiles.
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EXPERIMENTAL PROCEDURES

Cell Culture

U87EGFRVIII isogenic cell lines were established as described previously (Wang et al., 2006).
All cells were cultured in DMEM (CORNING, 10-013) supplemented with 10% FBS (Omega
Scientific) in a humidified incubator with 5% CO2 at 37 °C unless specifically noted. GBM39,
and GSC11 patient-derived neurosphere lines were cultured in NeuroCult medium (STEMCELL
Technologies, 05751) supplemented with epidermal growth factor (Sigma, E9644), fibroblast

growth factor (Sigma, F0291), and heparin (Sigma, H3149).

Reagents and Drugs

Reagents and drugs used include: Torinl (Tocris Bioscience, 4247), L-Buthionine-sulfoximine
(BSO, Sigma, 2515), Deferoxamine mesylate salt (DFX, Sigma, D9533), Rapamycin (Sigma,
R0395), Glutathione reduced ethyl ester (GSHest, Sigma, G1404), Trolox (Sigma, 238813),
MitoTEMPO (Sigma, SMLO0737), MnTBAP (Sigma, 475870), z-VAD-fmk (Selleckchem,
S7023), cycloheximide (CHX, Sigma, C4859), U0126 (EMD Millipore, 19-147), SB239063

(Tocris Bioscience, 1962), Erastin (Sigma, E7781).

Total Glutathione Measurement

Total cellular glutathione was measured using the GSH/GSSG-GIoTM Assay Kit (Promega,
V6611). Briefly, cells were seeded at 1000 cells/well in 96 well plates and treated with indicated
drug or incubated with specific media conditions. For cystine depletion experiments cells were

incubated with cystine-free DMEM (CORNING, 17-204-Cl) supplemented with L-methionine
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(MP BIOMEDICALS, 02194707) and L-glutamine (CORNING, 61-030). After treatment media
was removed and cells were lysed on a plate shaker for 5Smin 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.

Cytosolic ROS and Mitochondria ROS Measurement

Cells were seeded in 6 well plates and incubated with indicated drug or media. After treatment,
media was removed and cells were washed with 1x PBS before incubated with the CM-
H2DCFDA (ThermoFisher Scientific, C6827) or the MitoSOX™ Red Mitochondria Superoxide
Indicator (ThermoFisher Scientific, M36008) according to manufacturer’s protocol. After
incubation cells were trypsinized and collect for flow cytometry analysis using the BD LSRII
flow cytometer (BD Biosciences) and signals were recorded from 10,000 events using the FITC
channel for CM-H2DCFDA and PE channel for MitoSOXRed. And data analysis was performed

using the Kaluza Analysis Software (Beckman Coulter).

Lipid ROS Measurement

Cells were seeded in 6 well plates and treated with indicated drugs. After treatment, media was
removed and cells were washed with 1x PBS before incubated with the lipid peroxidation sensor
BODIPY® 581/591 C11 (ThermoFisher Scientific, D3861) according to manufacturer’s protocol.
After incubation cells were trypsinized and collect for flow cytometry analysis using the BD

LSRII flow cytometer (BD Biosciences) and signals were recorded from 10,000 events using the
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FITC channel. And data analysis was performed using the Kaluza Analysis Software (Beckman

Coulter).

DNA Constructs and Generation of XCT mutants

myc-FLAG-tagged xCT plasmid were obtained from Origene (RC204136) and the myc-FLAG-
tagged XCT ORF was cloned into the lentiviral expression vector pLVX-Puro (Clontech, 632164)

for generation of XCT stable overexpression cell lines.

DNA plasmid, siRNA, shRNA transfection and Generation of stable cell lines

Generation of stable cell lines was performed using the lentiviral delivering system. Lentivirus
was packaged using 293T cells by co-transfecting cells with lentiviral packaging plasmid and
DNA constructs containing gene of interest. Transfection of DNA plasmids were performed
using X-tremeGENE HP (Roche, 06366236001) in DMEM supplemented with 10% FBS. Media
were changed after 24 h of transfection and virus were collected from supernatant after another
48 h of incubation and used to infect GBM cells in the presence of 12.5 pg/ml Polybrene
Infection / Transfection Reagent (EMD Millipore, TR-1003-G). Media were changed after 24 h
and cells were selected for one week before used for experiments and maintained cultured with 1

pg/ml puromycin.

FITC-Annexin V / Pl Apoptosis Assay
Cells were seeded in 6-well plates at optimal density. Next day media was changed to regular

DMEM or cystine-free DMEM supplemented with 5% FBS (Gemini bio-products) together with
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indicated drug treatment for experiments with established cancer cell lines. For patient-derived
neurosphere lines, cells were grown adherent on laminin-coated 6-well plates and treated with
drugs in DMEM F12 media supplemented with B27, EGF, FGF heparin and Glutamax. Cells
were trypsinized, collected and combined with media supernatant to ensure collection of the dead
cells. Cell death analysis was performed using the FITC Annexin V Apoptosis Detection Kit |
(BD Biosciences) according to the manufacturer’s protocol. Samples were analyzed by flow
cytometry using the BD LSRII flow cytometer (BD Biosciences). Data analysis was performed

using the Kaluza Analysis Software (Beckman Coulter).
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Additional Mechanisms Mediating mTOR inhibitor Resistance in GBM

See Appendix I
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Concluding Remarks and Future Directions
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SUMMARY

Targeting XCT in Cancer and its Therapeutic Implications

In conclusion, our studies uncovered an irreplaceable role of xCT in coupling glutamine and
glutathione metabolism in cancer, as well as mechanisms regulating XCT by nutrient availability
and oxidative stress. When nutrients are abundant, activated mTORC2 phosphorylates xCT on
serine 26 and inhibits glutamate secretion, reserving glutamine-derived glutamate for biosynthesis.
Whereas when nutrients are limited, such as upon glucose starvation, inactivated mTORC2 and
ROS-mediated Nrf2 activation upregulate XCT activity and gene transcription, increasing cystine
uptake for glutathione synthesis. The unique dependency on xCT-mediated cystine uptake and
glutathione synthesis in GBM cells, especially upon mTOR inhibition, provided us the opportunity
to induce tumor cell death through ferroptosis by combining glutathione synthesis and mTOR
kinase inhibitors (Fig. 5-1). Future studies will be needed to test this combination in in vivo GBM
mouse models and if successful, may advance to clinical trials on GBM patients. It will also be
interesting to look into other cancers that also express high levels of xCT, such as triple-negative
breast cancer, as our studies indicate that the mTORC2-mediated regulation of XxCT could be a

common mechanism across different cancer types.
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Fig. 5-1. The Model of xCT Regulation in GBM and Its Therapeutic Implications.

(Top) Hyperactivation of mMTORC2 downstream of growth factor signaling regulates xCT through
inhibitory phosphorylation and prevents glutamate export when nutrient is abundant to maximize
the use of glutamine-derived glutamate for biosynthesis. (Bottom) On the contrary, upregulation
of XCT is required upon nutrient limitation or mTOR kinase inhibition to facilitate uptake of
cystine for glutathione synthesis to reduce oxidative stress, creating a targetable co-dependency in

GBM.

164



DISCUSSIONS AND FUTURE DIRECTIONS

The Multifaceted Roles of xCT in Cancer

Additional roles of XCT have been suggested in cancer besides its primary function to take up
cystine for glutathione synthesis as an oxidative stress defense mechanism (Huang et al., 2005;
Lewerenz et al., 2012; Sasaki et al., 2002). Recently Briggs and colleagues reported an interesting
paracrine mechanism of xCT regulation in triple negative breast cancer (Briggs et al., 2016),
showing that high extracellular glutamate levels as a consequence of XCT upregulation feedback
inhibited XCT function and depleted tumor cells of intracellular cysteine. Intracellular cysteine
depletion resulted in oxidation of specific cysteine residues of the prolyl hydroxylase EgIN1,
which led to elevated intra-tumoral HIF1a levels to drive tumor growth due to suppression of
EgIN1-dependent HIFla degradations (Briggs et al., 2016). The mechanism of mTORC2-
mediated inhibitory post-translational modification of XCT to conserve glutamate for biosynthesis
in nutrient-replete conditions discovered in our study nicely complemented Briggs and colleagues’
finding. These mechanisms suggest that growth factor signaling-mediated regulation of xCT
contributes to metabolic adaptations in different cancers to maximize nutrient utilization and cell
growth. Future studies will be needed to determine whether there is any cooperation between these
complementary post-translational regulatory mechanisms regulating xCT and their importance in

context-dependent manners.
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Metabolic Reprogramming Generates Targetable Co-dependencies in Cancer

Several studies from our lab and others have shown that oncogene-driven metabolic co-
dependencies in cancer are promising drug targets (Luo et al., 2009; Raj et al., 2011; Villa et al.,
2016). Apart from being major drivers of aberrant and uncontrolled proliferation of cancer cells,
activating mutations in oncogenes and loss of tumor suppressor genes also play very important
roles in metabolic reprogramming to satisfy the increasing demand of biosynthesis of
macromolecules and capacity to reduce cellular stress (Koppenol et al., 2011; Pavlova and
Thompson, 2016), creating targetable metabolic co-dependencies in cancer. To maximize nutrient
utilization, the tumor-specific metabolic co-dependencies are also determined by nutrient
abundance and tumor-stromal cell interactions in the microenvironment (Luo et al., 2009; Zhang
and Huang, 2011). Metabolic co-dependencies could also be induced by drug treatments as
survival and resistance mechanisms (Gini et al., 2013). Albeit tumor cells still maintain certain
metabolic flexibility, they are invariably more susceptible to inhibition of the oncogene or drug
induced metabolic co-dependencies compared to normal cells (Villa et al., 2016). Therefore
identifying tumor-specific metabolic vulnerabilities would reveal a much broader category of drug
targets in addition to the existing targeted therapies, which can potentially lead to better tumor-

killing effects and help overcome drug resistance in cancer.
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Cancer is an Adaptive and Evolving Disease

To date, therapeutic resistance still remained a major problem for most targeted therapies in cancer,
despite that various survival and escape mechanisms mediating drug resistance have been
identified. While understanding the dynamic tumor cell response to different drug treatment is
important, overcoming therapeutic resistance might require a deeper understanding of the
fundamental principles behind tumor adaptation and evolution, which leads to one of the important
hallmark of cancer - genome instability (Hanahan and Weinberg, 2011). The unstable cancer
genome has been suggested as a consequence of mutations in DNA repair genes or oncogene-
induced DNA replication damages (Curtin, 2012; Negrini et al., 2010). Although it seems
counterintuitive that tumor cells could survive and even gain proliferative advantage with such
damaged genome, one explanation could have come from studies of cancer evolution. From the
view of Darwinian evolution, increased genome instability could generate much more diversified
and heterogeneous tumor cell populations, within which cells that acquired the fitness-enhancing
mutations would be selected and survive the changing environment or drug treatment (Furnari et
al., 2015; Nathanson et al., 2014). The increased heterogeneity is in fact tightly correlated with the
fitness as well as aggressiveness of tumors, driving cancer progression and therapeutic resistance
(Durrett et al., 2011; Koren and Bentires-Alj, 2015; Merlo et al., 2006; Polyak et al., 2009). These
suggest that to successfully achieve tumor inhibition, it would require the treatment strategies to
co-evolve with the tumor, thus identifying the immediate genetic signatures as well as the signaling
and metabolic states of the tumor will be crucial to pinpoint the most deleterious target. Another
promising alternative being pursued heavily is to take advantage of our own immune system, as it
is inherently equipped with the ability to recognize and target foreign antigens on the evolving
cancer cells (Blankenstein et al., 2012; Khalil et al., 2016). This is also supported by recent clinical
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trials and approvals of checkpoint inhibitors in cancer, in which successful reactivation of the
immune system has been shown to specifically target and suppress tumor progression, and in some

cases even witnessed complete tumor remission in patients (Byun et al., 2017; Pardoll, 2012).

In summary, our discovery of the mTORC2 mediated-regulation of xCT and its role as a metabolic
co-dependency upon mTOR Kkinase inhibition only revealed a tip of the iceberg in the
comprehensive picture of metabolic reprogramming and adaptation in cancer. The fact that cancer
is a complex disease driven by genetic, epigenetic and metabolic alterations with the ability to
rapidly adapt and evolve with the environment and drug treatments suggest that besides dissecting
the detailed molecular mechanisms driving oncogenesis, understanding the rudimentary principles
of cancer is equally important to explain the complexity behind the disease and eventually translate

into better cures for patients in the clinic.
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APPENDIX | - Related to Chapter 2

Growth Factor Signaling Reprograms Glucose and Lipid Metabolism in GBM

INTRODUCTION

In Chapter 2, we presented an example of how mTORC2 reprograms amino acid metabolism
downstream of EGFR through phosphorylation of XCT in cancer, providing cancer cells the
flexibility to repurpose nutrients for distinct metabolic needs under different nutrient and stress
conditions. Besides amino acid metabolism, aberrant activation of growth factor signaling
pathways such as EGFR also drives reprogramming of glucose and lipid metabolism to fulfill the
anabolic and energetic demands to support tumor cell growth and proliferation. Interestingly, we
also start seeing evidence about how tumor microenvironment, such as nutrient and oxygen
availability, also contributes to selecting for the specific metabolic phenotypes in different
cancers, or is even required for activation of downstream kinases upon growth factor stimulation.
Therefore understanding the intricate crosstalk between signaling and metabolic pathways in
caner will be crucial for us to identify potential novel therapeutic targets as well as to predict and
overcome drug resistance of existing kinase and metabolic enzyme inhibitors. Here | presented
several studies resulted from collaborative efforts with other members from the lab which
significantly advanced our understandings of how growth factor signaling and environment

together drive metabolic reprogramming in GBM and other cancers.
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RESULTS

MTORC1 upregulates glycolysis downstream of mutant EGFR in GBM through inducing
alternative splicing of the c-Myc binding partner Max

Through an unbiased screen of alternative splicing events in GBM xenografts derived from
parental and mutant EGFRvIII-expressing U87 cells (Fig. A1-1A), we discovered that the mutant
receptor EGFRVIII specifically upregulates the splicing factor heterogeneous nuclear
ribonucleoprotein A1 (hnRNPA1) through mTOR (Fig. A1-1C and E). Further studies identified
that hnRNPA1 induces alternative splicing of the c-Myc binding protein Max, and resulted in
significant increase in c-Myc activity and a c-Myc related gene signature in GBM (Fig. A1-1B
and D). HhRNPAL1 was found to physically interact with the intronic region upstream of exon 5
of the Max mRNA, resulting in inclusion of exon 5 and generates a truncated Max protein
referred to as Delta Max (Fig. A1-1G and H). The expression of Delta Max in GBM cells
significantly augmented c-Myc-dependent transcription of glycolytic genes and is required for
maintaining the EGFRvIII-driven glycolytic phenotype and tumor growth (Fig. Al-11, J and K).
In addition, activation of c-Myc downstream of EGFR and mTOR was found to be required for
upregulating hnRNPA1 expression (Fig. A1-1F), creating an auto-activation loop to sustain high

levels and activity of c-myc in GBM cells. (Babic et al., 2013)
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Fig. Al-1. Mutant EGFR Induced Alternative Splicing of Max and Drives Glycolysis and
Tumor Growth in GBM.

(A) A brief scheme of the experimental design to concordantly identify alternative splicing
events and gene expression comparing GBM xenograft tumors derived from parental and
EGFRvIII U87 cells.

(B) Gene expression analysis was performed in U87 and U87-EGFRvIII tumors from three mice.
Heatmap showing upregulation of EGF Pathway and Myc related genes in U87-EGFRvIII
tumors.

(C) Immunoblot analysis of lysates from U373 showing doxycycline-induced EGFRVIII
expression correlates with higher HNRNPAL level.

(D) Real-time gPCR was performed to analyze expression levels of glycolytic enzymes in U87-
EGFRVIII cells upon hnRNPA1 knockdowns (n = 3; results were shown as mean + SD; *p <
0.05).

(E) Pharmacological inhibition of mTOR in U87-EGFRVIII cells inhibits expression of
hnRNPAL.

(F) Real-time qPCR analyzing hnRNPAL expression level upon siRNA-mediated Myc
knockdown or Delta Max overexpression. (n = 3; results were shown as mean + SD).

(G) Real-time PCR was performed using primers targeting the Max intron upstream of exon 5
using RNA extracted from hnRNPA1 immunoprecipitants from U87-EGFRvIII cells after UV
crosslinking (CLIP).

(H) Real-time PCR splicing analysis for Max exon 5 and immunoblot analysis for hnRNPA1 in

GBM neurospheres established from patient biopsies.
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(1) Real-time gPCR analysis of glycolytic gene expression in Delta Max knockdown U87-
EGFRvVIII cells (n = 3; results were shown as mean + SD; *p < 0.05).

(J) Xenograft tumors from U87-EGFRvIII cells with stable knockdown of Delta Max grew
slower than control (Sh Scrambled) cells as measured by tumor size (n = 4; results were shown
as mean £ SD; **p < 0.01).

(K) A brief diagram illustrating that EGFRvIII activation of mTOR upregulates Myc, which
stimulates hnRNPAL expression and promotes alternative splicing of Max, generating Delta Max
and in turn augments Myc activity and increases aerobic glycolysis in GBM.

Figure was modified and originally published by Babic et al (Babic et al., 2013). For detailed

experimental procedures please refer to Babic et al (Babic et al., 2013).
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mTORC2 controls glycolysis through FOXO acetylation and upregulation of c-Myc in
GBM

MTOR is an essential regulator of cellular metabolism in cancer, mediating metabolic
reprogramming upon activation by growth factor signaling such as EGFR. mTORC1 has been
shown to promote glycolysis and lipid metabolism in different cancers through regulating
transcription factors such as c-Myc, Hif-1a and SREBP1 (Duvel et al., 2010). But less is known
about the role of MTORC2 in regulating metabolism in cancer. mTORC2, like mTORC1, is also
activated downstream of EGFR, albeit the detailed mechanism is still unclear. We first sought to
determine whether mTORC2 is required for EGFR-driven GBM cell growth and discovered that
mTORC?2 is specifically required for GBM cell growth in the presence of glucose and for
maintaining the c-Myc-driven glycolytic phenotype in GBM cells (Fig. A1-2A and B). This
suggests that c-Myc is also regulated by mTORC2 besides mTORC1. Further studies revealed
that mTORC2 mediates inhibitory phosphorylation of Class Ila HDACs, including HDAC4/5/7,
in an Akt-independent manner (Fig. A1-2C), resulting in suppression of FoxO acetylation, which
relieves c-Myc suppression by miR-34c (Fig. A1-2D, E, F and G). Previous studies have
identified that PI3K/Akt directly phosphorylates and inhibits FoxO to upregulate c-Myc,
suggesting that PI3K/AKkt inhibitors should suppress c-Myc in cancer cells (Fig. A1-2J) (Kress et
al., 2011). Our findings uncovered an additional bypass pathway through which mTORC2
activates c-Myc independent of PI3K and Akt, indicating that it would require inhibition of both
PI3K and mTORC2 to achieve complete suppression of c-Myc in GBM cells (Fig. A1-2H, | and

J) (Masui et al., 2013).
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Fig. A1-2. mTORC2 Promotes c-Myc-dependent Glycolytic Phenotype in GBM through
Inhibitory Phosphorylation of Class Ila HDACs and Acetylation of FoxO.

(A) Cell growth was quantified in UB7EGFRUVIII cells with si scramble control or si Rictor
knockdown and cultured in media containing glucose or galactose. Results were presented as
mean * SD.

(B) Relative glucose consumption and lactate production was measured in control versus Rictor
knockdown U87EGFRuvIII cells with or without c-Myc knockdown.

(C) Immunoblot showing change in phosphorylated Class lla HDACs from U87 cells
overexpressing GFP or Rictor DNA plasmids.

(D) IP analysis of acetyl-lysine (Ac-K) levels on overexpressed GFP-FoxO1 and Flag-FoxO3 in
UB7EGFRVIII cells with shscramble control or shRictor stable knockdown.

(E) Immunoblot assessment of c-Myc in U87 cells co-transfected with Rictor and wild-type or
acetylation resistant mutant FoxO plasmids.

(F) Immunoblot showing c-Myc levels in U87 cells with sSiRNA knockdowns against Class Ila
HDACs, combined with overexpression of wild-type or acetylation resistant mutant FoxOs.
(G) Inhibition of miR-34c, but not miR-145 with anti-miR constructs reverted 5KR-FoxO1-
mediated downregulation of c-Myc in US7EGFRUVIII cells.

(H) Immunoblot comparing the effect of PI3K/Akt inhibitors combined with or without Rictor
KD in suppressing c-Myc levels in UB7TEGFRVIII cells.

() Quantification of TUNEL-positive US7EGFRvVIII cells treated with PI3K/Akt inhibitors
combined with or without Rictor knockdown.

(J) EGFRuVIII activates mMTORC2 which inhibits FoxO activity via acetylation, bypassing

PI3K/Akt inhibitor mediated suppression and sustained upregulation of c-Myc in GBM.
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Figure was modified and originally published by Masui et al (Masui et al., 2013). For detailed

experimental procedures please also refer to Masui et al (Masui et al., 2013).
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Activation of mTORC2 downstream of EGFR requires glucose-dependent acetylation of
Rictor

Activating mutations in growth factor signaling drive metabolic reprogramming in cancer cells
through downstream kinases such as Akt and mTOR. But whether nutrient status affects
signaling pathways is largely unknown. Coordination between growth factor signals with
nutrient availability is very important for both normal cells as well as cancer cells, as
proliferation under lack of nutrient could have devastating consequences such as inducing
cellular stress and even apoptosis. mMTORCL1 was recently depicted as part of a complex and
highly coordinated amino acid sensing machinery on the lysosome, adding to its multifaceted
roles integrating nutrient availability with growth signals and metabolism to coordinate tumor
cell proliferation and survival (Goberdhan et al., 2016; Shimobayashi and Hall, 2016). When
examining how signaling pathways respond to depletion of different nutrients in GBM cells, we
made the surprising finding that mMTORC2 activity tightly correlates with the availability of
glucose, suggesting that mTORC2 might act as a glucose sensor in tumor cells (Fig. A1-3A). It
appeared that glucose or acetate is required for activation of mMTORC2 upon growth factor
stimulation, by providing a consistent supply of acetyl-CoA through PDH and ACSS2 for Rictor
acetylation (Fig. A1-3B). Activation of mTORC2 downstream kinase PKCa phosphorylates and
inhibits Class 1la HDACs, which prevents deacetylation of Rictor (Fig. A1-3E), and creates an
auto-activation loop to sustain mTORC2 activation even after the initial growth factor signal is
withdrawn (Fig. A1-3C, D and F). This suggests that elevated systemic levels of glucose and
acetate could potentially contribute to drug resistance to EGFR, PI3K and Akt inhibitors in GBM

by maintaining the activity of mMTORC2 (Fig. A1-3G and H) (Masui et al., 2015).
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Fig. Al-3. Glucose-dependent Acetylation of Rictor Sustains Activation of mMTORC?2
Downstream of EGFR.

(A) Immunoblot analysis of MTORC?2 activity in US7TEGFRvVIII cells with 24 h of glucose
deprivation or treatment with the glycolytic inhibitor 2-DG (10 mM) combined with or without
addition of exogenous acetate (50 mM).

(B) Glucose and acetate provides acetyl-CoA for Rictor acetylation through PDH and ACSS2.
Immunoblot analysis of Rictor acetylation in U87-EGFRvIII cells with or without 24 h of
glucose deprivation combined with siRNA-mediated knockdown of PDH and ACSS2 for an
additional 24 h (left). IP analysis of acetylation status of wildtype or 3KR acetylation-resistant
mutant Rictor in U87 cells in the presence or absence of glucose, with a schematic below
indicating the three acetylation sites mutated in the 3KR mutant of Rictor (middle). A schematic
illustrating glucose and acetate activates mMTORC2 by providing acetyl-CoA for Rictor
acetylation through PDH and ACSS2.

(C) IP assessment of Rictor acetylation status in LN229 GBM cells with doxycycline-inducible
(Tet-on) EGFRvIII showing ablation of EGFR signaling by siRNA does not affect Rictor
acetylation once it’s been activated.

(D) Immunoblot assessment of MTORC2 and mTORC1 downstream pathway activation in
LN229 cells with doxycycline-inducible (Tet-on) EGFRvIII, combined with time-course
inhibition of EGFR by siRNAs showing that mTORC2 downstream pathway still remained
active even after withdrawal of upstream EGFR signaling.

(E) Immunoblot analysis and quantification of HDAC4 phosphorylation upon siRNA mediated

PKCa knockdown in U87 cells expressing Myc-Rictor.
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(F) Immunoblot showing that PKCo mediated inhibitory phosphorylation of Class Ila HDACs
sustains Rictor acetylation in US7EGFRuvIII cells.

(G) Cell proliferation was quantified in US7EGFRVIII cells treated with a combination of
Erlotinib, glucose deprivation, and upon overexpression of Rictor-3KR or 3KQ mutants. Results
were presented as mean £SD, and *** refers to P < 0.01.

(H) mTORC2 forms an auto-activation loop in GBM tumor cells by promoting glucose uptake
and acetyl-CoA production through c-Myc and by PKCa-mediated inactivating phosphorylation
of Class lla HDACSs, which together sustains Rictor acetylation and activation of mMTORC2.
These mechanisms suggest that GBM cells with activated mTORC?2 are resistant to targeted
therapies against mMTORC2 upstream kinases including EGFR and PI3K.

Figure was modified and originally published by Masui et al (Masui et al., 2015). For detailed

experimental procedures please also refer to Masui et al (Masui et al., 2015).
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EGFR creates a targetable metabolic co-dependency on exogenous cholesterol and sensitize
tumor cells to LXR agonists in GBM.

Many targeted therapies for GBM such as small molecule kinase inhibitors encountered the
problem of low penetrance across the blood brain barrier, and without being able to achieve
sufficient dose in the brain, most of them failed to show anti-tumor efficacy in patients.
Oncogene-driven metabolic co-dependencies in cancer on the other hand provide us with a brand
new range of drug targets and the opportunity to explore potential small molecule compounds
with better brain penetrance as alternative GBM therapy. Previous studies from our lab
discovered that activating mutations in EGFR results in the metabolic dependency on uptake of
exogenous cholesterol through LDLR in GBM cells (Guo et al., 2009), while de novo cholesterol
synthesis is largely suppressed possibly due to the demand of a large amount of ATP and
reducing equivalents (Fig. A1-4A and B). This EGFR-driven cholesterol dependency specifically
sensitizes GBM cells to LXR agonists while sparing normal cells in the brain (Fig. A1-4C). The
compound LXR-623 was initially developed as a potent LXR agonist for atherosclerosis but
failed in clinical trials as it caused central nervous system side effects due to brain penetrance
(Katz et al., 2009). Re-purposing LXR-623 for GBM showed great efficacy in inducing tumor
cell death through significant depletion of cholesterol from tumor cells by suppressing LDLR-
mediated cholesterol uptake and promoting cholesterol efflux through ABCAL (Fig. A1-4D, E
and F). The efficacy of LXR-623 successfully extended to an intracranial patient-derived GBM
xenograft model. LXR-623 was able to specifically accumulate in the brain, significantly
suppressed GBM tumor growth and prolonged survival, suggesting that it would be a very
promising drug candidate for the treatment of GBM in the clinic (Fig. A1-4G, H and I) (Villa et

al., 2016).
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Fig. Al-4. Targeting EGFR-driven Cholesterol Dependency with LXR-623 Significantly
Suppressed Tumor Growth, Induced Tumor Cell Death and Prolonged Survival in
Intracranial GBM Mouse Xenograft Models.

(A) Analysis of de novo cholesterol synthesis genes in GBMs versus normal brain from TCGA
gene expression data. Data are presented as mean = SEM.

(B) Immunoblotting comparing EGFR and LDLR protein levels in NHA, US7EGFRuvlII, and
GBM39 cells (left). And FACS quantification of LDL uptake in USB7EGFRvIII and GBM39 cells
(right).

(C) Quantification of cell death in response to LXR-623 at day 5 of treatment in NHA,
U87EGFRVIII, and GBM39 cells. As well as immunoblot analysis of suppression of LDLR and
induction of ABCA1 by LXR-623 treatment.

(D) Flow cytometry analysis of LDL uptake was performed in US7EGFRvIII cells treated with
LXR-623 for a total of 48 h and by incubated with a fluorescent-labeled LDL probe for 4 h.
(E) Cholesterol efflux was determined by scintillation counting by incubating US7EGFRuVIII
cells with ®H-cholesterol after treated with 5 uM of LXR-623.

(F) UB7TEGFRVIII cells were treated with LXR-623 for a total of 48 h and total cellular
cholesterol levels were measured by LC/MS.

(G) Mice were treated with a single dose of 400 mg/kg LXR-623 by oral gavage. Plasma and
brain were extracted from mice at 2 or 8 h after treatment and LXR-623 concentration was
measured (n = 5 for each time point).

(H) GBM39 patient-derived neurosphere cells engineered to stably express the infrared

fluorescent protein 720 were orthotopically injected into 5-week-old nu/nu mice. Mice were
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treated with vehicle or LXR-623 400 mg/kg PO daily (n = 8 for each group). Tumor size was
assessed via FMT weekly.

(I) Kaplan-Meier curves were plotted assessing overall survival of mice treatment with vehicle
control or LXR-623 400 mg/kg PO daily. Log rank (Mantel-Cox) test: p =0.0001, Gehan-
Breslow-Wilcoxon test: p = 0.0002.

Figure was modified and originally published by Villa et al (Villa et al., 2016). For detailed

experimental procedures please also refer to Villa et al (Villa et al., 2016).
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DISCUSSION

Previously, metabolic reprogramming in cancer was perceived as a response towards the
decreased cellular ATP:ADP ratio when energies are over-consumed by rapid cell proliferation,
also known as the traditional “demand model”. But accumulating evidence have emerged from
recent studies suggesting that constitutively activated growth factor signaling is in fact directly
driving biosynthesis and anabolic metabolism in proliferating cancer cells, which has been better
described as the new “supply model” (Bar-Peled et al., 2013). Concordant metabolic
reprogramming provides cancer cells a head start to catch up with the biosynthetic demand to
maintain an ample supply of nucleotides, proteins and lipids, which are all essential for cell

replication.

We can see from the examples described above that growth factor signaling was not only able to
reprogram metabolism through regulating transcription factors such as c-Myc, which controls a
wide range of target genes involved in glucose and glutamine metabolism, but pathways
downstream of growth factor signaling is also responsive to nutrient status through nutrient
“sensors” such as mTOR. Most cancers maintain at least part of their ability to sense nutrient
status, which enables the coordination between growth signals with nutrient availability to avoid
potential catastrophic energy collapse. But loss of certain nutrient or energy sensing pathways is
also commonly seen in cancer, which is assumed to provide cancer cells a proliferative
advantage through increasing the threshold of nutrient limitation on cell growth. For example,
loss-of-function mutations or deletion of LKB1 underlies the cause of the Puetz-Jegher’s
syndrome and is also commonly seen in non-small cell lung cancer, which leads to inactivation

of the energy sensor AMPK and hyperactivation of mMTORC1 (Shackelford and Shaw, 2009).
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Loss-of-function mutations are also found in the GATOR complex, which is required for amino
acid depletion-induced mTORCL inhibition on the lysosome (Bar-Peled et al., 2013; Menon and
Manning, 2013). These indicate that nutrient-sensing mechanisms might be playing distinct roles
under different circumstances in cancer and future studies are needed to better understand its

contribution in the course of cancer development.

In addition, we observed that the metabolic environment also plays an important role in growth
factor signaling-driven metabolic reprogramming in cancer, such as the specific dependence on
cholesterol uptake in EGFR-driven GBM cells is largely determined by the steady cholesterol
pool in the brain. These together suggest that nutrient availability is no longer only a limiting
factor for the passive selection of cancer cells during its course of evolution, but plays a rather
active role in driving metabolic reprogramming together with hyperactivated growth factor
signaling. Therefore it is very important to fully understand the specific metabolic environment
cancer cells reside in before we could capture a complete view of how metabolism is
differentially reprogrammed in cancer, so that we could identify the correct targetable metabolic

dependencies as potential alternative treatment strategies when targeted therapies fail.
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APPENDIX Il - Related to Chapter 3

Complete Data Analysis of LC-MS/MS Metabolomics with [U-13C6]-D-

Glucose and [U-13C5]-L-Glutamine Labeling
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LC-MS/MS Metabolomics Analysis with [U-13C6]-D-Glucose Labeling
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Percent label in PPP metabolites
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Isotopomer distribution of currency metabolites
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Relative amounts of cysteine metabolites
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Relative amounts

Percent label in cysteine metabolites
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Isotopomer distribution of amino acid metabolites
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Relative amounts

% Label

Relative amounts of fatty acid metabolism intermediates
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Relative amounts

Percent label in fatty acid metabolism intermediates
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Isotopomer distribution of hexosamine pathway intermediates
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Relative amounts of adenine derivatives
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Percent label in adenine derivatives

dCDP

dCMP

dCTP

A | Adenine | ADP I AMP
120
so - ki ek
) I
o [
ATP | dA dAMP I dATP
120
3 801
)
s
*
40 -
0 - e
Hypoxanthine IMP Inosine I Xanthine
120
80+
40
.
Relative amounts of cytidine derivatives
c || cobpP | 5o cmp
20+ 0.9-
0.25+
154
0.6-
0.00
10+
0.3-
-0.25
0.0-
i i i i -0.50 - i i i
| Cytosine dc
1.2-
P 1.5
€ 0.9-
=]
o
£ 1.0+
© 0.6-
[
2
® 0.5-
: - N
* m—
0.0- 0.0
||

0.50

0.25+

0.00 1

-0.25

-0.50 -

1.0 4
0.5+

=
.

. .

208

0.0-

.

Conditions
Us7vlll DMSO
U87vlll Erlotinib

us7vlil Torin

Conditions
ug7vill DMSO
U87vlll Erlotinib

Us7vlil Torin



% Label

% label

Isotopomer distribution of cytosine metabolites
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Relative amounts of guanine derivatives
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Relative amounts

Percent label in guanosine derivatives
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Isotopomer distribution of thymidine metabolites
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Relative amounts of u
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Percent label in uracil derivatives
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Relative amounts

% Label

Relative amounts of glycolytic metabolites
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Percent label in glycolytic metabolites
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Isotopomer distribution of TCA metabolites
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Relative amounts of PPP metabolites
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Relative amounts of adenine derivatives
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Isotopomer distribution of cytosine metabolites
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Relative amounts of guanine derivatives
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Relative amounts of uracil derivatives
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APPENDIX 111 - Related to Chapter 4

Additional Mechanisms Mediating mTOR Inhibitor Resistance in GBM

INTRODUCTION

In Chapter 3 and 4, we described a unique co-dependency of GBM cells on xCT-mediated
cystine uptake and glutathione synthesis upon mTOR kinase inhibition, and showed that
targeting this metabolic co-dependency effectively induced tumor cell death through ferroptosis
in GBM. Besides rewiring of metabolic pathways which serves as adaptive responses to cellular
perturbations induced by targeted therapies, other mechanisms also contributes to tumor cell
survival and development of drug resistance. Such mechanisms include, but no limited to,
intrinsic heterogeneity of the tumor cell population, altered drug transport and metabolism,
mutations in drug targets, oncogenic bypass and pathway redundancy, as well as deregulation of
apoptosis and activation of pro-survival signaling pathways and autophagy. In addition, tumor
microenvironment such as secreted cytokines and stromal cells also plays an important role in
the resistance to different cancer therapies (Holohan et al., 2013; Huang et al., 2014). Therefore
understanding the detailed mechanisms would be very important in guiding the correct decision
of treatment strategies for cancer patients in the clinic, especially as drug resistance mechanisms
usually vary in different cancers and different therapies. Here | want to present two studies
resulted from collaborative efforts with other members from the Mischel lab as well as from our
collaboration with the Heath lab at Caltech, which uncovered how two different resistance
mechanisms - autophagy and oncogenic bypass pathways contribute to tumor cell resistance to

MTOR kinase inhibitors in GBM.
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RESULTS

Autophagy Induction Contributes to Tumor Cell Survival and Resistance to mTOR Kinase
Inhibitors

To achieve better inhibition of mMTOR and overcome resistance to the allosteric mMTORC1
inhibitor rapamycin in GBM, we examined the anti-tumor effect of a second-generation mTOR
kinase inhibitor CC214 both in vitro and in vivo using flank and orthotopic GBM xenografts.
While CC214 dramatically suppressed signaling pathway activities downstream of both
MTORCL1 and mTORC2, inhibitor treatment only induced a cytostatic effect as no cell death was
observed in xenograft tumors by TUNNEL staining (Fig. A3-1A). As inhibition of mMTORC1 has
been linked to autophagy induction, which is an important survival mechanism allowing tumor
cells to degrade intracellular proteins to support metabolism under nutrient limitation (Chan,
2009; Efeyan et al., 2012), we tested the hypothesis that autophagy could be one mechanism
mediating resistance to mTOR kinase inhibitor-induced cell death in GBM. Examination of
autophagy markers showed significant induction of autophagic flux by CC214, especially in
EGFRvIII expressing cells, which is consistent with their higher sensitivity to CC214 (Fig. A3-
1B and C). Combination treatment of CC214 with the autophagy inhibitor chloroquine
significantly suppressed GBM tumors in the brain and increased cell death (Fig. A3-1D). These
data strongly suggest that autophagy is an important survival mechanism and contributes to the

resistance to mTOR kinase inhibitors in GBM (Gini et al., 2013).
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Fig. A3-1. Autophagy Induction Mediates GBM Cell Survival and Resistance to mTOR
Kinase Inhibitor CC214-1/2.

(A) Mice with US7EGFRVIII flank xenografts were treated with 50mg/kg/day CC214-2 through
oral gavage for 6 days and tumor size was measured as well as immunohistochemistry was
performed after tumors were taken out at day 6 to analyze activity of mTORC1 and mTORC2
signaling pathways and tumor cell proliferation/viability.

(B) Autophagy markers were analyzed by western blot in US7EGFRVIII cells treated with
CC214-1 in the presence of chloroquine.

(C) Double immunofluorescence staining of EGFRVIII (red) and autophagy marker LC3B (green)
was performed in GBM39 neurospheres comparing with or without CC214-1 treatment.

(D) In vivo combinatory treatment with CC214-2 and chloroquine was performed in GBM
orthotopic xenografts. Tumor progression was evaluated using fluorescence molecular
tomography.

Figure was modified and originally published by Gini et al (Gini et al., 2013). For detailed

experimental procedures please refer to the original paper Gini et al (Gini et al., 2013).
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Single-Cell Phosphoproteomics Reveal Adaptation to Alternative Signaling Pathways as
Resistance Mechanism to mTOR kinase inhibitors

Altered signaling networks and induction bypass pathways is a common mechanism mediating
resistance to kinase inhibitors in cancer (Holohan et al., 2013; Huang et al., 2014). To determine
whether alternative signaling pathway activation also contribute to mTOR kinase inhibitor
resistance in GBM, we established an in vivo mTOR kinase-resistant GBM model with patient-
derived neurospheres, and performed single cell phosphoproteomics analysis using a Single Cell
Barcode Chip (SCBC) platform developed in the lab (Heath et al., 2016; Yu et al., 2014) (Fig.
A3-2D). Treatment of GBM xenograft tumors with CC214 showed an initial response phase,
during which tumor growth and glucose uptake were significantly suppressed due to inhibition of
both mTORC1 and mTORC2 (Fig. A3-2A and B). But by day 27, tumors regained rapid growth
and elevated glucose uptake, suggesting an adaptive mechanism of resistance. Single cell
phosphoproteomics analysis of control, responsive and resistant tumors revealed reactivation of
both mTORC1 and mTORC2, which is consistent with IHC staining of tumor samples (Fig. A3-
2C, E and F). More importantly, SCBC analysis uncovered that in the responsive tumors, while
CC214 decreased signaling coordination associated with mTORC1/2, Erk and Src pathway was
already activated, which persisted in the resistant tumor and possibly mediated sustained
activation of mTORC1/2 downstream effectors. These suggest that combined inhibition of
MTOR, Erk and Src pathways is required to achieve complete suppression of mMTORC1/2
downstream pathways, while targeting any one or two pathways is not sufficient. We tested this
hypothesis by performing different combination treatments on intracranial GBM xenograft
tumors, and as expected, the best response was observed when inhibitors of all three pathways

were combined, which successfully suppressed both signaling flux and tumor growth (Fig. A3-
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2G and H). This study indicated that identifying and targeting independent signaling pathways

would be the key to achieve the strongest anti-tumor effect with small molecule kinase inhibitors

(Wei et al., 2016).
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Fig. A3-2. Single-Cell Phosphoproteomics Analysis of mTOR kinase inhibitor-resistant
GBM Tumors Revealed Activation of Src and Erk Pathways as Resistant Mechanisms.

(A) GBM39 flank xenograft tumors were treated with vehicle control or CC214-1 and tumor size
was measured. Control (n=11) and responsive (n=7) tumors were collected for analysis at day 19
while resistant tumors (n=7) were collected at day 39. Results were shown as mean + SD.

(B) F-FDG, PET-CT and CT scans were shown comparing control, response and resistant
tumors (n=4 for each condition).

(C) IHC staining for biomarkers of signaling pathways, cell proliferation and cell death on tissue
samples collected from control, response and resistant tumors.

(D) A brief scheme of the workflow of Single Cell Barcode Chip (SCBC) analysis. Tumors were
collected from experiment in (A) and digested into single cells, EGFR* cells were collected using
conjugated antibodies and loaded onto SCBC where cells were lysed and phosphorylation of
signaling proteins were analyzed.

(E) Data collected from SCBC analysis was presented as one-dimensional scatterplots with
background subtracted (mean £ SEM). Grey bars indicate background of each protein assayed.
(F) IHC results for selected proteins from (C) were quantified and showed as mean = SD as a
comparison to SCBC data.

(G) GBM39 flank xenograft tumors were treated with mono- or combination therapies based on
predictions from the SCBC analysis. Ttumor size was measured and quantified for each treatment.
C: mTOR kinase inhibitor CC214-2, D: Src inhibitor Dasatinib, U: Erk inhibitor U0126.

(H) IHC was performed to look at inhibition of drug targets with the combination treatment.
Figure was modified and originally published by Wei et al (Wei et al., 2016). For detailed

experimental procedures please also refer to the original paper Wei et al (Wei et al., 2016).
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DISCUSSION

Therapeutic resistance in cancer can usually be attributed to either intrinsic characters of the
tumor, such as existing drug-insensitive populations or cells already harboring drug-resistant
mutations within the tumor; or adaptive responses to drug treatments such as induction of
survival mechanisms, activation of bypass or redundant signaling pathways, or acquisition of
drug-resistant mutations. While drug resistant mechanisms in general fall into a few major
categories across cancer, the specific response or survival pathways activated towards the same
treatment usually differs in different cancer types, which could possibly result from the distinct
driver oncogenes and tumor microenvironment that together determined the signaling and
metabolic dependencies in different tumor cells. For instance, activating mutations of EGFR
serve as driver oncogenes for both non-small cell lung cancer (NSCLC) and GBM, but these two
cancers display complete different response and resistance mechanisms to EGFR inhibitors.
EGFR inhibitors effectively suppress lung cancer progression in patients and induce apoptosis,
albeit drug resistance usually arise through acquired mutations in EGFR that interferes with drug
binding, or activation of the PI3K and Met pathway (Gazdar, 2009; Killock, 2015; Lin and Shaw,
2016). On the contrary, EGFR inhibitors are largely ineffective in GBM, showing only minimal
suppression of tumor growth despite the downstream signaling pathways were effectively
suppressed. In addition, GBM tumors employ a unique resistance mechanism to EGFR inhibitors
by discarding the drug target through diminishing EGFR-containing extrachromosomal DNA
(Nathanson et al., 2014). Similar phenomenon is also observed with mTOR inhibitors. While
certain types of cancer are exquisitely sensitive to mTOR inhibition, such as renal cell carcinoma,
GBM cells mostly survived by inducing autophagy and activate bypass pathways to drive tumor

growth (Gini et al., 2013; Wei et al., 2016). More interestingly, it was found that mTOR
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inhibition unexpectedly promoted tumor cell proliferation in pancreatic cancer. This is explained
by the unique dependence on macropinocytosis for nutrient acquisition in pancreatic cancer cells,
which is driven by Ras activation and also determined by the nutrient-limiting tumor
microenvironment. Macropinocytosis relies on lysosome-mediated degradation of scavenged
proteins, which is accelerated by inhibition of mMTORC1 (Palm et al., 2015). All these indicate
that it will be of great importance to study drug response and resistant mechanisms in different
cancers, especially using in vivo and patient-derived tumor models as both tumor
microenvironment and heterogeneity greatly contribute to therapeutic response and resistance. In
addition, development of sensitive and accurate diagnostic platforms such as the SCBC
described above will also be essential for assessing drug response and pinpointing the drug
resistance mechanism in each individual patient so that the right treatment strategy could be
determined to achieve the best anti-tumor effect. Therefore, despite that tumor cells could
develop drug resistance through various mechanisms, it is still promising for us to achieve
effective and prolonged tumor inhibition through rational designs of combination therapies
targeting independent pathways, and inhibiting the exact resistance mechanisms using our

increasing arsenal of anti-cancer therapies.
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