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Abstract
Reactive oxygen species (ROS) are byproducts of normal cellular processes. While low
or moderate levels of ROS promote and sustain oncogenic properties of cancer cells,
excessive amounts are detrimental. Cancer cells counterbalance increased ROS
production by engaging ROS-scavenging systems, which heavily rely on the
antioxidants GSH and NADPH that can be synthesized from glutamine (GLN). Although
GLN is not an essential amino acid, some cancer cells depend on exogenous GLN for
survival, a phenotype known as GLN addiction. GLN plays versatile roles in cells from
synthesis of macromolecules to redox balance. However, why GLN dependence for
survival varies among different cancer cell types is not fully understood. This thesis
tested the hypothesis that GLN addiction phenotype is ROS dependent. We first
showed that loss of Hace1, a tumor suppressor that regulates ROS levels, results in
increased GLN metabolism and GLN addiction. Inhibition of ROS reverses GLN
addiction phenotype of Hace1 deficient cells, providing the first evidence that loss of a
tumor suppressor leads to GLN addiction due to increased ROS levels. Using a panel of
human cancer cell lines we established that GLN deprivation induces cell death in GLN
addicted cells primarily by depleting intracellular antioxidant pools, resulting in increased
ROS levels and oxidative damage. Furthermore GLN deprivation results in ROSdependent elevation of glucose uptake in GLN addicted cells, which exacerbates
oxidative stress causing cell death. Finally, we showed that GLN addicted cells are
more sensitive to exogenous oxidants without GLN, and that AMPK mediated
upregulation of ASCT2 expression and GLN uptake confers resistance to oxidative
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stress in GLN addicted cells. These studies establish the reciprocal regulation of GLN
metabolism and oxidative stress in cancer cells.
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Chapter 1: Introduction

1.1

Reactive Oxygen Species (ROS) in Normal and Cancer Cells
ROS can be defined as oxygen-containing chemically reactive molecules that are

formed by incomplete reduction of oxygen (1, 2). Examples of ROS include; superoxide,
nitric oxide, hydroxyl radicals, hydrogen peroxide, peroxynitrite, and hydroxide, which
can all readily oxidize other molecules. There are several sources of ROS within the
cell. They can be produced as by-products of normal biological processes.
Mitochondrial respiration generates the majority of cellular ROS through electron
leakage from electron transport chain, which then reacts with molecular oxygen
producing highly reactive superoxide free radicals (3, 4). ROS are also produced to
serve as microbicidal agents. In phagocytes, ROS, specifically superoxide production by
NADPH oxidase is an essential component of innate immune response to invading
microorganisms (5, 6). In non-phagocytic cells, ROS act as second messengers in
promoting proliferation and survival upon growth factor stimulation. Receptor tyrosine
kinases, such as platelet-derived growth factor receptor and epidermal growth factor
receptor have been shown to signal through superoxide and subsequently hydrogen
peroxide generation by NADPH oxidase (7-9). Hydrogen peroxide regulates the
structure/activity of protein tyrosine phosphatases and the lipid phosphatase PTEN, by
reversibly oxidizing the catalytic cysteine leading to activation of downstream signaling
pathways, including activating protein 1 and Akt signaling for cell growth and survival
respectively (10-13). Numerous studies have demonstrated that transformed cells
produce more ROS than their normal counterparts (14-16). Oncogene activation,
1

abnormal cell metabolism, mutations in mitochondrial DNA, and loss of p53 and Hace1
tumor suppressor functions are so far the known sources of increased ROS associated
with malignant transformation (17-21). Expression of the oncogenes Ras and Bcr-Abl
increase ROS production by activating NADPH oxidase, whereas the expression of the
oncogene c-myc has been linked to increased mitochondrial ROS production (22). One
way to increase mitochondrial ROS production is the imbalanced expression of
respiratory chain complex subunits, which results in inefficient transfer of electrons
between electron transfer chain subunits and increased electron leakage (23).
Mitochondrial DNA encodes approximately a dozen of mitochondrial proteins and the
nuclear DNA encodes the remaining hundreds of mitochondrial proteins (24). c-myc is
known to induce expression of nuclear encoded mitochondrial genes, which can disrupt
the balance between proteins expressed from nuclear versus mitochondrial DNA
leading to increased mitochondrial ROS (24, 25). Apart from oncogene driven
transformation, mutations in mitochondrial DNA in certain cancers have been linked to
elevated ROS levels via impaired expression/function of mitochondrial electron
transport chain proteins encoded by mitochondrial DNA (20, 26-28). p53 is the critical
protector of nuclear and mitochondrial DNA by sensing and eliminating oxidative stress
(21, 29). Moreover, p53 regulates transcription of several genes involved in pro-oxidant
and antioxidant response pathways (30, 31). Therefore loss of the tumor suppressor
p53 impairs cellular redox homeostasis, resulting in ROS accumulation and genomic
instability.

2

1.1.1

Cellular ROS scavenging systems
Accumulation of ROS in cells can result in loss of molecular functions and cell

death by irreversible modifications of DNA, proteins, and lipids (32). Reactions between
ROS and DNA can produce several different types of DNA damages. Perhaps the most
common damage is caused by hydroxyl radical, which can react with sugar moieties of
DNA bases resulting in sugar modifications and DNA double strand breaks (33).
Hydroxyl radical can also damage DNA by oxidizing double bonds of DNA bases and by
abstracting a hydrogen atom from the methyl group of thymine. DNA radicals can
propagate further damage to DNA depending on their redox environment and reaction
partners. Various types of ROS can oxidize proteins causing loss of function mainly by
oxidation of critical amino acid residues (metal-binding sites, thiol groups on cysteine,
methionine residues) (34). These modifications inactivate proteins or alter their
localization, conformation or degradation rate. Protein oxidation can also cause
accumulation of toxic protein aggregates. ROS are known to damage lipids by initiating
an oxidation chain reaction of unsaturated lipids, a process known as lipid peroxidation
(34). Both the superoxide anion and the hydroxyl radical can initiate this process and
the resulting lipid products can eventually cause loss of membrane integrity and cell
death.
Cells normally defend themselves against detrimental effects of ROS by
engaging the antioxidative response pathways, involving superoxide dismutase
enzymes, catalases, glutathione (GSH) and NADPH dependent peroxidases, and
thioredoxins (Trx) (Fig. 1A) (1). Superoxide generated by mitochondria and NADPH
oxidases is rapidly converted to hydrogen peroxide by superoxide dismutases. Catalase
3

degrades hydrogen peroxide to water and oxygen. Glutathione peroxidase can
eliminate hydrogen peroxide using reduced glutathione (GSH). The oxidized glutathione
(GSSG) can be reduced back to GSH by glutathione reductase in an NADPH
dependent manner. Glutathione peroxidases are also the major lipid hydroperoxides (3)
and their activities completely rely on GSH and NADPH. GSH is the most abundant
antioxidant in the cell and in addition to its cofactor role in many antioxidant enzyme
systems, it can directly scavenge hydroxyl radical, singlet oxygen, and regenerates
other antioxidants vitamin C and E to their active forms (3). The glutaredoxin (Grx)
system functions in the reduction of protein thiol groups. The reducing power of Grx is
provided by GSH/glutathione reductase system, which is maintained by NADPH. The
Trx system, comprised of Trx, NADPH, and Trx reductase is also indispensible for
reducing oxidized protein thiol groups to maintain their proper function. When Trx
reduces protein thiol groups, it becomes oxidized and can be reduced back again by
NADPH dependent Trx reductase.

1.1.2

Adaptation to ROS in cancer cells
Accumulating evidence suggests that ROS increase is decisive for cellular

transformation (35), proliferation (36), survival and disruption of cell death signaling (3).
On the other hand, it was suggested that high ROS levels can induce and maintain
senescence (37). Moreover, above a certain threshold, ROS can clash with survival
pathways and are therefore cytotoxic (depicted in figure 1B). If unchecked, high amount
of ROS results in oxidative damage to DNA, proteins, and lipids, eventually leading to
4
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Figure 1.

ROS homeostatis. A. Depiction of intracellular ROS scavenging pathways. O2

(molecular oxygen), O2- (superoxide), e- (electron), H2O2 (hydrogen peroxide), HO. (hydroxyl radical), NO.
(nitric oxide), ONOO- (peroxynitrite), Mito-ETC (mitochondrial electron transport chain), NOX (NADPH
oxidase), ER (endoplasmic reticulum), NOS (nitric oxide synthase), SOD (superoxide dismutase), CAT
(catalase), GSH (reduced glutathione), GSSG (oxidized glutathione), TRX (thioredoxin), TR (TRX
reductase), GPX (glutathione peroxiredoxidase), GR (glutathione reductase), GRX (glutaredoxin),
B. Depiction of ROS adaptation in cancer cells.
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cell death. Accordingly, a fine balance exists between ROS generation and ROS
scavenging, which is crucial for cancer cell growth/survival.
In order to survive intrinsically produced ROS and oxidative stress, cancer cells
must acquire adaptive mechanisms to counteract the toxic effects of elevated ROS and
activate survival pathways. For example, oncogenic H-Ras-transformed cells upregulate
superoxide and hydrogen peroxide levels with concomitant increase in the levels of
antioxidants peroxiredoxin-3 and Trx peroxidase (38). Ras-transformed cells are more
sensitive to GSH depletion, suggesting that increased ROS levels arising from
oncogenic transformation renders the cells dependent upon antioxidants for survival
(16). Another evidence comes from the studies with c-Myc-active melanoma cells. cMyc was shown to control expression of GSH synthetase, and knockdown of c-Myc
resulted in a significant decrease in GSH levels and led to apoptosis (39). Furthermore,
Trx Reductase 1 is overexpressed in many cancers and its downregulation decreases
tumorigenicity of cancer cells (40). A more recent study showed that physiological
expression of oncogenic K-RAS, Myc, and B-RAF induces NRF2 expression to maintain
low ROS levels, which confers growth advantage to tumors (41). All these data indicate
that malignant transformation accompanies induction of ROS generation to promote cell
proliferation through redox-sensitive signaling pathways, and in parallel, activation of
adaptive ROS-scavenging pathways to minimize oxidative damage.

6

1.2

Cancer Cell Metabolism
Cancer cells exhibit high rate of growth and proliferation demanding

accumulation of macromolecules and ample amount of energy. Rearrangement of
cellular metabolism helps cancer cells meet these demands and confer growth and
survival advantage under restricting conditions of tumor environment (42-44). Glucose
and the non-essential amino acid glutamine (GLN) are the two major nutrient sources
for cancer cells. Abnormal glucose metabolism in tumors has been an active area of
research since the pioneering work by Otto Warburg was published in 1956 (45, 46).
The seminal observation by Otto Warburg that tumors consume more glucose and
secrete more lactate than normal tissue even in the presence of oxygen (the Warburg
effect) has opened therapeutic opportunities that could benefit cancer patients.
However, research in abnormal GLN metabolism gained momentum only recently by
the findings that the oncogenic c-Myc can directly regulate expression of the genes
involved in GLN metabolism (47, 48).

1.2.1

GLN metabolism in cancer cells
GLN is the most abundant amino acid in plasma and it is consumed by tumors at

rates much greater than that of any other amino acid (49, 50). Akin to glucose, GLN is a
major precursor for ATP synthesis. In addition to satisfying bioenergetic needs, GLN
has many important functions in a variety of key processes in proliferating cells,
including synthesis of proteins, nucleic acids, lipids, hexosamines, glutathione (GSH)
and NADPH (50). Not surprisingly most proliferating cells require GLN for growth and
7

certain oncogenes has been shown to influence GLN metabolism (47, 51). GLN serves
as both a carbon and nitrogen source for protein and DNA synthesis. It is the most
abundant amino acid in plasma with a concentration reaching almost 1 mM, readily
available to cancer cells (52). Although GLN is not an essential amino acid several
types of cancer cells display GLN dependence for growth and survival, a phenotype
known as GLN addiction. GLN addiction of cancer cells was initially thought to be an in
vitro culture artifact (53). However, several studies revealed that tumors consume GLN
avidly, evidenced by depleted GLN concentrations in blood samples from cancer
patients (54, 55). GLN addiction of cancer cells is often attributed to the ability of GLN to
support mitochondrial TCA cycle (tricarboxylic acid cycle) for energy production and
synthesis of precursors used in DNA, protein and lipid synthesis. Recent studies
revealed that GLN plays many more important roles in maintaining oncogenic
phenotype of cancer cells than previously appreciated. Cells take up GLN by GLN
transporters, of which ASCT2 is the major transporter in rapidly proliferating cells (53,
56). GLN is the primary nitrogen donor for purine and pyrimidine synthesis (57), and a
substrate for protein synthesis. Its amine groups are used in the synthesis of most
nonessential amino acids. The carbon skeleton of GLN is used in the replenishment of
TCA cycle intermediates (anaplerosis) (52). When GLN enters the cell, it is converted to
glutamate by Glutaminase (GLS), releasing ammonia as by product (Fig. 2). Glutamate
is then converted to α-ketoglutarate (α-KG), which enters the TCA cycle to support
anaplerosis for growth. A significant fraction of the GLN-derived carbon leaves the TCA
cycle as malate and is converted to pyruvate by NADP+ dependent malic enzyme
producing NADPH (58). Lactate dehydrogenase then catalyses the lactate production
8
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GLN metabolism. GLN is transported into cells by ASCT2 (major GLN transporter in

rapidly proliferating cells) and converted to glutamate by the mitochondrial enzyme Glutaminase,
releasing ammonia as by product. Glutamate then can be directly used in GSH synthesis or it can enter
the TCA cycle to support anaplerosis and NADPH production. Glucose oxidation via the pentose
phosphate pathway (PPP) also generates NADPH. α-KG (α-ketoglutarate).

from pyruvate. The stepwise conversion of GLN to lactate is known as glutaminolysis,
a process stimulated by malignant transformation (59). In addition to supporting the
TCA cycle for growth and NADPH production, GLN-derived glutamate is directly used
9

for synthesis of GSH, a tripeptide of glutamate-cysteine-glycine. Therefore GLN
metabolism is crucial for cancer cells to cope with the toxic effects of ROS.

1.2.2

Therapeutic targeting of GLN metabolism
Decades ago, GLN analogues with significant anti-cancer activities, such as L-

DON (6-diazo-5-oxo-L-norleucine) and acivicin were used to target GLN metabolism in
tumor cells. Both compounds were shown to primarily inhibit GLN-dependent enzymes
involved in nucleotide biosynthesis (57). Their use was discontinued due to intolerable
toxicities to central nervous system (60). Recently, Mueller et al. reported a phase II
clinical study that L-DON has more tolerable side effects and is more effective when
combined with polyethylene glycol-conjugated GLS (depletes GLN levels in plasma by
90%) in patients with advanced refractory solid tumors (61). Enzymatic lowering of
blood GLN levels by L-asparaginase has also been explored in pancreatic cancer
patients, but was determined to be significantly toxic in adults (62). Phenylacetate (PA),
an aromatic fatty acid has been shown to have significant antitumor activity in mouse
models of human cancers, including pancreatic cancer, breast cancer, and malignant
gliomas (63-65). Mammalian circulation contains low concentrations of PA as a product
of phenylalanine metabolism. PA is conjugated to GLN by the hepatic enzyme
phenylacetyl-coenzyme

A:glutamine

acyltransferase,

and

the

end

product,

phenylacetylglutamine, is excreted in urine (66). By depleting GLN, PA concomitantly
reduces serum ammonia levels, and therefore is used to treat hyperammonemia in
children with inborn urea cycle disorders (67). Because many cancer cell lines are GLN
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dependent, PA is thought to exert its anti-proliferative effects in part by depleting plasma
GLN. Phase I and II clinical studies showed that long-term administration of PA is well
tolerated among all age groups. Central neurotoxicity (irritability, lethargy, and
somnolence) was the major side effect observed, which was rapidly reversed with the
discontinuation of the drug (68). In addition to therapeutic opportunities, differential GLN
metabolism in cancer cells offers new possibilities for tumor imaging. Increased glucose
consumption of tumors has been exploited for imaging using18F-2-deoxyglucose (FDG)
and positron emission tomography (PET). In fact, a new, metabolically stable

18

Fluorine

labeled 4-F-Glutamine analogues have been developed for PET imaging (69).

1.3

Combining GLN Metabolism Inhibition and Oxidative Stress in Cancer Cells

as a Potential Therapeutic Approach
Intracellular ROS levels can determine cell fate. While low/moderate levels of
ROS promote genomic instability and promote proliferation and survival, high levels of
ROS induce senescence, and excessive ROS lead to cell death due to oxidative
damage (Fig. 1B). Since cancer cells exhibit higher levels of ROS production as
compared with the normal ones, overwhelming selectively the cancer cells by oxidative
stress inducing drugs is an attractive treatment strategy. Although the idea of a ROS
threshold concept-based cancer therapy has been proposed in 2000 (70), feasibility of
this hypothesis has only recently gained momentum. Increasing ROS above the
threshold can be achieved through exogenous ROS generating agents or inhibitors of
ROS-scavenging pathways. Owing to their ability to mount an effective oxidative stress
11

response, cancer cells can become resistant to treatment with exogenous ROS
generating agents. For instance, multidrug resistant HL-60 leukemia cells with elevated
catalase levels and activity are remarkably resistant to cytotoxic effects of exogenous
hydrogen peroxide (71). Hence, inhibiting the anti-oxidant pathways in cancer cells may
be a more effective strategy. Within the last 7 years, several small molecule inhibitors of
anti-oxidant pathways have been developed and shown to possess significant antitumor
activity in vitro and in vivo (16, 72-75). Of interest, piperlongumine, a natural product
isolated from the plant species Piper Longum L. was shown to selectively kill several
different types of cancer cells by inhibiting antioxidant GSH pathway (74).
Piperlongumine administration strikingly inhibited tumor growth in mouse xenograft
models without any significant toxicity in normal mice. Despite its marked antitumor
activity, a small number of cells can adapt to the oxidative stress induced by
piperlongumine. While piperlongumine inhibits GSH system, Trx antioxidant pathway
may remain unaffected, accounting for the residual cancer cell survival. Therefore a
drug combination strategy may maximize the excessive ROS-mediated cancer cell
death. Inhibition of GLN metabolism can potentially impair both the GSH and Trx
antioxidant pathways by directly blocking GSH synthesis and NADPH production
through glutaminolysis. Strategies using GLN analogues and glutamine-depleting
enzymes have not been successful because of unacceptable toxicities (60, 62). GLN
depletion by PA administration, in contrast, represents a relatively nontoxic approach
and is clinically feasible. Indeed, phase II clinical studies using PA in patients with
recurrent glioblastoma determined that PA was well tolerated with accepted side effects,
however, further studies of single-agent phenylacetate were not warranted using the
12

same treatment schedule (68). Combining piperlongumine treatment with PA therefore
has the potential for effective elimination of cancer cells.

1.4

Hypothesis and Significance
Although it is well known that transformed/cancer cells use GLN for synthesis of

macromolecules and antioxidants, why dependency on GLN for survival varies among
different cell types has not been well understood. This thesis study was undertaken to
address the hypothesis that transformed/cancer cells with increased ROS levels
depend on GLN to cope with oxidative stress, and are therefore GLN addicted. A
detailed examination of the link between ROS and GLN addiction phenotype is
important in our understanding of the oncogenic characteristics of cancer cells and can
potentially lead to designing effective strategies that combine ROS induction and GLN
depletion for treatment of human cancers.

1.5

Research Objectives
The studies in this thesis were designed to test and develop the above

hypothesis and introduced in three research chapters, each focusing on different but
related aspects of GLN metabolism and ROS. Chapter 2 demonstrates how increased
ROS levels due to loss of the tumor suppressor Hace1 leads to altered GLN
uptake/metabolism and GLN addiction, associating increased ROS levels with GLN
addiction. In chapter 3, regulation of ROS levels by GLN metabolism was investigated in
13

a panel of human cancer cell lines and a correlation between GLN deprivation-induced
ROS elevation and GLN addiction was established. Chapter 3 studies also identified a
mechanism for GLN starvation-induced cell death, whereby increased glucose uptake
due to the ROS elevation in the absence of GLN exacerbates ROS levels and leads to
cell death. Moreover, the efficacy of combining GLN starvation with a pro-oxidant small
molecule in elimination of GLN addicted cancer cells was demonstrated. Studies in
chapter 4 investigated the possibility that GLN addicted cells may increase GLN uptake
when exposed to exogenous oxidants and identified a mechanism for ROS-induced
upregulation of GLN uptake.

14

Chapter 2: Loss of the Tumor Suppressor Hace1 Leads to GLN
Addiction Due to Increased Cellular ROS Levels

2.1

Background and Rationale
Malignant transformation due to oncogene activation or loss of tumor suppressor

genes is associated with altered cellular metabolism (42-44, 76). In addition to glucose,
GLN serves as a major nutrient source for transformed cells in vitro and for tumors in
vivo (54, 77). Although not an essential amino acid, many different types of cancer cells
depend on extracellular GLN for survival, a phenomenon known as GLN addiction (53).
Oncogenes such as Myc and K-Ras depend on GLN for cellular transformation and
therefore upregulate GLN metabolism to meet the high demands of uncontrolled growth
and proliferation (47, 48, 51). Recent studies reported that the loss of the tumor
suppressor retinoblastoma protein (pRB) is also associated with increased GLN
metabolism and renders the cells GLN addicted (78, 79). In addition to supporting the
TCA cycle for growth, GLN-derived glutamate is directly used for GSH synthesis (52),
and therefore GLN metabolism is crucial for cancer cells to cope with toxic effects of
ROS. Interestingly, loss of pRB has been shown to be associated with increased ROS
levels (78, 80). However, a direct link between increased cellular ROS levels and GLN
addiction phenotype due to loss of a tumor suppressor gene has not been considered
before.
Hace1 (HECT domain and Ankyrin repeat Containing E3 ubiquitin-protein ligase
1) is a tumor suppressor gene that is inactivated in majority of the human Wilms’
15

tumors, the most common kidney cancer in children (81, 82). Recent studies
demonstrated epigenetic inactivation of Hace1 also in multiple other human tumors (8388). Hace1 knockout mice develop spontaneous late onset tumors of diverse
phenotypes, highlighting Hace1 as a bona fide tumor suppressor (82). To date, the only
known target of Hace1 is the small Rho-GTPase, Rac1 (89, 90). In response to
cytotoxic necrotizing factor-1 and hepatocyte growth factor, Hace1 ubiquitylates and
targets GTP-bound Rac1 for proteosomal degradation reducing the Rac1-dependent
bacterial invasion (91) and cell migration (90) respectively. Rac1 is involved in multiple
regulatory processes, including ROS generation by NADPH oxidases (92, 93). Our
laboratory demonstrated that Hace1 loss in mice, zebrafish, human Wilm’s tumor
tissues, and in human cancer cells is associated with increased ROS levels due to high
Rac1 activity resulting in uncontrolled ROS production by NADPH oxidase (94). We
hypothesized that increased ROS levels renders Hace1 deficient cells dependent on
GLN.
In this chapter, we show that mouse embryonic fibroblasts (MEFs) derived from
Hace1-/- (KO) mouse are more sensitive to GLN starvation as compared with the ones
derived from the Hace1+/+ (WT) littermates. Hace1 KO MEFs exhibit increased GLN
uptake and metabolism, and depend on GLN for soft agar colony formation. We also
show that GLN deprivation induces cell death in Hace1 KO MEFs by augmenting
cellular ROS levels and the antioxidant compound N-acetyl cysteine (NAC) or the TCA
cycle intermediate oxaloacetate (OAA) efficiently rescues GLN starvation-induced ROS
elevation and cell death. Moreover, reduction of superoxide production by chemical
inhibition of the NADPH oxidase subunit Nox1 in Hace1 KO MEFs inhibits
16

superoxide/ROS levels, and cell death in the absence of GLN. These findings implicate,
for the first time, that increased ROS generation resulting from a loss of a tumor
suppressor predisposes cells to GLN addiction.

2.2

Methods

Cell culture and reagents.

Hace1 WT and KO MEFs were cultured in DMEM

supplemented with 10% FBS and 1% streptomycin/penicillin (Invitrogen). For GLN
starvation experiments, cells were seeded in regular DMEM and the following day the
culture medium was changed into GLN-free medium (DMEM, without GLN, without
pyruvate, without phenol red) (Gibco), supplemented with 10% dialyzed FBS
(Invitrogen) and 1% streptomycin/penicillin (Invitrogen). NAC, OAA, and gamma-Lglutamyl-p-nitroanilide hydrochloride (GPNA) were purchased from Sigma. Sodium
phenyl acetate (NaPA) was from Santa Cruz. ML171 (NOX1 inhibitor) was from EMD
Millipore.

Soft agar colony formation assay. 8000 cells/well were mixed with 1 mL of 0.4% agar
(top layer) in DMEM without GLN, supplemented with GLN, OAA, NaPA, or GPNA
where indicated, and layered on 6-well plates covered with 0.8% agar in DMEM in
triplicates. Wells were supplemented with 2-4 drops of the corresponding medium every
2 days. After 2 weeks, wells were imaged and colony numbers were counted using
17

ImageJ. Results are given as percentages of colonies per number of events (colonies +
single cells) counted.

Cell death assays. Cell death analyses were performed using either IN Cell imaging or
propidium iodide (PI) staining. For In Cell analysis, cells seeded in triplicates in 96 well
plates. After 24 hours or 72 hours of GLN starvation, cells were co-stained with 150 µM
Hoechst 33342 (Molecular Probes) for nuclear segmentation and 10 µM ethidium
homodimer-1 (Molecular Probes) to identify dead cells, incubated at 37 °C for 20
minutes and imaged using IN Cell Analyzer (GE Healthcare). Cells with overlapping
staining were also considered non-viable. The Images were analyzed (by Alejandra
Lopez) using IN Cell Developer software (GE Healthcare). For PI staining, cells were
seeded in 6-well plates in triplicates and the next day the culture medium was
exchanged to GLN-free medium with/without 2 mM GLN. After 72 hours, both detached
and attached cells were pooled, centrifuged, resuspended in cold PBS containing 1
µg/mL propidium iodide (PI, Molecular Probes), and analyzed immediately using
FACSCalibur flow cytometer (BD Biosciences) in FL-3 channel.

ROS measurements. ROS were measured by either using the general ROS indicator
DCFDA (5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate, acetyl ester)
(Molecular Probes) or the superoxide indicator DHE (dihydroethidium) (Molecular
Probes). Cells were seeded in 6-well plates in triplicates and the next day the culture
medium was exchanged to GLN-free medium with/without 2 mM GLN. After 48 hours,
ROS levels were measured. Cells were incubated with 5 µM DCFDA for 40 minutes.
18

Medium was removed and the cells were washed with PBS. After trypsinizing, cells
were centrifuged and resuspended in PBS containing 1µg/mL PI, and analyzed
immediately by flow cytometry using FL-1 channel for DCFDA and FL-3 channel for PI
fluorescence. PI was included for exclusion of dead cells. Superoxide levels were
measured using DHE (by Dr. Mads Daugaard) as described before (94). Superoxide
anion O2- rapidly oxidizes DHE yielding oxyethidium, which then binds DNA and emits
light in the 570-580 nm ranges when excited at 488 nm. After indicated treatments, cells
were washed in Hank’s Balanced Salt Solution (HBSS), incubated for 30-60 minutes in
HBSS containing 10 µM DHE, washed in HBSS and directly analyzed for oxyethidium
fluorescence with an epi- fluorescence HAL100 microscope (Zeiss).

14

C-GLN uptake assay. Cells were seeded in triplicates in 6-well plates and GLN

uptake was determined as in (95) with modifications. Cells were incubated in GLN-free
medium for 20 minutes and 0.2 µCi/mL [U-14C]GLN was added. After 15 minutes
incubation at room temperature, cells were washed 3x with PBS, lysed with 250 µL of
0.2% SDS in 0.2 N NaOH, incubated for 30 minutes at room temperature, transferred
into eppendorf tubes and incubated in a heating block at 60 οC for another 20 minutes.
25 µL of 1 N HCl was added into each tube to neutralize NaOH. 200 µL of the lysate
was transferred into scintillation vials containing 6 mL scintillation liquid (Scintisafe
Econo, Fisher Scientific), and the total radioactivity was determined using a βscintillation counter (Perkin Elmer). Protein concentration was determined using DC
(detergent compatible) protein assay kit (BioRad) and radioactivity was normalized to
protein concentration.
19

Ammonia assay. Cells were seeded in triplicates in 6-well plates. 2 days later culture
media from the wells were collected, spun down to remove any floating cells, and
ammonia levels were analyzed using an ammonia assay kit (BioVision) according to the
kit instructions.

Metabolic labeling.

13

C labeling experiments were performed essentially as described

(96). Cells were cultured in regular media to 80-90% confluence in 10 cm dishes, and
after rinsing with ice-cold PBS, overlaid with medium containing 25 mM glucose and 4
mM [U-13C]GLN. After 8 hours incubation, labeled cells were rinsed with ice-cold PBS,
lysed in cold 50% methanol, and subjected to three freeze-thaw cycles. The lysates
were centrifuged to remove precipitated protein, then evaporated and derivatized by
trimethylsilylation (Tri-Sil HTP reagent, Thermo). Three µL of the derivatized material
were injected onto an Agilent 6970 gas chromatograph equipped with a fused silica
capillary gas chromatography column (30 m length, 0.25 mm diameter) and networked
to an Agilent 5973 Mass Selective Detector. The abundance of the following ions was
monitored: m/z 245-249 for fumarate; m/z 335-339 for malate; and m/z 465-471 for
citrate.

The measured distribution of mass isotopomers was corrected for natural

abundance of

13

C (97). Gas chromatography and mass spectrometry analyses were

performed by Andrew Mullen in Dr. Ralph DeBerardinis laboratory (University of TexasSouthern Medical Centre).

Statistical analysis. Statistical significance was determined using a two-tailed student’s
t-test.
20

2.3

2.3.1

Results

Hace1 deficient cells are sensitive to GLN starvation.
As indicated earlier, we proposed that increased ROS levels may lead to GLN

addiction. To test this hypothesis, we compared the GLN dependency of Hace1 WT and
KO MEF since loss of Hace1 leads to increased ROS levels. We stained the cells with
Hoechst or Ethidium after 24 hours and 72 hours GLN starvation and quantified the
number of live and dead cells using IN Cell Analyzer. Both cell lines exhibited similar
numbers of live and dead cells after 24 hours of GLN starvation, whereas after 72
hours, Hace1 KO MEFs had significantly higher number of dead cells (Fig. 3A-C). GLN
starvation did not increase cell death in Hace1 WT MEFs after 72 hours (Fig. 3B),
however the number of live cells was increased (Fig. 3A) suggesting that the Hace1 WT
MEFs do not depend on GLN for growth or survival. To support these findings, we also
quantified cell death by measuring propidium iodide (PI) incorporation into dead cells
using flow cytometry analysis. Consistent with the results given above, GLN starvation
induced significant cell death only in the Hace1 KO MEFs (Fig. 3D). These data
establish that loss of Hace1 renders the cells dependent on GLN for survival.

2.3.2

Hace1 loss leads to increased GLN uptake and metabolism
Since Hace1 KO MEFs depend on GLN for survival, we predicted that these cells

might have increased GLN uptake and metabolism as compared to their WT
counterparts. Using a radioactively labeled glutamine (U-14C-Gln), we measured GLN
21
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Hace1 KO MEFs are sensitive to GLN starvation. Number of live (A) and dead (B)

cells was determined using Hoechst or ethidium staining respectively after 24 hours and 72 hours of GLN
starvation. C. Representative images of Hace1 WT and KO MEFs stained with Hoechst and ethidium 72
hours after GLN starvation. D. GLN starvation-induced cell death determined was by PI staining followed
by flow cytometry. Error bars represent S.D. (n=3). **p < 0.005. In Cell analysis was performed by
Alejandra Lopez.

uptake and found that Hace1 KO MEFs take up significantly more GLN than the WT
MEFs (Fig. 4A). Conversion of GLN to glutamate is the first step of GLN metabolism
and is associated with ammonia production. Consistent with increased GLN uptake,
Hace1 KO MEFs generate significantly higher levels of ammonia (Fig. 4B). Many
transformed cell lines use GLN as the major anaplerotic precursor for synthesis of TCA
cycle intermediates. Since Hace1 KO MEFs take up more GLN, we investigated
22
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Hace1 loss leads to increased GLN uptake and metabolism. A. Hace1 KO MEFs take

up more GLN. GLN uptake was determined using radiolabeled GLN. B. Hace1 KO MEFs secrete more
ammonia. C. Schematic of incorporation of GLN carbons into the TCA cycle intermediates. Enrichment
analysis of
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C-GLN-derived citrate (D), malate (E), and fumarate (F) in Hace1 WT and KO MEFs labeled

with U-13C-GLN. G. Comparison of non-GLN derived (M+0) TCA cycle intermediate pools in Hace1 WT
and KO MEFs. Error bars represent S.D. (n=3). * p < 0.05, **p < 0.005. Mass spectrometry analysis of
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C-labeled samples was performed by Andrew Mullen in Dr. Ralph DeBerardinis Laboratory (University

of Texas).
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whether GLN is metabolized differently in the Hace1 WT and KO MEFs. We cultured
the cells in media containing [U-13C]-GLN and analyzed the incorporation of GLN
carbons into the TCA cycle intermediates citrate, malate, and fumarate using mass
spectrometry. Processing of [U-13C]-GLN in the TCA cycle generates M+4 isotopomers
(Fig. 4C), whereas non-GLN sources (e.g. glucose) produce M+0 isotopomers (unlabeled) of these intermediates. We found that both cell lines efficiently incorporated
GLN carbons into the TCA cycle intermediates (Fig. 4D-F) suggesting that Hace1 loss
does not cause a major change in the pathways by which these cells use GLN.
However, Hace1 KO MEFs displayed significantly higher levels M+4 isotopomers of
citrate, malate, and fumarate. In contrast, the levels of unlabeled intermediates (M+0
isotopomers) were higher in Hace1 WT MEFs (Fig. 4G), suggesting a modest
enhancement in the fraction of the TCA cycle intermediate pools labeled by GLN in
Hace1 KO MEFs over this time course. This data implies that loss of Hace1 results in a
slight but significant shift towards GLN as more favored anaplerotic precursor.

2.3.3

Hace1 KO MEFs depend on GLN for transformation activity
Transformed cells feed GLN into the TCA cycle to maintain sufficient pools of

biosynthetic precursors to support oncogenic processes (58). We therefore tested if
GLN withdrawal could block the ability of Hace1 KO MEFs to form colonies in soft agar
medium, which is a well-established assay for transformation activity of cells. As
expected, Hace1 KO MEFs formed strikingly higher number of colonies in the presence
of GLN, whereas it was completely inhibited without GLN (Fig. 5A). Addition of the
24
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Hace1 KO MEFs depend on GLN for transformation activity. A. Soft agar colony

formation assay. Hace1 KO MEFs cannot form colonies in the absence of GLN. OAA (10 mM) does not
restore the transformation ability of Hace1 KO MEFs without GLN. B. Inhibition of GLN uptake by NaPA
or GPNA blocks soft agar colony formation by Hace1 KO MEFs. Error bars represent S.D. (n=3). * p <
0.05, **p < 0.005.

anaplerotic OAA in soft agar medium did not restore colony formation efficiency of the
Hace1 KO cells in the absence of GLN. This is expected because in addition to its role
as anaplerotic precursor for biosynthesis of the TCA cycle intermediates, GLN is also
directly used for hexosamine and nucleotide biosynthesis, which are essential for
proliferation (95, 98). We also evaluated chemical inhibitors of cellular GLN uptake to
assess the potential use of chemical GLN depletion techniques to inhibit growth of
Hace1 deficient tumors. Two such inhibitors are sodium phenylacetate (NaPA) and
gamma-L-glutamyl-p-nitroanilide hydrochloride (GPNA). NaPA is known to block tumor
growth in vivo by depleting GLN in circulation (99). NaPA was also reported to block
growth of cancer cells in vitro (100) although how NaPA works in cell culture is
25
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Hace1 loss leads to ROS-dependent GLN addiction. A. GLN starvation augments

ROS levels in Hace1 KO MEFs. ROS levels were measured using DCFDA staining followed by flow
cytometry. OAA and NAC rescue GLN starvation-induced ROS (B) and cell death (C). Cell death was
measured by Hoechst/ethidium staining followed by IN Cell analysis. Error bars represent S.D. (n=3). * p
< 0.05, **p < 0.005.

unknown. GPNA is an inhibitor of the GLN transporter ASCT2 and therefore reduces
cellular GLN uptake (101). Both NaPA and GPNA effectively blocked soft agar colony
formation of Hace1 KO MEFs (Fig. 5B). Together these results suggest that Hace1 KO
MEFs uptake and metabolize more GLN and depend on GLN for cellular transformation,
and that GLN depletion may be an effective strategy to block growth of Hace1 deficient
tumors.

2.3.4

GLN starvation induces cell death in Hace1 KO MEFs by augmenting

cellular ROS levels
Because Hace1 loss leads to increased ROS levels both in vitro and in vivo (94)
and GLN is a precursor for the synthesis of the antioxidant GSH, we investigated the
26

possibility that GLN is required for survival of Hace1 KO MEFs to overcome the toxic
effects of increased ROS production. We compared ROS levels in the Hace1 WT and
KO MEFs with/without GLN starvation using the general ROS indicator CM-H2DCFDA
followed by flow cytometry analysis. We found that Hace1 KO MEFs have significantly
higher ROS compared with the WT MEFs, and that GLN starvation augments the ROS
levels in Hace1 KO MEFs but not in WT MEFs (Fig. 6A). GLN is converted to glutamate,
which is used as substrate for glutathione synthesis for cellular ROS clearance.
Accordingly, we predicted that glutamine starvation-induced cell death may be due to
elevated ROS levels in Hace1 KO MEFs and that a ROS scavenger, or a TCA cycle
intermediate that can be converted to glutamate and eventually to glutathione should
rescue cell death in the absence of GLN. Indeed, addition of OAA or NAC to the culture
medium efficiently reduced GLN starvation-induced ROS increase and cell death in
Hace1 KO MEFs (Fig. 6B, 6C), suggesting that GLN starvation induces cell death in
Hace1 KO MEFs by augmenting cellular ROS levels.

2.3.5

Increased ROS generation by NADPH oxidase mediates GLN starvation-

induced cell death in Hace1 KO MEFs.
To determine whether increased superoxide generation by NADPH oxidase is
the source of ROS augmentation and cell death in Hace1 KO MEFs after GLN
withdrawal, we first analyzed the superoxide levels in Hace1 WT and KO MEFs
with/without GLN starvation using the superoxide specific dye dihydroethidum (DHE).
As expected, Hace1 KO MEFs had significantly higher superoxide levels as compared
27
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Inhibition of superoxide generation by NADPH oxidase subunit Nox1 reduces GLN

starvation-induced ROS and cell death in Hace1 deficient cells. A. GLN starvation augments
superoxide levels in Hace1 KO MEFs. Superoxide levels were measured using DHE staining. B.
Representative images of DHE stained Hace1 WT and KO MEFs with/without 30 hours GLN starvation.
C. Inhibition of NADPH oxidase subunit Nox1 by ML171 (5 µM) blocks GLN starvation (30 hours)-induced
superoxide augmentation in Hace1 KO MEFs as measured by DHE staining. D. Representative images of
DHE stained cells from C. E. Inhibition of NADPH oxidase subunit Nox1 by ML171 (5 µM) blocks GLN
starvation (72 hours)-induced cell death in Hace1 KO MEFs Error bars represent S.D. (n=3). ***p < 0.001,
**p < 0.005, *p < 0.05. DHE staining and data analysis was performed by Dr. Mads Daugaard.
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with the WT MEFs (Fig. 7A, 7B). GLN starvation only modestly increased superoxide
levels in Hace1 WT MEFs, whereas it caused a marked increase in Hace1 KO MEFs
(Fig. 7A, 7B). Inhibition of NADPH oxidase subunit Nox1 using ML171 (a Nox1 inhibitor)
reduced GLN starvation-induced superoxide levels (Fig. 7C, 7D) and cell death in
Hace1 KO MEFs (Fig. 7E). These results strongly indicate that Hace1 deficiency leads
to increased superoxide generation by NADPH oxidase and therefore Hace1 deficient
cells depend on GLN to cope with increased cellular ROS levels and to avoid oxidative
stress.

2.4

Discussion
Aberrant growth and proliferation is a highly demanding process that requires

ample amount of energy and accumulation of macromolecules. Therefore activation of
oncogenes or loss of tumor suppressor genes is accompanied by altered metabolism of
glucose and GLN to meet these demands. Along with metabolic changes, increased
ROS generation also facilitates cellular transformation. However, due to their toxic
effects, cellular ROS levels are subject to tight regulation. Thus, several oncogenes
have been shown to increase ROS generation and concomitantly activate anti-oxidant
pathways to maintain cellular redox balance, which confers growth and survival
advantages to cancerous cells. Beyond its role in supporting energetic requirements of
oncogenic activity, GLN is also a key element in the maintenance of cellular redox
balance. Yet, it is not known whether increased ROS generation resulting from
activation of an oncogene or loss of a tumor suppressor can render cells dependent on
29

GLN for survival. Our data suggest that loss of the tumor suppressor Hace1 leads to
GLN addiction due to increased ROS generation. In the absence of GLN, ROS levels
are augmented, resulting in further increase in ROS eventually causing cell death.
These results also imply GLN metabolism as a potential therapeutic target for treatment
of cancers in which Hace1 is inactivated.
Hace1 KO MEFs are less complex genetically compared to the cells derived from
patient tumors and offer a relatively straightforward system to study the effects of
increased ROS levels on GLN metabolism. Hace1 reduces ROS levels by inhibiting
NADPH-mediated superoxide generation both in vitro and in vivo (94). NADPH oxidases
function at the cell membranes to generate superoxide, which is rapidly converted to
H2O2 spontaneously in an acidic pH environment or catalytically by the superoxide
dismutases (6). Superoxide generation by NADPH oxidase holoenzyme is carried out
by the Nox catalytic subunits, of which the Nox1, Nox2 and Nox3 require recruitment of
active form of the small GTPase Rac1 to the NADPH oxidase sites at the membrane
(102). Hace1 ubiquitinates and targets active form of Rac1 for proteosomal degradation
(89, 90) and thereby inhibits NADPH oxidase-mediated ROS generation (94). Rac1 is
currently the only known E3 ligase target of Hace1. Hace1 tumor suppressor activity
seems to have evolved to control ROS generation by inhibiting Rac1-dependent
NADPH oxidases. The results of this chapter studies demonstrate that Hace1 KO MEFs
depend on GLN for survival to cope with uncontrolled ROS generation by NADPH
oxidase.
Although high levels of ROS generation can justify the dependency on GLN for
survival, it does not completely explain the increased GLN uptake observed in Hace1
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KO MEFs. Increased need for synthesis of antioxidants and/or building blocks, due to
increased ROS generation and proliferation respectively, could both lead to this
phenotype. As revealed by the metabolic labeling studies, both Hace1 WT and KO
MEFs metabolize GLN similarly via the TCA cycle, although Hace1 KO MEFs seem to
have only a slightly higher preference for GLN as precursor for the synthesis of the TCA
cycle intermediates. Therefore these results do not address the above-mentioned issue.
It may be informative to test whether treatment with antioxidant compounds could
decrease GLN uptake and metabolism by Hace1 KO MEFs to the levels observed with
Hace1 WT MEFs. This may help determine the role of intracellular ROS levels, if any, in
the regulation of GLN uptake and metabolism.
A precedent of GLN addiction due to loss of a tumor suppressor has been
described with pRB-/- MEFs. pRB deficient MEFs increase GLN uptake and metabolism
and are dependent on GLN for survival (78), but the mechanism by which pRB loss
leads to GLN addiction remain unclear. Curiously, pRB deficient cells exhibit high levels
of ROS as compared with their pRB proficient counterparts (80) for reasons yet to be
elucidated. Based on our findings, it is likely that GLN addiction of pRB deficient cells
may also be ROS dependent. Nevertheless, the study herein is the first description of
increased ROS due to loss of a tumor suppressor leading to GLN addiction.
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Chapter 3: ROS-Dependent GLN Addiction of Human Cancer Cells

3.1

Background and Rationale
Results of the studies given in chapter 2 provide substantial evidence that

increased ROS levels lead to GLN addiction, supporting our hypothesis. While it is
relatively straightforward to probe the contribution of increased ROS levels on GLN
addiction phenotype in a simple system, in which a tumor suppressor gene with a ROSinhibiting function is deleted, it is challenging to test this in cancer cells with much more
complex genetic background. Moreover, ROS can be generated by several different
mechanisms in cells, including mitochondrial electron transport chain, NADPH oxidases,
endoplasmic reticulum, nitric oxide synthases, and xanthine oxidases (1, 3). It is
therefore difficult to estimate the contribution of each of these ROS generating
pathways to GLN addiction phenotype of a given cancer cell line. Instead, we aimed to
determine the mechanism of GLN starvation-induced cell death, which we predicted to
be ROS mediated.
The role of GLN in maintaining cellular GSH pools has been described more than
a decade ago (103-105). Recently, GLN starvation was shown to deplete GSH,
increase ROS, and lead to cell death in a GLN addicted human cancer cell line (47).
Based on these studies, several reviews of GLN metabolism introduced GLN as the
precursor for GSH synthesis, and therefore GLN starvation is expected to deplete GSH
and increase ROS in general (42, 50, 52, 59). Most proliferating cells depend on GLN
for growth, however, dependency on GLN for survival (GLN addiction) varies among
cancer cell lines. Yet, it has not been defined whether GLN addicted cells depend on
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GLN for survival in order to manage cellular ROS levels. We hypothesized that GLN
addiction phenotype of cancer cells is ROS dependent; GLN starvation depletes
antioxidants and increases ROS only in the cells that require GLN for survival.
In this chapter, using several human cancer cell lines we first show that GLN
withdrawal does not cause ROS elevation or antioxidant depletion in all cell types.
Instead, GLN deprivation-induced ROS increase and antioxidant depletion correlates
with dependency of the cells on GLN for survival. Unlike GLN independent cells, GLN
addicted cells increase glucose uptake in the absence of GLN in a ROS dependent
manner. Surprisingly, reducing glucose concentration to very low levels rescues GLN
starvation induced ROS elevation and cell death in GLN addicted cells, and inhibition of
mitochondrial metabolism by rotenone reverses this effect. GLN independent cells
prevent the increase in glucose uptake upon GLN starvation by upregulating TXNIP, a
negative regulator of glucose uptake. Furthermore, inhibition of mitochondrial pyruvate
transport renders GLN independent cells GLN addicted. Collectively, these results
suggest that GLN addicted cells solely rely on GLN for redox balance, whereas GLN
independent cells compensate for GLN loss by diverting glucose into antioxidant
generating pathways via mitochondrial metabolism.

3.2

Methods

Cell culture, siRNA transfection. All cell lines, except HCT116, were cultured in high
glucose DMEM (Sigma) containing 2 mM GLN and supplemented with 10% FBS
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(Sigma) and 1% penicillin/streptomycin (Invitrogen). HCT116 cells were maintained in
McCoy’s 5A medium (Sigma). 1 µg/mL insulin (Sigma) was added into culture medium
for MCF7 cells. For GLN starvation experiments, cells were seeded in regular media
and the next day it was replaced by high glucose DMEM without GLN and pyruvate
(Gibco)

supplemented

with

10%

dialyzed

FBS

(Invitrogen)

and

1%

penicillin/streptomycin. 2-4 mM glutamine was added where stated. Cells were
transfected with 20 µM siRNAs (ON-TARGETplus, Dharmacon) using Lipofectamine
RNAiMAX transfection reagent (Invitrogen).
TXNIP siRNA sequence: GCAAACAGACUUCGGAGUA

Cell death and ROS measurements. Cells were seeded in 6-well plates in triplicates.
Cell death and ROS were measured as described in Chapter 2.2 using PI and DCFDA
staining respectively.

Glutathione and NADPH assays. Intracellular reduced and oxidized glutathione levels
were measured using a commercial kit (BioVision). ~ 1.0 x 106 cells were seeded in 6cm dishes, and after indicated treatments cells were washed twice with ice-cold PBS,
and lysed with 100 µL of glutathione assay buffer and glutathione was measured
according to the manufacturer’s protocol. Intracellular NADPH levels were measured
using previously described enzymatic cycling methods (106, 107). 1.0 x 106 cells were
plated in 6-cm dishes in triplicates, after treatments the cells were lysed in 150 µL of
extraction buffer (20 mM nicotinamide, 20 mM NaHCO3, 100 mM Na2CO3), passed
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several times through a 25-gauge needle and centrifuged. To destroy NADP+, 100 µL
of the supernatant was incubated at 60 °C for 30 min. 160 µL of NADP-cycling buffer
(100 mM Tris-HCl pH 8.0, 0.5 mM thiazolyl blue, 2 mM phenazine ethosulfate, 5 mM
EDTA) containing 1.3 U of G6PD was added to a 96-well plate containing 20 µL of the
cell extract, and the plate was incubated for 1 minute in the dark at 30 °C. Next, 20 µL of
10 mM glucose 6-phosphate was added into each well, and the change in absorbance
at 570 nm was measured every 30 s for 4 min at 30 °C with a Tecan microplate reader.

14

C-Glucose uptake. 14C-Glucose uptake was measured using a method similar to 14C-

Glutamine Uptake assays as described before (48, 95) with modifications. 2 – 3 x 105
cells were seeded on 6-well plates in triplicates and treated as described in the main
text. The media was removed and the cells were overlaid with 800 µL of glucose-free
DMEM, incubated at 37 οC for 10-15 minutes. 2 µL (0.2 µCi/µL) of D-[U-14C6]glucose
(Perkin Elmer) was added into each well and incubated at 37 οC for 2 minutes. After
washing 3 times with 1 mL PBS, 250 µL of lysis buffer (0.2% SDS, 0.2 N NaOH) was
added on the cells and incubated for 30 minutes at room temperature, transferred into
eppendorf tubes and incubated in a heating block at 60 οC for another 20 minutes. 25
µL of 1 N HCl was added into each tube to neutralize NaOH. 200 µL of the lysate was
transferred into scintillation vials containing 6 mL scintillation liquid (Scintisafe Econo,
Fisher Scientific), and the total radioactivity was determined using a β-scintillation
counter (Perkin Elmer). Radioactivity was normalized to protein concentration.
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Cell proliferation assay. Cell proliferation assay was performed using BrdU cell
proliferation chemiluminescent assay kit (Cell Signaling Technology) in 96 well plates
according to the kit instructions.

Measurement of lipid synthesis. Lipid synthesis assay was performed as described
before (108, 109). 3 x 106 cells were seeded in 6-well plates in triplicates and the next
day cells were incubated in 1 mL media with/without glutamine for 20 hours. 1.5 µCi
[1,2-14C]acetate added and cells were incubated for another 4 hours. Labeled cells were
washed three times in PBS and lysed in 0.4 mL Triton-X 100 (0.5% in H2O). Lipids were
extracted by sequential addition of 1 mL methanol, 2 x 1 mL chloroform and 1 mL H2O
with vortexing. Samples were centrifuged at 4500 rpm using a bench top centrifuge for
20 minutes and the organic phase was transferred to a new 15 mL falcon tube,
evaporated to dryness using nitrogen gas and resuspended in 50 µL chloroform.
Samples were then transferred to scintillation vials with 6.5 mL Scintisafe Econo
scintillation liquid, and the total radioactivity was determined using a β-scintillation
counter.

Cell lysis, Western blots and antibodies. Cells were lysed with 2x SDS-sample
buffer, boiled at 90 °C for 10 minutes, and ran on NuPAGE (Invitrogen) 4-12% bis-tris
precast gels. Proteins then transferred on to nitrocellulose membrane and analyzed by
Western blots. Antibodies used were; Cleaved Parp (BD Biosciences), phospho-H2AX,
GAPDH, Akt (Cell Signaling) and TXNIP (MBL International).
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Statistical analysis. Statistical significance was determined using a two-tailed student’s
t-test.

3.3

3.3.1

Results

GLN starvation-induced cell death correlates with ROS Elevation
Because GLN is a precursor for GSH and NADPH antioxidant synthesis and

effective ROS management is vital for cancer cell survival, we hypothesized that GLN
starvation-induced cell death correlates with increased ROS. To test this, we measured
ROS and cell death after GLN starvation using the general ROS indicator DCFDA and
propidium iodide (PI) staining respectively in several human cancer cell lines. GLN
starvation induced significant cell death only in the cell lines that exhibited increased
ROS levels after GLN withdrawal (Fig. 8A). On the other hand ROS levels were not
affected in the cell lines that did not require GLN for survival (Fig. 8B). We designated
the GLN withdrawal sensitive cells as GLN addicted (shown in red font) and insensitive
cells as GLN independent (shown in blue font). These results establish a clear
correlation (Fig. 8C) between GLN starvation-induced cell death and ROS increase.
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Figure 8.

GLN starvation-induced cell death correlates with increased ROS levels. Cells were

categorized as (A) GLN addicted (red font) and (B) GLN independent (blue font) based on their sensitivity
to GLN starvation. Cell death was measured after 48-72 hours GLN starvation by PI staining followed by
flow cytometry. ROS levels were measured after 24-48 hours GLN starvation by DCFDA staining followed
by flow cytometry. C. Correlation analysis of ROS vs cell death in GLN addicted and GLN independent
cells. Error bars represent S.D. (n=3). *P < 0.05, **P < 0.005, ***P < 0.001.
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3.3.2

GSH or Glu inhibit GLN starvation-induced cell death and ROS elevation
To determine the contribution of GLN starvation-induced ROS increase to cell

death, we tested the ability of Glu or the antioxidant GSH to rescue GLN starvationinduced cell death in two GLN addicted cell lines, U2OS and DU145. Glu is the
downstream product of GLN, which can be directly used in GSH synthesis, or after
conversion to α-KG, it can enter the TCA cycle to increase NADPH generation (Fig. 2).
Both Glu and GSH addition inhibited GLN starvation-induced cell death and ROS
increase (Fig. 9A, 9B). Addition of the antioxidant NAC also inhibited GLN starvationinduced cell death and ROS in DU145 cells (Fig. 9C). To complement these findings,
we assessed the GLN starvation-induced cell death and oxidative stress by Western
blot analysis of the apoptotic cell death marker cleaved-PARP (110), and the DNA
damage marker phospho-H2AX (111). Oxidative stress causes damage to DNA, which
mounts a DNA damage response that can be marked by increased phospho-H2AX
levels (111). Consistent with above results, GLN starvation increased cleaved-PARP
and phospho-H2AX levels in the GLN addicted cells (Fig. 10A). In parallel, cleavedPARP and phospho-H2AX levels were suppressed by addition of GSH (Fig. 10A). In
marked contrast, GLN starvation caused only a marginal increase in cleaved-PARP and
phospho-H2AX levels in the two GLN independent cell lines, PC3 and BPH-1 (Fig.
10B), showing that GLN starvation does not cause oxidative stress in these cells. We
used etoposide as a positive control for functional DNA damage response, as it causes
DNA strand breaks and leads to increased H2AX phosphorylation (112, 113). Etoposide
treatment markedly increased phospho-H2AX levels in both PC3 and BPH-1 cells,
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Glu and GSH inhibit GLN starvation-induced cell death and ROS increase. Effect of

Glu (5 mM) and GSH (3 mM) on GLN starvation-induced (A) cell death, (B) ROS in GLN addicted DU145
and U2OS cells. C. Effect of NAC (3 mM) on GLN starvation-induced cell death and ROS in DU145 cells.
Cell death and ROS were measured after 48 hours and 30 hours of GLN starvation respectively by PI or
DCFDA staining. Error bars represent S.D. (n=3).
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GLN starvation induces DNA damage response and cell death specifically in the

GLN addicted cells. A. Western blot analysis of cleaved-PARP and phospho-H2AX levels in GLN
addicted DU145 and U2OS cells after 12 and 24 hours GLN starvation. 3 mM GSH was used to assess
its effect on GLN-starvation-induced induction of cleaved-PARP and phospho-H2AX. B. Western blot
analysis of cleaved-PARP and phospho-H2AX levels in GLN independent PC3 and BPH-1 cells after 24
hours GLN starvation. 10 µM etoposide was used as positive control for phospho-H2AX induction.

ensuring that there are no defects in H2AX phosphorylation in these cells. Together
these results demonstrate that GLN starvation induces cell death predominantly by
increasing cellular ROS and oxidative stress.

3.3.3

GLN starvation depletes antioxidant pools in GLN addicted cells
GLN is a precursor for production of GSH and NADPH, which are the two crucial

intracellular ROS scavengers. Because GLN withdrawal increases ROS only in the
GLN addicted cells, we predicted that GSH and NADPH pools should be depleted only
in the GLN addicted cells after GLN withdrawal. As predicted, both GSH and NADPH
levels were reduced by more t han 50% in the GLN addicted DU145 and U2OS cells
41
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GLN starvation depletes antioxidant pools in GLN addicted cells. GSH (A), NADPH

(B), and GSSG (C) levels were measured in GLN addicted (DU145, U2OS) and GLN independent
(MCF7, PC3) cells after 20 hours of GLN starvation. Data are the average ± SD of three independent
cultures. *P < 0.05, **P < 0.005, ***P < 0.001.
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after 24 hours of GLN starvation, whereas only a modest change was observed in the
GLN independent MCF7 and PC3 cells (Fig. 11A, 11B). We also measured oxidized
glutathione (GSSG) levels in the same cell extracts that were used in the GSH
measurements and found that GLN starvation significantly increases GSSG levels on in
the GLN addicted cells after 24 hours of GLN starvation, whereas no significant change
was observed in the GLN independent MCF7 and PC3 cells (Fig. 11C), suggesting that
the GLN independent cells maintain sufficient levels of GSH and NADPH after GLN
starvation as there is no increase in the GSSG levels.

3.3.4

Glu replenishes antioxidant pools in the GLN addicted cells in the absence

of GLN
In Chapter 3.3.2 we showed that Glu inhibits GLN starvation-induced ROS
increase and cell death (Fig. 9A, 9B). In order to test if this is by replenishing the
antioxidant pools, we added Glu into GLN-free culture medium and measured GSH and
NADPH levels in the GLN addicted DU145 and U2OS cells. Consistent with the earlier
results shown in Chapter 3.3.3, GLN starvation markedly reduced both GSH and
NADPH pools and addition of Glu partially rescued this effect (Fig. 12 A, 12B).

3.3.5

Glucose starvation does not deplete NADPH or induce ROS
NADPH is in general thought to be produced mainly through glucose oxidation in

the pentose phosphate pathway (59, 114), and therefore glucose starvation of cells is
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Glu partially rescues GLN starvation-induced depletion of antioxidant pools. Effect
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0.005, ***P < 0.001.
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Glucose starvation does not deplete NADPH or increase ROS. NADPH (A) and ROS

(B) levels in DU145 and PC3 cells were measured after 20 hours of GLN or glucose starvation. Results
were given relative to control values in each cell line. Error bars represent SD (n=3). *P<0.05, ***P<0.001.

expected to increase ROS. GLN starvation-induced NADPH depletion specifically in the
GLN addicted cells implied a GLN dependent vs. a GLN independent (e.g. glucose
dependent) NADPH production in GLN addicted cells and GLN independent cells
respectively. To test this idea, we starved the GLN addicted DU145 cells and GLN
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independent PC3 cells from either GLN or glucose for 20 hours and measured NADPH
levels. In keeping with the results shown in the previous sections of this chapter, GLN
starvation led to a severe depletion of NADPH in DU145 cells whereas it was modestly
changed in PC3 cells (Fig. 13A). Interestingly, glucose starvation did not cause any
significant reduction in the NADPH pools in neither cell lines. In parallel, glucose
starvation did not increase cellular ROS levels in these cells (Fig. 13B). This suggests
that GLN addicted cells completely rely on GLN for NADPH synthesis, whereas GLN
independent cells may employ different precursors and pathways to compensate
NADPH levels.

3.3.6

GLN starvation increases glucose uptake in GLN addicted cells in a ROS

dependent manner
Because the antioxidant levels are not reduced as much after GLN withdrawal in
the GLN independent cells, we wondered whether these cells are able to use other
means to replenish their GSH and NADPH pools in the absence of GLN. Glucose has
been recognized as the major source of NADPH production via pentose phosphate
pathway (59, 114). Therefore we anticipated that the GLN independent cells might
increase glucose uptake in the absence of GLN to generate more NADPH, which would
increase recycling of the GSSG back to GSH, preventing oxidative stress.
Unexpectedly, glucose uptake was remarkably elevated in GLN addicted DU145 and
U2OS cells 24 hours after GLN withdrawal, whereas it was reduced or unchanged in the
GLN independent MCF7 and PC3 cells respectively (Fig. 14A). We then tested if
increased glucose uptake in the GLN addicted cells is due to increased ROS after GLN
46
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GLN starvation increases glucose uptake in GLN addicted cells in a ROS

dependent manner. A.

14

C-glucose uptake by GLN addicted (DU145, U2OS) and GLN independent

(MCF7, PC3) cells after 18-20 hours of GLN starvation. B.

14

C-glucose uptake by GLN addicted DU145

and U2OS cells after 20 hours of GLN starvation with/without 3 mM GSH or 5 mM Glu (C). Data is
average ± SD of 3 independent cultures. *P<0.05, **P<0.005, ***P<0.001.

withdrawal. Addition of Glu or GSH into the culture medium blocked GLN starvation
induced elevation of glucose uptake in both DU145 and U2OS cells (Fig. 14B, 14C),
which places GLN starvation-induced ROS upstream of increased glucose uptake.
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GLN addicted cells survive GLN starvation in low glucose medium. A Images of

DU145 and U2OS cells cultured in GLN-supplemented or GLN-free medium containing high (25 mM) or
low (1 mM, 3 mM) concentrations of glucose. B. Western blot analysis of cleaved PARP and phosphoH2AX levels in cells treated as in A. C. ROS were measured in DU145 and U2OS cells cultured for 20
hours in GLN-free media containing either 25 mM or 1 mM glucose using DCFDA staining. D. NADPH
levels were measured in DU145 and U2OS cells cultured for 20 hours in GLN-free media containing
either 25 mM or 1 mM glucose. Error bars represent SD (n=3). *P<0.05, **P<0.005, ***P<0.0005.
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3.3.7

Increased glucose uptake in the absence of GLN aggravates ROS and

leads to cell death in GLN addicted cells
To determine if high levels of glucose uptake in the absence of GLN causes
oxidative stress and cell death in GLN addicted cells, we cultured the cells in GLN-free
high glucose (25 mM), or low glucose (1 mM and 3 mM) media and compared the cell
death and oxidative stress by Western blot analysis of the cleaved-PARP and phoshoH2AX levels. Reducing glucose concentration to 1 mM rescued GLN starvation induced
cell death and oxidative stress evident from the low levels of cleaved-PARP and
phospho-H2AX comparable to basal levels (Fig. 15A, 15B). Moreover, DCFDA
measurements revealed that ROS induction by GLN starvation was efficiently inhibited
by reducing glucose concentration down to 1 mM in the culture medium (Fig. 15C, 15D),
but did not change NADPH levels (Fig. 15D). Combined with above results, these
findings demonstrate that GLN starvation-induced oxidative stress elevates glucose
uptake in GLN addicted cells, which in return aggravates oxidative stress in the absence
of GLN and leads to cell death.

3.3.8

Increased glucose uptake in the absence of GLN does not cause increased

proliferation or lipid synthesis
Above results indicate that increased glucose uptake in the absence of GLN is
detrimental for GLN addicted cells. We inferred that increased concentration of
intracellular glucose when GLN concentration is low might serve as a signal to continue
or increase proliferation, which would magnify the stress and lead to a catastrophic cell
death. To test this idea, we measured DNA synthesis using the thymidine analog 549
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GLN starvation inhibits proliferation in both GLN addicted and GLN independent

cells. A. Effect of GLN starvation in high (25 mM) or low (1 mM) glucose medium on cell proliferation in
GLN addicted DU145 and U2OS cells. B. Effect of GLN starvation on cell proliferation in GLN
independent cells. Cells were cultured for 24 hours and proliferation was measured using BrdU
incorporation assay. Error bars represent SD (n=3). *P<0.05, **P<0.005, ***P<0.0005.

bromo-2’-deoxyuridine (BrdU) in both GLN addicted and GLN independent cells
with/without GLN starvation. Proliferating cells incorporate BrdU into newly synthesized
DNA (during S-phase of cell cycle) in place of thymidine. As shown in figure 16A, 16B,
all four cell lines exhibited significantly reduced BrdU incorporation after GLN starvation.
Reducing glucose concentration down to 1 mM in the absence of GLN did not cause
further decrease in BrdU incorporation in GLN addicted cells, suggesting that GLN
starvation-induced cell death is not due to continuous or increased proliferation.
Lipid synthesis is one of the major processes that consume NADPH (43, 59). As
mentioned earlier, NADPH is generated by oxidation of glucose through pentose
phosphate pathway, and by partial oxidation of GLN through glutaminolysis. Since GLN
50
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GLN starvation inhibits lipid synthesis in GLN addicted cells. A. Effect of GLN

starvation in high (25 mM) or low (1 mM) glucose medium on lipid synthesis in GLN addicted DU145 and
U2OS cells. B. Effect of GLN starvation on lipid synthesis in GLN independent cells. Cells were starved
from GLN for 18 hours and incubated with

14

C2-acetate for another 5 hours. Lipids were extracted and

quantified as described in materials and methods. Error bars represent SD (n=3). *P<0.05, **P<0.005.

starvation depletes NADPH pools in GLN addicted cells, we predicted that due to high
glucose uptake, GLN addicted cells might synthesize more NADPH but continue or
51

increase lipid synthesis, leading to increased NADPH consumption that exceeds the
rate of NADPH synthesis. However, the rate of lipid synthesis was reduced in GLN
addicted cells after GLN starvation, whereas it was not changed in GLN independent
cells (Fig. 17A, 17B). Together these results suggest that increased glucose uptake in
the absence of GLN does not cause cell death due to sustained DNA or lipid synthesis.

3.3.9

Mitochondrial metabolism contributes to survival of GLN addicted cells

under GLN starvation and low glucose condition
Above findings suggested that high glucose concentration might block a process that
helps cells compensate for the loss of GLN, a major nutrient source. Apart from glucose
and GLN, which serve as main fuel supply for proliferating cells, mitochondria can also
metabolize other nutrients, such as amino acids and lipids (43). Therefore we presumed
that mitochondrial metabolism might contribute to survival of GLN addicted cells under
GLN starvation and low glucose condition, by making use of other nutrients. Treatment
of the GLN addicted U2OS cells with very low concentration of rotenone, a wellestablished inhibitor of mitochondrial metabolism, resulted in significant ROS increase
under no GLN/1 mM glucose (low glucose) condition (Fig. 18), suggesting that GLN
addicted cells rely on residual mitochondrial metabolism in the absence of GLN and
high glucose concentration completely abrogates it. Interestingly, rotenone significantly
increased ROS levels also when cells were cultured in 25 mM glucose and GLN replete
medium, but it did so to a lesser extend in the absence of GLN. Hence, inhibition of
mitochondrial metabolism under basal conditions appears to mimic GLN starvation.
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Figure 18.

Inhibition of mitochondrial metabolism increases ROS levels in GLN addicted cells

under GLN starvation/low glucose condition. Cells were GLN starved in high glucose (25 mM) or low
glucose (1mM) medium for 20 hours. 0.5 µg/µL rotenone was used where indicated. Error bars represent
SD (n=3). *P<0.05, **P<0.005, ***P<0.001.

3.3.10 GLN independent cells block elevation of glucose uptake by increasing
TXNIP expression in the absence of GLN
GLN levels were previously shown to regulate glucose uptake in a TXNIP
(thioredoxin interacting protein) dependent manner (115). TXNIP is a well-characterized
inhibitor of TRX antioxidant activity (116, 117). Independent from its TRX inhibitory
function, TXNIP directly binds to the glucose transporter Glut1 via its α-arrestin domain
and inhibits glucose transport (118). When GLN is present, TXNIP expression is
suppressed and cellular glucose transport is maintained. GLN withdrawal upregulates
TXNIP expression and thereby inhibits glucose uptake to ensure growth arrest (115).
Based on these reports, we hypothesized that GLN independent cells might block GLN
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GLN addicted cells cannot induce TXNIP expression under GLN starvation. A

Comparison of TXNIP protein expression in GLN addicted (DU145, U2OS) and GLN independent (MCF7,
PC3) cells under control and GLN starvation conditions by Western blot analysis. B. Effect of GSH on
TXNIP protein levels in GLN addicted cells under GLN starvation (24 hours).

starvation-induced elevation of glucose uptake by upregulating TXNIP expression. We
therefore compared TXNIP protein levels in GLN addicted and GLN independent cells
with/without GLN starvation. As shown in figure 19A, GLN starvation did not induce
TXNIP protein in GLN addicted DU145 and U2OS cells, whereas it resulted in a marked
increase in the GLN independent MCF7 and PC3 cells. Interestingly, TXNIP levels were
vanishingly low in the GLN addicted cells as compared to the GLN independent cells
under basal conditions. Since GLN starvation increases ROS levels only in the GLN
addicted cells, we suspected that TXNIP induction by GLN starvation might be inhibited
by ROS. However, treatment of the GLN addicted DU145 and U2OS cells with the
antioxidant GSH did not effect an increase in TXNIP levels in the absence of GLN (Fig.
19B). These findings suggest that contrary to the GLN independent cells, GLN addicted
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Reducing TXNIP expression increases glucose uptake in GLN independent MCF7

cells. A Comparison of glucose uptake in GLN independent MCF7 cells treated with 20 nM scrambled
(Scr) or TXNIP siRNAs (siTXNIP) cultured in normal or GLN-free medium (24 hours). B. Effect of TXNIP
knock down on cell death (cleaved PARP) and oxidative damage (phospho-H2AX) in MCF7 cells cultured
in normal or GLN-free media. Error bars represent SD (n=3).

cells have very low TXNIP levels and are somehow not able to induce it, as they should
upon GLN starvation.
We next tested if down regulation of TXNIP could increase glucose uptake in
GLN independent cells in the absence of GLN. Knock down of TXNIP using specific
siRNAs resulted in increased glucose uptake in MCF7 cells under both basal and GLN
starvation conditions (Fig. 20A). This prompted us to hypothesize that down regulation
of TXNIP may render GLN independent cells GLN addicted due to increased glucose
uptake. However, despite the increased glucose uptake, down regulation of TXNIP
expression in MCF7 cells induced only a marginal increase in ROS levels and cell death
55
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Inhibition of mitochondrial metabolism renders GLN independent cells GLN

addicted. A. Effect of mitochondrial metabolism inhibitor (rotenone) on oxidative stress and cell death in
GLN independent MCF7 cells cultured in the presence or absence of GLN. Cell death and oxidative
stress were determined by western blot analysis of cleaved PARP and phospho-H2AX levels
respectively. GAPDH was used as loading control. B. Effect of rotenone treatment on ROS levels in
MCF7 cells. 0.5 µg/µL rotenone was used. GLN starvation was carried out for 24 hours. Error bars
represent SD (n=3). ***P < 0.001.

as measured by phospho-H2AX and cleaved-PARP levels (Fig. 20B), implying that
increased glucose uptake alone is not sufficient to sensitize GLN independent cells to
GLN starvation and there may be other factors contributing GLN addiction phenotype.

3.3.11 Inhibition of mitochondrial metabolism renders GLN independent cells
GLN addicted
The results of the studies given in this chapter so far established that GLN
independent cells do not rely on GLN for redox balance. Unlike the GLN addicted cells,
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they maintain or even decrease glucose uptake under GLN starvation. This hinted the
possibility that these cells may use glucose efficiently and are able to divert it into the
antioxidant

generating

pathways.

Oxidation

of

glucose-derived

pyruvate

by

mitochondrial metabolism can compensate for GLN loss to produce NADPH and Glu,
and eventually reduced

GSH. To test this idea, we

first used rotenone to inhibit

mitochondrial metabolism in GLN independent MCF7 cells and analyzed oxidative
stress and cell death under GLN starvation. Rotenone markedly increased oxidative
stress and cell death in MCF7 cells under GLN starvation as evidenced by the
increased cleaved PARP and phospho-H2AX levels (Fig. 21A). We confirmed the
induction of oxidative stress by rotenone treatment in the absence of GLN by ROS
measurements (Fig. 21B).
To test specifically the importance of glucose derived pyruvate metabolism in
mitochondria for survival of GLN independent cells under GLN starvation, we used UK5099, a specific inhibitor of mitochondrial pyruvate transport (Fig 22), and examined
whether GLN starvation induces oxidative stress and cell death, and depletes GSH in
GLN independent MCF7 cells when pyruvate entry to mitochondria is inhibited. Similar
to rotenone, UK-5099 also markedly increased oxidative stress and cell death in the
absence of GLN apparent from the increased phospho-H2AX levels and cleaved PARP
levels (Fig. 23A). In parallel, UK-5099 treatment caused a significant reduction in GSH
in the absence of GLN (Fig. 23B). Of note, both rotenone and UK-5099 treatment
increased phospho-H2AX and cleaved PARP levels also in the presence of GLN,
however to a much lesser extend. These results support the premise that GLN
independent cells adopted a mechanism that can alternate between the nutrients
57
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Figure 22.

Pyruvate transport and oxidation by mitochondria. Pyruvate is synthesized from

glucose via glycolysis and transported into mitochondria by mitochondrial pyruvate carrier (MPC).
Pyruvate carboxylase (PC) or pyruvate dehydrogenase (PDH) oxidize pyruvate producing the TCA cycle
precursors oxaloacetate (OAA) or Acetyl Co-A (AcCoA) respectively. UK-5099 is a specific inhibitor of
MPC. OM (outer mitochondrial membrane), IM (inner mitochondrial membrane).
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Inhibition of mitochondrial pyruvate transport renders GLN independent cells GLN

addicted. A. Effect of mitochondrial pyruvate transport inhibitor (UK-5099) on oxidative stress and cell
death in GLN independent MCF7 cells cultured in the presence or absence of GLN. Cell death and
oxidative stress were determined by western blot analysis of cleaved PARP and phospho-H2AX levels
respectively. GAPDH was used as loading control. B. Effect of UK-5099 treatment on GSH levels in
MCF7 cells. 100 µM UK-5099 was used. GLN starvation was carried out for 24 hours. Error bars
represent SD (n=3). **P < 0.005.

depending on their availability, which allows them to control their redox state and
survive.

3.3.12 Combination of GLN starvation with oxidative stress inducing agents
effectively kills GLN addicted cells
The above studies clearly demonstrate that GLN addicted cells depend on GLN
to maintain sufficient pools of antioxidants and manage ROS levels. Accordingly, we
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predicted that treatment of the GLN addicted cells with pro-oxidant reagents while
depriving them from their antioxidant precursor GLN may efficiently kill them by
exacerbating oxidative stress. One such pro-oxidant reagent is piperlongumine (PL),
which was shown to increase oxidative stress by both generating intracellular ROS and
inhibiting antioxidant pathways (74, 119). We tested the efficiency of PL treatment alone
at a low concentration or in combination with GLN starvation in inducing cell death in a
number of GLN addicted and GLN independent human cancer cell lines. PL treatment
did not cause significant cell death when the cells were supplied with GLN, however it
induced marked cell death in GLN addicted cells in the absence of GLN (Fig. 24A).
Consistent with the results shown earlier in this chapter, PL treatment did not synergize
with GLN starvation to kill GLN independent cells (Fig. 24B), indicating that these cells
can use other means to clear ROS in the absence of GLN whereas GLN addicted cells
completely depend on GLN to cope with ROS. ROS levels also correlated with cell
death as shown in GLN addicted DU145 cells, in which PL treatment amplified GLN
starvation-induced ROS levels (Fig. 24C).

3.4

Discussion
Most cancer cell types depend on GLN for survival, but how GLN starvation

induces cell death remains elusive. The findings presented in this chapter corroborate a
GLN starvation induced cell death mechanism whereby increased ROS levels, triggered
by GLN starvation, signal for increased glucose uptake, which surprisingly exacerbates
the deleterious effects of GLN starvation in GLN addicted cells. GLN independent cells
60
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Pro-oxidant reagent piperlongumine synergizes with GLN starvation to kill GLN

addicted cells. Effect of 5 µM piperlongumine on GLN starvation-induced cell death in (A) GLN addicted
and (B) GLN independent cells. C. Effect of piperlongumine on GLN starvation-induced ROS levels in
DU145 cells. Cell death was measured after 48 hours of GLN starvation by PI staining. ROS were
measured after 30 hours GLN starvation by DCFDA staining. 5 mM NAC was added where indicated.
Error bars represent SD (n=3).
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escape this catastrophic cell death presumably by evading the initial ROS increase as
well as by regulating glucose uptake and metabolism in the absence of GLN.
GLN was initially viewed as nitrogen and carbon source for cancer cells for
synthesis of macromolecules and energy and therefore GLN starvation-induced cell
death was associated with energetic crisis. Yuneva et al. demonstrated that c-Myc
transformation renders cells GLN addicted, but GLN starvation-induced cell death was
shown to be independent of GSH depletion and ROS increase in their studies (120).
However, a later study reported GSH depletion and ROS increase upon GLN starvation
in Myc dependent human cancer cell lines (47). Therefore recent reviews of cancer cell
metabolism have implicated GLN as an essential source of GSH synthesis and
therefore GLN withdrawal-induced cell death has been linked to depletion of GSH pools
and increased ROS in human cancer cell lines (52, 59). Here we show that GLN
starvation-induced GSH depletion and ROS elevation are not common features of
human cancer cells and establish a correlation between GLN-starvation-induced cell
death and ROS elevation. GLN starvation depletes antioxidant pools (GSH and
NADPH) only in GLN addicted cells, suggesting that some cells do not rely solely on
GLN and are able compensate by perhaps using another source, such as glucose to
maintain their antioxidant pools. Accordingly, we expected that GLN independent cells
take up more glucose under GLN starvation as compared to the GLN addicted cells. On
the contrary, we found that GLN addicted cells increase glucose uptake markedly,
whereas the GLN independent cells maintain or even decrease it in the absence of
GLN. Incubation of GLN addicted cells with GSH or Glu under GLN starvation blocks
the increase of glucose uptake, indicating that GLN starvation first increases ROS
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levels, leading to a striking increase in glucose uptake. Unexpectedly, GLN addicted
cells have less ROS and survive better in the absence of GLN when glucose
concentration is vanishingly low, suggesting that high glucose concentration either
causes increased ROS production or inhibits a survival pathway under GLN deplete
conditions. Inhibition of mitochondrial metabolism reverses the rescue of GLN addicted
cells by low glucose concentration in the absence of GLN and induces massive cell
death. This implies that in an attempt to better deal with ROS burden imposed by GLN
deprivation, cells increase glucose uptake, however, high glucose concentration
somehow inhibits mitochondrial metabolism in GLN addicted cells when GLN is absent.
It has been proposed before that GLN starvation induces cell death by reducing
glutaminolysis and restricting glucose uptake by increasing TXNIP expression (115).
This view was based on the findings that TXNIP expression is repressed in the
presence of GLN and GLN withdrawal de-represses it resulting in inhibition of glucose
uptake. However, in that study authors did not provide any information whether their
model cell line (BxPC-3) is GLN dependent for survival. Contrary to what has been
proposed, our results demonstrate that GLN addicted cells are deficient in TXNIP
induction upon GLN starvation and GLN starvation increases TXNIP expression and
inhibits glucose uptake elevation only in the GLN independent cells. Down regulation of
TXNIP increases glucose uptake in GLN independent cells regardless of GLN
availability, however it does not render these cells dependent on GLN for survival. This
could be due to several reasons. First, the results introduced in 3.3.6 (Fig.14)
demonstrate a ROS-dependent elevation of glucose uptake in GLN addicted cells after
GLN starvation. It is possible that induction of ROS by GLN starvation must precede
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elevation of glucose uptake. Since GLN starvation does not induce ROS in the GLN
independent cells, increased glucose uptake alone may not be sufficient to cause
oxidative stress and cell death without GLN. Second, due to the inhibitory effect of
TXNIP on the antioxidant activity of TRX (116, 117), reducing TXNIP expression may
promote an enhanced TRX antioxidant activity preventing ROS increase.
Glucose can be metabolized in the pentose phosphate pathway and/or the
TCA cycle to produce NADPH and Glu (precursor of GSH) respectively. Hence, it is
paradoxical that GLN addicted cells cannot maintain their antioxidant pools and
suppress ROS despite the surge of glucose in the absence of GLN. We initially
presumed that high glucose concentration might signal for proliferation, which would
lead to a catastrophic cell death in the absence of the major nutrient GLN. However, cell
proliferation as well as the NADPH and energy consuming lipid synthesis were
suppressed in GLN addicted cells under GLN starvation. Thus, it is unclear why the
antioxidant pools are depleted and ROS are elevated when there is ample supply of
glucose.

One possibility is the inability of the GLN addicted cells to use glucose

efficiently. Although GLN independent cells do not increase glucose uptake with GLN
starvation, they may be able to shunt it to right pathways to compensate for GLN
depletion. For instance, pyruvate carboxylase has been shown to confer GLN
independence by facilitating OAA formation from glucose-derived pyruvate (96). This
OAA can then be used in NADPH generating pathways, as well as in GSH synthesis
after conversion to Glu via TCA cycle. Our findings support this premise. Inhibition of
mitochondrial pyruvate transporters by the specific inhibitor UK-5099 leads to depletion
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of GSH and, and to increased oxidative stress and cell death in the GLN independent
MCF7 cells under GLN starvation.
Several studies demonstrated vulnerability of cancer cells to ROS-inducing
molecules (16, 74, 75). Our results show that GLN starvation, combined with the ROSinducing compound piperlongumine at the sub-toxic concentration when GLN is
present, triggers massive cell death in GLN addicted cells. Interestingly, when GLN is
present piperlongumine does not cause ROS increase at the concentration used,
however, it augments ROS levels in the absence of GLN. Both cell death and ROS
induction is inhibited by NAC indicating that the observed effects are ROS dependent.
These findings suggest that GLN addicted cells depend on GLN to cope with both
endogenous and exogenous oxidative stress, highlighting combined treatment of GLN
depletion and oxidants as a potentially efficient strategy for treatment of GLN dependent
tumors. However, usefulness of this strategy will likely depend on identification of
biomarkers for GLN addiction phenotype, as GLN independent cells are not sensitive to
this treatment.
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Chapter 4: GLN Addicted Cells Respond to Oxidative Stress by
Increasing GLN Uptake via AMPK-Mediated Upregulation of the GLN
Transporter ASCT2 Expression

4.1

Background and Rationale

The results obtained from the studies given in Chapter 3 established that GLN
addicted cells depend on GLN for survival to manage intracellular ROS, as well as to
cope with toxic effects of oxidative-stress inducing compound piperlongumine.
Considering the critical role of GLN in the maintenance of antioxidant pools, we
hypothesized that treatment of GLN addicted cells with oxidants may increase GLN
uptake. In this chapter we tested this hypothesis and investigated the possible
mechanisms that mediate this response.
We found that GLN starvation sensitizes GLN addicted cells to exogenous
oxidants, and addition of antioxidants completely prevents this sensitivity suggesting
absolute requirement of GLN for anti-oxidative activity in GLN addicted cells. Supporting
our hypothesis, GLN addicted cells increase GLN uptake in response to oxidative stress
treatment. Several different amino acid transporters, including SLC38A1, SLC38A2,
SLC38A3, SLC38A5, and ASCT2 (SLC1A5) are known to mediate transport of GLN into
cells depending on the tissue or cell type (56). Among these, ASCT2 is the primary
transporter expressed in rapidly proliferating normal and tumor cells in culture (121).
We show that oxidative stress treatment increases GLN uptake by upregulating
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specifically the major GLN transporter ASCT2 expression. Finally we demonstrate that
this response is mediated by AMPK pathway, which is a master regulator of cellular
metabolism. Inhibition of ASCT2 or AMPK expression by siRNAs also sensitizes GLN
addicted cells to oxidative stress, suggesting that AMPK-mediated upregulation of
ASCT2 expression confers resistance to oxidative stress.

4.2

Methods

Cell culture, reagents, siRNA transfection. Cell culture and siRNA transfections were
performed as described in Chapter 3.2. GLN-free medium was supplemented with 1
mM sodium pyruvate (Invitrogen) before H2O2 treatment. H2O2, sodium arsenite
solution, compound C were purchased from Sigma. JNK (SB600125), p38 (In Solution
SB203580), and MEK1/2 (PD-325901) inhibitors were from EMD Biosciences. Final
concentrations of inhibitors used were: 30 µM (JNK inhibitor), 15 µM (p38 inhibitor), 3
µM (MEK1/2 inhibitor). siRNAs were purchased from Dharmacon (Thermo Fisher).
siRNA sequences are given in table 1. Smart pools of siRNAs specific for α1 and α2
isoforms of AMPK α-subunits were pooled for efficient down regulation. Stealth RNAi™
siRNA Luciferase Reporter Control (Invitrogen) was used as control siRNA (Scr).

Cell death and ROS measurements. Cell death and ROS were measured using PI or
DCFDA staining respectively followed by flow cytometry as described in Chapter 2.2.
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Table 1. siRNA sequences used in the Chapter 4 RNA interference experiments.
ASCT2 (pooled)
GCAAGGAGGUGCUCGAUUC
GCCUUUCGCUCAUACUCUA
AMPK α1 (SmartPool)
CCAUACCCUUGAUGAAUUA
GCCCAGAGGUAGAUAUAUG
GAGGAUCCAUCAUAUAGUU
ACAAUUGGAUUAUGAAUGG
AMPK α2 (SmartPool)
CGACUAAGCCCAAAUCUUU
GAGCAUGUACCUACGUUAU
GACAGAAGAUUCGCAGUUU
GUCUGGAGGUGAAUUAUUU
NRF2 (NFE2L2)
GAGUUACAGUGUCUUAAUA
MYC
AACGUUAGCUUCACCAACA
ATF2
GGAAGUACCAUUGGCACAA
JUN
GAGCGGACCUUAUGGCUAC
FOXO3
CGAAUCAGCUGACGACAGU
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Table 2. Primer pairs used for amplification of ASCT2, SLC38A5, and GAPDH mRNAs.
ASCT2 (SLC1A5)
Forward:

GAGCTGCTTATCCGCTTCTTC

Reverse:

GGGGCGTACCACATGATCC
SLC38A5

Forward:

GCGCTTCTGTCGTCCTACTC

Reverse:

GCTCGGATGCCTGCAATAC
GAPDH

14

Forward:

AAGGTGAAGGTCGGAGTCAAC

Reverse:

GGGGTCATTGATGGCAACAATA

C-GLN uptake. GLN uptake assays were performed as described in Chapter 2.2.

Western blots and antibodies. Western blots were done as in Chapter 2.2. ASCT2,
GAPDH, Akt, AMPKα, phospho-AMPKα (Thr172), ACC, phospho-ACC (Ser79), JNK,
phospho-JNK (Thr183/Tyr185), Jun, phospho-Jun (Ser63), ATF2, Myc, Foxo3,
phospho-Foxo3 (Ser413) antibodies were from Cell Signaling. Actin and NRF2
antibodies were from Santa Cruz. ASCT2 antibody recognizes nonglycosylated and
glycosylated forms of human ASCT2.
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Semi-quantitative RT-PCR. After indicated treatments total RNA was extracted from
the cells using RNeasy RNA extraction kit (Qiagen). RNA concentrations were
determined by nanodrop and normalized to 10 ng/µL RNA. 120 ng RNA was used for
reverse transcription (Quantitech RT-PCR kit, Qiagen) in a total reaction volume of 20
µL. cDNA was diluted by addition of 10 µL ultrapure water (Gibco). Semi-quantitative
RT-PCR was performed using Fast SYBR® Green Master Mix (Invitrogen). Primer
sequences are given in table 2.

Statistical analysis. Statistical significance was determined using a two-tailed student’s
t-test.

4.3
4.3.1

Results
GLN addicted cells are more sensitive to exogenous ROS in the absence

of GLN
Because GLN addicted cells depend on GLN to manage intracellular ROS levels,
we predicted that these cells might be more sensitive to exogenous ROS when deprived
of GLN as well. To test this, we starved a number of GLN addicted and GLN
independent cells from GLN and challenged them with H2O2 treatment. H2O2 treatment
induced massive cell death in the GLN addicted cells (U2OS and DU145) in the
absence of GLN, whereas no significant cell death was observed when the cells were
supplemented with GLN (Fig. 25A). Addition of catalase in culture medium blocked
H2O2-induced cells death in the absence of GLN. Similarly, both GSH and Glu rescued
70

(=
*#+,"

(")*"+,-".-//0

(")*"+,-".-//0

&!"
%!"
$!"
#!"
!"

012"
5 # +#" 4 3"12

&"

!"

!"

!"

&"

-*.%/"

'!!"

'!!"

&"

!"

!"

&!"
%!"
$!"
#!"
!"

!"

#$$" %$$" #$$" %$$" %$$
&'()"
"

!"

&"
!"

012"
5 # +#" 4 3"12

!"

!"
!"
!"
&"
&"
#$$" %$$" #$$" %$$" %$$
&'()"
"

>=
-*.%/"

(")*"+,-"3-//0"

'!!"
&!"
%!"
$!"
#!"
!"

012" &"
5 # +#" 4 3"12 !"

!"
!"

&"

&"

!"

!"

!"

!"

#$$" %$$" #$$" %$$" %$$" %$$"
&0;<" &0,5"

'=
8'9:"
'!!"

&!"

&!"

(")*"+,-".-//0

(")*"+,-".-//0

6'7"
'!!"

%!"
$!"
#!"

Figure 25.

$!"
#!"
!"

!"

012" &"
5 # +#" 4 3"12 !"

%!"

!"
!"

!"
&"
%$$" %$$"

012" &"
5 # +#" 4 3"12 !"

!"
!"

!"
&"
%$$" %$$"

GLN addicted cells are more sensitive to H2O2 treatment in the absence of GLN. A.

GLN starvation sensitizes GLN addicted cells to H2O2 treatment, and catalase (CAT, 100 units/mL)
reverses this effect. B. Glu (5 mM) or GSH (3 mM) addition abrogates sensitivity of DU145 cells to H2O2
treatment under GLN starvation. C. H2O2 treatment does not induce cell death in GLN independent PC3
and MCF7 cells regardless of GLN presence. H2O2 was added after 8 hours of GLN starvation and cells
were incubated for another 20 hours. Cell death was determined by PI staining followed by flow cytometry
and given as %PI positive (+ve) cells. Error bars represent SD (n=3).
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GLN addicted cells are more sensitive to arsenite treatment in the absence of GLN.

GLN addicted (DU145, U2OS, SF188) and GLN independent (PC3) cells were starved from GLN for 8
hours and incubated with 10 µM arsenite (Ars) for another 26 hours. Cell death was determined by PI
staining followed by flow cytometry and given as %PI positive (+ve) cells. Error bars represent SD (n=3).

H2O2-induced cell death in the absence of GLN in DU145 cells (Fig. 25B). By sharp
contrast, GLN independent cells (PC3 and MCF7) were not sensitive to H2O2 treatment
at the concentrations used regardless of GLN presence (Fig. 25C). Similar results were
obtained with arsenite treatment, another oxidative stress inducing agent (122) (Fig.
26). Together these results suggest that GLN addicted cells require GLN to cope with
both endogenous and exogenous oxidative stress, whereas, GLN independent cells do
not depend solely on GLN for redox balance.

4.3.2

Oxidative stress increases GLN uptake in GLN addicted cells
As explained in 1.1.2, in order to block oxidative stress, cells must engage their

antioxidant pathways involving the antioxidants GSH and NADPH. Because GLN
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Oxidative stress increases GLN uptake in GLN addicted cells. A.14C-GLN uptake

assay in GLN addicted U2OS and DU145 cells after 18 hours of H2O2 treatment. 100 units/mL catalase
(CAT) was added to reverse the effect of H2O2. B.

14

C-GLN uptake assay in GLN addicted U2OS and

DU145 cells after 18 hours of arsenite treatment. 5 µM NAC was added to reverse the effect of arsenite.
C.

14

C-GLN uptake assay in GLN independent PC3 cells after 18 hours of H2O2 treatment. Error bars

represent SD (n=3). *P<0.05.
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addicted cells depend on GLN to maintain sufficient levels of these two vital antioxidants
molecules, we predicted that oxidative stress treatment of the cells might increase GLN
uptake to prevent oxidative damage. Indeed, H2O2 treatment increased GLN uptake in
the GLN addicted U2OS and DU145 cells, which was reversed by addition of catalase
in culture medium (Fig. 27A). Arsenite treatment also increased GLN uptake in U2OS
and DU145 cells (Fig. 27B), indicating that GLN addicted cells respond to various types
of oxidative stress by upregulating GLN uptake. In contrast, GLN uptake by GLN
independent PC3 cells was not changed by H2O2 treatment (Fig. 27C), which is in
agreement with above results that these cells do not depend on GLN to manage
oxidative stress.

4.3.3

Oxidative stress increases GLN uptake by increasing the GLN transporter

ASCT2 expression
To determine if GLN addicted cells respond to oxidative stress treatment at the
genetic level, we measured mRNA levels of the major GLN transporters ASCT2 and
another neutral amino acid transporter (including GLN) SLC38A5 in GLN addicted cells
with/without oxidative stress treatment. As shown in figure 28A, 28B, both H2O2 and
Arsenite treatment increased specifically the ASCT2 mRNA levels in GLN addicted
U2OS and DU145 cells. SLC38A5 mRNA levels were slightly increased in the U2OS
cells, however to a lesser extend. There were no changes in the mRNA levels of neither
of the GLN transporters in GLN independent PC3 cells with oxidative stress treatment
(Fig. 28C). Consistent with the changes in mRNA levels, ASCT2 protein levels were
74
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Figure 28. Oxidative stress increases ASCT2 expression. A. Effect of 200 µM H2O2 treatment on the
expression of GLN transporters SLC38A5 and ASCT2 in GLN addicted U2OS and DU145 cells. 100
units/mL catalase (CAT) was used to reverse the effect of H2O2 treatment. B. Effect of 10 µM arsenite
treatment on the expression of GLN transporters SLC38A5 and ASCT2 in GLN addicted U2OS and
DU145 cells. C. SLC38A2 and ASCT expression analysis in GLN independent PC3 cells with/without 200
µM H2O2 or 10 µM arsenite treatment. Error bars represent SD (n=3). *P<0.05, ***P<0.001.
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Oxidative stress increases ASCT2 protein in GLN addicted cells. Western blot

analysis of ASCT2 protein in GLN addicted U2OS and DU145 cells and GLN independent PC3 cells
treated with increasing concentrations of H2O2. Catalase (CAT) was used to inhibit H2O2 effect.

markedly increased with H2O2 treatment in the GLN addicted cells, but not in the GLN
independent cells (Fig. 29). To verify that the oxidative stress increases GLN uptake in
GLN addicted cells specifically by increasing ASCT2 expression, we down regulated
ASCT2 using specific siRNAs and measured GLN uptake in the presence or absence of
oxidative stress treatment. Cells treated with ASCT2-specific siRNAs exhibited
significant reduction in GLN uptake and H2O2 treatment failed to increase it in these
cells (Fig. 30). ASCT2 down regulation was confirmed by Western blot analysis. These
findings provide strong evidence that oxidative stress increases GLN uptake in GLN
addicted cells by upregulating ASCT2 expression.
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Oxidative stress increases GLN uptake via ASCT2. Effect of ASCT2 knock down on

GLN uptake in U2OS and DU145 cells. Cells were treated with 20 nM control (S) or ASCT2 (A) siRNAs.
Cells were cultured for 48 hours after siRNA treatments, and incubated with 300 µM H2O2 for another 16
hours. ASCT2 knock down was confirmed by Western blot analysis. Error bars represent SD (n=3).

4.3.4

Identification of a signaling pathway mediating oxidative stress-induced

increase of ASCT2 expression and GLN uptake
ROS and oxidative stress activate several signaling pathways, including MAPK
(mitogen activated protein kinases), MEK, JNK, and p38 cascades (3, 123). While the
MAPK pathway promotes proliferation and survival in response to low levels of ROS,
activation of the JNK and p38 pathways by high levels of ROS (oxidative stress) has
been strongly associated with cell death (124-126). However, more recent reports
suggest a protective role for JNK and p38 signaling under stress conditions (127-130).
We therefore evaluated the effect of MEK, JNK, and p38 inhibition on the oxidative
stress-induced upregulation of ASCT2 in U2OS and DU145 cells by qPCR. As shown in
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Oxidative stress-induced ASCT2 upregulation is not mediated by JNK, MEK, or p38

pathways. A. Effect of 30 µM JNK inhibitor (JNK-I), 3 µM MEK 1/2 inhibitor (MEK-I), or 15 µM p38
inhibitor (p38-I) on SLC38A5 and ASCT2 expression in GLN addicted U2OS and DU145 cells treated with
200 µM H2O2. Cells were first treated with the inhibitors for 30-60 minutes and after addition of H2O2, cells
incubated for 16 hours. B. JNK, MEK, and p38 activation by H2O2 treatment (100-200 µM, 3 hours) and
efficacy of their specific inhibitors were assessed by Western blot analyses of phospho-Jun, phospho-Erk,
and phospho-p38 levels. GAPDH was used as loading control. Error bars represent SD (n=3).

figure 31A, inhibition of these pathways using specific inhibitors did not prevent H2O278
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Figure 32.

Oxidative stress activates AMPK pathway. U2OS and DU145 cells were treated with

100-200 µM H2O2 for 3 hours and AMPK activation was assessed by Western blot analyses of cell lysates
using phospho-AMPK antibody. Total AMPK and Actin were used as loading controls.

induced upregulation of ASCT2 mRNA. We also confirmed the activation of these
pathways by H2O2 treatment, as well as the efficacy of the inhibitors by Western blot
analysis (Fig. 31B). H2O2 treatment increased phosphorylation of Erk1/2 and c-Jun, that
are downstream substrates of MEK and JNK respectively, and the inhibitors reversed
this effect. Although increased with H2O2 treatment, p38 phosphorylation was not
reduced by p38 inhibitor. Therefore we used increased c-Jun phosphorylation as
readout for p38 inhibition (131, 132). Treatment with p38 inhibitor significantly increased
c-Jun phosphorylation, indicating efficient inhibition of p38 signaling as well. These
findings demonstrate that despite induction of MEK, JNK and p38 signaling by H2O2
treatment, none of these pathways mediate the observed ASCT2 upregulation. We then
considered the involvement of other pathways activated by ROS.
AMPK pathway is emerging as a critical mediator of resistance to various stress
conditions in cancer cells (106, 133, 134). Pertinent to our studies, oxidative stress has
been shown to activate AMPK directly by oxidation of Cys304 residue in the catalytic α79
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AMPK pathway mediates oxidative stress-induced upregulation of ASCT2 and GLN

uptake. A. Western blot analyses of ASCT2 protein levels in U2OS and DU145 cells treated with 40 nM
control (Scr) or AMPK α1 (20 nM) and α2 (20 nM) siRNAs. Cells were cultured for 48 hours after siRNA
treatments, and incubated with 300 µM H2O2 for another 16 hours. B. Effect of 20 µM AMPK inhibitor
compound C on ASCT2 protein levels. After treatment with compound C for 40 minutes, 100-200 µM
H2O2 was added and cells were incubated for another 16 hours. C. Effect of AMPK down regulation with
siRNAs on GLN uptake in U2OS and DU145 cells. After siRNA treatments, cells were cultured for 48
hours and incubated for another 16 hours with 300 µM H2O2. Error bars represent SD (n=3). * P< 0.05.
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AMPK pathway mediates oxidative stress-induced upregulation of ASCT2 mRNA.

qPCR analyses of SLC38A5 and ASCT2 mRNA levels in DU145 cells treated with 40 nM control (Scr) or
AMPK α1 (20 nM) and α2 (20 nM) siRNAs. Cells were cultured for 48 hours after siRNA treatments, and
incubated with 300 µM H2O2 for another 16 hours. Error bars represent SD (n=3). * P< 0.05.

subunit (135). Therefore we tested if AMPK mediates upregulation of ASCT2 and GLN
uptake in GLN addicted cells. H2O2 treatment of the U2OS and DU145 cells resulted in
an increase in AMPK phosphorylation (Fig. 32). Down regulating AMPK expression
using specific siRNAs blocked H2O2-mediated upregulation of ASCT2 protein levels in
both U2OS and DU145 cells (Fig. 33A). Chemical inhibition of AMPK using compound
C also completely blocked upregulation of ASCT2 protein upon H2O2 treatment (Fig.
33B). In parallel, siRNA-mediated downregulation of AMPK inhibited the increase of
GLN uptake by the H2O2-treated U2OS and DU145 cells (Fig. 33C). Consistent with
these findings, down regulation of AMPK by siRNAs reduced ASCT2 mRNA levels in
H2O2-treated DU145 cells (Fig. 34). These findings collectively implicate AMPK as a
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Foxo3 does not mediate oxidative stress-induced upregulation of ASCT2. A.

Western blot analysis of Foxo3 phosphorylation status in U2OS and DU145 cells treated with 40 nM
control (Scr) or AMPK α1 (20 nM) and α2 (20 nM) siRNAs. Cells were cultured for 48 hours after siRNA
treatments, and incubated with 300 µM H2O2 for another 16 hours. B. Effect of 20 µM AMPK inhibitor
compound C on Foxo3 phosphorylation. After treatment with compound C for 40 minutes, 100-200 µM
H2O2 was added and cells were incubated for another 16 hours. ASCT2 Western blot was included to
show the correlation between ASCT2 protein levels and phospho-Foxo3. GAPDH was used as loading
control. C. Effect of Foxo3 down regulation by siRNAs on SLC38A5 and ASCT2 mRNA levels in DU145
cells. After siRNA treatments, cells were cultured for 48 hours and incubated for another 16 hours with
300 µM H2O2. Error bars represent SD (n=3). Foxo3 down regulation was confirmed by Western blot
analysis.
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mediator of H2O2-induced upregulation of ASCT2 and GLN uptake in GLN addicted
cells.

4.3.5

Investigation of the potential transcription factors that control ASCT2

mRNA induction in response to oxidative stress
Because oxidative stress increases ASCT2 mRNA levels, we investigated the
involvement of possible transcription factors that might increase ASCT2 expression in
response to oxidative stress. Considering the role of AMPK in H2O2-mediated ASCT2
upregulation, we first focused on the transcription factors that are known to be activated
by AMPK under stress conditions. Foxo3 is a known AMPK substrate under energetic
stress (136-138). Foxo transcription factors orchestrate expression of a myriad of genes
involved in metabolic and oxidative stress response (137). Greer et al. demonstrated
that AMPK directly phosphorylates Foxo3 at least at 3 different serine residues,
including Ser413 (138). Using a commercially available antibody against phosphoFoxo3 (Ser413), we confirmed induction of Foxo3 phosphorylation by H2O2 treatment.
Perturbation of AMPK pathway by compound C (AMPK inhibitor) or specific siRNAs for
AMPK α1 and α2 subunits abrogated H2O2-induced Foxo3 phosphorylation (Fig. 35A)
pointing Foxo3 as the potential transcription factor that might link AMPK pathway to
increased ASCT2 expression under oxidative stress. However, down regulation of
Foxo3 by specific siRNAs did not prevent H2O2-induced increase of ASCT2 mRNA (Fig.
35B). This prompted us to evaluate other transcription factors that are known to be
activated by oxidative stress.
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Nrf2 does not mediate oxidative stress-induced upregulation of ASCT2. qPCR

analysis of SLC38A2, ASCT2 and NQO1 expression in U2OS cells treated with control (Scr) or Nrf2
siRNAs. Cells were cultured for 48 hours after siRNA transfection, and incubated with 300 µM H2O2 for
another 16 hours. Nrf2 down regulation was confirmed by Western blots. Error bars represent SD (n=3). *
P < 0.05, ** P < 0.005.

Nrf2 is perhaps the most well-known transcription factor that responds to
oxidative stress by transcribing genes necessary for redox balance and survival (139).
To test whether Nrf2 regulates ASCT2 expression in response to oxidative stress we
used specific siRNAs to inhibit Nrf2 expression in U2OS cells and quantitated ASCT2
expression after exposure to H2O2. We used NQO1, an established Nrf2 target gene
(70), as a positive control for reduced Nrf2 activity. Interestingly, both SLC38A5 and
ASCT2 mRNA levels were significantly increased with Nrf2 knock-down (perhaps due to
even higher levels of oxidative stress), whereas NQO1 mRNA levels were decreased by
more than 60% (Fig. 36A), excluding Nrf2 as ASCT2 regulator under oxidative stress.
We then tested the role of other transcription factors, including c-Myc and AP-1
members c-Jun and ATF2. Myc has been recently shown to regulate ASCT2 expression
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Myc, Jun, or ATF2 are not involved in oxidative stress-induced upregulation of

ASCT2. Effect of A. Myc, B. Jun, and C. ATF2 down regulation on SLC38A2 and ASCT2 expression in
DU145 cells. Cells were cultured for 48 hours after siRNA transfection, and incubated with 300 µM H2O2
for another 16 hours. Down regulation of Myc, Jun, and ATF2 were confirmed by Western blots. Error
bars represent SD (n=3).

85

in SF188 glioblastoma cells under ambient conditions (48).

siRNA-mediated knock

down of Myc in DU145 cells did not result in a decrease in ASCT2 levels with/without
H2O2 treatment (Fig. 37A). Both c-Jun and ATF2 transcription factors are activated by
oxidative stress (140, 141), however, their down regulation in DU145 cells by specific
siRNAs did not inhibit ASCT2 mRNA levels in response to H2O2 treatment (Fig. 37B,
37C). These findings suggest that regulation of ASCT2 under oxidative stress may be
complex and perhaps a more systemic approach is required to elucidate the precise
mechanisms involved in this process, which will be discussed in the discussion section
of this chapter.

4.3.6

Down regulation of ASCT2 and AMPK expression sensitizes GLN addicted

cells to oxidative stress
Results of the studies introduced in this chapter so far demonstrate that GLN
addicted cells respond to oxidative stress by increasing ASCT2 expression and GLN
uptake in an AMPK dependent manner. To determine if this mechanism is protective
against oxidative stress, we down regulated ASCT2 or AMPK expression using siRNAs,
which inhibit H2O2-induced increase of GLN uptake (Chapter 4.3.3, 4.3.4), and
challenged the cells with 400 µM of H2O2 exposure. Both U2OS and DU145 cells
exhibited increased sensitivity to H2O2 treatment when ASCT2 or AMPK were down
regulated (Fig. 38A). To show that this is due to decreased capacity of these cells to
manage oxidative stress, we treated the cells with 300 µM of H2O2 for 16 hours and
incubated the cells in fresh medium for 1 hour to allow for recovery from oxidative
86

56
.!234

!"#$
'"!#

%&#

4#
6&7&#

9#
8#
'#

>

76

&"!#

4#
6&7&#

>

%"$#
%"!#
!"$#

/012+3 ()* +(45& +,-.

!"#$
'"!#

.!234
%"$#

>

&"$#
&"!#
%"$#

>>

>>>

&"$#

!"!#

!#

/012+3 ()* +(45& +,-.

%&'()*+&,%#$,0&+&'1

%&'()*+&,-&'',.&()/

>>>

>>

4#
6&7&#

>>
>

%"!#
!"$#

%&'()*+&,%#$,0&+&'1

%&'()*+&,-&'',.&()/

%$#

!"!#

>>>

>>>

2(

%"&#

4#
6&7&#

!"9#
!"8#
!"'#
!#

/012+3 ()* +(45& +,-.

/012+3 ()* +(45& +,-.

-6

.!234,

!"#$,
+(45&# +,-.#

/012+ # ()*#
6&7& # ;#

:#

;#

:#

;#

:#

+(45&# +,-.#

()*
#

;#

:#

;#

:#

;#

:#

+(45&#
+,-.#
<+-=6#

Figure 38.

Down regulation of ASCT2 and AMPK sensitizes GLN addicted cells to oxidative

stress. Effect of ASCT2 or AMPK down regulation on A. cell death, B. ROS levels in U2OS and DU145
cells treated with. After 48 hours of siRNA treatments, cells were incubated with 400 µM H2O2 for 18
hours and cell death was measured by propidium iodide staining. For ROS analysis, cells were incubated
with 300 µM H2O2 for 16 hours, and culture medium was replaced with fresh media to allow the cells
recover form oxidative stress for 1 hour and ROS levels were measured by DCFDA staining. C. Down
regulation of ASCT2 and AMPK were confirmed by Western blots. Error bars represent SD (n=3). * P <
0.05, ** P < 0.005, *** P < 0.001.
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stress. ROS measurements using DCFDA staining revealed that ASCT2 or AMPK
knock down resulted in increased ROS levels in both U2OS and DU145 cells after H2O2
treatment (Fig. 38B). We confirmed the successful knock down of ASCT2 and AMPK by
Western blot analyses (Fig. 38C). These results collectively suggest that ASCT2 and
AMPK confer resistance to oxidative stress in GLN addicted cells.

4.4

Discussion
GLN serves as precursor for synthesis of the antioxidant GSH, as well as for

production of NADPH, which is indispensible for regeneration of reduced GSH from its
oxidized form. In this chapter, we showed that GLN addicted cells exhibit extreme
sensitivity to exogenous oxidants in the absence of GLN. Addition of catalase, Glu, or
GSH voids this sensitivity reflecting the absolute requirement of GLN in anti-oxidative
processes. GLN addicted cells respond to oxidative challenge by increasing GLN
uptake, which involves AMPK-mediated upregulation of the major GLN transporter
ASCT2. Inhibition of ASCT2 or AMPK expression by siRNAs renders the GLN addicted
cells sensitive to oxidative stress.
GLN can be transported by the cells via several different amino acid transporters,
including SLC38A1, SLC38A2, SLC38A3, SLC38A5, and ASCT2 (SLC1A5) depending
on the tissue or cell type (56). Among these, ASCT2 is the primary transporter
expressed in rapidly proliferating normal and tumor cells in culture (121). Down
regulation of ASCT2 in SK-Hep hepatoma cells results in apoptosis (142). Furthermore,
a recent study showed that ASCT2 is expressed in majority of the lung cancer tissue
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examined, and that ASCT2 is required for growth of lung cancer cells (143). Although
ASCT2 expression in cancers is appreciated, how ASCT2 is regulated at the molecular
level is not well understood. The oncogenic Myc was shown to directly bind to the
ASCT2 promoter to regulate its transcription (48). Another study reported that GLN
availability increases ASCT2 expression (144). However, ASCT2 regulation in response
to stress has not been reported before. In this chapter, we showed unambiguously that
oxidative stress upregulates ASCT2 levels to increase GLN uptake and identified the
signaling pathway that mediates this response.
AMPK is a sensor of energy levels, and thus a critical regulator of cellular and
organismal metabolism (136, 145). When energy levels are low, AMPK senses the high
AMP/ATP or ADP/ATP ratios and reprograms metabolic pathways to promote ATP
producing catabolic activity and to inhibit ATP consuming anabolic activity. AMPK exists
as a heterodimer of a catalytic subunit (α), and two regulatory subunits (β and γ). AMP
or ADP binding to the regulatory γ subunit causes AMPK to assume an obligatory
conformation that exposes Thr172 in the activation loop to the upstream kinases,
leading to AMPK activation. AMPK is known to increase glucose uptake in various
tissue and cell types by upregulating/activating the glucose transporters (GLUTs) under
energetic stress (146, 147). However, AMPK regulation of GLN uptake has not been
reported before. In this chapter, we provided considerable evidence for the regulatory
role of AMPK in ASCT2 expression and GLN uptake in GLN addicted cells in response
to oxidative stress. Of note, AMPK seems to regulate ASCT2 levels and GLN uptake in
U2OS cells under ambient conditions (Fig. 33A, 33C), implying a regulatory role for
AMPK in basal GLN metabolism in some cell types. Furthermore, our findings implicate
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AMPK in oxidative stress resistance as reducing AMPK levels by siRNAs impairs the
cells’ ability to clear ROS and leads to cell death after H2O2 treatment (Fig. 38). Despite
the increasing evidence that AMPK confers resistance to various stress conditions in
cancer cells (106, 133, 134), a protective role for AMPK in oxidative stress resistance is
not well defined. Snf1, the Saccharomyces cerevisiae ortholog of AMPK, was recently
reported to be critical for yeast survival upon exposure to selenite and to GSH oxidizing
reagents, associating AMPK with oxidative stress resistance (148). On the other hand,
Chen et al. reported that AMPK mediates H2O2-induced apoptosis in neuronal cells
(149). Considering the diversity of the pathways AMPK participates in different systems,
it is highly likely that outcome of AMPK activity under oxidative stress conditions may be
context dependent.
AMPK activation by oxidative stress has been documented in the literature (135,
150, 151) however, the route of activation remains contentious. The initial study by Choi
et al. suggested an indirect activation due to inhibition of mitochondrial ATP synthesis
by high ROS, resulting in an increased AMP and ADP levels (151). On the other hand,
more recent studies reported a direct activation of AMPK by ROS via oxidation of two
conserved cysteine residues in the catalytic α-subunit (135, 152). Nevertheless, our
findings are consistent with the literature reports that ROS activates AMPK, which is
apparent from the increased Thr172 phosphorylation (Fig. 32). The precise mechanism
of AMPK activation by ROS is beyond the scope of this thesis studies and will not be
discussed here any further.
In addition to GLN, ASCT2 also transports alanine, serine, cysteine, asparagine,
and other small neutral amino acids (121, 153), but the effects of ASCT2 down
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regulation on cancer cell growth and viability is usually attributed to reduced GLN
transport. However, we did not observe any significant cell death due to ASCT2 down
regulation by siRNAs. This can be explained by only ~50% reduction in GLN uptake
after treatment with ASCT2 siRNAs (Fig. 30). This is consistent with the results obtained
using lung cancer cells, in which ASCT2 accounted for 50% of GLN uptake (143). Rest
of the GLN taken up by cells is most likely mediated by the other transporters (e.g.
SLC38A5). Since there is still a substantial amount of GLN available for the cells,
ASCT2 down regulation is not expected to induce cell death under ambient conditions.
On the other hand, under certain stress conditions, a threshold of GLN concentration
may be important for cell survival, and therefore it may be beneficial for the cells to
increase GLN uptake to maintain it at a certain concentration. This idea is supported by
our findings that, oxidative stress treatment of the cells increase GLN uptake by
increasing ASCT2 expression and only under oxidative stress the cells become
dependent upon ASCT2 for survival.
Although we showed that AMPK mediates the oxidative stress-induced increase
of ASCT2 and GLN uptake, we were not able to identify a transcription factor that links
AMPK pathway to ASCT2 induction despite several attempts. Taking into account the
important role of GLN in antioxidant pathways, it is possible that there is more than one
transcription factor that can regulate ASCT2 transcription and cells may compensate for
the loss of one transcription factor by engaging an alternative one to ensure adequate
GLN concentration. Therefore identification of the transcription factor(s) will likely
require a more systemic approach using siRNA pools.

Furthermore, the qPCR

experiments do not necessarily suggest that ASCT2 is regulated at the transcriptional
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level. For instance, we did not rule out the possibility that oxidative stress stabilizes
ASCT2 mRNA in an AMPK-dependent manner. Therefore future studies should aim to
establish ASCT2 promoter activity and mRNA stability under oxidative stress conditions.
It is intriguing that oxidative stress does not increase ASCT2 expression in GLN
independent cells. It is not clear from the current studies if this is because oxidative
stress does not activate AMPK, or the yet unknown downstream effector of AMPK in
GLN addicted cells is defective or does not serve as an AMPK substrate in the GLN
independent cells. In a previous study, oxidative stress increased cysteine uptake by
specifically upregulating the SLC38A1 expression in freshly isolated rat cardiomyocytes
without having an effect on ASCT2 expression (154). This supports our findings that
ASCT2 induction by oxidative stress is not common across all cell types and that some
cells (e.g. GLN addicted cells) have adopted this mechanism for protection against
oxidative stress. Yet, it remains to be determined if and how GLN addiction and ASCT2
regulation are intertwined.
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Chapter 5: Conclusion and Future Directions

The aim of this thesis was to characterize the relationship between GLN
metabolism and ROS to better understand the GLN addiction phenotype of cancer cells.
The research was divided into three sections. In the first section (Chapter 2) ROSdependent GLN addiction concept was investigated in a simple system, in which the
tumor suppressor Hace1 with a ROS inhibiting function was deleted. Findings of
Chapter 2 studies demonstrated for the first time that increased ROS levels resulting
from loss of a tumor suppressor lead to GLN addiction. These studies were expanded to
several different types of human cancer cell lines in the second section (Chapter 3), and
a correlation between GLN-dependent redox balance and GLN addiction phenotype
was established. In addition, a mechanism for GLN starvation-induced cell death
involving ROS-dependent elevation of glucose uptake and augmentation of GLN
starvation-induced ROS was uncovered. Studies in the third section (Chapter 4)
approached the research topic from a different angle and identified a protective
mechanism in GLN addicted cells that involves upregulation of the GLN transporter
ASCT2 expression and GLN uptake in an AMPK pathway dependent manner in
response to oxidative stress.
GLN is the most abundant amino acid in the plasma and it is consumed by
tumors at rates much greater than that of any other amino acid. Akin to glucose, GLN is
a major precursor for ATP synthesis. In addition to satisfying bioenergetic needs, GLN
has many important functions in a variety of key processes in proliferating cells,
including synthesis of proteins, nucleic acids, lipids, hexosamines, and GSH. Not
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surprisingly most proliferating cells require GLN for growth and certain oncogenes have
been shown to influence GLN metabolism in the context of cell proliferation. Moreover,
a considerable number of cancer cell lines depend on GLN for survival, a phenomenon
known as GLN addiction. However, the reasons why some cells are GLN addicted and
some are not have been elusive. Our initial hypothesis was that transformed cells with
increased ROS levels depend on GLN to cope with oxidative stress, and are therefore
GLN addicted. Results of the studies with Hace1 deficient cells (Chapter 2) supported
this hypothesis, that Hace1 loss results in increased ROS levels thereby predisposes
the cells to GLN addiction. However, studies in Chapter 3 revealed that dependency on
GLN for survival does not correlate with basal ROS levels in cancer cells. Instead,
dependency on GLN for redox balance defines GLN addiction phenotype. Chapter 4
studies further attest to this premise that only GLN addicted cells require GLN to cope
with oxidative stress posed by exogenous oxidants.
While the studies in this thesis identified novel aspects of GLN metabolism and
ROS regulation, they also raised several questions that remain to be addressed. As
described in Chapter 2, Hace1 deficient cells, with increased ROS levels, exhibit GLN
dependence for survival, increased GLN uptake and metabolism. While exogenous
antioxidants inhibit ROS and void GLN addiction phenotype of Hace1 deficient cells, it is
not known whether antioxidant treatment decreases GLN uptake and metabolism to the
levels observed with Hace1-expressing cells. Therefore future studies could address
this issue to clarify the potential role of intracellular ROS generation in GLN uptake and
metabolism.
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An unexpected result revealed by the studies in Chapter 3 is that GLN addicted
cells increase glucose uptake in the absence of GLN, whereas the GLN independent
cells maintain it at basal levels. TXNIP is an established regulator of glucose uptake and
is known to be induced by GLN deprivation to inhibit glucose uptake. Our results
demonstrate that this notion is valid only for GLN independent cells. Unlike GLN
addicted cells, GLN independent cells are able to increase TXNIP protein levels upon
GLN starvation providing an explanation for why elevation of glucose uptake is inhibited
in GLN independent cells. However, despite a marked increase in glucose uptake, down
regulation of TXNIP using specific siRNAs results in only a slight increase in ROS and
cell death in GLN independent cells in the absence of GLN. This suggests that
increased glucose uptake in the absence of GLN is not sufficient to predispose cells to
GLN addiction. Therefore the contribution of TXNIP to GLN independence phenotype of
cancer cells needs to be further investigated.
The Chapter 3 studies further demonstrate that increased glucose uptake is a
consequence of ROS induction upon GLN starvation, but appears to exacerbate
deleterious effects of GLN depletion as GLN addicted cells can survive in the absence
of GLN when glucose concentration in the culture medium is vanishingly low. These
results are unexpected for two reasons. First, in sharp contrast to GLN addicted cells,
GLN independent cells can preserve their antioxidant pools in the absence of GLN and
are therefore presumed to exhibit increased dependence on glucose as an alternative
source for antioxidants, and hence increased glucose uptake. Second, increased
glucose uptake by GLN addicted cells in the absence of GLN is expected to be
compensatory for managing redox state. On the contrary, despite the surge of glucose,
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GLN addicted cells cannot use it efficiently, whereas GLN independent cells are able to
compensate for GLN loss by shunting glucose into antioxidant generating pathways.
Inhibition of mitochondrial pyruvate transport significantly increases oxidative stress and
cell death in GLN independent cells in the absence of GLN. More importantly, it
markedly depletes reduced GSH levels under GLN starvation, strongly suggesting that
GLN independent cells are able to use glucose-derived pyruvate in the TCA cycle to
maintain GSH pools. However, this idea is currently only speculative, and its validation
requires metabolic labeling experiments using

13

C-glucose, which would allow for

tracing of the glucose carbons and for comparing the fate of glucose between GLN
addicted and GLN independent cells under GLN deplete conditions.
Another question raised by the studies in Chapter 3 is that whether GLN
starvation increases ROS by triggering ROS generation or reducing ROS elimination or
both. Findings of the studies in Chapter 4 clarify this issue to a certain extend. GLN
addicted cells respond to exogenous oxidative stress by increasing GLN uptake via a
specific mechanism involving upregulation of the GLN transporter ASCT2, which is
necessary to manage ROS levels. This suggests that GLN addicted cells meet the
challenge posed by exogenous oxidants by increasing GLN uptake, presumably to
maintain sufficient pools of antioxidants. It is therefore more likely that GLN deprivation
first depletes antioxidants in GLN addicted cells leading to ROS increase.
It is intriguing that ASCT2 expression and GLN uptake are not affected by
oxidative stress in GLN independent cells. This may be due to the failure of AMPK
activation by oxidative stress, which mediates upregulation of ASCT2 and GLN uptake
in GLN addicted cells. Future studies could take advantage of AMPK activating
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compounds, such as the AMP mimetic AICAR (5-aminoimidazole-4-carboximide-1-β-Dribofuranoside) to determine whether they can trigger ASCT2 induction and GLN uptake
in GLN independent cells. Another potential explanation is that the yet unknown
downstream effector of AMPK that links AMPK to ASCT2 expression in response to
oxidative stress might be defective in GLN independent cells. Nevertheless, clarification
of this issue warrants more detailed studies.
Perhaps the most significant contribution of this thesis to the cancer cell
metabolism field is the identification of a potential therapeutic strategy that combines
GLN deprivation with oxidizing reagents for effective killing of GLN addicted cells. Our
results demonstrate that GLN starvation combined with the pro-oxidant small molecule
piperlongumine selectively kills GLN addicted cells. However, GLN independent cells
are impervious to these treatments, raising the issue that this strategy will not work in all
cancer types and argue the necessity for identification of biomarkers for GLN addiction.
Furthermore these in vitro findings remain to be validated by in vivo studies.
Taken together, this thesis established the reciprocal regulation of GLN
metabolism and ROS by characterizing the link between ROS and GLN addiction
phenotype of cancer cells. More importantly, these studies identified combination of
GLN deprivation and pro-oxidant reagents as a potentially effective therapeutic strategy
for elimination of GLN addicted cancer cells.
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