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Abstract Glucose metabolism plays an important role in hydroperoxide detoxification
and the inhibition of glucose metabolism has been shown to increase prooxidant
production and cytotoxicity in cancer cells. Increased Akt pathway signaling has
been shown to be directly correlated with increased rates of glucose metabolism
observed in cancer cells versus normal cells. These observations have led to the
proposal that inhibition of Akt signaling would inhibit glycolysis and increase
hydroperoxide production which would preferentially kill tumor cells versus nor-
mal cells via oxidative stress. The current study shows that inhibition of the Akt
pathway inhibits glucose consumption and induces parameters indicative of oxida-
tive stress such as glutathione disulfide (%GSSG) and thioredoxin reductase (TR)
activity in human head and neck cancer (HNSCC) cells. A theoretical model to
explain the results is presented and implications for the use of Akt pathway inhibi-
tors in combination with glycolytic inhibitors and/or manipulations that increase
prooxidant production are discussed.
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2.1 Introduction

Glucose metabolism plays an important role in hydroperoxide detoxification and
the inhibition of glucose metabolism has been shown to increase prooxidant pro-
duction and cytotoxicity in cancer cells. Increased Akt pathway signaling has been
shown to be directly correlated with increased rates of glucose metabolism observed
in cancer cells versus normal cells. These observations have led to the proposal that
inhibition of Akt signaling would inhibit glycolysis and increase hydroperoxide
production which would preferentially kill tumor cells versus normal cells via oxi-
dative stress. The current preliminary studies explore how the inhibition of the Akt
pathway would disrupt glucose consumption and induce parameters indicative of
oxidative stress such as glutathione disulfide (%GSSG) and thioredoxin reductase
(TR) activity in human head and neck cancer (HNSCC) cells. A theoretical model
to explain the results is presented and implications for the use of Akt pathway inhib-
itors in combination with glycolytic inhibitors and/or manipulations that increase
prooxidant production are discussed.

2.2 Upregulation of Glucose Metabolism in Cancer Cells

Cancer cells exhibit increased glucose metabolism and pentose phosphate cycle activity
compared to normal untransformed cells [1-3]. The most consistent of these observa-
tions is that cancer cells metabolize glucose into pyruvate producing excess lactate
even though the supply of oxygen is adequate to support mitochondrial respiration
[1-3]. Warburg referred to this phenomenon as aerobic glycolysis [1]. He hypothe-
sized that these metabolic abnormalities were due to “damage” to the tumor cell respi-
ratory mechanism (now known to be mitochondria) and cancer cells compensated for
this defect by increasing glycolysis [1]. Warburg originally proposed that cancer cells
upregulated glycolysis to compensate for a deficit in ATP production due to compro-
mised oxidative phosphorylation and hypoxic microenvironments [1]. However, con-
flicting evidence regarding Warburg’s hypothesis involving ATP deficits in transformed
cells has limited the utility of these concepts in enhancing cancer therapy.

2.3 Glucose Metabolism and Detoxification of Hydroperoxides

Several studies have focused on alternative mechanisms contributing to the Warburg
effect [4-7]. Of particular interest is glycolysis’ role in the detoxification of
hydroperoxides. Glycolysis plays an important role as a source of electrons for
energy metabolism in cells under normal steady-state conditions. However, glucose
metabolism also plays a major role in the detoxification of hydroperoxides
produced as byproducts of O, metabolism [8—12]. The major pathways of glucose
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metabolism following the formation of glucose 6-phosphate (via the action of
hexokinase) include glycolysis and the pentose phosphate cycle [13]. Glycolysis
results in the formation of pyruvate (PYR) and the pentose phosphate pathway
results in the regeneration of NADPH from NADP+ [13]. PYR, in addition to being
a substrate for energy metabolism via the tricarboxylic acid (TCA) cycle and mito-
chondrial oxidative phosphorylation, has been shown to scavenge H,O, and other
hydroperoxides directly [8, 11, 12]. NADPH, by virtue of being the source of reduc-
ing equivalents for the glutathione and thioredoxin antioxidant system, has also
been shown to participate in the detoxification of H,O, and organic hydroperoxides
[14, 15]. Therefore, glucose metabolism appears to be integrally related to the
detoxification of intracellular hydroperoxides. In fact, increasing glucose concen-
trations up to 10-20 mM in tissue culture media has been shown to render cells
resistant to H,O_-induced cytotoxicity [10].

Given that glucose metabolism appears to be involved with the detoxification of
intracellular hydroperoxides and other investigators have suggested that cancer cells
demonstrate increased intracellular hydroperoxide production [16], we proposed
tumor cells may increase the metabolism of glucose to compensate for increased
intracellular hydroperoxides caused by a defect in mitochondrial respiration [17].
Furthermore, we proposed that therapeutic interventions designed to inhibit glucose
metabolism and hydroperoxide detoxification combined with manipulations that
increase prooxidant production would preferentially kill tumor cells versus normal
cells via oxidative stress [17, 18].

2.4 PI3K/Akt Signaling Pathway

The Akt pathway has garnered significant interest in HNSCC research given that
increased Akt activity accounts for up to 60% of all HNSCC [19, 20]. Akt is a
member of a serine-threonine specific kinase family in mammalian cells [21-24]
and Akt is able to activate and deactivate many downstream targets involved in key
cellular processes such as cell growth, survival, cell cycle progression, and metab-
olism [25, 26].

Signaling through the Akt pathway can start at the cell membrane from the bind-
ing of ligands with their receptor, which include human epidermal growth factor
receptor (EGFR) and human epidermal growth factor receptor 2 (HER2/neu, or
ErbB-2) [27]. The receptors are activated which then activate phosphoinositide
3-kinase (PI3K), which converts phosphatidylinositol-4,5-bisphosphate (PIP,) into
phosphatidylinositol-3,4,5-trisphosphate (PIP,) [28, 29]. Akt and phosphoinositide-
dependent kinase 1 (PDK1) are recruited to the plasma membrane by binding to
PIP, via their pleckstrin homology (PH) domains [30]. After localizing to the mem-
brane, Akt is phosphorylated at Thr 308 and Ser 473 by PDK1 and PDK2 also
known as mammalian target of rapamycin complex 2 (mTORC?2), respectively [30].
Activated Akt can then go on to activate or deactivate many downstream proteins
which control cell proliferation and survival. Akt activity is negatively regulated by
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the tumor suppressor gene PTEN (phosphatase and tensin homolog deleted on
chromosome 10), which acts as a phosphatase to dephosphorylate PIP, back to PIP,
[31]. PTEN inhibits the ability of Akt to be localized to the cell membrane [32—34].
Without this localization, Akt activation decreases, along with all the other down-
stream pathways that depend on Akt for activation [32-34].

2.5 Role of Akt Signaling in Glycolysis

Akt hyperactivation is believed to be associated with increased rates of glucose metab-
olism observed in tumor cells [35-37]. Akt signaling exerts a direct influence on glyco-
lysis in cancer cells by several mechanisms. Akt has been shown to regulate the
localization of the glucose transporter GLUT] to the plasma membrane [38—42] and
regulate hexokinase expression, activity, and mitochondrial interaction [43-45]. In
addition, Akt may indirectly activate the glycolysis rate-controlling enzyme phospho-
fructokinase-1 (PFK1) by directly phosphorylating phosphofructokinase-2 (PFK2)
[46], which produces the product, fructose-2.6-bisphosphate (Fru-1,6-P2), which is the
most potent allosteric activator of PFK1. In support of these findings, the activity of
Akt was found to be correlated to the degree of glycolysis in glioblastoma cells, i.e., the
higher the Akt activity, the higher the rate of glycolysis [36]. In addition, activation of
Akt signaling in glioblastoma cells previously without constitutive Akt activity stimu-
lated a high level of aerobic glycolysis without increasing oxygen consumption [36].

From these observations, it is clear that Akt activation causes an increase in gly-
colysis in cancer cells, and this may be the key step in the metabolic transformation
of cells to increase glycolysis (originally observed by Warburg) in the development
of cancer. This was supported by work showing that lymphoma cells with mito-
chondrial respiration defects lead to activation of the Akt pathway but not in the
parental cells lacking mitochondrial respiration defects [47]. Therefore, the increased
glycolytic rates observed by Warburg in cancer cells exhibiting mitochondrial res-
piration malfunction compared to normal cells may involve activation of the Akt
pathway.

2.6 Role of EGFR Signaling in Glycolysis

There is also a strong relationship between EGFR and glucose metabolism. High
concentrations of epidermal growth factor (EGF) have been shown to increase glu-
cose consumption and cause selective cytotoxicity in MDA-468 human breast can-
cer cells, a cancer cell line over expressing EGFR, compared to MCF-7 breast
cancer cells, which have a very low expression of EGFR [48]. EGFR may addition-
ally influence with glucose metabolism as it has been found that the physical
presence of EGFR within the membrane stabilizes the sodium glucose cotransporter
(SGLT1) that may cause increased glucose consumption by EGFR over expression
independent of EGFR signaling initiation [49].
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2.7 Role of Glucose Metabolism and Oxidative
Stress in Akt Pathway Signaling

Since glucose metabolism appears to play an important role in hydroperoxide
detoxification then therapeutic interventions designed to inhibit glucose metabolism
would be expected to increase prooxidant production and cytotoxicity in cancer
cells. Furthermore, if increased Akt pathway signaling is correlated with increased
rates of glucose metabolism observed in cancer cells versus normal cells, then the
inhibition of Akt pathway signaling would be expected to inhibit glycolysis and
increase hydroperoxide production which would preferentially kill tumor cells ver-
sus normal cells via oxidative stress. Based on these assumptions, the combination
of Akt pathway inhibitors with glycolytic inhibitors and/or manipulations that
increase prooxidant production should further and preferentially cause cytotoxicity
in cancer cells, with minimal to no toxicity to normal cells.
The preliminary studies presented here were designed to determine:

1. If inhibition of EGFR, PI3K, and Akt signaling inhibited glucose consumption.

2. If inhibition of EGFR, PI3K, and Akt signaling induced oxidative stress.

3. If the glycolytic inhibitor, 2-deoxyglucose (2DG), would enhance the cytotoxicity
induced by Akt pathway inhibitors via metabolic oxidative stress.

To accomplish these goals, we performed select experiments in FaDu and Cal-27
human head and neck squamous carcinoma cells.

2.7.1 Materials and Methods

2.7.1.1 Cells and Culture Conditions

FaDu and Cal-27 human head and neck squamous cell carcinoma cells were obtained
from the American Type Culture Collection (Manassas, VA) and maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing 4 mM L-glutamine,
1 mM sodium pyruvate, 1.5 g/L. sodium bicarbonate, and 4.5 g/L. glucose with 10%
fetal bovine serum (FBS; Hyclone, Logan, UT). Cultures were maintained in 5%
CO, and humidified in a 37°C incubator.

2.7.1.2 Drug Treatment

2-Deoxy-D-glucose (2DG), N-acetyl cysteine (NAC), LY294002 (LY), and L-
buthionine-[S,R]-sulfoximine (BSO) were obtained from Sigma Chemical Co. (St.
Louis, MO). Perifosine (PER) was obtained from Cayman Chemical (Ann Arbor,
MI). Erlotinib (ERL) was obtained from OSI Pharmaceuticals (Long Island, NY).
All drugs were used without further purification. Drugs were added to cells at a final
concentration of 20 mM 2DG, 20 mM NAC, 5 uM LY, 1.0 mM BSO, 5 uM PER,
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and 10 uM ERL. 2DG and BSO were dissolved in PBS. NAC was dissolved in 1 M
sodium bicarbonate (pH 7.0). LY, ERL, and PER were each dissolved in DMSO
then diluted with 0.9% sodium chloride (Hospira, Lake Forest, IL). The required
volume was added directly to complete cell culture media on cells to achieve the
desired final concentrations. All cells were placed in a 37°C incubator and harvested
at the time points indicated.

2.7.1.3 Glucose Consumption

FaDu cells (100,000) were plated and grown for 24 h prior to treatment with 20 mM
2DG, 5 uM LY (LYS5), 5 uM PER, or 10 uM EDRL for 24 h. Glucose levels were
measured on 20 pL samples with an ACCU-CHEK® Aviva glucometer (Roche;
Mannheim, Germany) before and after 24 h of drug treatment.

2.7.1.4 Glutathione Assay

Following treatment, medium was collected and centrifuged to harvest floating
cells, and attached cells were scrape harvested in ice-cold PBS and centrifuged
at 4°C, the supernatant was discarded, the cell pellets were transferred to
1.5 mL tubes, and frozen at 20°C until biochemical analysis was performed.
Cell pellets were thawed and homogenized in 50 mM PO, buffer (pH 7.8) con-
taining 1.34 mmol/L diethylenetriaminepentaacetic acid (DETAPAC) buffer.
Total glutathione content was determined by the method of Anderson [50].
GSH and GSSG were distinguished by the addition of 2 pL of a 1:1 mixture of
2-vinylpyridine and ethanol per 30 pL of sample followed by incubation for
1 h and assayed as described previously [51]. All glutathione determinations
were normalized to the protein content of whole homogenates using the method
of Lowry et al. [52].

2.7.1.5 Clonogenic Cell Survival Experiments

Floating cells in medium from the experimental dishes were collected and com-
bined with the attached cells from the same dish that were trypsinized with 1 mL
trypsin—-EDTA (CellGro, Herndon, VA) and inactivated with DMEM containing
10% FBS (Hyclone). The cells were diluted and counted using a Coulter counter.
Cells were plated at low density (300—1,000 per plate), and clones were allowed to
grow in a humidified 5% CO,, 37°C environment for 14 days in complete medium,
and in the presence of 0.1% gentamicin. Cells were fixed with 70% ethanol and
stained with Coomassie blue for analysis of clonogenic cell survival as previously
described [53]. Individual assays were performed with multiple dilutions with at
least four cloning dishes per data point.
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2.7.1.6 Thioredoxin Reductase Activity Assay

Thioredoxin reductase (TR) activity was determined spectrophotometrically using
the method of Holmgren and Bjornstedt [54]. Enzymatic activity was determined by
subtracting the time-dependent increase in absorbance at 412 nm in the presence of
TR activity inhibitor aurothioglucose from total activity. One unit of activity was
defined as 1 uM TNB formed/(min mg protein). Protein concentrations were deter-
mined by the Lowry assay [52].

2.7.1.7 NADPH Measurements

Treated cells were washed with PBS and scrape harvested in PBS at 4°C. After
centrifugation at 200x g for 5 min, cell pellets were resuspended in extraction
buffer containing 0.1 M Tris—HCI (pH 8.0), 0.01 M EDTA, and 0.05% (v/v) Triton
X-100. The cell suspension was sonicated at a duty cycle of 34% (Sonics Vibracell,
VC750) in ice water. The solution was centrifuged at 2,300 x g for 5 min. The super-
natants were collected and analyzed immediately for NADPH as described previ-
ously [55]. Results were obtained by comparison with a standard curve using
genuine NADPH and normalized per milligram of cellular protein.

2.7.1.8 Statistical Analysis

Statistical analysis was done using GraphPad Prism version 4 for Windows
(GraphPad Software San Diego, CA). To determine differences between three or
more means, one-way ANOVA with Bonferroni posttests were performed. Two-
way ANOVA was used to determine differences over different time points and treat-
ment groups. Error bars represent +1 standard deviation. All statistical analysis was
performed at the p <0.05 level of significance.

2.7.2 Results

2.7.2.1 Effect of Akt Pathway Inhibitors on Glucose Metabolism

In order to determine if Akt pathway inhibitors would affect glucose metabolism in
cancer cells, we used the PI3K inhibitor LY294002 (LY), the Akt inhibitor perifos-
ine (PER), and the EGFR inhibitor Erlotinib (ERL) and compared their effects on
glucose consumption to that of the glycolytic inhibitor 2-deoxyglucose (2DG) in
FaDu human head and neck cancer cells (Fig. 2.1). We found that 5 uM LY (LY)5),
5 uM PER, and 10 uM ERL were all able to inhibit glucose consumption in FaDu
cells compared to untreated control cells over a 24 h period (Fig. 2.1). We have also
duplicated these results in other head and neck cancer cell lines such as Cal-27,



28 A.L. Simons et al.

23.5-

s @0 hr

E 2304 324 hr R

£ sERESE
: N N BN ER
£ N BN BN BN
p N BN BN BR
2 N BN BN BN
3 N BN BN BN
: N IN I IR
3 N BN BN BN
° N BN EN BN

PER ERL 2DG

Fig. 2.1 Glucose consumption in FaDu cells. 100,000 FaDu cells were plated and grown for 24 h
prior to treatment with 5 uM LY294002 (LY5), 5 uM perifosine (PER), 10 uM Erlotinib (ERL), or
20 mM 2-deoxyglucose (2DG) for 24 h. Glucose levels were measured with a glucometer before
and after 24 h of drug treatment. Error bars represent =1 SD of at least N=3 experiments. *p <0.05
versus time 0 h

SCC-25, and SQ20B cells (data not shown). These results suggest that EGFR/PI3K/
Akt pathway inhibitors do in fact inhibit glucose consumption and they do so just as
well as 2DG, suggesting a possible role of glucose metabolism in all 3 of these
pathways (EGFR, PI3K and Akt).

2.7.2.2 Effect of Akt Pathway Inhibitors on Oxidative Stress Parameters

We examined if oxidative stress could be contributing to the effects of EGFR/PI3K/
Akt pathway inhibitors by measuring glutathione (GSH/GSSG) levels in the cells.
The GSH/GSSG redox couple represents a major small molecular weight thiol-
disulfide redox buffer in cells [56]. The amount of total GSH that was oxidized
(GSSG) was used to calculate the percentage of GSSG (%GSSG). Consequently, an
increase in %GSSG is believed to signify a shift toward a more highly oxidizing
intracellular environment indicative of oxidative stress [56]. We analyzed %GSSG
levels in FaDu cells after treatment with LY 5, PER, ERL, and 2DG for 24 h. 2DG
has previously been shown to disrupt glutathione metabolism and induce an increase
in %GSSG in head and neck cancer cells and we were able to repeat those findings
here (Fig. 2.2a, 18). We additionally observed that all agents tested induced a sig-
nificant increase in %GSSG, with ERL inducing the greatest increase compared to
untreated control cells (Fig. 2.2a). These results suggest that thiol oxidation was
induced in these cells in response to EGFR/PI3K/Akt pathway inhibitors (Fig. 2.2a).
To further investigate this phenomenon, we pretreated the cells for 1 h with 20 mM
of the thiol antioxidant NAC. NAC has been previously shown to increase GSH
production in FaDu cells and may function by enhancing GSH-mediated hydroper-
oxide metabolism [18]. NAC in combination with each agent tested, suppressed the
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increase in %GSSG induced by the EGFR/PI3K/Akt pathway inhibitors and 2DG
(Fig. 2.2a) in FaDu cells further supporting the role of thiol oxidation in the mechanism
of Akt inhibitors.

2.7.2.3 Effect of Akt Inhibitors on Survival

To investigate the effect of EGFR/PI3K/Akt inhibitors on FaDu cell growth, cells
were analyzed for clonogenic survival after 24 h of treatment with LY5, PER, ERL,
and 2DG. We observed that LY5 caused a slight decrease in survival but PER, ERL,
and 2DG significantly decreased survival in FaDu cells compared to control
(p<0.01, Fig. 2.2b). These results show that EGFR/PI3K/Akt inhibitors are able to
induce varying degrees of cytotoxicity in FaDu head and neck cancer cells. When
we analyzed the effect of NAC on the cytotoxicity induced by these agents, NAC
partially but significantly rescued the cytotoxicity induced by PER, and completely
rescued the cytotoxicity induced by LY5 and ERL (Fig. 2.2b). NAC was not able to
rescue 2DG-induced cytotoxicity in FaDu cells, but we have shown in other studies
that antioxidant enzymes such as superoxide dismutase (SOD) and catalase (CAT)
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Fig. 2.3 Effect of buthionine sulfoximine (BSO) on LY294002 (LY5)-induced toxicity (a), total
glutathione (b), and percentage of glutathione disulfide (c) in FaDu head and neck cancer cells. (a)
FaDu cells were treated with 5 uM LY for 24 h with or without treatment with 1 mM BSO for 1 h
before and during LY5 exposure. Clonogenic cell survival data were normalized to control (CON).
Error bars represent =1 SD of N=3 experiments performed on different days with at least four
cloning dishes taken from one treatment dish. (b, ¢) Cells were treated as stated above and har-
vested for total glutathione (GSH) levels (b) and percentage glutathione disulfide (%GSSG) levels
(c) using the spectrophotometric recycling assay. Error bars represent+ 1 SD of N=3 experiments.
*p<0.001 versus control; ¥p<0.05 versus respective treatment without BSO

were able to completely rescue 2DG-induced cytotoxicity [18]. It is also worth
mentioning that pretreating FaDu cells with exogenous glucose prior to drug treat-
ment was also able to rescue the cytotoxicity induced by LYS, PER, ERL, and 2DG
(data not shown). Taken together, Fig. 2.2 supports the hypothesis that the EGFR/
PI3K/Akt inhibitors induce disruptions in thiol metabolism consistent with oxida-
tive stress, which was reversed by NAC, and EGFR/PI3K/Akt inhibitor-induced
cytotoxicity in FaDu cells may be due in part to increases in oxidative stress and the
inhibition of glucose metabolism.

2.7.2.4 PER-Induced Cytotoxicity Is Enhanced by Buthionine Sulfoximine

To further probe the involvement of thiol metabolism in the mechanism of Akt
pathway inhibition, an inhibitor of GSH synthesis, BSO, was used in combination
with LY294002 in FaDu and Cal-27 cells. Pretreatment of cells with 1 mM BSO
sensitized both cell lines to LY294002 (Fig. 2.3a), which was associated with
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Fig. 2.4 Effect of 2-deoxyglucose (2DG) in combination with LY294002 (LYS5) on cytotoxicity
(a), thioredoxin reductase activity (b), percentage glutathione disulfide levels (%GSSG) levels (c),
and NADPH levels (d) in FaDu and Cal-27 head and neck cancer cells. Cells were treated with
5 uM LY5 and/or 20 mM 2DG for 24 h with or without treatment with 20 mM NAC for 1 h before
and during LY5 exposure. Clonogenic survival data were normalized to control (CON). Error bars
represent =1 SD of N=3 experiments performed on different days with at least two cloning dishes
taken from one treatment dish. *p <0.05 versus control; **p <0.001 versus 2DG or LY5

depletion of GSH (Fig. 2.3b) and significant increases in %GSSG (Fig. 2.3c). These
results suggest that BSO is enhancing LY294002-induced oxidative stress by limiting
hydroperoxide metabolism through the GSH antioxidant system. Overall, the results
in Figs. 2.2 and 2.3 strongly suggest that LY294002 is inducing oxidative stress via
disruptions in thiol metabolism in our head and neck cancer cell model.

2.7.2.5 2DG-Induced Sensitization to LY294002

Since we observed that both 2DG and LY294002 (LY5) inhibited glucose con-
sumption and increased thiol oxidation, we next determined the effects of 2DG in
combination with LY in FaDu and Cal-27 cells. The cells were treated with 20 mM
2DG in combination with LYS for 24 h and then analyzed for clonogenicity
(Fig. 2.4a), %GSSG (Fig. 2.4¢), thioredoxin reductase (TR, Fig. 2.4b), and NADPH
levels (Fig. 2.4d). LY5 caused no significant decrease in clonogenicity as a single
agent in either cell line but significant sensitization was observed with 2DG in com-
bination with LY5 compared to either agent alone in FaDu cells (Fig. 2.4a). In addi-
tion, %GSSG increased profoundly when treated with 2DG in combination with
LY5 (Fig. 2.4c), which suggests that 2DG sensitized FaDu cells to LY5 by increasing
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Fig. 2.5 Effect of N-acetylcysteine (NAC) and pyruvate (PYR) on 2-deoxyglucose (2DG) and
LY294002 (LYS5)-induced cytotoxicity in FaDu (a) and Cal-27 (b) human head and neck cancer
cells. Cells were treated with 5 uM LY5 and/or 20 mM 2DG for 24 h with or without treatment
with 20 mM NAC (a) or 1 mM PYR (b) for 1 h before and during LYS5 exposure. Clonogenic
survival data were normalized to control (CON). Error bars represent+ 1 SD of N=3 experiments
performed on different days with at least two cloning dishes taken from one treatment dish.
*p<0.05 versus control; ¥*¥p<0.001 versus 2DG+LY5

thiol oxidation. Since the thioredoxin (TRX) antioxidant system is another major
antioxidant system in the cell [54], we analyzed TR activity to determine if the
TRX system was a target in 2DG+LY5-induced cytotoxicity. TR catalyzes the
reduction of TRX using NADPH as a reducing agent [54]. We observed a dramatic
increase in TR activity in response to 2DG and 2DG+LY5 (Fig. 2.4b) suggesting
that TR activity was being increased to counteract the increase in oxidative stress
induced by 2DG+LYS5 in FaDu cells.

Although 2DG only slightly enhanced sensitivity of Cal-27 cells to LYS5, 2DG as
a single agent was very effective at causing cytotoxicity, while inducing %GSSG
and TR activity in Cal-27 cells compared to FaDu cells (Fig. 2.4a). Furthermore,
NADPH levels in Cal-27 cells were significantly decreased in response to 2DG and/
or LY5 suggesting that in addition to glucose metabolism being inhibited, pentose
phosphate cycle activity was also being inhibited by 2DG and/or LY5 (Fig. 2.4d).

To follow up on these observations, we determined if the cell killing seen with
2DG in combination with LY5 could be mediated by oxidative stress in both FaDu
and Cal-27 cells. The cells were treated with 20 mM 2DG and/or 5 uM LY5 for 24 h
with or without 20 mM NAC, for 1 h before and during 2DG and LY5 exposure. We
show in Fig. 2.5a that NAC partially but significantly protected FaDu cells from the
cytotoxicity associated with 2DG+LY5. Treatment of Cal-27 cells with NAC was
cytotoxic to these cells and we therefore pretreated the cells with the antioxidant
pyruvate (PYR) which is also a byproduct of glycolysis. PYR was able to signifi-
cantly protect Cal-27 cells from 2DG + LY 5-induced cytotoxicity (Fig. 2.5b).

The overall data support the hypothesis that inhibition of glycolysis with 2DG or
Akt pathway inhibitors induced metabolic oxidative stress in head and neck cancer
cells. Furthermore, since the thiol antioxidant NAC and PYR inhibited the cytotox-
icity associated with 2DG+LY35, these results suggest that a causal relationship
exists between Akt pathway inhibition, inhibition of glucose metabolism, metabolic
oxidative stress, and enhanced cancer cell killing.
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2.8 EGFR/PI3K/Akt Pathway in Tumorigenesis

Alterations in the Akt pathway can lead to abnormal cell signaling, leading to cell
proliferation, differentiation, survival, and/or migration. The result of such uncon-
trolled cell signaling promotes the acquisition of a cancerous phenotype. Although
Akt gene mutations are rare in human cancer, several studies have shown Akt ampli-
fications in human ovarian, pancreas, breast, and gastric malignant tumors [57-60].
It is possible that Akt gene amplification may lead to increased response to ambient
levels of growth factors. However, gene amplification of PI3K has been reported in
glioblastoma, human ovarian, cervical, and gastric cancers [27, 57, 61-65] and also
represents about 40% of early genomic aberrations observed in HNSCC [20].

PTEN, the negative regulator of Akt activation, has been shown to be frequently
deleted or mutated in a wide variety of human tumors notably in glioblastoma, pros-
tate, endometrial cancers, and HNSCC [27, 65-74]. PTEN acts as a tumor suppres-
sor gene, and in addition to p53, it is one of the most important tumor suppressor
proteins [75, 76]. Over expression of PTEN has been shown to inhibit cell growth
and enhance apoptosis in different cancer types and is also thought to be a prognos-
tic indicator of clinical outcome [77].

Alterations upstream of the Akt pathway are also able to lead to Akt activation.
For example, receptor tyrosine kinases (RTKs), the initiating signaling elements of
the Akt pathway, are highly activated and dysregulated due to over expression,
truncation, or mutation in certain cancer types [78—80]. Of particular interest are
the members of the EGFR family (also known as Erb B tyrosine kinase receptors),
which include EGFR (ErbB-1), HER2/neu (ErbB-2), HER3 (ErbB-3), and HER4
(ErbB-4), which have been linked to the development and growth of up to 90% of
HNSCC tumors [81]. EGFR, which exists on the cell surface, may be activated by
binding of specific ligands such as EGF and transforming growth factor (TGFo.).
Upon activation, EGFR transitions from an inactive monomeric form to an active
homodimer. EGFR may also dimerize with other EGFR family members to form
an activated homodimer [78]. ErbB-2 containing heterodimers are potent activa-
tors of the Akt pathway, and tumors overexpressing ErbB-2 show constitutive Akt
activity [78].

EGFR gene amplification is one of the predominant mechanisms leading to
EGFR overexpression in tumors [82]. Other mechanisms of EGFR overexpression
include increased activation of EGFR with its ligands, most notably TGFa, which
is frequently observed in HNSCC, and the expression of mutant forms of EGFR. As
a result, EGFR overexpression leads to an increase in its kinase activity by sponta-
neous dimerization and the activation of downstream signaling pathways which
include the Akt pathway [82-86]. In addition, EGFR overexpression has been
shown to be correlated with decreased sensitivity to chemotherapy and radiation,
and increased risk of recurrence [87].

Resistance to many therapeutic agents may be associated with Akt hyperactivity,
as seen, for example, with EGFR signaling inhibitors and in the case of head and
neck cancer, cisplatin [88, 89]. Thus, inhibition of the Akt pathway is an attractive
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therapeutic strategy and has potential in monotherapy and in combination with
existing therapies. The preliminary studies presented here demonstrate that the
mechanism of action of various agents that result in the inhibition of Akt pathway
signaling (i.e., PI3K, Akt and EGFR inhibitors) involves inhibition of glucose
metabolism and the induction of metabolic oxidative stress in head and neck cancer
cells. In our studies, we used the PI3K inhibitor LY5 (LY), the Akt inhibitor perifos-
ine (PER), and the EGFR inhibitor Erlotinib (ERL) and compared their effects on
glucose consumption to that of the well-known glycolytic inhibitor 2DG in FaDu
human head and neck cancer cells.

2.9 Effect of EGFR/PI3K/Akt Pathway Inhibitors
on Glucose Metabolism

LY is a derivative of the flavonoid quercetin and is a commonly used pharmacologi-
cal inhibitor of PI3K in vitro [31, 90]. LY acts by targeting the ATP binding site in
the p110 catalytic subunit of PI3K which in most cases results in the inhibition of
Akt activity [31, 90]. We found that 5 pM LY (LYS) was able to inhibit glucose
consumption in FaDu cells compared to untreated control cells over a 24 h period
(Fig. 2.1). In support of these findings, LY was found to decrease hexokinase activ-
ity in murine blastocysts [91] and inhibit GLUT1 mRNA and protein expression in
human pancreatic cancer cells [92], both of which may be the mechanisms of action
responsible for our observed results.

PER is a synthetic alkylphospholipid which inhibits translocation of Akt to the
cell membrane preventing Akt’s activation [93—96]. PER is the most developed and
best characterized Akt inhibitor to date and has shown in phase I trials to be tolera-
ble with the dose-limiting toxicity being gastrointestinal toxicity [97-102]. PER as
a single agent has shown favorable responses in patients with advanced soft tissue
sarcomas [99] and Waldenstrom macroglobulinemia [103]. However, responses to
PER in patients with common solid tumors have been disappointing and have not
justified the further investigation of PER as a single agent. Inhibition of Akt with
5 uM PER was also able to inhibit glucose consumption in FaDu cells compared to
control cells (Fig. 2.1). As mentioned before, Akt is able to induce the expression of
hexokinase, which catalyzes the first step of glycolysis and is able to activate the
most important rate-controlling enzyme in glycolysis — phosphofructokinase-1
[43—46]. Therefore, Akt seems to have multiple mechanisms for controlling glucose
metabolism in cells.

Erlotinib is a small molecule tyrosine kinase inhibitor of EGFR [104, 105].
Erlotinib binds the intercellular ATP binding domain and prevents the autophospho-
rylation of EGFR and subsequent signal progression [104, 105]. Since Akt could be
activated by EGFR signaling, we proposed that inhibition of EGFR with Erlotinib
would inhibit signaling down the Akt pathway, thus inhibiting glucose metabolism.
Figure 2.1 shows 10 uM ERL was indeed capable of inhibiting glucose consump-
tion in FaDu cells during 24 h of exposure. Previous results have shown that EGFR



2 The Role of Akt Pathway Signaling in Glucose... 35

is a stabilizer of an active glucose transporter, SGLT1, and activation of EGFR in
the epithelium of intestine led to active transport of glucose [49]. Although ERL
does inhibit Akt expression in FaDu cells (data not shown), it remains to be deter-
mined if ERL inhibited glucose consumption in our Fadu cells by the destabilization
of SGLT1 or by the inhibition of Akt. We have duplicated these results in other head
and neck cancer cell lines such as Cal-27, SCC-25, and SQ20B cells (data not
shown) all of which over express Akt and EGFR.

These results all suggest that EGFR, PI3K, and Akt inhibitors do in fact inhibit
glucose metabolism comparably to 2DG, which is a commonly used glycolytic
inhibitor. More importantly, based on these results, increased Akt pathway signal-
ing may have a significant role in the Warburg effect and this phenomenon may be
exploited to selectively target cancer cells for the purpose of enhancing radio- and
chemo-sensitivity in cancer therapy.

2.10 Redox Regulation of the Akt Pathway

Intracellular redox status plays a vital role in the reversible activation and inactiva-
tion of the Akt pathway [47, 106—109]. For example, moderate levels of ROS acti-
vate Akt pathway signaling and promote cell survival, but high or chronic oxidative
stress inhibits this pathway resulting in apoptosis [47, 106—109]. Activation of the
Akt pathway occurs mainly through the oxidative inactivation of Cys-dependent
phosphatases (CDPs) or the direct oxidation of pathway kinases [106, 107]. For
example, the phosphatase PTEN, the main phosphatase involved in the negative
regulation of the Akt pathway, has been shown to be inactivated by oxidation by
both H,O, and nitrosylation, posttranslational modifications which would hyperac-
tivate the Akt signaling pathway [107, 110]. Akt is also directly activated by oxida-
tive stimuli. H,O, and peroxynitrite treatments have both been shown to promote
Akt activity via posttranslational modification of Akt [107, 111].

Since cancer cells are under increased metabolic oxidative stress compared to
normal cells and the Akt pathway may be activated for survival under these oxidiz-
ing conditions, we proposed that inhibition of the Akt pathway would increase oxi-
dative stress to such an extent that would render cancer cells sensitive to further
increases in oxidative stress.

We investigated the effects of LY, PER, ERL, and 2DG on oxidative stress by
analyzing glutathione (GSH/GSSG) levels. LY, PER, and ERL induced significant
increases in %GSSG in FaDu cells compared to control cells (Fig. 2.2a) which indi-
cated an increase in oxidative stress and suggests that inhibition of Akt may be
involved in increasing oxidative stress. These results also implicate the role of gly-
colytic inhibition as a mechanism of action in Akt-induced oxidative stress, since
2DG was also able to induce %GSSG (Fig. 2.2a). To further support this idea, the
thiol antioxidant NAC was able to completely suppress the increase in %GSSG
induced by all three agents (Fig. 2.2a). In addition, NAC was able to significantly
reverse the cytotoxicity induced by LY, PER, and ERL in FaDu cells suggesting that
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increased oxidative stress was responsible for the cytotoxicity induced by these
agents (Fig. 2.2a). NAC was not able to rescue 2DG-induced cytotoxicity in FaDu
cells (Fig. 2.2b), but we have shown in other studies that antioxidant enzymes such
as SOD and catalase (CAT) were able to rescue 2DG-induced cytotoxicity [18]. It is
also worth mentioning that pretreating FaDu cells with exogenous glucose or pyru-
vate prior to drug treatment was also able to rescue the cytotoxicity induced by LY5,
PER, ERL, and 2DG (data not shown), suggesting that inhibition of glucose metab-
olism and thiol oxidation are involved in the mechanism of action of Akt
inhibitors.

To further probe the role of thiol metabolism in the effects of Akt inhibitors, we
used BSO, an inhibitor of glutamate cysteine ligase, which is believed to be the rate-
limiting enzyme in the synthesis of GSH [112, 113]. Previous studies in our labora-
tory have shown that BSO significantly depleted GSH pools in breast and head and
neck cancer cells while sensitizing cancer cells to chemotherapy agents [18, 114].
BSO has also been used in clinical trials for cancer therapy to enhance the cytotox-
icity of chemotherapeutic agents [115]. In the present studies, BSO was found to
significantly increase the cytotoxicity induced by LY in FaDu and Cal-27 cells
(Fig. 2.3a). As expected, BSO significantly decreased total GSH levels (Fig. 2.3b)
and increased %GSSG as a single agent and in combination with PER (Fig. 2.3¢),
which suggests that inhibition of GSH synthesis further enhanced the oxidative
stress induced by LY and further sensitized these cells to the toxicity of LY in FaDu
and Cal-27 cells.

2.11 Role of Akt Signaling and FOXO Proteins on Glycolysis

The results in Figs. 2.1-2.3 all suggest that inhibition of glucose metabolism and
increased oxidative stress are involved in the inhibition of the Akt pathway. Although
Akt inhibition has been shown to have direct effects on glucose metabolism by dis-
rupting glucose transport and inhibiting enzymes involved in glycolysis, it is pos-
sible that downstream substrates of Akt may also exert an effect on glucose
metabolism. For example, Akt pathway activation results in the cytoplasmic accu-
mulation of the forkhead box O (FoxO) family of transcription factors, FOXO1 and
FOXO3a, occluding these factors from the nuclear genes that they activate [116].
FOXOI1 has been shown to stimulate expression of gluconeogenic genes (i.e., phos-
phoenolpyruvate carboxykinase [PEPCK] and glucose-6-phosphatase) and suppress
expression of genes involved in glycolysis (i.e., glucokinase) in liver cells [117]. In
addition, some of the genes that FOXO3a regulates include antioxidant enzyme
genes such as MnSOD, CAT, Peroxiredoxin, Sesn3, and iNOS [111]. Since FOXO1
is involved in the suppression of glycolysis and Akt inhibits FOXO1 activity, then
inhibition of Akt may stimulate FOXO1 activity, which would then suppress the
expression of enzymes involved in glycolysis. In addition, inhibition of Akt and
activation of FOXO3a would increase expression of target antioxidant enzymes
which may be in response to the oxidative stress induced by the inhibition of Akt.
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Taken together, it is clear that in addition to increased metabolic oxidative stress,
disruptions in glucose metabolism are directly and indirectly involved in the inhibi-
tion of Akt pathway signaling.

2.12 Effect of LYS in Combination with 2-Deoxyglucose

The glucose analogue 2DG is a well known and clinically relevant inhibitor of glu-
cose metabolism [118, 119]. We hypothesized that 2DG in combination with LY
may act to inhibit critical aspects of thiol-mediated hydroperoxide metabolism lead-
ing to increased steady-state levels of ROS and enhanced tumor cell killing via
metabolic oxidative stress. 2DG is a clinically relevant analogue of glucose that
competes with glucose for uptake and entry into glucose metabolic pathways [119—
122]. 2DG can therefore create a drug-induced state of glucose deprivation, although
it does not completely inhibit the regeneration of NADPH from NADP+ because it
is a substrate for glucose-6-phosphate dehydrogenase [122]. Inhibition of glucose
metabolism has been observed in animals administered 2DG without toxicity until
high levels (>2 g/kg body weight) were achieved [120], and 2DG has been shown to
be tolerable in humans when administered up to 200 mg/kg [123].

We predicted that the combination of 2DG and LY would have an additive and
possibly synergistic effect on clonogenic cell killing in FaDu and Cal-27 human
head and neck squamous carcinoma cells by enhancing metabolic oxidative stress.
Accordingly, treatment with 2DG has been shown to induce cytotoxicity, signifi-
cant increases in prooxidant production, and profound disruptions in thiol metabo-
lism in head and neck cancer, colon, breast, cervical, and prostate cancer cells,
suggesting that oxidative stress was involved with the mechanism of action [5, 17,
55,114, 124, 125].

In the current study, we found that the combination of 2DG and LY showed at
least additive (and possibly more than additive) cell killing in FaDu cells compared
with 2DG or LY alone (Fig. 2.4a). However, Cal-27 cells were more resistant to LY,
and 2DG+LY-induced cell killing was only slightly increased compared to 2DG
alone (Fig. 2.4a). These observations in Cal-27 cells suggest that 2DG is more cyto-
toxic in this cell line compared to FaDu and that the cytotoxicity we see with
2DG+LY in Cal-27 is mostly due to 2DG (Fig. 2.4a).

The increase in %GSSG induced by 2DG +LY (Fig. 2.4c) compared to control in
both cell lines suggests that oxidative stress is involved. 2DG alone seemed to cause
the greatest increase in %GSSG in Cal-27 cells which again indicates that 2DG is
more effective in this cell line (Fig. 2.4b). Nevertheless, we believe that 2DG and
the combination of 2DG+LY cause an increase in steady-state levels of hydroper-
oxides and this increase exceeds the metabolic capabilities of the glutathione sys-
tem to maintain glutathione in the reduced form.

To further determine the role of 2DG and LY on hydroperoxide metabolism, we
investigated the thioredoxin (TRX) antioxidant system. The TRX system is a highly
conserved, ubiquitous system composed of thioredoxin reductase (TR), thioredoxin
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(TRX), thioredoxin peroxidases (a.k.a. peroxiredoxins) and NADPH [126].
The TRX system plays an important role in the redox regulation of multiple intrac-
ellular processes and resistance to cytotoxic agents that induce oxidative stress
[127, 128]. TrxRed is a selenocysteine-containing protein that catalyzes the reduc-
tion of Trx using NADPH as a reducing agent [126]. TrxRed has been shown to
initiate signaling pathways in response to oxidative stress that play a role in protect-
ing the cell from oxidative stress and is therefore believed to be a potential target for
cytotoxic agents that induce oxidative stress [127, 129, 130].

We observed that 2DG and LY alone and in combination increased TR activity in
both cell lines, with the greatest effects observed in FaDu cells (Fig. 2.4b). Again
2DG alone was more effective in Cal-27 cells by showing the greatest increase in
TR activity compared to the other treatment groups (Fig. 2.4b). These results sug-
gest that TR activity may be increased in response to the oxidative stress induced by
2DG and/or Akt pathway inhibitors. In addition, inhibition of glucose metabolism
with 2DG and/or Akt pathway inhibitors may induce oxidative stress by disrupting
glutathione and thioredoxin metabolism.

We next measured NADPH levels in Cal-27 cells since NADPH is the source of
reducing equivalents for the glutathione and thioredoxin antioxidant systems [9, 12,
15]. We observed that 2DG and/or LY greatly decreased NADPH levels with
2DG+LY causing the greatest decrease in NADPH compared to the other treatment
groups (Fig. 2.4d). The results in Fig. 2.4 suggest that inhibition of glucose metabo-
lism with 2DG and LY inhibited the pentose phosphate cycle resulting in decreased
NADPH, increased %GSSG, and increased TR activity.

Finally, to further demonstrate that oxidative stress was involved in
2DG + LY-induced cytotoxicity, we show that NAC significantly protected FaDu
cells from 2DG + LY-induced cytotoxicity (Fig. 2.5a). Since NAC was very toxic
in Cal-27 cells in the presence of 2DG, we treated these cells with pyruvate
(PYR). Pyruvate, in addition to being a substrate for energy metabolism via the
TCA cycle and mitochondrial oxidative phosphorylation, has been shown to
scavenge H,O, and other hydroperoxides directly [8, 11, 12]. We observed that
PYR did protect Cal-27 cells from 2DG +LY-induced cytotoxicity (Fig. 2.5b).
This protection with PYR has also been observed in other head and neck cancer
cells (unpublished data).

2.13 Rationale for Glucose Consumption and Oxidative
Stress in Akt Signaling

Overall, the data provided here suggest that inhibition of glucose metabolism and
increased intracellular oxidative stress contributes to the toxicity of Akt pathway
inhibitors, which is similar to the mechanism of actions observed for 2DG. The
results also suggest that manipulating intracellular redox levels (i.e., glutathione)
may affect cellular responses to LY and other Akt inhibitors. The scheme shown in
Fig. 2.6 illustrates some of the hypothetical relationships between glucose metabolism,
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Fig. 2.6 Hypothetical biochemical rationale to explain the role that Akt plays in glucose metabolism
and hydrogen peroxide metabolism. The activated form of Akt (pAkt) activates glycolysis by
direct and indirect mechanisms thereby increasing glucose transport into the cell and hexokinase
activity allowing for the phosphorylation of glucose to glucose-6-phosphate (Glucose-6-P).
Glucose-6-phosphate continues into glycolysis to form pyruvate, a known scavenger of hydrogen
peroxide (H,0,). Glucose-6-P proceeds through the first step in the pentose phosphate cycle via
glucose-6-phosphate dehydrogenase (G-6-PDH) to 6-phosphogluconolactone leading to the gen-
eration of NADPH from NADP+. NADPH is a source of reducing equivalents for the glutathione
system consisting of GSH, GSSG, glutathione peroxidase (GPx), and glutathione reductase (GR)
and the thioredoxin system consisting of reduced thioredoxin (Trx(SH),), thioredoxin disulfide
(Trx(S,)), thioredoxin peroxidase (TPx), and thioredoxin reductase (TrxR). The glutathione and
thioredoxin systems participate in the detoxification of H,0, and organic hydroperoxides. 2-Deoxy-
D-glucose (2DG) competes with glucose for uptake into the cell and phosphorylation by hexokinase
into 2-deoxy-D-glucose-6-phosphate (2DG-6-P). 2DG-6-P is unable to continue down the glyco-
lytic pathway but is able to proceed through the first step in the pentose phosphate cycle via G-6-
PDH to 6-phospho-2-deoxygluconolactone. 6-Phospho-2-deoxygluconolactone cannot go further
in the pentose phosphate cycle. Agents that inhibit Akt signaling (i.e., EGFR, PI3K, or Akt inhibi-
tors) are also able to inhibit glycolysis. Superoxide dismutase (SOD) converts superoxide (O,™) to
H,0, which is converted to H,O by catalase (CAT) or GPx. N-Acetyl-cysteine (NAC) provides
cysteine which reacts with L-glutamate catalyzed by glutamate cysteine ligase (GCL, inhibited by
L-buthionine-[S,R]-sulfoximine [BSO]) to form a-glutamyl-cysteine. Glutathione synthetase (GS)
converts a-glutamyl-cysteine into GSH

ROS metabolism, Akt pathway inhibitors, and antioxidants suggested by the results
of the current study. Inhibiting glucose metabolism with Akt pathway inhibitors
and/or 2DG in cancer cells is hypothesized to limit the production of pyruvate and
the regeneration of NADPH leading to increased steady-state levels of H,O, and
hydroperoxides from metabolic sources resulting in cytotoxicity. BSO is thought to
further enhance the toxicity of Akt pathway inhibitors by inhibiting the synthesis of
GSH that is required for GSH peroxidases and GSH transferases, both of which are
believed to protect against oxidative stress. Finally, the antioxidants NAC and PYR
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are able to protect against LY and 2DG+LY by acting to augment small molecular
weight intracellular thiols that are capable of scavenging toxic species and by
directly scavenging H,O, and other hydroperoxides directly, respectively.

Overall, the results of this study support the hypothesis that Akt pathway inhibi-
tors disrupt glucose metabolism and induce metabolic oxidative stress in head and
neck cancer cells. These data also strongly support the potential therapeutic use of
Akt pathway inhibitors in combination with chemotherapeutic agents that increase
prooxidant production, as well as the new biochemical rationale shown in Fig. 2.6
for combining Akt pathway inhibitors and inhibitors of glucose and hydroperoxide
metabolism for enhancing the cytotoxicity of anticancer agents thought to cause
injury via oxidative stress.
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