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Abstract
Background—Tumor metabolism is an essential contributor to disease progression and response
to treatment. An understanding of the metabolic phenotype of head and neck squamous cell
carcinoma (HNSCC) will allow development of appropriate anti-metabolic strategies for this
tumor type.

Methods—A panel of 15 HNSCC cell lines was assayed for glucose and glutamine dependence
and sensitivity to metabolic inhibitors. Additionally, broad-spectrum metabolomic analysis using
mass spectrometry/liquid chromatography was combined with individual measurements of
reducing potential, adenosine triphosphate (ATP) and lactate production to characterize cellular
metabolic phenotypes.

Results—HNSCC energy and reducing potential levels closely mirrored extra-cellular glucose
concentrations. Glucose starvation induced cell death despite activation of secondary energetic
pathways. Conversely, glutamine was not required for HNSCC survival and did not serve as a
significant source of energy. 2-deoxyglucose (2-DG) and its fluorinated derivative decreased
glycolytic and Krebs cycle activity, cellular energy and reducing potential and inhibited HNSCC
cell proliferation. 2-DG effects were potentiated by the addition of metformin, but not inhibitors of
the pentose phosphate pathway or glutaminolysis. Despite dependence on glucose catabolism, we
identified a subset of cell lines relatively resistant to starvation. Exploration of one such cell line
(HN30) suggests that the presence of wild-type p53 can partially protect tumor cells from glucose
starvation.

Conclusions—HNSCC tumor cells are dependent on glucose, not glutamine for energy
production and survival, providing a rationale for treatment strategies targeting glucose
catabolism. However, anti-metabolic strategies may need to be tailored to the tumor background,
more specifically, p53 status.

Corresponding Author: Jeffrey N. Myers, Department of Head and Neck Surgery, Unit 1445, The University of Texas M. D.
Anderson Cancer Center, 1515 Holcombe Boulevard, Houston, TX 77030. Phone: 713-745-2667; Fax: 713-795-2234
jmyers@mdanderson.org.

Financial disclosure: There are no financial disclosures from any authors.

NIH Public Access
Author Manuscript
Cancer. Author manuscript; available in PMC 2012 July 10.

Published in final edited form as:
Cancer. 2011 July 1; 117(13): 2926–2938. doi:10.1002/cncr.25868.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
glycolysis; glutamine; reducing potential; 2-deoxyglucose; metabolism

Introduction
The propensity of tumor cells to utilize glycolysis under both anaerobic and aerobic
conditions (Warburg effect) was described more than 80 years ago 1. Since then, it has been
demonstrated that tumor cells also utilize secondary metabolic pathways such as
glutaminolysis as an alternate source of energy and anabolic carbon 2–4. It remains unclear
whether this adaptation to nutrient deprivation can be generalized to all forms of cancer, or
if it is specific to cancer site and histology. The relative importance of glucose and
secondary nutrients such as glutamine may be tumor type specific, and will require detailed
study in multiple experimental systems.

More than 40,000 new cases of head and neck squamous cell carcinoma (HNSCC) are
diagnosed in the United States annually. Despite the use of multi-modality treatment, the
prognosis for this aggressive solid tumor remains poor 5. Data from other solid tumor
models suggests that pharmacologic inhibition of either glucose or glutamine metabolism
can impair tumor cell survival and proliferation 6–8. What remains unclear is which
metabolic pathway represents the most appropriate target for metabolic inhibition in
HNSCC. Although over-expression of glucose transporters (GLUTs), particularly in poorly-
differentiated, aggressive tumors has been described, a more mechanistic understanding of
HNSCC metabolism is lacking 9–12. Reports of TP53 mutations, myc and ras over-
expression and alterations in phosphatidylinositol-3-kinase (PI3K) signaling in HNSCC
suggest that either glucose or glutamine metabolism may be altered in HNSCC 13–17.

Metabolic targeting has been employed in pre-clinical models with varied success 18–20.
Hexokinase inhibitors (2-deoxyglucose (2-DG)) exhibit anti-tumorigenic activity when
combined with conventional chemotherapeutic agents 7, 19, 21, 22. In recent years, studies
have shown that 2-DG derivatives have improved cytotoxic and/or cytostatic effects and
pharmacokinetics, prompting continued interest in this drug class 23, 24. The study of anti-
metabolic agents in a limited number of HNSCC cell lines has focused on 2-DG and a
reactive oxygen species mechanism of toxicity rather than a more global understanding of its
anti-metabolic effects 25, 26. Since the available HNSCC cell lines have a heterogeneous
genetic background and display wide variation in in vitro growth characteristics and
tumorigenic potential, we believe a more comprehensive analysis is warranted 27.

To evaluate the potential of metabolic targeting in HNSCC we sought to answer several
questions essential to subsequent preclinical and drug development studies. First, what is the
primary energetic pathway in HNSCC? Second, can this pathway be specifically targeted to
reduce energy production and induce a cytostatic or cytotoxic effect in HNSCC cells? Third,
what secondary energetic pathways are activated in response to metabolic stress? To answer
these questions, we performed metabolomic analysis of HNSCC cell lines representing
various upper aerodigestive tract subsites and disease stages. Our results demonstrate that: 1)
glutamine is needed for maximal proliferation but is not a primary energy source and 2)
inhibition of glucose catabolism inhibits cell proliferation and anchorage-independent
growth across a range of drug concentrations, treatment modalities, and HNSCC cell lines.
We also identified the presence of wild-type p53 as one potential mechanism conferring
relative resistance to anti-glycolytic strategies in HNSCC.
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Materials and Methods
Chemicals

2-deoxyglucose, 3-bromopyruvate, 6-aminonicotinamide, metformin and amino-oxyacetate
were purchased from Sigma-Aldrich, (StLouis, MO). D-glucose was purchased from ICN
Biomedical (Irvine, CA). Sodium pyruvate was purchased from Lonza (Walkersville, MD).
2-halogen substituted D-glucose analogues (2-deoxy-2-fluoro-D-glucose, 2-deoxy-2-chloro-
D-glucose, 2-deoxy-2-bromo-D-glucose) were provided by Dr. Waldemar Priebe (The
University of Texas M. D. Anderson Cancer Center, Houston, TX).

Cells
HNSCC cell lines (Table 1), authenticated by short tandem repeat profiling and free of
mycoplasma were maintained in Dulbecco’s modified Eagle’s medium (DMEM), DMEM/
F12 medium, or RPMI medium containing fetal bovine serum, penicillin/streptomycin,
glutamine, sodium pyruvate, nonessential amino acids, and vitamins. Proliferation and
cytotoxicity experiments were carried out for 48–120 h in growth media with or without
specific drugs. At the end of the experimental period, media was removed, and the relative
cell number was ascertained either by direct counting using Trypan blue as an indicator of
viability or by using the total DNA content as a surrogate for cell number 28. Cell cycle
analysis was performed using propidium iodide staining and apoptosis was evaluated using
Annexin V staining according to published protocols 29, 30.

Metabolic studies
Reducing potential, adenosine triphosphate (ATP) and lactate were evaluated as previously
described 31, 32. Two HNSCC cell lines (HN30, HN31) were evaluated for changes in
multiple intracellular metabolic pathways. Triplicate sub-confluent cultures were exposed to
glucose starvation or treatment with 2-DG [20mM] for 1h, 4h and 8 h and subjected to
metabolic analysis (Metabolon Inc, Durham, NC) as previously described 33. Statistical
analysis of log-transformed data was performed using “R” (http://cran.r-project.org/), which
is a freely available, open-source software package. Welch’s t-tests were performed to
compare data between experimental groups. Estimated false discovery rates (q-values)
associated with all significant compounds were as follows: starved/control 1h, q=0.39; 4h,
q=0.44; 8h, q=0.54; 2-DG/control 1h, q=0.26; 4h, q=0.05; 8h, q=0.10.

Soft agar growth
HNSCC cells were seeded in 0.3% or 0.6% low melt agar. Following acclimatization for 24
h, drugs were added. At the end of the experimental period, colonies were stained with
crystal violet, counted and analyzed using Image J 1.42q (National Institutes of Health,
Bethesda, MD).

Stable cell line development and p53 analysis
Empty lentivirus vector or vector expressing a short-hairpin RNA against p53 (Addgene
Inc., Cambridge, MA) were used to create the HN30 control (HN30-lenti) and p53-
knockdown stable cell lines (HN30 shp53) respectively. Validation of p53 knockdown was
performed using Western blotting for p53 (DO-1, anti-p53 antibody, Santa Cruz
Biotechnology, Santa Cruz, CA) following stimulation with 5-fluorouracil (Sigma-Aldrich,
St.Louis, MO) for 24hours.
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Results
HNSCC cell lines require glucose for survival and glutamine for maximal proliferation

HNSCC cell lines were grown under metabolic deprivation conditions (Fig. 1). In the
absence of glutamine, cell population growth was reduced by 7% to 51% compared with the
control conditions at 72hr (Fig. 1B and data not shown). Glucose starvation resulted in a
significant reduction in cell population growth in the majority of HNSCC cell lines (7/12)
primarily due to cell death (Fig. 1C, Fig. 2). When the period of nutrient starvation was
lengthened (120hr), all cell lines exhibited cell death under conditions of glucose but not
glutamine starvation (data not shown). No precise correlation was detected between
sensitivity to glucose deprivation and glutamine deprivation. In order to further validate
these findings, we subjected HNSCC cell lines to cell cycle analysis. Although glucose
starvation resulted in a significant increase in the sub G1 fraction (HN30- from 1% to 9%;
HN31- from 4% to 14%), glutamine withdrawal had no appreciable effect (data not shown).
These results were confirmed using Annexin V PE and 7-AAD staining (Fig. 1E); glucose
deprivation (HN 30 cell line) resulted in an increase in early and late apoptosis from 2% and
5% respectively to 6% and 19% respectively; glutamine deprivation resulted in no such
change.

In cell lines sensitive to glucose deprivation, supplementation with excess pyruvate partially
reversed effects on cell population growth (Fig. 1D). Pyruvate “rescue” of glucose starvation
was found to result from an inhibition of the cytotoxic effects of glucose deprivation (Fig.
1D). Although excess pyruvate can temporarily blunt the cytotoxic effects of glucose
withdrawal, it does not completely or permanently reverse the effects of glucose on cell
growth. Together these data suggest that glucose catabolism through glycolysis as well as
down-stream pathways is a primary metabolic driver of HNSCC cell proliferation and
survival. Although experiments detailed below were performed using the cell line panel
detailed in Table 1, selected data were chosen from graphical representation in order to
improve clarity. Data for selected cell lines were chosen so as to encompass the variability
present in the larger data set, and illustrate maximal and minimal responses.

Pharmacologic inhibition decreases glycolytic flux and triggers global metabolic
perturbations in HNSCC cells

Since reducing potential is an essential component of biomass synthesis, energy generation,
and free radical inactivation we evaluated the impact of glutamine and/or glucose on intra-
cellular reducing potential in HNSCC cell lines 34. A modified MTT reaction was used as an
aggregate measure of intra-cellular reducing potential. As shown in Fig. 3, the majority of
the cell lines we tested exhibited substantial glucose (Figs. 3A [selected representative data]
and 3C) and minimal glutamine (Fig. 3B [selected representative data]) dependence for
generation of reducing potential and production of ATP (Fig. 3D). To further confirm the
dependence of generation of reducing potential on glycolysis, we exposed HNSCC cell lines
to the anti-glycolytic compound 2-DG, which inhibits hexokinase in the first rate-limiting
step of glycolysis. 2-DG caused a dose-dependent decrease in reducing potential (Fig. 4A
[selected representative data]). This phenomenon was conserved in the case of 3-BP, another
hexokinase inhibitor, but not AOA (an inhibitor of glutamate-dependent transaminases)
(Fig. 4B). Consistent with its putative anti-glycolytic effects, 2-DG treatment led to reduced
intracellular lactate production by HNSCC cells (Fig. 4C). Since hexokinase inhibition is
largely a function of the underlying chemical structure, we further tested three halogenated
variants of 2-DG. As predicted by their structure, 2-DG and 2-FG exhibited the most potent
inhibitory effects, with 2-CG and 2-BG exhibiting more moderate inhibition of intra-cellular
energy and reducing potential stores (Fig. 4D). Supplementation with excess pyruvate
partially rescued the energetic effects of 2-DG, suggesting that both glycolytic and non-
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glycolytic glucose catabolism is important for maintenance of the cellular energy state (Fig.
4D). Together with results of our initial proliferation experiments, these data indicate that
although glutamine is required for optimal growth of HNSCC cells, it does not appear to
contribute significantly to the cells’ energetic state or to be required for survival over the
short term.

To better understand the effects of glycolytic inhibition on HNSCC metabolism, we used a
quantitative, broad-based mass spectrometry platform to analyze changes in intracellular
metabolite level in response to glucose starvation or treatment with 2-DG. Glucose
starvation and 2-DG treatment caused substantial time-dependent changes in the levels of
metabolites involved in multiple intracellular pathways (Fig. 5). The effects of 2-DG were
more pronounced than those of glucose starvation with respect to time and extent and were
statistically significant with respect to multiple compounds. For this analysis, trends in
metabolite levels were ascertained using a high throughput metabolic screen (Fig. 5) and
statistical significance determined based on a false discovery rate (q-value) cutoff of 0.1.
Metabolites were grouped according to general metabolic pathways
(http://www.genome.ad.jp/kegg/; listed in Fig. 5) 35. Evaluation of the metabolite levels
indicated decreased glycolytic flux, reduced lactate production, and reduced levels of Krebs
cycle intermediates in the absence of glucose or presence of 2-DG. Intracellular 2-DG levels
increased over time consistent with a regulated uptake mechanism dependent on glucose
transporter activity, and appeared to shunt into the sorbitol/fructose pathway. 2-DG
treatment (and, to a lesser extent, glucose starvation) triggered a substantial decrease in
UDP-glucuronate levels and accumulation of intermediates in the pentose phosphate
pathway along with alterations in purine nucleotide intermediates. Similar trends were
observed in the HN31 cell line (derived from a cervical metastasis from the same patient
from which HN30 tumor was derived), though the magnitude of changes in oxidative stress
and shunting into sorbitol pathways was greater, and that of changes in the pentose
phosphate pathway and the Krebs cycle smaller (data not shown).

HNSCC proliferation and soft agar growth are inhibited by glycolytic inhibitors
The apparent dependence of HNSCC cells on glucose catabolism suggests that
pharmacological inhibition of glycolysis could significantly inhibit HNSCC proliferation
and survival. We examined the relative cytostatic and/or cytotoxic effects of 3 compounds in
HNSCC cells using a high-throughput 96-well assay with continuous drug exposure for 72
h. As shown in Fig. 6A, the hexokinase inhibitors 3-BP and 2-DG exhibited potent anti-
proliferative activity in a biologically relevant concentration range. In comparison, AOA
exhibited minimal inhibitory effects (<20%), consistent with its minimal effects on
intracellular reducing potential. Because of the dual activity of 3-BP as a glycolytic inhibitor
and alkylating agent, we focused our attention on 2-DG to focus on the effects of inhibition
of glycolysis. We observed variable 2-DG sensitivity in two well-characterized HNSCC cell
lines (Fig. 6B) that was maintained across panel of halogenated 2-DG derivatives. Only 2-
fluoro-deoxy-D-glucose (2-FG) exhibited an anti-proliferative effect which compared
favorably with that of the parent compound 2-DG (Fig. 6D). In contrast, 2-BG and 2-CG
exhibited substantially higher half-maximal inhibitory concentrations (data not shown).
With the exception of FADU, all tested HNSCC cell lines exhibited low IC50 values that
compared favorably with those in cell lines of divergent histogenetic origins (Fig. 6C) 36.
Treatment of HNSCC cells with 2-DG also resulted in a dramatic reduction in HNSCC-cell
soft agar colony formation (an in vitro surrogate of tumorigenicity) (Fig. 6E and data not
shown). The addition of a pentose phosphate pathway inhibitor (6-aminonicotinamide) or a
glutaminolysis inhibitor (amino oxyacetate) failed to significantly augment the effects of 2-
DG. In contrast, the addition of a glucose sensitizer, metformin, resulted in substantial

Sandulache et al. Page 5

Cancer. Author manuscript; available in PMC 2012 July 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.genome.ad.jp/kegg/


potentiation of 2-DG effects in multiple cell lines, independent of p53 mutation status (Fig.
7 and data not shown).

Loss of wild type p53 partially accounts for resistance to glucose starvation in a subset of
HNSCC cells

Three cells lines were identified which consistently exhibited relative resistance to glucose
withdrawal. Of these we focused our analysis on HN30, one half of an isogenic pair of cell
lines derived from an HNSCC primary tumor (HN30) and its associated cervical metastasis
(HN31). Despite their common origin, these two cell lines were found to exhibit differential
sensitivity to glucose withdrawal or treatment with 2-DG and its derivatives (Fig. 1 and data
not shown). Sequencing of exons 2–11 of the TP53 gene identified wild-type (WT) p53 in
HN30 and two point missense mutations of TP53 in HN31 (data not shown). Previous
studies have demonstrated a prominent role for WTp53 in tumor cell metabolism 37–39. In
this cell line system, reduced expression of WTp53 with shpRNA resulted in a partial
ablation of the HN30 resistance to glucose deprivation (Fig. 8B) and 2-DG treatment (Fig.
8C). Cell cycle analysis suggests that cells containing WTp53 initially arrested in G1
following glucose starvation, whereas cells lacking WTp53 began to die at an earlier time
point without first accumulating in G1 phase (Fig. 8D and data not shown). Our data
exemplifies a resistance mechanism that is linked to a key tumor suppressor pathway in
HNSCC, suggesting that susceptibility to anti-glycolytic agents may be dependent on the
mutation spectrum found among various tumors.

Discussion
The role of altered metabolism in the pathogenesis, progression, and resistance of tumors to
different treatments has received increasing attention in recent years. Although GLUT
expression and 2-fluorodeoxyglucose uptake ([18F]fluorodeoxyglucose-positron emission
tomography) correlate with poorly differentiated disease, data on the flux of specific
nutrients within HNSCC tumors remain mixed 9, 11, 12, 18 9, 10, 40. In this study, we clarify
some of the metabolic underpinnings of HNSCC tumorigenesis and evaluate the potential of
anti-metabolic strategies in inhibiting HNSCC-cell proliferation and survival in a cell line
panel which represents multiple disease sites and degrees of differentiation.

Under aerobic conditions, the majority of the tested HNSCC cell lines rely on glucose and
not glutamine metabolism for primary generation of ATP and reducing potential. Although
glutamine may play an important role as an essential amino acid and protein building block,
its catabolism does not appear to have significant implications for either direct generation of
energy or production of reducing potential in HNSCC cells in contrast to results reported for
some glioma cell lines 2. Of note, excess pyruvate only partially rescues HNSCC cells from
glucose starvation suggesting that catabolic steps both upstream (glycolysis, pentose
phosphate pathway) and down-stream (conversion to lactate, tricarboxylic acid (TCA) cycle)
of this intermediate are important for energy generation and survival.

Although all tested HNSCC cell lines displayed a preference for glucose, we identified three
cell lines which consistently exhibited prolonged survival in response to glucose
deprivation. Of these cell lines, SQCCY1 has routinely been maintained in low glucose
media and may represent an adaptation to specific in vitro growth conditions. Interestingly,
HN30 represents one half of an isogenic pair (HN30 and HN31) of cell lines derived from a
patient’s primary tumor and associated cervical metastasis. The divergent metabolic
phenotype of these 2 cell lines prompted additional analysis of the underlying mechanism of
resistance to starvation. Our data suggest that loss of WTp53 in HN30 results in increased
susceptibility to glucose withdrawal or treatment with glycolytic inhibitors. The failure of
HN30 cells lacking WTp53 to enter G1 arrest prior to death may be responsible for the delay
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observed in time to death following glucose withdrawal. A wide variety of mechanisms have
been described in the literature by which p53 can impact tumor cell metabolism 37–39. The
importance of p53 alteration in the progression of HNSCC and the implication of p53 in
HNSCC cell metabolism warrants deeper exploration, however the precise mechanism by
which loss of WTp53 may drive the metabolic phenotype of HN30 cells is beyond the scope
of this paper. It is important to note however, that loss of WTp53 cannot explain all
observed relative resistance to glucose starvation in HNSCC cell lines, as PCI13 and
SQCCY1 both express mutant p53 (data not shown). Undoubtedly, factors in the cell
background other than p53 status affect sensitiviy to glucose starvation. Nonetheless, it
appears from our study and others that p53 can play an important role in the response to
glucose deprivation. The fact that p53 tumor suppressor loss is a often a vital step in
tumorigenesis, yet can render cells highly susceptible to glucose starvation, provides support
for consideration of anti-glycolytic treatment in the management of these tumors.

The apparent glucose addiction of HNSCC cells suggests that anti-glycolytic agents may
represent a promising therapeutic option in this tumor type 41. Because 3-BP is thought to
possess alkylating activity, we focused our attention on 2-DG, a drug first identified more
than 50 years ago. Our data indicate that 2-DG induces rapid, dose-dependent decreases in
intracellular reducing potential and ATP in HNSCC cell lines. In addition to effects on
lactate production, the specificity of the anti-glycolytic effects of 2-DG was further
confirmed by the differential activity of its halogenated analogs 23, 42. By decreasing intra-
cellular reducing potential and ATP levels, 2-DG can potentially inhibit both new biomass
generation and DNA damage repair 1. These effects have important therapeutic implications
for cisplatin and external beam radiation, the mainstays of HNSCC treatment 8, 25. Broad-
based metabolomic analysis was used to evaluate 2-DG inhibition of glycolysis and
compensatory energetic pathways activated in response to loss of glycolytic flux. Several
alternate mechanisms were activated in response to glycolytic stress, including
glutaminolysis and shunting into the sorbitol-fructose and pentose phosphate pathways 43.
Decreases in TCA cycle intermediates and glutamate levels (combined with earlier
experiments) suggest that although glutamine can be catabolized to fulfill some of the
cellular energetic requirements, it is not sufficient to balance glycolytic losses in the cell
lines we tested. The accumulation of pentose phosphate pathway intermediates may reflect
cell cycle arrest, which would be consistent with decreased intra-cellular reducing potential
required for nucleotide synthesis. Changes in glutathione levels are consistent with increased
intracellular oxidative stress, confirming our findings regarding intracellular reducing
potential along with previous studies 25, 26. Although this effect can potentiate traditional
chemotherapeutic drug and radiation toxicity, it clearly is only one aspect of the dramatic
global metabolic perturbations induced by 2-DG.

Tumor-cell sensitivity to D-glucose analogues is dependent on tumor type, environmental
oxygen tension, and specific cellular characteristics possibly related to tumor subtype 36, 42,
44. With one exception (FADU), the HNSCC cell lines we tested displayed low (single-
digit) D-glucose IC50 values. In the context of normal glucose homeostasis and 2-DG
pharmacokinetics, these values are therapeutically promising. The sensitivity of HNSCC cell
lines to halogenated 2-DG analogues was consistent with the underlying chemical structure,
more specifically, the halogen group size. Tested HNSCC cell lines displayed comparable
sensitivity to 2-DG and 2-FG, further suggesting that on-target anti-glycolytic effects are
likely the primary mechanisms that drive toxicity 23, 45. These data led us to conclude that
HNSCC cells are sensitive to non-metabolizable D-glucose analogues under normoxic
conditions. We expect that hypoxia, normally associated with HNSCC tumors will further
potentiate the effects of antiglycolytic agents 23. It has been suggested that targeting multiple
metabolic pathways may be more effective than single pathway inhibition. Our data suggest
that pharmacologic inhibition of pentose phosphate pathway or glutaminolysis provides little
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benefit over 2-DG alone. In contrast, the addition of metformin greatly potentiates the
effects of glycolytic inhibition irrespective of p53 status. This is consistent with published
reports in other tumor types and suggests a potent metabolic synergy which should be
further investigated in the in vivo setting 39. The relative resistance of FADU to 2-DG is
somewhat puzzling, as it does not precisely correlate with resistance to glucose starvation.
This dichotomy may indicate an alteration in either glucose transporter or hexokinase
activity. A low affinity transporter or an inneficient hexokinase variant could account for an
inability to survive low glucose conditions, while at the same time preventing significant
metabolic inhibition by 2-DG. Preliminary data from a parallel study in our laboratory
indicates that in this cell line, p53 status is heterozygous for a R248L mutation along with a
possible splice site mutation. At the protein level, p53 is constitutively overexpressed (data
not shown). Ongoing experiments are aimed at elucidating the role of this mutation, the
mutations present in HN31 and our remaining cell lines in regulating HNSCC metabolism.

We conclude that: 1) inhibition of glucose catabolism represents a reasonable pharmacologic
and nearly universal approach to HNSCC based on our evaluation of a wide array of
HNSCC cell lines, 2) glycolytic inhibition has profound global metabolic consequences,
each with important potential implications for therapeutic targeting and 3) glycolytic
targeting in HNSCC may be generalizable to an entire class of non-metabolizable D-glucose
analogs and pro-drugs. We established that HNSCC is highly dependent on glucose and
anti-glycolytic therapy appears to be a valid option in treating this disease. Anti-glycolytic
agents could be an important adjuvant to current chemotherapeutics and radiotherapy and
warrant further evaluation. Crucial to the development of this drug class as a therapeutic
option is an understanding of the potential mechanisms of innate or acquired HNSCC
resistance to metabolic stress. Our characterization of a wide array of HNSCC cell lines and
initial observations in resistance patterns of HNSCC to anti-glycolytic agents has created a
foundation from which to further study metabolic targeting in HNSCC.
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Figure 1. HNSCC cell lines require glucose and glutamine for maximal cell population growth
Cells proliferated in normal growth medium (DMEM) (A) or DMEM lacking either
glutamine (B) or glucose (C). At indicated times the total DNA content of each well was
assayed using a commercially available kit. Y- axis values are expressed as change in cell
number at T= Xhr compared to T= 0hr. D) Cells were grown for 72hr in media lacking
glucose or glutamine, supplemented with pyruvate. Live/dead cells were evaluated using
Trypan blue exclusion. * indicates p<0.05. E) Cells were grown for 48hr in media lacking
glucose or glutamine. Cells were collected and subjected to Annexin V PE/7AAD analysis
in order to determine the early and late apoptotic as well as the necrotic fraction. Data are
representative of multiple independent experiments.
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Figure 2. HNSCC cell lines require glucose for survival
Cells were allowed to proliferate for 0–72hr in the presence or absence of glucose [25mM]
and glutamine [4mM]. Cells were counted at each time point using Trypan blue to exclude
non-viable cells. GLC = D-glucose [20mM], GLN = glutamine [4mM]. Representative
images and cell counts are presented for FADU, a cell line sensitive to glucose withdrawal
and PCI13, a cell line relatively resistant to glucose withdrawal.
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Figure 3. Glucose is the primary source of reducing potential and ATP production in HNSCC
cell lines
Cells were incubated in a salt solution containing increasing D-glucose (A) or glutamine (B)
concentrations for 2hr, followed by a 2hr MTT reaction. C, Baseline reducing potential in
0mM and 25mM D-glucose (GLC) was normalized to total DNA content. D, ATP levels
were measured and standardized to cell number.
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Figure 4. Inhibition of glycolysis decreases HNSCC reducing potential, ATP levels and lactate
production
(A) Cells were exposed to increasing concentrations of 2-DG or (B) 2-DG [12.5mM], 3-BP
[50μM] and AOA [500μM] in the presence of 5mM D-glucose for 2hr (A), followed by a
2hr MTT reaction. (C) Cells were incubated in D-glucose [1mM] in the presence or absence
of 2-DG [10mM] for 6hr followed by measurement of intra-cellular lactate levels (*
represents p-value <0.05). (D) Intra-cellular ATP and reducing potential were measured
following treatment of cells with 2-DG, 2-FG, 2-CG, 2-BG [25mM] in the presence of D-
glucose [10mM] and pyruvate [20mM] for 2hr.
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Figure 5. 2-DG triggers global metabolic changes
HN30 cells were deprived of glucose or treated with 2-DG [20mM] (in the presence of
25mM D-glucose containing DMEM) for 1, 4 or 8hours and analyzed for intra-cellular
metabolite levels. (A) Data are expressed as ratios with the control condition as the
denominator. Statistical significance (p-value < 0.05) is indicated by yellow text. Trends in
metabolite levels are indicated by color (green= decrease, red= increase compared to control
condition). General pathways are indicated to the right of the table. Inset graph illustrates
intra-cellular 2-DG levels over time. Error bars indicate standard deviation. (B) Global
pathway integration is illustrated in the accompanying diagram. Effects of treatment with 2-
DG are indicated by green (decrease) and red (increase) arrows.
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Figure 6. Inhibition of glycolysis reduces HNSCC proliferation and soft agar growth
(A) Cells were exposed to 2-DG [12.5mM], 3-BP [62.5μM] and AOA [500μM] for 72hr.
Cell number was ascertained and presented relative to the control (media only) condition.
(B–D) Following attachment, cells were exposed to increasing concentrations of 2-DG or 2-
DG or 2-FG for 72hr. Cell number at the end of the experimental period was ascertained.
IC50 values for at least 2 independent experiments were averaged. (E) Cells were seeded in
0.3% soft agar, incubated in either regular media (CNT) or media containing 2-DG [5mM]
for 6 days, stained with crystal violet and counted. Representative images are presented in
the inset. * represents p-value <0.05.
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Figure 7. Metformin potentiates 2-DG effects on HNSCC proliferation
Cells were exposed to 2-DG in the presence or absence of metformin (met),
aminooxyacetate (AOA) or 6-aminonicotinamide (6AN) for 72hr. Cell number was
ascertained and presented relative to the control (media only) condition.
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Figure 8. Loss of WTp53 abrogates glucose starvation induced G1 arrest and sensitizes HN30
cells
(A) Stable knockdown of WT (HN30shp53) was created. Stimulation with 5-FU (5ng/ml)
for 24hr up-regulated expression of WTp53 in HN30 parental and HN30 lentivirus (HN30L)
transfected cells. (B) Cells were grown in the presence or absence of glucose for 72hr. Total
cell number was assayed at the end of the experimental period. (C) Cells were exposed to 2-
DG [5mM] for 72hr. Total cell number was assayed at the end of the experimental period.
(D) Cells were glucose starved for 36hr prior to cell cycle analysis using propidium iodide.
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