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Abstract
Tumor cells were first shown to exhibit a distinct metabolic phenotype over 80 years ago. Since
then, it has become clear that multiple oncogenic events contribute to the development of a
metabolic phenotype which supports rapid proliferation. Because this phenotype represents an
essential component of tumorigenesis and disease progression it also represents a potential source
of biomarkers associated with aggressive disease. In addition, the addiction of tumor cells to
specific nutrients, and the up-regulation of key metabolic enzymes provide unique opportunities
for pharmacologic manipulation. Despite the use of multimodality treatment, survival rates for
patients with advanced HNSCC remain low, partially due to the development of drug resistance.
In this review, we evaluate the role of altered HNSCC metabolism as both a source of novel
biomarkers and a means to bypass resistance mechanisms to conventional forms of therapy.

HNSCC statistics and current treatment
HNSCC accounts for approximately 45,000 new patients per year in the US and represents
the 5th most common form of cancer worldwide.(1) Though prognosis varies significantly
based on disease stage as well as the site from which primary tumors arise within the upper
aerodigestive tract, survival rates for patients with stage III-IV disease remains in the range
of 35-50%.(2-4) Current management of advanced HNSCC consists of multi-modality
treatment which includes some combination of surgery, chemotherapy and external beam
radiation (XRT).(2-4) Despite an improved understanding of HNSCC tumor cell biology
and the development of targeted therapies (growth factor signaling inhibitors), the single
modality efficacy of chemotherapy in HNSCC remains low and disease resistance is a
significant concern.(5, 6) Ongoing strategies are aimed at improving response rates through
the development of additional therapeutic windows, optimization of drug combinations and
the use of rational molecular markers of tumor resistance or sensitivity to specific drug
combinations.

Below we discuss the basic principles of tumor cell metabolism and mechanisms by which
oncogenic events can lead to altered metabolic activity. Due to the scarcity of primary
studies aimed at HNSCC, a significant portion of the discussion relies on data obtained in
other tumor types.
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Tumor cell metabolism is designed to support increased proliferation
Since Otto Warburg first demonstrated in the 1920s that cancer cells are highly glycolytic
compared to normal cells, it has become clear that cellular metabolism in neoplastic cells
differs significantly from that supporting normal eukaryotic homeostasis.(7-9) Indeed, many
refer to tumor cells as having become “addicted” to glycolysis despite the presence of
alternative nutrients and oxygen.(8) Normal eukaryotic cells maximize energy production
from a limited nutrient supply through an optimal combination of traditional energetic
pathways which include glycolysis, the tricarboxylic acid cycle (TCA), and the
mitochondrial electron transport chain. In this manner, cells efficiently convert a glucose
molecule into CO2 and H20, while maximizing production of ATP and reducing potential in
the form of NAD(P)H. In the absence of oxygen, normal cells lack the final acceptor in the
electron transport chain, and rely primarily on anaerobic glycolysis, whose product, lactate
is exported in the extra-cellular space leading to increased tissue acidosis.(10) In contrast,
tumor cells maximally utilize glycolysis even in the presence of oxygen, maintaining a high
rate of lactate production.(7) Essentially, the Warburg effect can be thought of as the loss of
the Pasteur effect (inhibition of carbohydrate metabolism and anaerobic conversion of
pyruvate into lactate by oxygen).

An important un-resolved issue in the field of cancer metabolism is the impetus driving
cancer cells to engage in an inefficient energetic process. Vander Heiden et al (2009) offer a
plausible explanation for this phenomenon. Under conditions of rapid aerobic glycolytic flux
(sufficient to maintain intra-cellular energy levels) mitochondrial activity can be diverted
from fulfilling energetic demands into a biosynthetic pathway in which TCA cycle
intermediates are used to generate nucleotides, proteins and fatty acids. This increased
biomass generation potential, though it comes at the expense of optimal energy generation,
fulfills an important requirement of tumor cell proliferation. (8, 9) Although this paradigm
does not represent a truly testable hypothesis, it is supported by circumstantial evidence such
as tumor cell utilization of glutamine. Independent lines of investigation have demonstrated
that cancer cells metabolize substantial amounts of extra-cellular glutamine and that a subset
of cells may be addicted to glutamine.(11-13) Glutaminolysis fulfills both aspects of the
metabolic paradigm described above by generating: 1) anabolic carbon through TCA
cycling, and 2) reducing equivalents via malic enzyme and isocitrate dehydrogenase.(11)
Experimental data regarding the contributions of both glucose and glutamine to TCA cycle
intermediates strongly suggests that an important driving force behind tumor cell
metabolism is indeed the generation of anabolic intermediates and reducing potential in the
form of NADPH.(11, 12, 14)

Integration of altered metabolism into a highly proliferative tumor cell metabolism appears
to be a driven by two overlapping mechanisms. The first consists of changes in canonical
signaling cascades resulting in increased metabolic flux through metabolic pathways. The
second is driven by the signaling activity of metabolites themselves, which supports an
altered transcriptional program that further enhances tumor cell proliferation. Both
mechanisms are described in more detail below.

Mechanisms of altered tumor cell metabolism and relevance to disease
processes

Glucose entry into the cell is facilitated by a family of solute transporters (GLUTs) whose
membrane availability and activity can vary dramatically.(15) Over-expression of GLUT-1
and GLUT-3 is associated with poorly differentiated solid tumors, and worse overall
survival.(16-18) Glucose conversion into pyruvate is rate limited by three steps catalyzed
respectively by hexokinase, phosphofructokinase, and pyruvate kinase. Tumor cells exhibit
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alterations in the regulatory mechanisms controlling each of these steps. Transcription of
hexokinase (HK) II is regulated by p53 binding to its promoter as well as changes in
glucose, oxygen and hormone levels.(19, 20) In contrast to normal tissue, tumors and tumor
cells express the embryonic M2 isoform (PKM2) of this enzyme resulting in higher rates of
aerobic glycolysis and cell proliferation.(21) PKM2 activity is closely coordinated with
expression of the phosphofructokinase-2 isoform present in tumor cells.(22) Overall, the
expression of these key regulatory enzymes is coordinated by multiple oncogenic events in a
manner designed to support maximal tumor cell proliferation and survival.(9, 12, 22-25)

The transition between glycolysis and the TCA cycle is primarily controlled by the activity
of lactate dehydrogenase and the pyruvate dehydrogenase complex (PDC). The coordinated
activity of these two enzyme complexes can coordinate carbon flux at this junction and
balance the 2 pathways according to temporary fluxes. McFate et al (2008) demonstrated
that regulation of PDC activity by pyruvate dehydrogenase kinase -1 (PDK-1) partially
accounts for the Warburg phenomenon in HNSCC cells, making the PDC and more
specifically, PDK, potential therapeutic targets to reverse this metabolic phenotype.(26)
Wigfield et al (2008) further demonstrated that down-regulation of hypoxia induced PDK-1
decreases lactate and pyruvate secretion.(27) More recently, experiments conducted on
HNSCC cell lines containing mitochondrial mutations suggest that there exists a level of
coordination between mitochondrial activity, accumulation of the hypoxia inducible factor
(HIF) -1alpha and down-regulation of pyruvate dehydrogenase activity via PDK.(28) The
integration of nutrient flux and oxygen driven signaling at this particular metabolic nexus
suggests that key decisions regarding overall control of metabolism and cell proliferation are
coordinated. Specifically, changes in enzyme and transporter activity needed to support an
altered metabolic phenotype require the integration of multiple intra-cellular pathways and
coordination with decisions regarding cell cycle, arrest and programmed cell death.
Evidence from existing studies suggests that this is accomplished using both traditional
(growth factor – kinase) and metabolite/nutrient driven signaling. Multiple oncogenic events
including TP53 mutation, myc and ras over-expression and persistent activation of growth
factor signaling cascades such as PI3K-Akt participate in the regulation of tumor cell
metabolism.(8, 9, 12, 13, 22, 24, 29)

The best described canonical, growth factor driven signaling cascade which can regulate
tumor cell metabolism is the PI3K-Akt pathway. Akt can drive enhanced glucose catabolism
by triggering localization of hexokinase to the mitochondrial membrane (which enhances its
activity) and activating ATP citrate lyase, a key enzyme in fatty acid synthesis.(30, 31)
Indirectly, Akt can regulate metabolic flux through regulation of Forkhead Box subclass O
(FOXO) transcription factors.(32) In the cytosol, Akt can phosphorylate tuberous sclerosis
(TSC) factor 2 and mammalian target of rapamycin (mTOR) complex activity regarding
glucose metabolism and protein translation.(33) In addition to PI3K-Akt, other traditional
oncogenic events can directly regulate metabolic enzymes. Specifically, p53 transcriptional
activity has been linked to increased expression of hexokinase II and myc over-expression is
closely linked to glutaminolytic flux through glutamate dehydrogenase.(11, 12, 19)

Metabolic fluxes can feed back onto traditional signaling cascades providing a second
regulatory loop. The clearest example of this mechanism is regulation of mTOR activity by
multiple metabolic cues including availability of amino acids, intra-cellular ATP levels,
changes in oxygen tension and reactive oxygen species.(34-36) In a similar manner, changes
in intra-cellular ATP levels activate AMP-activated protein kinase (AMPK) which not only
regulates mTOR activity, but participates in p53 dependent cell cycle arrest and death.(37)

An important metabolic signaling nexus is provided by activation/stabilization of hypoxia –
inducible factor 1 (HIF-1) alpha. Although HIF-1alpha is essentially stabilized in the
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presence of low oxygen tension, it can also be induced following mTOR activation and
interestingly, in response to decreased activity of isocitrate dehydrogenase -1 (IDH-1)
resulting in lower levels of alpha-ketoglutarate, a TCA cycle intermediate.(38, 39) Defects
in the activity of 2 other TCA cycle enzymes, fumarate hydratase and succinate
dehydrogenase have been linked to stabilization of HIF-1alpha via inhibition of prolyl
hydroxylases by their products.(40, 41) HIF-1alpha transcriptional targets include the
glucose transporters, hexokinase, lactate dehydrogenase A (LDH A) and monocarboxylate
tranporter 4 (MCT4) and pyruvate dehydrogenase kinase (PDK).(42, 43) HIF-1alpha is
therefore an important contributor to a global transcriptional program which responds to
metabolic cues and can regulate survival and proliferation. The importance of HIF-1alpha in
the regulation of metabolism and cell proliferation/survival raises the possibility that altered
tumor cell metabolism is in fact designed to drive, through altered transcription, tumor
growth. This “signaling-transcription” paradigm and the “energy-biomass” paradigm
described earlier represent putative explanations for an essentially irrational choice made by
tumor cell to produce energy inefficiently. Although which paradigm is correct represents an
interesting scientific question in and of itself, the more clinically important point is that both
paradigms establish key issues that must be addressed when evaluating metabolic markers of
HNSCC disease and developing metabolically based pharmacologic approaches.

Markers of altered metabolism in HNSCC
To date, few studies have attempted to clarify the metabolic phenotype of HNSCC from a
biochemical perspective (Figure 1). Brizel et al (2001) found that in biopsies of 40 patients
with HNSCC, intra-tumor lactate levels were not correlated with presenting T stage or N
stage, but high tumor lactate concentrations were correlated with decreased 2 year metastasis
free survival.(44) Prospective analysis in an in vivo xenograft model of HNSCC indicates
that increased tumor lactate levels may be predictive of relative radioresistance.(45) Most
recently, Ziebart et al (2010) found that, although HNSCC tumors maintain higher lactate
levels than normal tissue and that lactate tumor levels correlate with survival, tumor lactate
levels are not predicted by lactate dehydrogenase (LDH) levels.(46) This discrepancy
represents an important though somewhat expected observation which will be discussed in
more detail later in the review.

A second line of evidence regarding the importance of metabolism in HNSCC is derived
from the utility of fluoro-deoxy-glucose (FDG) - positron emission tomography (PET)
imaging in the diagnosis and staging of primary and recurrent disease. The mechanism of
FDG avidity is based on preferential uptake of a fluorinated glucose derivative into tumor
cells, and conversion into a non-metabolizable intermediate. As such, FDG avidity reflects
primarily the cells capacity for glucose transport and the activity of the first glycolytic step,
driven by HK.(47) Despite some limitations, FDG-PET is currently employed in the
diagnosis of new HNSCC as well as the monitoring of response to therapy and post-
treatment surveillance for recurrence/ metastasis.(48) When combined with anatomic
imaging (CT), FDG-PET can be particularly sensitive for distant metastasis.(49)

The primary component of FDG avidity is preferential glucose uptake primarily via
GLUT-1. Increased GLUT-1 expression has been found in pre-neoplastic and neoplastic
mucosal lesions as well as loco-regional metastasis.(50) Over-expression of this transporter
appears to be confined to neoplastic tissue, and absent from benign squamous cell lesions.
(51) Two retrospective pathologic studies have demonstrated clinical utility of GLUT-1 as a
marker of HNSCC disease.(52, 53) Li et al (2008) found that recurrent HNSCC had a higher
staining index than primary disease and in poorly differentiated tumors compared to well
differentiated tumors.(52) A detailed analysis of GLUT-1 in HNSCC indicated that, in a
retrospective pathologic analysis (IHC) of 118 patients with oral cavity SCC, a low staining
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index for GLUT-1 correlated with longer median survival compared to patients with a high
index (138 months vs 60 months). Thus, GLUT-1 expression was found to be an
independent marker of prognosis. Similar data were obtained for relative FDG avidity (SUV
>5.6 vs SUV <5.6).(53) Although the correlation between FDG avidity and GLUT-1
expression is not perfect, in general both parameters appear to correlate with poorer
prognosis, secondary to less differentiated tumors.(52, 53)

GLUT-1 is the glucose transporter most often associated with HNSCC, but not the only
member of the GLUT family which may contribute to its pathogenesis and/or progression.
In a study of 48 cases of laryngeal SCC, Baer et al (2002) found that although all samples
expressed GLUT-1, GLUT-3 positive cases were associated with worse survival and more
poorly differentiated tumors.(18) Gene expression analysis conducted by Estilo et al (2009)
which found that GLUT3 over-expression correlated with increased depth of tumor
invasion, larger tumor size, advanced pathologic stage and recurrence.(54) An important
caveat for these retrospective studies stems from the role of glucose transporters in
supporting rapid tumor cell proliferation. It is quite possible that over-expression of GLUTs
is simply a reflection of rapidly proliferating cells and that its expression may in fact be
identical with many other non-specific markers of proliferation such as Ki-67 or
proliferating cell nuclear antigen (PCNA). In order to determine whether GLUT over-
expression represents a truly independent predictor of disease progression, prospective
biomarker studies and evaluating the impact of perturbing GLUT expression on tumor
progression in pre-clinical models are required. It is important to note, that unlike most other
tumor markers (altered protein, phospho-protein or mRNA levels), GLUT over-expression
has a biochemical correlate (FDG-PET) which strongly suggests that protein levels are
indeed linked to a functional tumor phenotype (increased glucose uptake).

In addition to GLUTs, few other metabolic markers have been characterized in HNSCC.
Wigfield et al (2008) found that PDK-1 expression, though low in normal mucosal tissues, is
up-regulated in HNSCC. Increased expression generally correlated with worse overall and
disease free survival, suggesting that high levels of PDK-1 potentiate increased glycolytic
flux and allow tumor cells to thrive.(27) Data regarding PKM2 are mixed. Though PKM2 is
over-expressed in some oral tongue specimens, a more detailed quantitative analysis of
OSCC tumor specimens found a poor correlation between PKM2 levels and clinical
parameters.(55, 56) More recently, transketolase-like 1 (TKTL1) has been demonstrated to
enhance HNSCC cell line tumorigenicity in mouse models and correlate with poorer
survival in patients with laryngeal SCC.(57, 58) Combined with work demonstrating a role
for mitochondrial mutations in regulating HIF-1alpha these data suggest that elucidating the
coordination between glycolytic and non-glycolytic pathways will be key to a better
understanding of the role of altered metabolism in HNSCC pathogenesis.

Although the presence of stabilized HIF-1alpha could be considered an indicator of altered
metabolism, that would represent an oversimplification of its esquisitely complex role in
tumor formation. Similarly, though a role for mTOR in HNSCC pathogenesis has been
established by multiple authors, mTOR represents much more than a metabolic marker,
given its role as a key regulator of all protein translation.(59) The intrinsically close
relationship between activation of Akt and mTOR function make it difficult to determine
which effects are due to changes in tumor cell metabolism and which result from altered
signaling cues. As described above, it is quite likely that both signaling streams are closely
inter-connected.
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Implications of altered metabolism for HNSCC response to therapy
Non-surgical approaches to the management of HNSCC generally employ external beam
radiation (XRT) coupled with cytotoxic chemotherapy, wherein cisplatin is the most
commonly used agent.(5) The anti-tumorigenic effects of XRT are generated through a
DNA damage mechanism which relies on the formation of free radicals. This is the likely
reason why in the absence of normal oxygen tension (hypoxia), the efficacy of XRT is
diminished.(60) Cisplatin, though not itself a free radical, acts in a similar fashion, in so far
as it is readily inactivated by thiol containing proteins both in the extra-cellular and intra-
cellular compartments.(61, 62) The remaining free cisplatin molecules can enter the nucleus,
bind DNA and induce damage through a variety of mechanisms.(62) It is therefore clear that
the toxicity of an XRT-cisplatin based therapy is dependent on the intracellular reducing
potential, generally reflected in the balance of three molecule pairs: NAD+/NADH, NADP
+/ NADPH and oxidized glutathione/ reduced glutathione. Under conditions of stress, which
may deplete reducing potential, both XRT and cisplatin effects would be potentiated. In
addition, tumor cell recovery from XRT and cisplatin induced damage is energetically
demanding (cisplatin export, activation of DNA damage repair pathways). These two lines
of reasoning suggest that targeting metabolic pathways which generate reducing potential
and replenish intra-cellular energy stores should significantly potentiate the toxicity of
conventional therapies.

Over the last 50 years, a significant number of compounds with anti-metabolic activity have
been identified. Most of these compounds exhibit specific enzymatic inhibitory activity
through a combination of competitive and non-competitive inhibitory mechanisms. A
comprehensive review of these agents is beyond the scope of this review. However, the most
well known and most thoroughly tested compounds include: 2-deoxy-D-glucose (2-DG), 3-
bromopyruvate (3-BP) and lonidamine.(25) Among these, 2-DG (a non-metabolizable D-
glucose analog) and lonidamine, both agents with hexokinase inhibiting activity, have
received substantial pre-clinical and clinical attention. Both agents have been shown to
improve the response of tumor cells and tumor xenografts to a wide variety of conventional
chemotherapeutic agents.(63-66) In the clinical setting, 2-DG has been used as an adjuvant
to XRT treatment of glioblastoma multiforme with reasonable safety.(67, 68) Lonidamine
has been studied in several clinical trials addressing multiple solid tumor types, with
promising results.(69, 70) To date, 3-BP, a hexokinase inhibitor chemically unrelated to 2-
DG or lonidamine has been used exclusively in the laboratory and pre-clinical setting, and
shown to possess single agent activity and enhance cisplatin cytotoxicity.(71) A variety of
other drugs, targeted to enzymatic steps throughout glycolysis, the TCA cycle and secondary
metabolic pathways have been described and tested in the laboratory setting. In general,
inhibition of major energy producing pathways has been shown to improve the cytotoxicity
of traditional chemotherapeutic approaches.

Two clinical trials originating in Italy in the early 1990s evaluated the role of metabolic
targeting in HNSCC and suggested that the addition of lonidamine to either external beam
radiation or chemotherapy (methotrexate) improved clinical outcomes.(72, 73) In the setting
of phase III double blind, randomized, placebo controlled trial of 97 patients with stage II-
IV disease, the addition of lonidamine resulted in a lower treatment failure rate (50% vs
77% for placebo), improved locoregional control (63% vs 37% at 5 years) and disease free
survival (40% vs 19%).(73) With these exceptions, metabolic targeting in HNSCC has been
primarily limited to a small number of pre-clinical studies and focused on 2-DG. As in other
solid tumor types, 2-DG has been shown to potentiate cisplatin's anti-tumor effects on tumor
cell proliferation and survival and inhibit growth of HNSCC xenografts.(64, 65) It remains
unclear whether 2-DG as a single agent is cytotoxic or merely cytostatic in the context of
HNSCC cell lines.(74) Interestingly, combining 2-DG with 6-aminonicotinamide, an

Sandulache and Myers Page 6

Head Neck. Author manuscript; available in PMC 2013 November 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



inhibitor of the pentose phosphate pathway (a secondary source of reducing potential)
results in an enhanced cytostatic/ cytotoxic effect suggesting that pharmacologic targeting of
multiple metabolic pathways may represent a viable means of potentiating the effectiveness
of traditional therapy.(75) These data support the observation that glucose catabolism via the
pentose phosphate pathway is indeed an important contributor to HNSCC tumorigenicity.
(57)

A substantial body of literature has demonstrated a role for PI3K/Akt/mTOR inhibition in
reducing HNSCC tumorigenicity. Rapamycin has potent anti-tumorigenic activity in
HNSCC animal models. Another mTOR inhibitor (CCI-779) can inhibit HNSCC
proliferation and tumorigenicity when combined with XRT and conventional
chemotherapeutic agents.(76-79) It is important to note however, that these studies generally
do not focus on, nor demonstrate that a metabolic effect drives the anti-proliferative and
anti-tumorigenic effects of mTOR inhibition. Such a distinction would be extremely difficult
due to the broad cellular implications of altered mTOR activity.

The therapeutic index of traditional cytotoxic agents is largely driven by the inherently faster
proliferative rate of tumor cells and an altered ability to cope with activation of damage
signals. The lack of actual tumor specificity of agents such as cisplatin results in significant
drug toxicity. Most anti-metabolic agents studied to date suffer from a similar lack of tumor
cell specificity. Although rapidly proliferative cells (intestinal epithelial lining,
hematopoietic cells) may be more susceptible to the effects of anti-metabolic agents, anti-
glycolytic agents can also affect cells which are primarily dependent on glucose catabolism
such as red blood cells and neurons (non-proliferative). As such, there is every reason to be
skeptical that therapeutic gain will be obtained without a significant toxicity cost.
Unfortunately, the limited number of clinical trials conducted to date on this drug class
makes it difficult to predict the full range of side effects without additional data.

Future directions
Tumor cell metabolism is receiving increasing attention as a potential source of both novel
biomarkers and putative targets for pharmacologic intervention. In addition to the studies
mentioned above, new metabolic targets continue to be identified in a variety of tumor
types. Most recently, Ward et al (2010) demonstrated that mutations in isocitrate
dehydrogenase, a mitochondrial enzyme, result in altered tumor cell metabolism and lead to
increased production of the onco-metabolite 2-hydroxyglutatrate (2-HG).(80) This type of
analysis can be subsequently used to develop both novel diagnostic tools and new targeted
therapies. In this article, we review existing data regarding the role of altered metabolism in
HNSCC pathogenesis and response to treatment. In general, there is convincing evidence
that, like other solid tumors, HNSCC requires high rates of glucose uptake and conversion in
order to support tumorigenesis. This appears to make HNSCC tumors susceptible to
combination therapy employing anti-glycolytic agents such as 2-DG. However, information
about the importance of secondary energetic pathways, key regulatory mechanisms and the
potential of other anti-metabolic agents in the treatment of HNSCC remains lacking.

Two technological developments provide researchers with new and potentially important
tools in the continued study of HNSCC metabolism. The first represents a conversion of
liquid-gas chromatography and mass spectrometry into an integrated, high throughput, broad
based metabolomic platform. This technology makes it possible to obtain a metabolic tumor
signature which, when combined with clinical parameters, could lead to a metabolically
based algorithm predictive of disease progression and response to treatment.(81) The second
is the development of sensitive sensor of metabolic activity (pH changes and oxygen
consumption) with real time capability. This technology can help elucidate not only subtle
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endogenous metabolic differences among tumor cell lines, but also identify the precise
sequence and timing of metabolic effects of tested pharmacologic agents.(82)

In order to better understand the role of altered metabolism in HNSCC pathogenesis and
response to treatment we suggest three specific lines of investigation based on studies
performed in other tumor types. First, we suggest using a comprehensive genomic,
epigenetic and proteomic algorithm to identify specific metabolic alterations associated with
HNSCC development. This analysis would not only confirm the importance of metabolic
pathways identified in other tumor types (such as glycolysis), but more importantly, identify
secondary energetic pathways that allow HNSCC tumors in particular, to progress and
develop resistance to conventional therapeutic strategies. An entire new class of markers of
aggressive and metastatic disease centered on nutrient transporters and metabolic enzymes
would then be developed. A broad based metabolomic analysis (using the platforms
described above) will need to be integrated into this data set in order to validate the
phenotype of putative metabolic markers. Second, we suggest using a similar type of
analysis to identify the key metabolic regulatory mechanisms contribution to HNSCC
tumorigenesis. This is important, because although most oncogenic events can impact
metabolic activity in some way, not all are equally relevant to this particular tumor type.
Identifying the primary driving oncogenic events behind altered HNSCC metabolism may
have important therapeutic implications. From a therapeutic perspective, the most logical
next step is a comprehensive investigation of known anti-metabolic agents in a more
relevant pre-clinical setting using HNSCC cell lines representative of disease heterogeneity
and orthotopic animal models which allow for the study of effects both on the primary tumor
and loco-regional metastasis, the most important predictor of mortality and morbidity in
HNSCC. We believe that by combining these approaches we will significantly improve our
understanding of HNSCC pathogenesis, resulting in significant clinical advances.
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Figure 1. Metabolic perturbations associated with tumorigenesis
Tumor cell metabolism represents a trade-off between energy and biomass. This is
accomplished by diverting glucose from efficient energy generating mechanisms (TCA
cycle and oxidative phophorylation) into aerobic glycolysis, and utilizing the resulting
acetyl-CoA and citrate molecules into fatty acid generation. Secondary pathways such as the
pentose phosphate shunt (PPP) and glutaminolysis are often activated to further augment
biomass generation and balance glycolytic losses. Blue arrows indicate over-expression in
tumors; blue boxes indicate altered activity in tumors (increased expression, altered
localization, epigenetic modification, switches among isozymes); red arrows indicate over-
expression in HNSCC cell lines or tumors; red boxes indicate altered activity in HNSCC cell
lines or tumors. HK- hexokinase, PFK- phosphofructokinase, PK- pyruvate kinase, ACL-
ATP citrate lyase, FAS- fatty acid synthase, GDH- glutamate dehydrogenase, GLUT-
glucose transporters, ATA- amino acid transporter A or sodium-coupled neutral amino acid
transporter, SN- system N or sodium-coupled neutral amino acid transporter, LAT-system L
or sodium independent amino acid transporter.
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