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Abstract

Head and neck cancer arises from a series of molecular alterations progressive from dysplasia to
carcinoma in situ, and finally invasive carcinoma. Risk factors associated with head and neck
cancer include tobacco, alcohol and viral infection. There are genetic alterations in pre-cancerous
cells that contribute to transformation. The accumulation of these alterations facilitates tumor
development. Additionally, the tumor microenvironment enables tumor progression. The
cooperative effect of molecular alterations in the tumor cells and compensatory microenvironment
changes enable tumors to invade and metastasize. This review focuses on the genes and molecules
altered during the progression of head and neck cancer with an emphasis on the genetic, molecular
and phenotypic changes during the pathogenesis of head and neck cancer. Therapeutic strategies
that target key changes in the tumor cells and/or stromal cells in the tumor microenvironment are
discussed.

Keywords

head and neck squamous cell carcinoma; epidermal growth factor receptor; vascular endothelial
growth factor receptor; tumor microenvironment; pathogenesis; molecular targeted therapy

Introduction

Head and neck cancer is the 6! most common cancer worldwide and poses a significant
health problem with more than 45,000 new cases in the United States each year.1:2 Head and
neck cancer refers to malignancies arising in the mucosal surfaces of the oral cavity,
pharynx and larynx, of which 90% are squamous cell carcinomas (HNSCC).! Risk factors
associated with HNSCC carcinogenesis include tobacco and alcohol use, poor diet and
human papilloma virus (HPV) infection.3-6 While the presence of HPV in the tumor has
been implicated as a positive prognostic factor, the use of alcohol and tobacco are correlated
with the acceleration of invasive carcinoma and a poorer prognosis. The most common
treatment modalities for HNSCC include chemotherapy, radiation and surgery, often in
combination. Such multimodality treatment often leads to permanent cosmetic and
functional defects. Radiation is used in patients with early stage malignancies as either a
single-modality or as an adjuvant treatment. For patients with advanced stage disease,
chemotherapy is generally administered in combination with radiation, either as a primary
treatment strategy or following surgical resection. For patients with recurrent disease or
distant metastasis, treatment options are more limited and the overall survival is poor.”
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Despite new treatment options for HNSCC patients, the prognosis has remained unchanged
over the past 40 years with approximately 50% of patients succumbing to their disease.?

Molecular targeting approaches are aimed at isolating the treatment effects to critical targets
in the tumor and surrounding microenvironment, thereby limiting treatment associated
toxicity, and improving the overall survival. These newer treatments target genetic and
epigenetic alterations that arise during carcinogenesis.® In addition to approaches that are
specific to the tumor, it is also possible to target the surrounding stromal cells and
neoangiogenesis. There is preclinical and clinical evidence that targeting critical pathways in
the tumor and/or stroma may improve the outcome for patients with HNSCC. This review
will describe the pathogenesis of head and neck cancer with an emphasis on the genetic and
molecular alterations that characterize HNSCC cells and surrounding stroma in the tumor
microenvironment. Targeting molecular interactions between stromal cells and tumor cells
may abrogate tumor progression.

Genetics of Head and Neck Cancer

Genetic and epigenetic alterations may lead to protein changes including decreased or
increased expression. The accumulation of these alterations in oncogenes, proto-oncogenes
and tumor suppressors can lead to the formation of a malignancy. Critically altered
pathways in HNSCC include p53, epidermal growth factor receptor (EGFR), signal
transducer and activator of transcription 3 (STAT3) and vascular endothelial growth factor
receptor (VEGFR), among other important molecules that may serve as therapeutic targets.

The p53 gene is one of the most commonly mutated genes in head and neck cancer, with
mutations detected in over 50% of HNSCC malignances.1%:11 Inactivation of the tumor
suppressor p53 on chromosome 17¢13 leads to a lack of growth control and renders cells
unable to respond to stress or DNA damage.1? In addition to mutated p53, other genes in the
p53 pathway are often mutated or dysregulated causing dysfunction of the p53 pathway.
Ataxia telangiectasia mutated (ATM) is a kinase, activated primarily by double-strand DNA
breaks, which activates p53. Silencing of ATM is a mechanism of loss-of-function of p53.13
p14@ lies upstream of p53 and binds the p53 inhibitor HDM2 in order to activate p53.
Mutation in the ARF locus controlling p142"f expression is a common molecular event in the
pathogenesis of HNSCC.1# In addition to upstream effectors of p53, there can also be
mutations in downstream molecules such as the apoptotic proteins Bcl-2 and Bax.1®
Endogenous genetic alterations are not the only disrupters of p53 function. HPV,
specifically HPV/16, is a risk factor for oropharyngeal HNSCC.16 E6 is a viral oncoprotein
of HPV16, and E6 inactivates p53 via ubiquitination.1’

Epidermal growth factor receptor

Molecular pathogenesis of HNSCC is additionally driven by alterations in growth factor
signaling pathways. EGFR (ErbB-1 or HER1) is a tyrosine kinase receptor that is highly
expressed on epithelial cells. EGFR is ubiquitously overexpressed in HNSCC on the basis of
gene amplification and transcriptional activation.18 EGFR is activated by several autocrine
ligands including transforming growth factor alpha (TGFa) and amphiregulin, in addition to
EGF. Upon ligand binding, EGFR dimerizes, autophosphorylation occurs and downstream
signaling is activated. EGFR is overexpressed in the majority of HNSCC malignancies.® In
addition to overexpression, a mutant form of EGFR known as EGFRvIII is characterized by
a deletion mutation in exons 2—7 leading to a truncated ligand binding domain, rendering it
constitutively active.20 EGFR is upstream of phosphoinositol-3-kinase (P13K) and Akt.
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EGFR is also upstream of mitogen activated protein kinase (MAPK), which is stimulated
through the Ras/Raf pathway.

Signal transducers and activators of transcription

STAT3 is a transcription factor that is activated downstream of both EGFR and EGFRvIII
and mediates, at least in part, the tumorigenic effects of EGFR signaling. STAT3 can also be
activated by Src family kinases as well as the interleukin-6 (1L-6)/gp130 receptor pathway
through janus kinase (JAK) mediated phosphorylation.2122 STAT3 can be constitutively
active in HNSCC where increased levels of tyrosine phosphorylated STAT3 are found in
HNSCC tumors compared to levels in normal epithelium.2! STAT3 leads to transcriptional
activation of genes that control cell cycle progression, apoptosis and angiogenesis including
Cyclin D1, Bcl-X|_and VEGF.

Hepatocyte growth factor and cMET

The hepatocyte growth factor (HGF), also known as scatter factor (SF) is the ligand for c-
Met and has been implicated as an important cytokine in tumor progression. C-Met has been
shown to have activating mutations in HNSCC.22 Increased production of HGF contributes
to enhanced tumor cell proliferation, invasion, motility and metastasis.23 HGF has also been
shown to be a regulator of both the MEK and PI13K pathways subsequently contributing to
the expression of the proangiogenic factors VEGF and interleukin-8 (IL-8).24 HGF is
produced in the HNSCC tumor microenvironment primarily by stromal fibroblasts rather
than HNSCC cells and contributes to the activation of Akt and MAPK in tumor cells leading
to expression of 1L-8 and the promotion of tumor progression and angiogenesis.2>:26

Insulin-like growth factor-1 receptor

The insulin-like growth factor-1 receptor (IGF-1R), its ligands IGF-1 and IGF-I1 have been
implicated in the progression and survival of multiple tumor types including HNSCC.
Similar to c-Met, IGF-1R signals via Akt and MAPK, contributing to rapid tumor
progression through apoptosis evasion, increased motility, changes in cell adhesion and
enhancement of proliferation.2’ IGF-1R controls focal-adhesion kinase (FAK) expression
contributing to increased motility and metastatic potential with IGF-1R overexpression.2” In
HNSCC, IGF-1R has been shown to be overexpressed and its inhibition leads to decreased
MAPK and PI3K signaling and is associated with a decrease in growth and motility.2’
Additionally, it has been shown in HNSCC that upon ligand binding (either IGF or EGF),
IGF-1R can heterodimerize with EGFR, and the therapeutic benefit of this is currently being
evaluated.?7.28

Mammalian target of rapamycin

Mammalian target of rapamycin (mTOR) is a signaling molecule downstream of the PI3K/
Akt pathway. Alterations in the mTOR pathway are prevalent in HNSCC independent of
EGFR or p53 status.29 Expression of phosphorylated Akt is increased in HNSCC
contributing to mTOR activation and cell proliferation.30 Activation of the mTOR pathway
contributes to phosphorylation of p70S6K, which directs the translation of cell cycle
regulatory proteins such as Cyclin D1 and myc.3! The eukaryotic translation initiation factor
4E (elF4E) is controlled by the mTOR pathway and elF4E gene amplification in HNSCC
has been shown to be associated with malignant progression.32 IGF-1R is upstream of
mTOR and can also regulate mTOR activity.33

Vascular endothelial growth factor and receptors

It has been well established that in several tumor types including HNSCC, STAT3 induces
the expression of VEGF which binds VEGFR2 on endothelial cells initiating
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angiogenesis.3*35 In addition to genetic changes in the tumor cells, there are also
pathological alterations in the surrounding stromal cells. Lymphatic endothelial cells
demonstrate increased expression of endothelial specific adhesion molecule (esam1l),
VEGFR-3, platelet-derived growth factor beta (PDGF-B) and transforming growth factor
beta 2 (TGF B2).36 In tumor-derived vascular endothelial cells, there is elevated expression
of Bcl-2 and VEGFR-2.37:38

Development of Tumorigenic Phenotypes

Alterations in both tumor suppressors and oncogenes in tumor cells and stromal cells lead to
the transformation of normal epithelium and the promotion of transformed epithelial cells to
carcinoma in situ and invasive carcinoma. The pathogenesis of head and neck cancer is
considered a multistep process with an accumulation of genetic mutations, altered protein
expression, leading to the development of a unique microenvironment designed to support
tumor growth. The function of p53 in normal epithelium is to act as a tumor suppressor. p53
is activated by stress signals such as double-stranded DNA breaks or aberrant growth signals
and activates the transcription of genes necessary for inhibition of cell cycle progression and
induction of apoptosis. The expression of p21 is driven by p53, and p21 inhibits cyclin-
dependent kinases (CDKSs) leading to inhibition of cell cycle progression from the G, phase
to the S phase.12 In the setting of DNA damage and/or a multitude of stress signals, p53 can
induce expression of Bax leading to apoptosis. Therefore, if the control of p53 is lost, via
mutation or virus-mediated inhibition through the E6 protein of HPV16, there is a
subsequent lack of cell cycle inhibition and a lack of apoptosis, both of which contribute to
the malignant phenotype. In addition to p53, p16 is often inactivated and cyclin D1 is often
overexpressed in HNSCC contributing to increased proliferation,29:39

EGFR functions as an upstream branch point mediating multiple signaling pathways
controlling proliferation, invasion, migration, survival and angiogenesis. An alteration in
EGFR, via receptor overexpression or an activating mutation in the ligand binding domain,
can initiate a loss of control of its downstream signaling. Loss of control of EGFR or its
mediators enables cells to take on a malignant phenotype. EGFR signals through PI3K and
its downstream components including Akt, which is activated by phoshoinositide-dependent
kinase 1 (PDK1) mediated phosphorylation. Akt mediates further downstream cellular
pathways that primarily control cell growth and survival including the mTOR pathway.40-41

EGFR induced STAT3 signaling initiates transcription of genes necessary for cell growth
(Cyclin D1), survival (Bcl-X|) and angiogenesis (VEGF). These genes are often found
overexpressed in HNSCC promoting these malignant phenotypes.3442 STAT3 additionally
regulates the expression of MMP-2 and MMP-9 necessary for migration and invasion via
digestion of the basement membrane.4344 Constitutive expression of STAT3 enables
continuous promation of angiogenesis, migration and invasion enabling a supportive tumor
microenvironment.

Phenotypic changes occuring in stromal cells result from alterations in tumor-secreted
molecules as well as stromal cell gene expression. VEGF is secreted by tumor cells in
response to hypoxic environments, in addition to the consequences of EGFR overexpression
and constitutive STAT3 activation. VEGF, primarily the VEGFA 145 isoform, binds the
VEGFR?2 on vascular endothelial cells, promoting the proliferation of endothelial cells and
migration toward the tumor.3%:38 Additionally, vascular endothelial cells secrete chemokines
that induce tumor cell invasion and field cancerization.37 Interactions between tumor cells
and the extra-cellular matrix (ECM) facilitate remodeling of the ECM to support tumor
growth. Expression of integrins and cadherins in HNSCC tumor cells mediates adhesion and
migration within the ECM.4°
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Molecular Targeted Therapy

Molecular targeted therapy is directed against specific proteins rather than dividing cells, in
general. Cetuximab (™Erbitux) is a chimeric monoclonal antibody directed against the
EGFR and is the only FDA-approved molecular targeted agent for the treatment of HNSCC.
Emerging molecular targeting strategies are being tested in HNSCC patients (Tables 1 and
2). These targeted therapies are often used in combination with chemotherapy and/or
radiation. Most studies to date have focused on varying mechanisms of EGFR inhibitors and
anti-angiogenic agents.*6

In addition to cetuximab, panitumumab (™Vectibix) is another monoclonal antibody against
EGFR in clinical trial in combination with chemoradiation. EGFR tyrosine kinase inhibitors
(TKIs) are also in under investigation including gefitinib (™Iressa), erlotinib (™Tarceva)
and lapatinib (™Tykerb). The anti-angiogenic agents currently in clinical trial target VEGF
and VEGFR2. Sunitinib (™Sutent), sorafenib ("™Nexavar) and cediranib (™Recentin) are
tyrosine kinase inhibitors specific for VEGFR2. Bevacizumab (™ Avastin), a monoclonal
antibody to VEGF, is FDA approved in metastatic colon, breast and non-small cell lung
cancer (NSCLC) and is in clinical trials for recurrent or metastatic HNSCC.4748 There are
also ongoing HNSCC studies assessing dual targeting of EGFR and VEGF/R, including
vandetanib (™Zactima), a TKI that has activity against both EGFR and VEGFR2.

In addition to EGFR and angiogenesis targeted therapy, several of the dysregulated proteins
discussed above are currently being assessed as drug targets (Table 1). STAT3 is being
targeted via an oligonucleotide decoy.? Src is a tyrosine kinase that is upstream of the
PI3K/Akt/mTOR pathway and the MAPK pathway. Dasatinib (™ Sprycel) and AZD0530
(™Saracatinib) are small molecule TKIs targeting Src family kinases that are under
investigation for recurrent or metastatic HNSCC. Agents inhibiting other molecular targets
are being tested clinically in HNSCC and include drugs that block mTOR or IGF-1R. There
is also an adenoviral gene therapy trial which is being used to increase wild-type p53 in
tumors expressing wild-type or mutated p53.50:51

Stromal Cells in Head and Neck Cancer

While there is limited data regarding the importance of the tumor microenvironment in head
and neck cancer, it is currently a topic of much interest. Cytokines control the cross-talk
between tumor cells and stromal cells (Fig. 1). Tumor cells released cytokines that induce
ECM remodeling, basement membrane degradation, tumor cell proliferation and
angiogenesis. Fibroblasts and endothelial cells in the microenvironment play a crucial role in
the response to tumor derived cytokines. Not only do stromal cells respond to signals from
tumor cells, but the stromal cells themselves can induce tumor growth.

One of the most well characterized interactions is that between HNSCC tumor cells and
vascular endothelial cells. In the HNSCC tumor cell, STAT3 is activated via EGFR, IL-6
and/or Src. Phosphorylated STATS3 enters the nucleus and induces transcription of VEGF.
VEGF is then secreted from the tumor cells, binds VEGFR on the vascular endothelial cells
and promotes proliferation and recruitment of vascular endothelial cells initiating
neoangiogenesis necessary for tumor survival.3* When IL-6 receptor signaling is abrogated
via monoclonal antibody binding to the receptor, there is a decrease in activated STAT3
with a concomitant abrogation of neoangiogenesis in oral squamous cell carcinoma.>2 Head
and neck tumors are highly inflammatory neoplasms.>3 IL-6 is a protumorigenic cytokine
that also regulates inflammation via secretion from T-lymphocytes and macrophages.
Increased IL-6 in the tumor microenvironment can lead to inflammation and promotion of
tumor growth and survival.>*
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Fibroblasts are another stromal cell necessary for tumor progression. Fibroblasts within a
tumor secrete MMPs and other ECM remodeling proteins. The expression of enzymes by
tumor fibroblasts is induced by cytokines that are secreted by the tumor cells. Tumor cells
also respond to fibroblast-induced signals. For example, HGF and its receptor c-Met are
overexpressed in HNSCC tissues and contribute to malignant transformation.>® Tumor-
derived fibroblasts demonstrate increased expression of matrix metaloproteases (MMPSs) and
production of HGF, which stimulates tumor growth and spread.26:6 The source of HGF in
the HNSCC microenvironment appears to be the fibroblasts where HGF induces tumor cell
proliferation and angiogenesis.28

Summary and Future Outlook

Molecular pathogenesis of head and neck cancer is a multistep process consisting of genetic
mutations and altered protein expression. Some of the most prevalent molecular events
contributing to transformation include alterations in p53 and EGFR, manifested as a lack of
growth control and increased proliferation, survival, migration and angiogenesis. Efforts are
underway investigating the efficacy of targeting molecules that are dysregulated in HNSCC,
including changes in tumor cells and stroma.

There is evidence that normal stromal cells are distinct from tumor-derived stromal cells,
although data are limited regarding alterations in stromal cells in head and neck cancer.>’->9
The mechanism by which changes in stromal cells facilitate growth is incompletely
understood. The growth and survival of tumors likely results from complex interactions
between tumor cells and surrounding stroma. Increased understanding of the mechanisms
regulating tumor-stromal interactions will enable the development of more effective
molecular targeted approaches.

Abbreviations

ATM ataxia telangiectasia mutated

EGF(R) epidermal growth factor (receptor)
elF4E eukaryotic translation initation factor 4E
IGF-1R insulin-like growth factor 1 receptor
HGF hepatocyte growth factor

HNSCC head and neck squamous cell carcinoma
HPV human papilloma virus

IL-6/8 interleukin 6/8

JAK janus kinase

MAPK mitogen activating protein kinase

MMP matrix metaloprotease

mTOR mammalian target of rapamycin
PDGF-p platelet-derived growth factor beta
PDK1 phoshoinositide-dependent kinase 1
PI3K phosphoinositol-3-kinase

SF scatter factor

STAT3 signal transducer and activator of transcription 3
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B2 transforming growth factor beta2
tyrosine kinase inhibitor
F(R) vascular endothelial growth factor (receptor)
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Figure 1.

HNSCC tumor microenvironment. This model depicts the potential signaling pathways for
targeting in HNSCC, including ligands, receptors and signaling intermediates of the tumor
cells and the contributing vascular endothelial cells and fibroblasts. Also shown are the
molecular inhibitors currently in clinical investigation for the treatment of HNSCC. This
model shows pathway convergence, pathway divergence and microenvironment signaling in
order to demonstrate the potential of both single-targeting and multi-targeting drug

approaches.
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Tumor cell molecular targets and targeting agents evaluated in HNSCC
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Molecular target

Inhibitor

Mechanism of action

Stage of clinical
development

Citation

Epidermal
Growth Factor

Cetuximab (Erbitux, C225)

Chimeric Monoclonal Antibody

FDA approved
combined with
radiation therapy

Bonner et al. N Eng J

60
Receptor (EGFR) for locally Med 2006
advanced
Panitumumab (Vectibix, ABX-EGF) Human Monoclonal Antibody Ongoing Phase I Capdevila et al. Cancer
combined with Treat Rev 200961
chemoradiation
for stage 111/1V
Small Molecule Tyrosine Phase I1 for Cohen et al. J Clin
Gefitinb (Iressa, ZD1839) Kinase Inhibitor recurrent or Oncol 200362
metastatic
Erlotinib (Terceva, OSI-774) Small Molecule Tyrosine Phase 1/11 Siu et al. J Clin Oncol
Kinase Inhibitor combined with 200763
cislpatin for
metastatic or
recurrent
Lapatinib (Tykerb/Tyverb, GW572016) Small Molecule Tyrosine Phase I1 for Agulnik et al. J Clin
Kinase Inhibitor metastatic or Oncol 200764
recurrent ACC
or salivary gland
Signal Oligonucleotide Transcription Ongoing Phase 0 Sen et al. Cancer
Transducer and Factor Decoy safety and Chemother Pharmacol
Activator of biological 20094
Transcription 3 STATS Decoy activity study for
(STAT3) surgically
resectable
Hepatocyte Small Molecule Tyrosine Phase 11 for Eder et al. J Clin
i ibi 65
Growth Factor Foretinib (GSK1363089) Kinase Inhibitor recurrent or Oncol 2007
Receptor (HGFR metastatic
or cMET)
Mammalian Phase I1 for Papadimitrakopoulou
Target of : L monotherapy et al. J Clin Oncol
Rapamycin Everolimus (RADO001) Oral inhibitor of mMTORC2 after previous 200756
(mTOR) chemotherapy
Phase Il post Yoo et al. Arch
surgery followed Otolaryngol Head
p53 Ad5CMV-p53 gene (RPR/INGN 201) Insertion of p53 gene y Neck Surg 200950
chemoradiation
for resectable
Small Molecule Tyrosine Phase I1 for Brooks et al. J Clin
Src Dasatinib (BMS-354825) Kinase Inhibitor recurrent or Oncol 200967
metastatic
. Phase I1 for Fury et al.
Saracatinib (AZD0530) Dual Srcisﬂidbﬁ(ﬁl‘ kinase recurrent or www.clinicaltrials.gov
metastatic 200968
Insulin-like Human Monoclonal Antibody Phase I1 for Cruz et al. Ann Oncol
Growth Factor-1 preoperative 200769
Receptor IMC-A12 treatment with or
(IGF-1R) without
cetuximab

Cancer Biol Ther. Author manuscript; available in PMC 2011 July 18.


http://www.clinicaltrials.gov

1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Klein and Grandis

Table 2

Endothelial cell molecular targets and targeting evaluated in HNSCC
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Molecular target

Inhibitor

Mechanism of action

Stage of clinical
development

Citation

Zactima (Vandetanib,ZD6474)

Small Molecule Tyrosine Kinase
Inhibitor

chemoradiation
for unresected
stage 11/1V

Vascular Small Molecule Tyrosine Kinase Phase 11 for Choong et al. Invest
endothelial growth . Inhibitor recurrent or New Drugs 200970
factor receptor Sunitinib (Sutent, SU11248) metastatic
(VEGFR)
Sorafenib (Nexavar NSC-724772)  Small Molecule Tyrosine Kinase Phase 11 for Williamson et al. J
Inhibitor recurrent or Clin Oncol 20077
metastatic
Ongoing Phase 11
P ; Small Molecule Tyrosine Kinase as monotherapy Saura et al. J Clin
Cediranib (Recentin, AZD2171) Inhibitor for recurrent or Oncol 200972
metastatic
Phase | with
Vascular chemoradiation : -
endothelial growth Bevacizumab (Avastin) Humanized Monoclonal Antibody and 5-FU for Se'gﬁgoft;gé;glm
factor (VEGF) stage IV and
intermediate
Phase 1/11
. . - . . combined with
Bevacizumab (Avastin) Erlotinib Monoclonal Antibody Tyrosine Cohen et al. Lancet
VEGF/R and EGFR (Terceva, OSI-774) Kinase Inhibitor chemotherapy for Oncol 20097
recurrent or
metastatic
Phase I with

Papadimitrakopoulou

et al. J Clin Oncol
20097°
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