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Chapter 1
Overview: The Pathobiology of Head 
and Neck Cancer

Barbara Burtness and Erica A. Golemis

Squamous cell cancers arising in the head and neck, from the nasopharynx to the 
subglottic larynx, are frequently devastating cancers that afflict patients around the 
world. Early stage cancers are readily cured with surgery or radiation. In contrast, 
locally advanced cancers require morbid multimodality therapy and nonetheless 
have high recurrence rates, while metastatic disease has not been curable with cyto-
toxic chemotherapy. The emergence of more treatment-responsive human papillo-
mavirus (HPV)-driven cancers and the advent of immune checkpoint blockade 
mean that the outlook for patients with head and neck cancer has improved dramati-
cally since the first edition of this book was published in 2014. Our understanding 
of the biology of this cancer has deepened considerably in the past 4  years, yet 
undruggable targets due to the predominance of tumor suppressor gene mutation 
and other noncatalytic abnormalities continue to present barriers to molecular and 
personalized therapy and to cure in HPV-negative disease.

The second edition of Molecular Determinants of Head and Neck Cancer 
addresses this difficult disease with a focus on the molecular processes in the car-
cinogenesis and progression of these cancers which will inform the search for 
therapeutic targets to enable the prevention and improve the cure of head and neck 
cancer. With the current volume, we introduce the etiology and subclasses of head 
and neck squamous cell carcinomas (HNSCC), in the context of how these differ-
ences affect prognosis. Second, we summarize the current state of understanding 
of the genetic, epigenetic, protein expression, and immune environmental changes 
associated with SCCHN. Thirdly, we situate novel targets in the context of these 
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insights into SCCHN, seeking to provide a template for development of novel 
treatment strategies.

We begin by introducing the receptor tyrosine kinases (RTKs) and signaling 
pathways which are central to the biology of HNSCC.  Chapter 2 describes the 
central role of ERBB/HER family proteins in the biology of head and neck cancer 
and reviews the data regarding inhibition of HER family signaling, given that 
EGFR remains the sole validated molecular target in HNSCC [1, 2]. Upregulation 
of RTKs with partially redundant function may provide resistance to cetuximab 
and more recently developed EGFR-targeting therapies. In particular, abnormal 
expression and activation of RTKs such as c-MET [3] have emerged as relevant to 
the pathology of HNSCC and may prove to be an important therapeutic target in 
this disease (Chap. 3).

Tumor invasion depends in part on epithelial-mesenchymal transition (EMT), 
which occurs in response to activation of transforming growth factor β (TGFβ) [4], 
a transmembrane serine-threonine kinase, and its canonical and noncanonical effec-
tors. This is reviewed in Chap. 4. A common feature of RTKs is their activation of 
downstream effector pathways that support tumor growth, survival, and resistance 
to therapy. In the case of SCCHN, some of the most important of the effectors are 
themselves mutated or otherwise constitutively activated. Chapter 5 details muta-
tional and indirect activation of the PTEN-PI3K-AKT-mTOR [5] signaling axis in 
HNSCC with efforts to target this pathway; while Chap. 6 discusses the role of 
constitutive JAK/STAT signaling [6] observed in a subset of HNSCC, with the chal-
lenges in targeting these noncatalytic signaling proteins. Conversely, Chap. 7 
addresses the multiple defects in cell cycle regulation that occur in HNSCC and 
offer another potential source of targetable vulnerability.

One of the challenges in molecularly directed therapy of HNSCC has been the 
predominance of tumor suppressor mutations in this disease. Notch signaling is 
implicated in multiple cellular functions associated both with cancer and with 
tumor suppression. Notch mutation is a frequent event in HNSCC [7]; however, 
interestingly, the majority of these mutations are inactivating, indicating that the 
tumor suppressive function dominates in this epithelial tissue; this is reviewed in 
Chap. 8. The tumor suppressor TP53 has long been understood to be the most 
commonly mutated gene in HPV-negative HNSCC and a major contributor to 
therapeutic resistance [8, 9]. The biology of this tumor suppressor, as well as new 
strategies to exploit loss of p53 function with synthetic lethal strategies, are 
described in Chap. 9.

The entire field of cancer biology is being transformed by the application of 
powerful new technologies that are elucidating the genome and epigenome. 
Apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like (APOBEC) 
proteins are gene editing enzymes which are upregulated in response to viral infec-
tion as well as to replication stress and result in mutations and characteristic pat-
terns of mutation. APOBEC family members are active in both HPV-related and 
HPV-negative HNSCC [10, 11], and both the protein and the mutational burden it 
elicits have therapeutic implications, discussed in Chap. 10. The theme of insights 
into the head and neck cancer genome, and the nature of intrinsic HNSCC subsets, 
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is continued in Chap. 11, and the epigenome, with the impact of gene expression, 
methylation, and histone structure, is considered in Chap. 12.

Since the first edition of this book, the role of inflammation as a factor condi-
tioning growth of tumor cells and the growth-promoting aspects of the tumor 
microenvironment has taken on much greater prominence. Chapter 13 addresses 
the process of inflammation as a contributor to tumor aggressiveness, based on 
activities on tumor cells and immune cells in the tumor microenvironment, and 
addresses the potential of the inflammatory process as a source of new targets for 
therapy. In the clinic, the advent of agents to block the immune checkpoint has led 
to new therapies and a flood of clinical trials. The complex immune microenviron-
ment of HNSCC and the multiplicity of investigational immunotherapy approaches 
to reverse immune tolerance [12] are reviewed in Chap. 14. Neovascularization and 
hypoxia have been associated with treatment resistance in HNSCC [13]. Hypoxia-
inducible factor is reviewed in Chap. 15, and vascular-endothelial growth factor 
(VEGF) and the agents which target this angiogenic factor and regulate tumor vas-
cularization [14] are reviewed in Chap. 16.

The theme of the tumor environment and epithelial-mesenchymal transition is 
continued with chapters discussing integrin-mediated signaling, which mediates 
interactions between the tumor and the extracellular matrix (ECM), and the stem 
cell niche. Focal adhesion kinase (FAK) is a key mediator of integrin signaling, 
mediating tumor-ECM communications in HNC in a manner that affects treatment 
response [15]: biology of FAK and integrin and the clinical prospects of their inhibi-
tors are the subject of Chap. 17. The Wnt/β-catenin signaling pathway [16] provides 
an independent input into cell differentiation status, affecting EMT, cancer stem 
cells, and therapeutic resistance. A growing body of evidence supports the common 
deregulation of expression of Wnt signaling proteins in HNSCC [16], with early 
efforts to evaluate therapeutic agents targeting some signaling intermediates. Wnt 
signaling is presented in Chap. 18 and hyaluronan-mediated activation of head and 
neck cancer stem cells in Chap. 19.

Historically, habitual exposures such as tobacco, alcohol, and mate have contrib-
uted to onset of SCCHN. However, a rising proportion of oropharynx cancers arise 
from transforming HPV infection [17]. Chapter 20 presents the epidemiology of the 
various types of HPV that contribute to SCCHN pathogenesis and assesses the 
potential for targeting viral oncoproteins. For HPV-associated SCCHNs, it will be 
necessary to identify biomarkers to distinguish between patients with near certainty 
of cure, and those – perhaps most commonly smokers – with HPV-associated cancer 
but a higher risk of recurrence [18]. Reduced treatment intensity and concomitant 
reduction of treatment-related morbidity may be achievable for the former; diverse 
approaches to treatment-deintensification are the focus of Chap. 21.

The 4 years since the first edition of this book have been marked by increased 
confidence that treatment for some subsets of HPV-driven HNSCC can be scaled 
back, by a revolution in our ability to manipulate the immune response to cancer, 
and by tantalizing clues that the PI3K and angiogenic pathways may also constitute 
valuable targets in HNSCC. However, HPV-negative HNSCC has not been readily 
amenable to targeted therapy, and even immunotherapy has had more modest effects 

1 Overview: The Pathobiology of Head and Neck Cancer



4

in this cancer than in other solid tumors. Patients with HNSCC need treatments that 
exploit our advancing understanding of the biology of this malignancy. As the chap-
ters collected here make clear, the advances in understanding this cancer bring us 
progressively closer to improved therapies for many subsets of HNSCC. Going for-
ward, rapid translation of these findings to clinical trials will be essential to extend 
these insights to the cure of human head and neck cancer.
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Chapter 2
Targeting the ErbB Family in Head 
and Neck Cancer

Anna Kiseleva, Tim N. Beck, Ilya G. Serebriiskii, Hanqing Liu, 
Barbara Burtness, and Erica A. Golemis

Abstract Members of the ErbB receptor tyrosine kinase family (EGFR, HER2, 
HER3, and HER4), which regulate cell differentiation, proliferation, and survival, 
are commonly overexpressed and hyperactivated in squamous cell carcinoma of the 
head and neck (SCCHN). This abnormal expression and activity triggers multiple 
effector cascades that promote cancer growth, involving signaling through Ras-Raf-
ERK1/2, PI3K/AKT/mTOR, JAK1/STAT3, PLC/PKC, and others. Targeting of 
EGFR remains one of the most common therapies for patients with SCCHN, with 
newer therapies also targeting additional ErbB family members and ErbB effectors, 
and exploring combinatorial approaches. In this chapter, we will describe the biology 
of ErbB family receptors in normal cells and in SCCHN, current and novel therapeu-
tic approaches, and mechanisms underlying resistance to anti-EGFR therapy.

Keywords Head and neck cancer · ErbB family · EGFR. · EGFR-targeted therapy 
· Anti-EGFR therapy resistance
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2.1  Introduction

In the past decade, protein-targeted inhibitors have become valuable tools in the 
treatment of squamous cell carcinoma of the head and neck (SCCHN). The epider-
mal growth factor receptor (EGFR), also known as avian erythroblastic leukemia 
viral (v-erb-b) oncogene homolog 1 (ErbB1) or human epidermal receptor (HER1), 
was one of the first targetable proteins identified as relevant to SCCHN [1, 2]. 
Subsequent broadened research and development efforts have expanded the arma-
ment to encompass agents that also inhibit EGFR family members ErbB2/HER2 
(sometimes designated neu), ErbB3/HER3, and ErbB4, as well as key downstream 
effectors including RAF and phosphoinositol-3-kinase (PI3K).

The ErbB family was first identified as cancer-relevant in the 1980s when an 
aberrant form of the human epidermal growth factor (EGF) receptor was found to 
be encoded by the avian erythroblastosis tumor virus [3]. The four members of the 
ErbB family are structurally related with each containing a large extracellular 
N-terminal region, a single hydrophobic transmembrane-spanning domain, an intra-
cellular juxtamembrane region, a tyrosine kinase domain, and C-terminal region 
[4–6]. ErbB3 differs from the other family members in having a kinase domain that 
was long thought to be a pseudokinase although it has now been shown to have 
weak autophosphorylation capacity [7] and, through heterodimeric interactions, to 
serve as an activator of the EGFR kinase domain [8]. Importantly, members of the 
ErbB family function as homodimers and heterodimers [9, 10]. In normally growing 
cells, dimer formation and signaling typically involve activating interactions 
between the extracellular N-terminal domain and small ligands (discussed in Sect. 
2.2). Interactions between dimer subunits induce essential phosphorylations within 
the ErbB C-terminal regions that provide binding sites for partners that interact with 
effector proteins to initiate downstream signaling cascades and initiate feedback 
signaling that ultimately restricts ErbB signaling activity. Key effectors that are acti-
vated as a result of these phosphorylations include PI3K, PLCγ, GRB2, c-SRC, and 
JAK. Cyclic, transient activation of ErbB family signaling in normal cells is regu-
lated by a number of factors, including ligand availability, cytoplasmic phospha-
tases, and the endocytic/degradation machinery (Sect. 2.2).

In human SCCHN, activation of EGFR and its family members occurs by several 
distinct mechanisms (discussed at length in Sect. 2.3). Elevated expression of EGFR 
was originally described as characterizing 80–90% of SCCHN [11, 12], and several 
studies have indicated that overexpression of EGFR correlates with resistance to 
therapy and reduction of overall survival (OS) [13–15]. However, a meta-analysis 
evaluating EGFR prognostic value has demonstrated that EGFR overexpression 
correlates with OS, but not disease-free survival (DFS) [16], and additional recent 
studies suggest a more complicated relationship between overexpression and sur-
vival (Sect. 2.3.1). Although EGFR is by far the most commonly overexpressed 
ErbB family member in SCCHN, the three other members are also overexpressed in 
a significant number of cases (ErbB2/HER2, 3–29%; ErbB3/HER3, 21%; and 
ErbB4/HER4, 26%; [17]). Moreover, ligands contributing to the activation of ErbB 
proteins are overexpressed in some SCCHN tumors (Sect. 2.3) [18]. In addition, 
mutational activation of some critical effectors, such as PI3K, defines a subset of 
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SCCHN [19]. Finally, the past decade has been marked by a growing appreciation 
of differences in biology and prognosis associated with the presence or absence of 
human papillomavirus (HPV) as an oncogenic driver in SCCHN [20, 21], and some 
evidence suggests that HPV status may influence expression and activity of the 
ErbB proteins [22, 23].

Activation of the ErbB family of transmembrane receptor tyrosine kinases 
(RTKs) and their downstream effectors is typically associated with rapid cellular 
growth, as well as activation of the DNA repair machinery induced by  DNA- damaging 
therapies commonly used in treatment of SCCHN, contributing to resistance to 
cytotoxic therapies such as cisplatin or radiation [14]. Based on abundant evidence, 
therapeutics targeting the ErbB family and its effectors have appeared to be particu-
larly appropriate for the treatment of SCCHN.  Two complementary therapeutic 
strategies have been developed to target EGFR and its family members. A first strat-
egy involves targeting the extracellular domain of the receptor with monoclonal 
antibodies, such as cetuximab, panitumumab, zalutumumab, and others that inter-
fere with the processes of dimerization and activation of the intracellular kinase 
domains [24, 25] (Sect. 2.4.1). A second strategy targets the intracellular domain of 
the receptor with low-molecular-weight tyrosine kinase inhibitors (TKIs; e.g., gefi-
tinib and erlotinib; see Sect. 2.4.2) [26]. More recently, therapeutic strategies have 
expanded to include the use of drugs or drug combinations that target multiple ErbB 
family members or that combine ErbB-targeting drugs with those targeting critical 
downstream effectors, such as PI3K or MEK1 (Sect. 2.3.3.2) [27]. The nature of 
EGFR/ErbB signaling and therapeutic strategies to manage tumors with EGFR/
ErbB involvement are addressed in detail in the remainder of this chapter.

2.2  Regulation of EGFR and the ErbB Family in Normal 
Cells

2.2.1  Ligand Binding and Dimerization: Activation of ErbB 
Proteins in Normal Cells

The extracellular regions of ErbB family members contain two homologous ligand- 
binding domains (domains I and III) and two cysteine-rich domains (domains II and 
IV). The ligands required for dimerization and activation of EGFR, ErbB3, and 
ErbB4 can be separated into five groups: (1) EGFR-specific ligands such as EGF, 
amphiregulin (AR), epigen (EPN), and transforming growth factor alpha (TGFα); 
(2) the ErbB3-specific ligands neuregulin1α (NRG1α), NRG2α, and NRG6; (3) 
NRG3, NRG4, and NRG5 that specifically bind ErbB4; (4) the bispecific ligands 
betacellulin (BTC), epiregulin (EPR), and heparin-binding EGF-like growth factor 
(HBEGF), which bind EGFR and ErbB4, and NRG1β which binds ErbB3 and 
ErbB4; and (5) NRG2β, which is a pan-ErbB ligand and binds to EGFR, ErbB3, and 
ErbB4 [28] (Fig. 2.4). Uniquely, ErbB2 does not depend on ligands for dimerization 
or activation. Instead, domains I and III interact directly in a configuration that ren-
ders the ligand-binding site inaccessible [29–31]. To date, no high-affinity soluble 
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ligand has been identified for ErbB2 [29, 32]. It is possible that assignment of ligand 
specificity is not exact; for example, a recent study has demonstrated that stimula-
tion of ErbB4 with NRG1 activates the transcriptional activator YAP, promoting 
YAP-dependent cell migration [33]. 

ErbB proteins can homodimerize or heterodimerize [34]. EGFR-EGFR and 
ErbB4-ErbB4 homodimers and EGFR-ErbB2, EGFR-ErbB3, ErbB2-ErbB3, and 
ErbB2-ErbB4 heterodimers are abundant in SCCHN tumors and cell lines [17, 35, 
36]. There is also evidence that activation of the catalytic domain of EGFR through 
homo- or heterodimerization occurs due to its increased accumulation at the plasma 
membrane and can be enhanced by a common mutation in a leucine (L834R), which 
suppresses local disorder [37] and is associated with drug resistance in some tumor 
types [38]. Some similarities of the EGFR kinase domain with Src and cyclin- 
dependent kinase (CDK) domains have been observed that support an alternative 
mechanism for dimerization, in which one EGFR kinase domain interacts asym-
metrically with the second domain in a dimer pair, as a cyclin activates a CDK [9].

The configuration changes associated with dimerization lead to transient kinase 
activation in normal cells. These become constitutive in cancers, in the setting of 
kinase overexpression. The actual activation process involves an asymmetric inter-
action between intracellular kinase domains that results in auto- or transphosphory-
lation of ErbB family members [8, 39, 40]. As ErbB2 is not ligand-responsive, 
phosphorylation of this kinase can be activated through homodimerization [41, 42] 
or heterodimerization, frequently with ErbB3 [7, 8]. EGFR and ErbB4 can function 
independently of other ErbB receptors and autophosphorylate C-terminal tails after 
binding to activating ligand. These phosphorylations provide binding sites for pro-
teins that transduce activating signals downstream (e.g., STAT5b, GRB2, SHC, 
GAB1/PI3K(p85), PLCγ), which induce signaling relevant to proliferation, apopto-
sis resistance, and DNA synthesis [43].

2.2.2  ErbB Trafficking and Other Mechanisms to Limit EGFR 
Function in Normal Cells

As with most RTKs, duration of ErbB activation is limited by countervailing regula-
tory processes. Some of the phosphorylations on the C-terminal domains of the 
ErbB proteins provide binding sites that allow feedback signaling that downregu-
lates the activated ErbB protein through dephosphorylation, ubiquitination, and/or 
internalization (e.g., SHP1, CBL, CRK). More than one pathway for internalization 
has been described. In the most studied pathway, binding of the E3 ubiquitin ligase 
Cbl to phosphorylated Y-1045 of activated EGFR at the plasma membrane triggers 
clathrin-mediated endocytosis [44]. Multiple additional activation-associated phos-
phorylations conferred by calmodulin kinase II and p38 enhance the interaction of 
Cbl with activated EGFR [45, 46].

Subsequently, during EGF-mediated endocytosis, EGFR is either recycled to the 
plasma membrane or alternatively processed through the late endosome and multi-
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vesicular body for proteolytic degradation in the lysosome [47]. An alternative non- 
clathrin- based endocytotic process has also been described: in this case, the majority 
of EGFR is targeted for lysosomal destruction [48, 49]. Additional interactions 
involving the molecular motor dynamin 2 (DYN2) and a scaffolding protein, CIN85, 
support targeting of EGFR to the lysosome rather than for recycling [50]. As dis-
cussed below, reduced phosphorylation of EGFR that limits interaction with Cbl 
and other internalization proteins often accompanies therapeutic resistance to EGFR 
inhibitors (EGFRIs). EGFR may also undergo ligand-independent internalization 
through p38MAPK- and clathrin-mediated, or Src- and caveolin-mediated 
 mechanisms, upon conditions of cell stress [51]. Dutta et al. have recently reported 
that neuropilin-2 (NRP2) plays an important role as an endocytotic regulator for 
EGFR, with depletion of NRP2 disrupting normal regulation of endocytic transport 
of EGFR from the cell surface and leading to the accumulation of active EGFR in 
endocytic vesicles and abnormal ERK activation [52].

Extending understanding of traffic controls, compartmentalization of the EGFR 
partner ErbB2 is controlled by a member of the Anks1a adaptor protein family in the 
endoplasmic reticulum (ER). Within the ER, an ErbB2 complex with another RTK, 
ephrin A2 (EphA2), allows binding to Anks1a, which in turn regulates EphA2/ErbB2 
complex exit. This process is positively associated with tumorigenesis [53]. Once 
activated, ErbB2 remains at the cell surface, potentially due to an interaction with 
HSP90 or the plasma membrane calcium ATPase2 (PMCA2) [54, 55]. In breast can-
cer, inhibition of PMCA2 disrupts binding between ErbB2 and HSP90, leading to 
ErbB2 internalization and degradation. In MMTV-Neu mice, PMCA2 knockout 
effectively inhibits tumor formation, suggesting that interaction of ErbB2 and 
PMCA2 is a potential therapeutic target for this and other cancer types [54] (Fig. 2.1).

2.3  Causes and Consequences of Altered EGFR/ErbB 
Function in SCCHN

2.3.1  Overexpression of EGFR and Its Ligands

The degree to which EGFR is overexpressed in SCCHN has been reported differ-
ently by different groups, reflecting varying approaches used to measure DNA 
amplification, mRNA overexpression, and protein overexpression, the use of differ-
ent cutoff values, and (potentially) differences in EGFR expression based on 
SCCHN sub-site (e.g., oral cavity versus laryngeal). EGFR overexpression in 
SCCHN is often caused by an increase in the number of gene copies [56] but can 
also occur at the mRNA or protein level. The original studies reporting overexpres-
sion of EGFR in 80–90% of SCCHN [11, 12] were based on analysis of mRNA 
expression in a limited set of 24 tumor specimens and 10 SCCHN cell lines versus 
histologically normal mucosa specimens. Follow-up work by Grandis and Tweard 
found that median EGFR mean optical density (based on IHC analysis using prepa-
rations of the EGFR-overexpressing A431 cell line as a positive control) was 54% 
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in a group of 91 patients with SCCHN [57]. In another study, EGFR protein levels 
in 140 primary laryngeal squamous cell carcinomas were determined using a radio-
ligand receptor assay. The authors established that a cutoff value of 20 fmol mg−1 is 
an effective prognostic marker, and based on this classification, 28 of 140 patients 
(20%) had elevated levels of EGFR and lower 5-year survival (25%) in comparison 
with patients with EGFR levels <20 fmol mg−1 (81% 5-year survival) [58]. Poor 
prognosis was also associated with an increased copy number of EGFR. EGFR gene 
copy numbers were analyzed in 134 SCCHN tumors using quantitative PCR, with 
this study finding aberrant EGFR copy numbers in 24% of tumors, with 17% of 
tumors having increased copy numbers [59].

Ongkeko et  al. used IHC analysis to show that EGFR was highly expressed 
(38%–43%) in 21 pharyngeal, 16 laryngeal, and 1 floor of mouth carcinoma com-
pared with benign samples [60], based on qualitative rankings from 3 independent 
pathologists. Using immunohistochemistry (IHC), Bei et  al. found EGFR to be 
overexpressed in 47% of cases in a group of 38 SCCHN tumor samples in compari-
son with 24 adjacent normal mucosa specimens [61]. Bernardes et  al. analyzed 

Fig. 2.1 Regulation of internalization and degradation of ErbB proteins. Here we described 
clathrin- mediated endocytosis of EGFR with further transportation to late endosomes and degrada-
tion, recycling, or migration to the nucleus
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EGFR in a subset of 52 patients with oral squamous cell carcinoma (OSCC) using 
3 different methods: IHC, fluorescent in situ hybridization (FISH), and chromo-
genic in situ hybridization (CISH). This study showed that EGFR overexpression 
rates were 53.8% (28/52) by IHC, 5.8% (3/52) by CISH, and 15.4% (8/52) by FISH 
[62]. Pectasides and colleagues found that increased gene copy number did not 
directly correlate with protein expression of EGFR, and elevated protein levels of 
EGFR determined by IHC better correlated with the poor clinical outcome than did 
EGFR copy number determined by FISH [63]. Ang et al. demonstrated that EGFR 
expression varied widely in a group of 155 patients (based on automatic IHC analy-
sis) and that higher EGFR expression in SCCHN samples correlated with reduced 
OS and DFS (based on the mean optical density data) [15].

The increasing availability of systematic genomic profiling provides additional 
data points [64], but does not resolve the issue of how to best define EGFR overex-
pression values. Among the 357 SCCHN specimens analyzed by The Cancer 
Genome Atlas (TCGA) Consortium for which genomic data are available, based on 
default TCGA analysis settings, EGFR amplification occurs in 4% of tumors. 
Among 520 SCCHN specimens with mRNA expression data collected by the 
TCGA, upregulation at the mRNA level is seen in 15% of cases. Based on these 
expression data, upregulation results in shorter overall and disease-free survival 
(z-score >2.5, OS, 28.32 months, versus 57.42 months; DFS, 30.16 months, versus 
71.22 months) (Fig. 2.2) [65, 66]. In contrast, a recent study reporting genetic and 
molecular profiling by Caris Life Sciences of 123 and 236 patients with advanced 
SCCHN demonstrated that EGFR was overexpressed in 90% of cases by IHC but 
only 21% by ISH, respectively [67].

Increased EGFR expression is not only found in SCCHN tumor samples but has 
also been observed in “healthy” mucosa samples of patients with SCCHN [68] and 
likely reflects a premalignant event in the tissue adjacent to an incipient SCCHN 
[11, 12]. Hence, elevated EGFR expression is a potential biomarker for early stages 
of malignant transformation in addition to being a therapeutic target [69]. Similarly, 
a study of 155 patients found that EGFR expression did not correlate with disease 
stage at presentation, or other known clinical prognostic variables, in stage II–IV 
carcinomas of the oral cavity, oropharynx and supraglottic larynx, tongue base, and 
hypopharynx, although EGFR expression was an independent prognostic indicator 
of 5-year OS (40% for EGFR negative and 20% for EGFR positive; p = 0.0006) as 
well as disease-free survival (DFS) (25% for EGFR negative and 10% for EGFR 
positive; p = 0.0016) [15]. These findings agreed with an earlier study, based on 140 
primary laryngeal squamous cell carcinomas, where the 5-year survival rate was 
81% for patients with tumor cells defined as EGFR negative based on biochemical 
assessment of EGF-binding capacity of membrane fractions prepared from tumors, 
compared to only 25% for patients with EGFR-positive tumors [58]. This study also 
reported 5-year relapse-free survival (RFS) of 77% for patients with EGFR-negative 
tumors, compared to 24% for patients with EGFR-positive tumors [58]. Chang et al. 
have shown that high EGFR expression also correlates with treatment failure in 
early glottic cancer treated with radiation alone and that EGFR expression is higher 
in the tumors of patients with recurrent disease than in controls [70]. In one study, 
using immunohistochemical (IHC) analysis, EGFR distribution within the tumor 
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tissue was related to patient survival, with heterogeneous distribution of EGFR in 
tumors significantly associated with poorer OS and DFS, in comparison with homo-
geneous distribution [71].

Additional members of the ErbB receptor family have been detected in SCCHN 
at increased expression levels [72, 73], although conflicting reports regarding ErbB3 
and ErbB4 expression levels have been published [61, 72, 74]. In the TCGA, protein 
overexpression was observed for ERBB2 in 2.2% of tumors and for ERBB3 in 5% 
of tumors: this represents too few cases to perform meaningful analyses and deter-
mine potential correlation with survival.

Changes in EGFR and ErbB family internalization and degradation mechanisms 
have also been associated with SCCHN. Changes in these mechanisms associated 

Fig. 2.2 TCGA data for EGFR in SCCHN cancer specimens. (a) A representative map of data 
illustrating TCGA data for EGFR upregulation at the protein level (top panel) and mRNA levels 
for EGFR and other ErbB family members in SCCHN specimens.(b) Kaplan-Meier survival 
curves comparing the SCCHN patients with (red, z-score > 2.5) and without (blue, z-score < 2.5) 
EGFR mRNA level upregulation. Overall survival (OS), p-value = 0.0178; progression-free sur-
vival (PFS), p-value = 0.0446
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with cancer lead to membrane accumulation of ErbB, further contributing to the 
abnormal activation of EGFR/ErbB signaling, which potentially promotes tumor 
formation and progression [75]. In this regard, a recent study revealed the relation-
ship between the lysosomal enzyme cathepsin S (CTSS) and EGFR signaling 
 regulation, with increased expression of CTSS detected in a number of types of 
cancer. Inhibition of CTSS limited EGFR degradation and caused EGFR accumula-
tion in the late endosomal and in the perinuclear region, leading to formation of 
spatial compartments with extended EGFR, STAT3, and AKT signaling. Combined 
treatment with the EGFR inhibitor gefitinib and the CTSS inhibitor 6r also signifi-
cantly increased cellular apoptosis [76]. Downregulation of c-CBL, which mediates 
internalization and degradation of EGFR, has been identified in a significant subset 
of SCCHN tumors [77]. Reciprocally, upregulation of the HECT-class ubiquitin 
ligase SMURF2, which ubiquitinates EGFR in a manner that protects it from c-CBL- 
dependent degradation, has also been suggested to be important in SCCHN [78].

Upstream of EGFR, overexpressions of ligands such as TGFα have been linked to 
a poor prognosis [68, 79] and have been associated with malignant tumor development 
at a number of sites in transgenic mice [80–82]. Additionally, expression of TGFα 
[17], AR [83, 84], and HB-EGF [85] has been shown to enhance oncogene- induced 
carcinogenesis and affect the response of tumor cells to EGFR inhibition [86–89], with 
some evidence suggesting other ligands are likely to also be of importance [90]. 
Elevated expression of mRNAs for EGFR ligands including AREG (amphiregulin), 
EGF, HB-EGF, and betacellulin (BTC) was associated with reduced patient survival 
[91]. Some proteins, such as the CBL-interacting protein of 85 kDa (CIN85), which 
regulates EGFR internalization, have been shown to be overexpressed in some 
advanced SCCHN and to increase TGFα-dependent signaling in SCCHN tumors [92].

As Brand et al. have reviewed in detail [93], epithelial cancers such as SCCHN 
are, surprisingly, characterized by a high frequency of nuclear EGFR localization. 
Mechanistically, to enter the nucleus, EGFR is passaged from clathrin-coated pits to 
the Golgi and subsequently via retrograde transport in COPI vesicles to the endo-
plasmic reticulum (ER) [94], after which the Sec61 translocon moves EGFR from 
the inner nuclear membrane to the nucleus [95, 96] (Fig. 2.1). Nuclear EGFR acts 
as a transcription coactivator for many genes associated with cell proliferation, 
including BCRP, Aurora-A, cyclin D, Myc, c-Myb, Cox-2, and iNOS, and also 
binds and supports activity of PCNA and DNAPK to enhance DNA synthesis and 
repair [97]. Increased expression of nuclear EGFR has been associated with a higher 
incidence of local recurrence and inferior DFS in oropharyngeal squamous cell car-
cinoma [98, 99]. Nuclear EGFR expression levels retained their prognostic signifi-
cance in multivariate analysis adjusting for well-characterized prognostic variables 
[99]. Saloura et al. have reported that posttranslational methylation of the tyrosine 
kinase domain of EGFR by methyltransferase WHSC1L1 increased activation of 
the ERK pathway in the absence of EGF stimulation. Interestingly, this methylation 
appeared to be important for nuclear EGFR, promoting its interaction with PCNA 
(proliferating cell nuclear antigen) in SCCHN cells and enhancing DNA synthesis 
and cell cycle progression [100]. At present, it is not clear whether this localization 
is unique to cancer cells or instead represents an extreme case of a signaling process 
that also exists in normal cells: in general, this phenomenon requires further study.
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2.3.2  Alternative Forms of EGFR and Its Effectors Affecting 
Signaling Activity in SCCHN

It has been suggested that expression of truncated and activated EGFR is associated 
with advanced tumor and nodal stage [101]. In studies of SCCHN tumors, Hama 
et  al. detected only 5 different EGFR mutations in 6 out of 82 patients [102]. 
Additional ErbB family members were not identified as commonly mutated in 
either of these studies. A meta-analysis of multiple studies, including 4122 patients 
with SCCHN, suggested a 2.8% frequency of mutations affecting the tyrosine 
kinase domain [102, 118, 119]. Another two studies identified EGFR mutations in 
only 3 of 127 patients (2.4%) and 17 of 110 (16%), respectively [103, 104]. A fourth 
study found an in-frame deletion mutation in exon 19 of EGFR (E746_A750del) in 
3 of 41 larynx, tongue, and tonsil tumor samples [105].

One EGFR mutation of note reported in SCCHN is EGFR variant III (EGFRvIII), 
which results in a truncation of the ligand-binding domain that results in ligand- 
independent, constitutive signaling, greatly potentiating tumorigenicity. EGFRvIII 
is the most common form of mutant EGFR and has been described in several types 
of cancer [106–111], including SCCHN [102, 112, 113]. However, the reported 
frequency of EGFRvIII in head and neck cancer is highly inconsistent. The presence 
of EGFRvIII in SCCHN ranged from none [102] to 15% [114] to 42% [113] and 
may vary by specific SCCHN subsite [115]. Sok et  al. reported that EGFRvIII- 
transfected SCCHN cells showed increased proliferation in  vitro and increased 
tumor volumes in  vivo compared with vector-transfected cells. Furthermore, 
EGFRvIII-transfected SCCHN cells showed decreased apoptosis in response to cis-
platin and decreased growth inhibition following treatment with cetuximab com-
pared with vector-transfected control cells. However, it was not established if the 
transfected cells expressed EGFRvIII at levels similar to those observed in actual 
patient samples, given conflicting results in different studies [113, 116]. The signifi-
cance of this variant remains unclear.

Stransky et al. performed whole exome sequencing on tumor samples from 92 
patients with SCCHN and validated known relevant mutations in TP53, CDKN2A, 
PTEN, PIK3CA, and HRAS [117]. Agrawal et al. used the same methods to study 32 
primary tumors, and 6 of the genes that were mutated in multiple tumors were reas-
sessed in up to 88 additional SCCHN samples. This study identified mutations in 
FBXW7 and NOTCH1 in addition to previously identified genes [118].

Li et al. compared the genomic data of 39 SCCHN cell lines with genomic find-
ings from 106 SCCHN tumors. Their results indicated that eight genes (PIK3CA, 
EGFR, CCND2, KDM5A, ERBB2, PMS1, FGFR1, and WHSCIL1) are amplified 
and five genes (CDKN2A, SMAD4, NOTCH2, NRAS, and TRIM33) are deleted in 
both SCCHN cell lines and tumors. Among the mutated genes relevant to the ErbB 
pathway, activating mutations of the catalytic subunit of PI3K (PI3KCA) were 
shared both in cell lines and in tumors – a result confirmed by a number of other 
studies [117–120] – and, importantly, based on the pharmacologic profiling results 
of eight anticancer agents, these mutations influence drug resistance [121].
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2.3.3  Consequences of EGF/ErbB Activation

Dimerization of the ErbB RTKs can result in the constitutive activation of a number 
of intracellular signaling pathways, each of which contributes to the oncogenic 
activity of this kinase family in SCCHN. Some of the better-studied and physiologi-
cally significant effector pathways are represented in Fig. 2.3 and discussed below.

2.3.3.1  Ras/Raf/MAPK

Increased activity of the Ras/Raf/MAPK pathway initiated by EGFR signaling is 
strongly linked to tumorigenesis in SCCHN [94]. Following EGFR autophosphory-
lation, mainly on residues Y1068 and Y1086, the growth factor receptor/bound pro-
tein 2 (GRB2) adaptor protein is either directly recruited through binding of its Src 
homology 2 (SH2) domain to the phosphotyrosine residues of the activated receptor 
or, alternatively, GRB2 is indirectly recruited to active EGFR by interaction with the 
Src homolog and collagen homolog (SHC) adaptor protein, which directly binds 
tyrosine-phosphorylated sites on EGFR, itself is tyrosine phosphorylated, and then 
binds GRB2 [95]. EGFR-bound GRB2 subsequently recruits and activates guanine 
nucleotide exchange factor Son of Sevenless (SOS). Activated SOS increases the 
pool of active, GTP-bound Ras, inducing a kinase cascade involving c-Raf, MEK1/2, 
and ERK1/2 (Fig. 2.3). Phosphorylated ERK1/2 translocates into the nucleus and 
activates transcription factors that induce transcription of many genes promoting 
cell growth and survival; a residual pool of active cytoplasmic ERK1/2 also phos-
phorylates cytoskeletal proteins such as actin, which promotes cell motility, and 
regulators of cell division and cytokinesis, vesicle and organelle movement, and 
mitochondrial targets such as Bcl2 that render cells resistant to apoptosis (Fig. 2.3) 
[95, 96].

2.3.3.2  PI3K/Akt/mTOR

Dimerization of EGFR or ErbB2 with ErbB3 is strongly associated with PI3K 
activation, because of the high prevalence of PI3K-activating docking sites on 
ErbB3 [97]. PI3K proteins are composed of a catalytic p110 and a regulatory p85 
subunit. The p110 subunits catalyze the phosphorylation of phosphatidylinositol 
4,5- diphosphate (PIP2) to the second-messenger phosphatidylinositol 
3,4,5- triphosphate (PIP3), which in turn phosphorylates and activates the protein 
serine/threonine kinase AKT (also known as protein kinase B), inducing protein 
synthesis and cell growth through activation of the mTOR effector pathway and 
limiting the apoptotic machinery [98]. AKT activation may also be induced by the 
binding of serine protease inhibitor Kazal-type 6 (SPINK6) to the EGFR 
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extracellular domain, which has been shown to occur in and promote metastasis 
of nasopharyngeal carcinoma cells [99]. In another study, PIK3CA overexpres-
sion in the mouse oral epithelium leads to increased tumor invasiveness and 
metastasis by inducing epithelial-to-mesenchymal transition (EMT). This study 
of PIK3CA- driven SCCHN emphasized the importance of 3-phosphoinositide-
dependent protein kinase (PDK1) rather than AKT as a key effector [122]. Bozec 
and colleagues reported that the mTOR inhibitor temsirolimus in combination 
with cetuximab has a synergistic effect in NOD scid gamma (NSG) mice injected 
with SCCHN cells into the mouth floor. The combination of these two drugs sig-
nificantly reduced tumor growth by inhibition of both the MAPK and the PI3K/
AKT/mTOR pathway [123].

Fig. 2.3 Signaling pathways downstream of EGFR and other ErbB proteins that have been linked 
to tumorigenesis of SCCHN and/or resistance to ErbB-targeting inhibitors. Green boxes indicate 
targets which bind directly to the EGFR phosphorylation sites. See text for details
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2.3.3.3  STAT

The signal transducers and activators of transcription (STAT) proteins were origi-
nally identified as downstream effectors of non-tyrosine kinase cytokine receptors, 
such as IL-6, IL-22, IFN-α/β, and IFN-λ. However, STATs can also be directly acti-
vated by EGFR, or by EGFR effectors such as c-Src [124], and constitutive activa-
tion of STATs has been reported in SCCHN [125]. Activated STATs migrate from 
cytoplasm to nucleus and upregulate the expression of many proteins associated 
with tumorigenesis, including the prosurvival factor NF-κB [126]. STAT family 
activation contributes to cancer cell survival and protects cells from apoptosis, 
which makes it a potentially useful therapeutic target [127], although there is some 
debate, as one study of a group of 102 SCCHN patients found nuclear STAT3 local-
ization was associated with improved survival [128]. Additionally, Wheeler et al. 
reported that STAT3 activation can promote invasion of head and neck cancer cells 
bearing EGFRvIII and contributes to cetuximab resistance [129]. In vitro studies 
have shown that simultaneous inhibition of JAK1-STAT3 with JAK1i inhibitor and 
EGFR (cetuximab) in combination with radiation has a synergistic effect and leads 
to radiosensitization of human head and neck cancer cells and apoptosis [130]. Pre- 
irradiation inhibition of STAT5, STAT6, and MEK1/2 by 573,108, leflunomide, and 
U0126, respectively, in a panel of SCCHN cells, led to decreased survival following 
irradiation [131].

2.3.3.4  PLC/PKC

PLC is recruited by phosphorylated EGFR and subsequently activated. Primary 
tumors express elevated levels of total and phosphorylated PLCγ (one of six iso-
types: β, γ, δ, ε, ζ, and η; [132]), and EGFR-stimulated activation of PLCγ promotes 
invasion of SCCHN [133]. PLCγ inhibition decreases the invasive potential of pros-
tate, breast, and head and neck carcinoma cells [134, 135]. Once activated, PLC 
hydrolyzes PIP2 to diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3). 
DAG in turn activates members of the PKC family, which is composed of 12 differ-
ent isoforms in mammals [18]. Protein kinase Cε [136] has been proposed as a 
promising prognostic factor for relapse and OS of SCCHN [137]. PKCζ is highly 
expressed in SCCHN tumors and mediates EGF-induced growth of SCCHN tumor 
cells by regulating MAPK [138]. A recent study demonstrated that resistance to 
PIK3CA inhibitors occurs due to the induction of the RTK AXL, which interacts 
with EGFR and activates PKC and mTOR, leading to cancer cell survival [139].

2.3.3.5  Src

Activation of members of the Src kinase family (Blk, Fgr, Fyn, Hck, Lck, Lyn, Src, 
Yes, and Yrk; [140]) by EGFR and ErbB2 positively regulates cell proliferation, 
migration, adhesion, and tumor angiogenesis, with activation seen in many cancer 
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types, including SCCHN [141–143]. In SCCHN, Src contributes to EGFR- 
dependent activation of STAT3 and STAT5, which, as mentioned above, are impor-
tant for tumor growth [144]. Reciprocally, Src helps to activate EGFR by participating 
in G protein-coupled receptor-initiated TGFα release [145]. Changes in the interac-
tion between Src and EGFR have been suggested to be involved in resistance to 
EGFR-targeting antibodies such as cetuximab by increasing translocation of EGFR 
to the nucleus (Sect. 2.2.2) [143, 146]. Src additionally interacts with other RTKs 
that are upregulated during acquisition of resistance to EGFRIs, such as IGF-1R 
(insulin-like growth factor-1 receptor) and others [147]. In gastric cancer, c-SRC- 
mediated activation of EGFR was shown to be induced by the receptor activator of 
NF-κB ligand (RANKL)/RANK pathway, promoting resistance to cetuximab [148]: 
whether this mechanism is relevant to SCCHN remains to be determined, although 
the fact that RANKL function has recently been found to be important for SCCHN 
progression is suggestive [149].

2.3.3.6  Nuclear Factor-κB (NF-κB)

High expression and constitutive activation of the transcription factor nuclear 
factor-κB (NF-κB) has been directly linked to tumorigenesis, metastasis, and che-
moresistance in many cancers including SCCHN [150–154], with particularly high 
levels of NF-κB in highly metastatic cells [150, 155]. NF-κB induction of matrix 
metalloproteinases MMP-1, MMP-2, MMP-9, and MMP-14, fibronectin, ß1 integ-
rin, and vascular endothelial growth factor C is strongly associated with tumor pro-
gression and metastasis [155]. In SCCHN, NF-κB activation has been described as 
both independent of and dependent on EGFR signaling [156–158]. In the EGFR- 
dependent activation of NF-κB, phosphorylated EGFR activates PI3K, ERK1/2, 
and STAT3, all of which are associated with increased NF-κB activity (Fig. 2.3) 
[156]. Depletion of NF-κB pathway components or pharmacological inhibition of 
NF-κB significantly increased cell death induced by erlotinib in EGFR-mutant lung 
cancer cells [159], supporting relevance of this signaling axis [160].

2.3.3.7  Cyclin D1

Cyclically induced expression of the cell cycle regulatory protein cyclin D1 
(CCND1) promotes the key G1-to-S phase transition through formation of com-
plexes with CDK4 and CDK6. The CCND1-CDK4/6 complex phosphorylates reti-
noblastoma tumor suppressor protein (Rb), inhibiting its activity and allowing 
changes in gene expression that promote S phase progression [161]. Analysis of 
SCCHN cell lines found common CCND1 amplification and/or overexpression, 
which was associated with resistance to gefitinib [162]. In a group of 103 SCCHN 
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patients’ tumor samples, CCND1 amplification was observed in 30% (31/103) of 
patients and had a statistically significant association with recurrence, distant metas-
tasis, and survival at 36  months [163]. EGFR expression coupled with CCND1 
overexpression was found to be associated with sensitivity to combination therapy 
with CDK4/6 and ERBB-targeting inhibitors (palbociclib and lapatinib) in HPV(-) 
SCCHN cell models, while integrated analysis of CDK4/6, CCND1, and EGFR 
expression refined ability to predict SCCHN prognosis [164].

2.4  EGFR and Targeted Inhibitors

For patients with locally advanced SCCHN, randomized controlled trials have 
shown that the addition of chemotherapy to radiotherapy improves 3-year overall 
survival (51% for chemoradiotherapy compared to 31% for radiation alone) [165] 
and disease-free survival (37% for radiation plus chemoradiotherapy compared to 
23% for radiation alone) [166], albeit at the cost of increased toxicity [167]. 
Targeting EGFR is now a well-established therapeutic strategy for SCCHN treat-
ment [168], as EGFR inhibition seems to prevent activation of DNA repair mecha-
nisms that enable cancer cells to survive radiation- or chemotherapy-induced DNA 
damage [169, 170]. However, the monotherapy response rate to cetuximab is only 
10% in patients with platinum-refractory SCCHN [171]. It is unknown if this obser-
vation is due to cell-mediated immunity; data from R0522 suggests not, as cetux-
imab benefit did not correlate with FCγ subtype or markers of inflammation [172]. 
Alternatively, it may reflect the small proportion of cancers that are truly EGFR 
dependent. Numerous data suggest that high levels of EGFR may accelerate repop-
ulation, a condition of enhanced cellular proliferation after exposure to ionizing 
radiation, contributing to the radioresistance associated with head and neck cancers 
[173, 174].

Despite potential secondary mechanisms, preclinical and clinical data support 
the premise that the inhibition of EGFR activity increases radio- and chemosensitiv-
ity of SSCHN tumors [173–175]. However, conflicting data regarding the sensitiz-
ing potential of EGFR inhibitors (EGFRIs) exist: for example, the RTOG 0522 
phase III trial showed that the addition of the EGFRI cetuximab (Sect. 2.4.1.1) does 
not improve PFS rates to chemoradiation in patients with stage III and IV SCCHN, 
potentially due to overlapping radiosensitization properties of cisplatin and cetux-
imab treatment [176]. Newer agents that target EGFR remain under investigation 
(e.g., NCT02555644, NCT01427478, NCT00588770, and others: see also 
Table 2.1). Further, the side effect profiles of EGFRIs have been generally favorable 
compared to standard chemotherapeutics [177–179].
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2.4.1  Monoclonal Antibodies Targeting EGFR and Other 
ErbB Proteins

Cetuximab, a monoclonal antibody targeting EGFR, plays a significant role in the 
treatment of SCCHN. Cetuximab, the pioneer for antibody-based anti-ErbB therapy 
in SCCHN, was approved for treatment of locally or regionally advanced SCCHN 
in 2006 [175] and for metastatic SCCHN in 2011 [180]. While cetuximab repre-
sents the EGFR inhibitor with the most clinical data and the most significant results 
in the treatment of SCCHN, multiple additional antibodies targeting ErbB receptors 
are currently being investigated in clinical trials. Promising results of EGFR- 
targeting antibodies used in mice were first published in 1984 [181], over two 
decades before cetuximab was approved for clinical use. This section introduces 
several relevant antibodies and covers their current status as it pertains to SCCHN, 
with some additional information found in Table 2.1.

2.4.1.1  Cetuximab

Cetuximab is a chimeric monoclonal antibody that inhibits EGFR by binding to its 
extracellular domain (Fig. 2.4). Cetuximab binds to EGFR with a higher affinity 
than its natural ligands EGF and TGFα [182–184]. Once bound to the EGFR extra-
cellular domain, cetuximab occludes the ligand-binding site, thus inhibiting ligand- 
dependent EGFR signaling [185]. Depletion of the targeted receptors from the cell 
surface via downregulation is a second mechanism of effective EGFR inhibition 
[186]. Additionally, binding of cetuximab to EGFR enhances antibody-dependent, 
cell-mediated cytotoxicity via natural killer cells and macrophages in model sys-
tems [187, 188]. Cetuximab has been approved for three indications in patients with 
SCCHN. These are patients with locally or regionally advanced SCCHN (cetux-
imab in combination with radiation therapy; [175]), patients with recurrent or meta-
static platinum-refractory SCCHN (cetuximab monotherapy; [189]), and patients 
with recurrent locoregional and/or metastatic SCCHN not refractory to platinum- 
based therapies (cetuximab in combination with platinum chemotherapy and 
5- fluorouracil as first-line therapy; [180]).

Phase I studies of cetuximab defined the dose and schedule required to maintain 
biologically active and tolerable levels [190, 191]. Whether used in combination 
with chemotherapy or radiotherapy, or as monotherapy, cetuximab was found to 
have nonlinear saturation kinetics. Median serum cetuximab terminal half-life 
ranged from 14 to 97 h with doses from 5 to 300 mg/m2. Skin reactions increased 
significantly at doses of 500 mg/m2 or higher. Given the results of these phase I tri-
als, the recommended cetuximab regimen was established as an initial loading dose 
of 400 mg/m2 followed by weekly doses of 250 mg/m2 [190, 191].

The landmark phase III study of cetuximab added to radiation published by 
Bonner and colleagues led to the approval of cetuximab for the treatment of patients 
with locally or regionally advanced SCCHN [175]. Four hundred and twenty-four 
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Fig. 2.4 Activators and inhibitors of the ErbB proteins and critical signaling effectors. (a) Blue 
boxes indicate activating ligands for the indicated ErbB dimers. Pink boxes indicate monoclonal 
antibodies targeting ErbB family proteins. Green boxes indicate small-molecule inhibitors of ErbB 
proteins or specific signaling effectors. (b) Mechanism of action for selected ErbB family 
inhibitors
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patients undergoing definitive treatment with radiation were randomized to radio-
therapy alone or to radiotherapy plus cetuximab. Cetuximab and radiotherapy sig-
nificantly improved median OS and median progression-free survival (PFS) when 
compared to radiation alone [175]. Long-term follow-up of the Bonner study 
showed an absolute survival increase of 9% in the treatment group receiving cetux-
imab in combination with radiation therapy (5-year survival of 45.6% for cetux-
imab/radiation vs. 36.4% radiation alone) [192].

In the case of patients with platinum-refractory recurrent or metastatic SCCHN, 
Trigo et  al. observed an overall response rate to cetuximab in combination with 
platinum-based chemotherapy of 10% and an overall survival of 183  days in a 
single- arm study of 96 patients with platinum-refractory recurrent disease [193]. 
The observed response and survival rate were similar to rates expected with plati-
num therapy alone in chemotherapy-naïve patients, supporting combination cetux-
imab and chemotherapy [194].

In a phase III randomized trial, Burtness and investigators from the Eastern 
Cooperative Oncology Group compared the impact of cisplatin plus a placebo with 
the impact of cisplatin plus cetuximab in previously untreated patients with  recurrent 
and metastatic SCCHN.  This study demonstrated that the addition of cetuximab 
significantly increased the objective response rate (26% response rate for cisplatin/
cetuximab and 10% response rate for cisplatin/placebo; p = 0.03). PFS increased 
from 2.7 to 4.2 months; this difference was not statistically significant, in a trial 
which was underpowered because the statistical assumptions underestimated PFS in 
the control arm. Unexpectedly, Burtness et al. also observed that cetuximab was not 
active in patients with the highest EGFR staining density and intensity. It was 
hypothesized that several factors may have contributed to this observation: the small 
sample size (n = 123), suboptimal cetuximab dosing for cases of high-density EGFR 
occurrence, stochastic interactions at high EGFR density, or constitutive down-
stream signaling not accounted for in the study [195]. Indeed, subsequent investiga-
tors have identified loss of PTEN expression as predictive of resistance to EGFR 
inhibition in SCCHN, as will be detailed below.

Vermorken et  al. built on these findings to conduct a phase III clinical trial 
(EXTREME trial) investigating the efficacy and safety of platinum, fluorouracil 
(5-FU), and cetuximab as first-line treatment of recurrent and metastatic SCCHN in 
442 patients. The EXTREME phase III trial randomly assigned patients to receive 
cisplatin or carboplatin plus 5-FU and cetuximab or platinum plus 5-FU alone. Six 
cycles of chemotherapy were the limit for both arms of the study; however, cetux-
imab was continued until disease progression or prohibitive toxicity. The addition of 
cetuximab to chemotherapy significantly increased median OS (10.1 months in the 
cetuximab group and 7.4 months in the chemotherapy-alone group; p = 0.04) and 
PFS (5.6 months in the cetuximab group to 3.3 months in the chemotherapy-alone 
group; p  <  0.001) when compared to standard chemotherapy alone [180]. 
Importantly, additional analysis of the EXTREME data provided further evidence 
that, in the case of SCCHN, EGFR expression level is not a clinically useful predic-
tive biomarker [196]. Lei et al. demonstrated that resistance to cetuximab occurs in 
part through autophagy activation involving NLRX1-TUFM protein complex. 
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Analysis of patients’ tumor specimens also confirmed that cetuximab therapy leads 
to the increased expression of autophagy SQSTM1/p62 protein, and data analysis 
from clinical trials showed a positive correlation between cetuximab-induced 
autophagy and poor prognosis [197].

2.4.1.2  Additional EGFR-Targeting Antibodies

Panitumumab is a fully humanized immunoglobulin IgG2 monoclonal antibody 
that, like cetuximab, binds to EGFR domain III and, in the process, inhibits EGF 
and TGFα binding [185] (Fig. 2.4). In contrast to cetuximab [198], panitumumab 
does not mediate antibody-dependent cellular cytotoxicity and has been shown to 
have a very low rate of infusion-related hypersensitivity reaction [199]. Another 
study found that panitumumab effectively inhibits EGFR signaling, but this anti-
body had a reduced ability to enhance dendritic cell maturation, in comparison with 
cetuximab, a finding of uncertain clinical significance [200] [201]. The SPECTRUM 
trial (phase III; NCT00460265) compared cisplatin/5-FU plus panitumumab to 
cisplatin/5-FU alone in patients with metastatic/recurrent SCCHN. The addition of 
panitumumab to chemotherapy did not significantly improve median OS versus 
chemotherapy alone but did improve median PFS (5.8 vs. 4.6 months) [184, 202]. 
Another study comparing PFS in patients with locally advanced (LA) SCCHN 
treated with standard-fractionation RT plus high-dose cisplatin versus accelerated- 
fractionation RT plus panitumumab demonstrated no difference between these two 
treatment types [203], providing further evidence that panitumumab has activity in 
SCCHN.

Zalutumumab is a human IgG1 high-affinity antibody also targeting EGFR 
domain III, and, just like panitumumab and cetuximab, zalutumumab is thought to 
block ligand binding, but with exceptional tumor specificity at lower doses [185] 
(Fig. 2.4). A phase III trial in metastatic or recurrent SCCHN following platinum 
failure compared zalutumumab to best supportive care, defined to include metho-
trexate monotherapy. Median overall survival was modestly increased by zalutu-
mumab (hazard ratio [HR] for death, stratified by performance status, was 0.77; 
unadjusted p = 0.0648). Progression-free survival was significantly longer in the 
zalutumumab group (HR for progression or death was 0.63, 95% CI 0.47–0.84; 
p = 0.0012). A phase III trial is currently underway (DAHANCA 19; NCT00496652) 
to determine if the addition of zalutumumab to radiotherapy improves locoregional 
control. Preliminary results from this trial did not demonstrate beneficial effect from 
addition of zalutumumab [204].

Nimotuzumab has been approved for SCCHN in several countries, not includ-
ing the USA. Nimotuzumab is a humanized murine IgG1 monoclonal antibody that 
also blocks interaction between ligand and receptor by binding to EGFR domain III, 
but with lesser affinity than some of the other antibodies [205]. The therapeutic 
implications of this reduced affinity are unclear, but nimotuzumab has been shown 
to have mild to absent skin toxicity, eliminating a clinically important adverse effect 
commonly associated with cetuximab [206]. An early pharmacodynamic study 
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showed nimotuzumab plus radiotherapy was tolerated with no evidence of skin rash 
in patients with unresectable SCCHN [207]. Hence, nimotuzumab may offer an 
EGFR-targeted therapy with a favorable side effect profile. The possibility of com-
bining high- and low-affinity antibodies to optimize antibody penetration in larger 
tumors has not been explored clinically.

Matuzumab, another humanized mouse monoclonal antibody, also binds to 
EGFR domain III, but at a completely different epitope than the previously men-
tioned antibodies (Fig. 2.4). This was confirmed by experiments in which cetux-
imab and matuzumab were observed to simultaneously bind to EGFR [208]. When 
bound to EGFR, matuzumab was determined to predominantly prevent domain II 
from assuming the configuration, in relation to domain III, necessary for high- 
affinity ligand binding [185], interrupting EGFR signaling. Matuzumab has not 
been tested in SCCHN.

XGFR*. In 2014, Schanzer et al. developed a novel one-arm single-chain Fab 
heterodimeric bispecific IgG (OAscFab-IgG; XGFR*) antibody, which targets both 
the insulin-like growth factor receptor type I (IGF-1R) and EGFR; importantly, this 
antibody has only one binding site for each target antigen [209]. It was previously 
shown that signaling through IGF-1R can overcome resistance to EGFR inhibitors, 
and EGFR-dependent signaling can confer resistance to IGF-1R inhibitors [210]. In 
addition, the XGFR* antibody has an afucosylated Fc portion and induces antibody- 
dependent cell-mediated cytotoxicity (ADCC). Thus, inhibition of both these recep-
tors by XGFR* antibody had a significant effect on different cancer types, including 
lung and pancreatic, in vivo and in vitro [211]. Clinical evaluation of this agent is 
required.

2.4.1.3  Monoclonal Antibodies Targeting Other ErbB Proteins

Given the heterodimerization of EGFR with other ErbB family proteins, and the fact 
that overexpression of some of these proteins can compensate for EGFR inhibition 
during development of therapeutic resistance, a natural development has been to 
explore inhibition of additional EGFR family members in SCCHN [212–214].

Pertuzumab binds the ErbB2 dimerization domain and blocks its interaction 
with all four ErbB family members [215] (Fig.  2.4). Erjala et  al. observed that 
increased expression levels of phosphorylated ErbB2 and total ErbB3 were associ-
ated with SCCHN cell line resistance to gefitinib [216]. Confirming the importance 
of ErbB2 in resistance, when gefitinib was combined with pertuzumab, significant 
growth inhibition of relatively gefitinib-resistant SCCHN cell lines was observed. 
Phosphorylated ErbB2 and total ErbB3 were not predictive of resistance to cetux-
imab [216].

Seribantumab (SAR256212, MM-121), targeting ErbB3, has been shown to be 
effective by inhibiting ligand-induced ErbB3 signaling [50, 217]. In another study, 
seribantumab demonstrated antitumor activity in breast cancer cell models [218]. 
More recently, in a randomized phase II trial of seribantumab in combination with 
weekly paclitaxel compared with paclitaxel alone, the combination showed no 
effect in PFS among 140 patients with ovarian cancer [219].
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MM-111 is a bispecific single-chain antibody that simultaneously targets ErbB2 
and ErbB3. An antitumor effect of MM-111 was shown in several in vivo cancer 
models [220].

P6-1. Recently, a new monoclonal antibody that specifically targets neuregulin- 
1- induced ErbB4 activation was developed. P6-1 was tested on breast cancer cell 
lines and showed moderate anticancer activity [221].

Trastuzumab. The ErbB2/HER2-targeting antibody trastuzumab is an invalu-
able drug for breast cancer and other epithelial tumors [222–225]. In vitro studies 
have shown that trastuzumab enhances the efficacy of gefitinib [226] and cetuximab 
[227] in SCCHN cells. Surprisingly, analysis of the mRNA expression of EGFR and 
ErbB2 indicated lack of correlation with efficacy of the combination therapy [227]. 
Moreover, an independent study found that a subset of non-ErbB2-amplified 
SCCHN cells was nevertheless extremely responsive to the small molecule multi- 
ErbB inhibitor lapatinib, based on activation of a neuregulin-ErbB3 loop [228]. A 
number of studies have been investigating factors contributing to trastuzumab. 
Kulkarni and colleagues found that the Ca2+-activated Cl− channel TMEM16A 
 significantly contributes to tumor growth in SCCHN and some other tumors, with 
levels of TMEM1A increased in trastuzumab-resistant cells. They also found that 
concurrent treatment of these cells with cetuximab and TMEM16A inhibitor led to 
cell death, demonstrating a novel role of TMEM16A in regulation of the EGFR and 
HER2 pathways [229].

Duligotuzumab (MEHD7945A) blocks ligand binding to EGFR and HER3 and 
may contribute to antibody-dependent cell-mediated cytotoxicity (ADCC) in cells 
overexpressing these proteins. A randomized phase II study (MEHGAN, 
NCT01577173) evaluated drug efficacy in patients with recurrent/metastatic (R/M) 
SCCHN, treated with duligotuzumab or cetuximab. In this study, duligotuzumab 
demonstrated a higher efficacy than cetuximab only in tumors with greater expression 
of NRG1, a ligand for ERBB3 and ERBB4 [230]. Duligotuzumab in combination 
with cisplatin/5-fluorouracil or carboplatin/paclitaxel demonstrated a promising effect 
in patients with recurrent/metastatic SCCHN [231]. An independent study performed 
in a group of SCCHN and colorectal cancer patients demonstrated similar results, 
with duligotuzumab as a single agent possessing pronounced antitumor activity [232].

CDX3379 (formerly KTN3379) locks HER3 in an inactive confirmation by 
docking to its extracellular domain, effectively promoting inhibition of both ligand- 
dependent or ligand-independent activation of HER3 [233]. CDX3379 was found to 
be efficient against HPV-positive SCCHN cell lines and PDXs [234]. CDX3379 is 
currently being evaluated for safety in a phase I clinical trial (NCT02014909).

2.4.2  Tyrosine Kinase Inhibitors (TKIs) Targeting EGFR 
and Other ErbB Proteins

TKIs block EGFR activation by inhibiting the cytoplasmic tyrosine kinase domain 
and have proven valuable agents in a number of cancer types. First-generation TKIs 
for EGFR, including gefitinib and erlotinib, reversibly bind the ATP-binding pocket 

2 Targeting the ErbB Family in Head and Neck Cancer



32

of the kinase domain and are EGFR specific. Second-generation TKIs relevant to 
SCCHN, including lapatinib, afatinib, and dacomitinib, target multiple ErbB mem-
bers (in the case of afatinib and dacomitinib, irreversibly) (Table 2.1; Fig. 2.4) [168, 
182].

Gefitinib, an orally administered, small-molecule, reversible EGFR TKI, was 
the first TKI to reach phase III trials; however, overall results have dampened expec-
tations. Early studies suggested a clinical benefit of gefitinib similar to cetuximab 
[235, 236]; unfortunately, more recent results do not indicate a significant role for 
gefitinib in the management of SCCHN [168, 237, 238]. In treatment-refractory 
SCCHN, gefitinib did not improve OS when compared to methotrexate [239]. These 
findings were consistent when gefitinib was administered orally at 250 or 500 mg 
daily, despite the fact that single-arm studies had demonstrated favorable response 
rates when gefitinib was administered at 500 mg/day [235, 239]. The maximum 
tolerated dose of gefitinib has been established to be 600 mg/day, with dose-limiting 
toxicity observed at 1000  mg/day [240]. In a phase II study of 44 patients with 
SCCHN, Perez et al. investigated if doses higher than 500 mg/day would produce 
increased skin toxicity, which is thought to be associated with improved response to 
EGFRIs. Patients treated with 750 mg/day had increased incidence of skin toxicity 
compared with patients receiving 500 mg/day (58 and 9% grade 2 skin toxicity for 
750 and 500 mg/day, respectively); however, the higher dose of gefitinib failed to 
significantly improve outcome [241]. Gefitinib (250 mg/day) in combination with 
docetaxel (docetaxel/gefitinib vs. docetaxel alone) was evaluated in a phase III trial 
of patients with metastatic or locally recurrent SCCHN. In this study, Argiris et al. 
were unable to demonstrate a statistically significant survival benefit for patients 
receiving the docetaxel/gefitinib combination. However, subgroup analysis demon-
strated that for patients younger than 65 years of age, the addition of gefitinib to 
docetaxel did increase survival significantly (median survival of 7.6 vs. 5.2 months; 
p = 0.04) [242]. In the case of NSCLC, non-smoking patients had a significantly 
better response to gefitinib treatment and demonstrated prolonged PFS in compari-
son with smoking patients [243]; this may be related to the fact that smoking induces 
detoxification enzymes such as cytochromes (CYP2D6, CYP1A2) that contribute to 
the metabolism of gefitinib and erlotinib [244], limiting their efficacy. It is impor-
tant to note that gefitinib therapy demonstrates high interpatient variability in plasma 
levels even in healthy male volunteers, varying up to 15-fold between individuals 
[245], suggesting the need for further studies to allow more accurate individual dos-
ing with gefitinib and other 4-anilinoquinazolines (including erlotinib and 
lapatinib).

Erlotinib, the second first-generation TKI, like gefitinib, is an orally adminis-
tered, small-molecule, reversible TKI. In 115 patients with refractory SCCHN, erlo-
tinib led to disease stabilization in 38.3% of patients for a median duration of 
16.1 weeks. The median PFS was 9.6 weeks and the median OS was 6.0 months 
[246]. Smoking status of lung cancer patients was also found to be an important 
determinant of the pharmacokinetics of erlotinib during therapy, leading to a 2.8-
fold increased Cmax and decreased metabolic clearance of erlotinib in non-smokers 
to compare with smoking patients [247].
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Lapatinib has dual specificity, targeting EGFR and ErbB2 [248] (Fig.  2.4). 
Surprisingly, in a phase II study focused on recurrent/metastatic SCCHN, lapatinib, 
as monotherapy, failed to lead to objective responses. On-treatment biopsies were 
performed: although ErbB2 levels were significantly decreased, EGFR phosphoryla-
tion remained unaffected in these specimens [249]. Addition of lapatinib to  standard 
therapy radiation and cisplatin”: standard therapy with radiation and cisplatin was 
found not to extend DFS [250]. Another clinical trial focusing on the combination of 
lapatinib with capecitabine in patients with metastatic SCCHN (NCT01044433) is 
still in process. Additional phase II trials are investigating the effect of lapatinib in 
combination with definitive chemoradiation followed by 1 year of lapatinib mainte-
nance for locally advanced (LA) SCCHN (NCT00387127) and definitive radiation 
for the patients who had low tolerance to CRT (NCT00490061) [251].

Afatinib, also a multi-specific TKI, irreversibly targets three of the four ErbB 
family members: EGFR, ErbB2, and ErbB4 [252]. In a comparison to cetuximab, 
afatinib showed similar antitumor activity in patients with recurrent or metastatic 
SCCHN after failing platinum therapy. Median PFS was 15.9 weeks with afatinib 
and 15.1 weeks with cetuximab [253]. In another clinical trial, 2 weeks of pretreat-
ment of newly diagnosed SCCHN patients with afatinib led to a better metabolic 
FDG-PET profile than seen in patients receiving no treatment (NCT01538381) 
[254]. Based on the results from a group of R/M SCCHN patients, Cohen et  al. 
established potential biomarkers of afatinib clinical outcome. Prolonged PFS after 
afatinib treatment was associated with amplified EGFR, negative p16 status, high 
expression of PTEN, and low expression of HER3 [255]. According to the most 
recent data, afatinib treatment of 411 SCCHN patients with complete response to 
chemoradiation did not demonstrate any improvement in disease-free survival to 
compare with placebo group (NCT01345669) [256].

Dacomitinib, like afatinib, is an irreversible inhibitor of EGFR, ErB2, and 
ErbB4 [257]. Dacomitinib is a potent inhibitor of wild-type EGFR as well as EGFR 
with activating mutations. Furthermore, dacomitinib appears to be active against the 
T790 M secondary EGFR mutation, which generally renders cancer cells resistant 
to erlotinib and gefitinib, in NSCLC [258]. Dacomitinib reduced the viability of 
SCCHN cells and in combination with ionizing radiation (IR) more effectively 
delayed tumor growth in vivo in a dose-dependent manner [259]. A phase I clinical 
trial investigating the efficacy of dacomitinib plus chemotherapy in treating SCCHN 
was completed (NCT01737008), but the results are not yet published. In another 
study (NCT01484847), dacomitinib was administered via gastrostomy feeding tube 
(GT) to evaluate the efficacy of this method. The results have demonstrated that the 
pharmacokinetics of dacomitinib administered by GT are significantly decreased to 
compare with the oral administration [260]. In a completed phase II trial 
(NCT00768664) of 69 patients with recurrent/metastatic SCCHN treated with 
dacomitinib, pretreatment tumor and normal tissue specimens were analyzed. No 
biomarkers of dacomitinib treatment efficacy were identified. Nevertheless, dacomi-
tinib treatment was associated with increased OS in HPV-driven cancers [261].
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CUDC-101 is a multi-targeted hybrid anticancer drug candidate with a complex 
mode of action. CUDC101 effectively inhibits EGFR, HER2, and histone deacety-
lase (HDAC) and has shown impressive activity in in vitro as well as in vivo cancer 
models [262, 263]. This hybrid inhibitor has been investigated in combination with 
cisplatin and radiation therapy in patients with locally advanced head and neck can-
cer as part of a phase I drug escalation trial (NCT01384799). The results of this 
study established the maximum tolerated dose (MTD) of CUDC-101 in combina-
tion with cisplatin and radiation. Further analysis of tumor biopsies demonstrated 
inhibition of EGFR [264].

TX1-121-1. ErbB3 plays an important role in the EGFR signaling through acti-
vation of EGF receptor [9]. The small-molecule agent TX1-85-1 covalently binds 
the unique ErbB3 ATP-binding site (Cys721). However, this compound showed no 
activity against ErbB3-dependent signaling and growth [265].

2.4.3  Targeting Critical EGFR/ErbB Effectors

A classic means by which cancer cells overcome resistance to inhibition of upstream 
activating oncogenes is to upregulate or activate one or more essential effectors 
operating downstream. A reactive therapeutic approach is to inhibit these down-
stream effectors, sometimes in combination with agents targeting the upstream 
oncogenic driver. In SCCHN, resistance to inhibitors of ErbB proteins has been 
associated with upregulation or activation of a number of downstream or lateral 
signaling effectors, including PI3K, MEK, ALK, and others. Some recent studies 
have evaluated inhibition of these targets in SCCHN.

Using xenograft experiments, Mizrachi et al. found that the inhibitor BYL719, 
which targets PI3Kα (p110α subunit of PI3K), is effective against SCCHN. 
Furthermore, they demonstrated that encapsulation of BYL719 into P-selectin-
targeted nanoparticles leads to an accumulation of BYL719 in tumors, which pro-
motes more effective inhibition of tumor growth and ameliorates side effects 
associated with BYL719 treatment [266]. Several isoform-specific PI3K inhibitors 
are under development and in clinical trials [267]. In preclinical studies, the specific 
PI3KCA inhibitor GDC-0032 was effective in controlling SCCHN in  vitro and 
in vivo [267]. Co-targeting of EGFR and PI3K with erlotinib and BKM20, respec-
tively, had synergistic antitumor effects and apoptosis induction in a panel of 
SCCHN cell lines and xenograft models of SCCHN.

There is some evidence that, in several types of cancer, including breast, non- 
small cell lung, and glioblastoma, inhibition of PI3K or mTOR can abrogate cell 
resistance to anticancer therapy [268]. Apitolisib (GDC-0980) is a dual inhibitor of 
class I PI3Ks and mTOR kinases. A phase I clinical trial of apitolisib indicated 
durable antitumor activity in a group of patients with solid tumors, including 
SCCHN [269]. This may predominantly reflect inhibitory activity against PI3K, as 
treatment of recurrent/metastatic SCCHN patients with the mTOR inhibitor evero-
limus showed no response to the therapy [270] [271]. However, other studies have 
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concluded that concurrent targeting of EGFR and PI3K is synergistic specifically 
because of inhibition of both axes of the AKT-mTOR pathway, coupled with trans-
lational regulation of anti-apoptotic Bcl-2 proteins [271].

Activation of ErbB kinases signals through RAS and RAF to activate down-
stream MEK/ERK kinases; RAS, PI3K, and other ErbB effectors activate 
AKT. Cetuximab inhibits ERK and AKT phosphorylation in cetuximab-sensitive 
SCCHN cells, whereas the level of AKT phosphorylation is unmodified in 
cetuximab- resistant cells [272]. Mohan et al. demonstrated that inhibition of MEK 
by PD-0325901 overcame resistance to the PI3K/mTOR inhibitor PF-5212384 and 
had a potential antitumor effect in SCCHN [273]. Increased activity of the anaplas-
tic lymphoma kinase (ALK) was observed in late-stage human OSCC tumors and 
invasive OSCC cell lines. Both in vitro and in xenografts, concurrent inhibition of 
ALK (using the TAE684 inhibitor) and EGFR (with gefitinib) significantly reduced 
OSCC cell proliferation and tumor volume in comparison with ALK  inhibition 
alone. Dual inhibition was associated with complete abolishment of AKT activation, 
whereas separate inhibition of EGFR or ALK only reduced it [274].

A study of esophageal squamous cell carcinoma showed that tumor cells treated 
with afatinib and erlotinib become rapidly resistant due to reactivation of the MEK/
ERK pathway. This can be delayed by initial dual treatment with the MEK inhibitor 
trametinib used in combination with an EGFR inhibitor, which decreased tumor cell 
proliferation and survival [275]. Such strategies may be useful for SCCHN. The 
same study also noted the potential utility of combining CDK4/6 inhibitors with 
EGFR inhibitors in EGFR-amplified tumors [275]. At present, the CDK4/6 inhibi-
tor palbociclib is in a phase I clinical trial in a complex with cetuximab for SCCHN 
patients. Preliminary results have demonstrated the safety of palbociclib with cetux-
imab in patients with recurrent/metastatic SCCHN. Encouragingly, tumor responses 
were observed, even in cetuximab- or platinum-resistant disease [276].

Checkpoint kinases 1 and 2 (Chk1/2) are critical regulators of the DNA damage 
response and important for regulation of cell cycle arrest in S phase to allow repair. 
In preclinical studies, simultaneous treatment with the Chk1/2 inhibitor prexasertib, 
cetuximab, and irradiation significantly decreased cell proliferation and survival of 
SCCHN cells both in vitro and in vivo. A clinical trial to test this treatment for 
patients with SCCHN is ongoing (NCT02555644) [277]. Huang et  al. have per-
formed whole-genome sequencing of cisplatin-resistant SCCHN tumors to find 
potential predictive biomarkers of dacomitinib resistance and identified a “plati-
num” mutational signature, involving a number of genes, including REV3L, which 
encodes the catalytic subunit of DNA polymerase ζ. Further investigations have 
demonstrated that depletion of REV3L dramatically enhanced the sensitivity of 
SCCHN cells to the ErbB2 inhibitor dacomitinib through translesion synthesis and 
homologous recombination [278].

FGFR1 was identified as a prognostic marker of SCCHN, and shown to be highly 
expressed in 82% (36/44) of HPV(+) and 75% (294/392) of HPV(-) SCCHN sam-
ples, and associated with poor OS and DFS in samples with HPV(-) status. 
Mechanisms of resistance to the FGFR inhibitor AZD4547 occur due to compensa-
tory EGFR signaling [279], suggesting potential synergy in combining EGFR- and 
FGFR-targeting agents.
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2.4.4  EGFR/ErbB2 and Immunotherapy/Immune Response

The past 5 years have seen the emergence of several distinct classes of immuno-
therapies as potent anticancer treatments. Some immunotherapies can be used to 
potentiate natural killer (NK) cell-mediated antibody-dependent cellular cytotoxic-
ity (ADCC) against antibody-coated tumor cells, enhancing the antitumor activity 
of monoclonal antibodies [280]. Of specific relevance to EGFR inhibition, therapy 
with cetuximab mediates NK cell/dendritic cell (DC) cross talk by cross-linking 
FcγRIIIa. NK cells activated by cetuximab can upregulate the costimulatory recep-
tor CD137 (4-1BB), which enhances NK cell activity upon treatment with urelumab 
(CB137 agonist). In a phase Ib trial, concurrent treatment of SCCHN patients with 
cetuximab and urelumab showed modulation of immune biomarkers and better sur-
vival of activated NK cells taking part in antitumor cell immunity [281]. Another 
group showed that NK cell-mediated ADCC increases upon stimulation with 
IL-12 in the presence of cetuximab-treated SCCHN cell lines. Combination IL-12 
and cetuximab also significantly reduced tumor volume in a group of mice injected 
with a squamous cell carcinoma of tongue cell line (Cal-27). These results suggest 
that concurrent treatment with cytokines and cetuximab might have a beneficial 
effect in SCCHN therapy [282]. Kumai et  al. have exploited the fact that HER3 
expression is significantly increased upon EGFR inhibition therapy in SCCHN. They 
have used a HER3 peptide analog as a helper epitope for antigen presentation and 
found this induces cytolytic activity of CD4 T cells against tumor cells in  vitro 
[283].

Conversely, cetuximab treatment has been linked to suppression of ADCC by 
increasing activity of regulatory T cells (Tregs), expressing CTLA-4, CD39, and 
TGFβ. Levels of Tregs correlated with poor clinical outcome in patient cohorts 
treated with cetuximab. Inhibition of CTLA-4(+) Treg by the CTLA-4-targeting 
antibody ipilimumab restored NK cell-mediated ADCC, resulting in better response 
to cetuximab treatment in  vitro [284]. Finally, programmed death 1 
(PD-1)/programmed death ligand 1 (PD-L1) immune checkpoint inhibitors are 
emerging as potent therapeutic agents. PD-1/PD-L1 limit T lymphocyte activation 
and promote immune resistance in SCCHN [285, 286]. In a cohort of 134 SCCHN 
specimens, PD-L1 levels were elevated and notably higher in HPV+ samples. This 
elevation was also positively correlated with EGFR and JAK2 levels; moreover, 
EGFR was identified as a mediator for activation of PD-L1  in a JAK2- and/or 
STAT1- dependent manner. In vitro studies using coculturing of tumor and NK cells 
showed that JAK2 inhibition using BMS-911543  in combination with cetuximab 
resulted in prevention of PD-L1 upregulation and increase of immunogenicity in 
tumor cells [287]. The rapid growth of the PD-1/PD-L1 inhibitor armamentarium 
and the large number of agents moving to clinical trial suggest that this field will 
expand enormously in the next several years.
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2.5  Mechanisms of Resistance to Anti-EGFR Therapies

Patients initially responsive to anti-EGFR therapy often develop resistance during 
the course of treatment [18]. A number of specific factors associated with resistance 
have been identified [288]. These include altered ubiquitination and trafficking 
(Sect. 2.5.1) [289–291], overexpression and amplification of ErbB2 (Sect. 2.5.2) 
[216], altered expression levels of VEGF (Sect. 2.5.3) [292], altered expression lev-
els of STAT3 (Sect. 2.5.4) [293], KRAS mutations (Sect. 2.5.5) [294, 295], changes 
in the tumor microenvironment (Sect. 2.5.6) [296], epigenetic compensation (Sect. 
2.5.7) [297], and several other factors (Sect. 2.5.8).

2.5.1  EGFR-Intrinsic Resistance

Altered EGFR ubiquitination represents a mechanism of acquired resistance to 
cetuximab [289–291]. In vitro resistance to cetuximab was established by exposing 
cells to subeffective doses of cetuximab [291] or by prolonged exposure to escalat-
ing doses [290]. Lu et al. found that the cetuximab-resistant colorectal cancer cell 
line DiFi5 (rendered resistant through prolonged exposure to cetuximab) had mark-
edly lower levels of EGFR.  However, DiFi5 cells had enhanced associations 
between EGFR and the E3 ubiquitin ligase Cbl, as well as increased levels of ubiq-
uitinated EGFR.  DiFi5 also had significantly higher levels of active, Y16- 
phosphorylated Src, both at baseline and post-EGF stimulation, with inhibition of 
Src with the nonselective kinase inhibitor PP2 reversing cetuximab resistance. In 
addition, DiFi5 cells responded to EGF stimulation with more robust phosphoryla-
tion of EGFR at Y845 and strong phosphorylation of AKT and other extracellular 
EGFR signal-regulated kinases. These observations suggest that colorectal cancer 
cells may develop resistance to cetuximab by reducing EGFR levels via increased 
ubiquitination and degradation and via increased Src kinase-mediated cell signaling 
to bypass dependency on EGFR for cell growth and survival [291].

On the other hand, Wheeler et  al. reported increased EGFR expression levels 
associated with deregulation of EGFR internalization and degradation in several 
resistant clones of NSCLC cell lines [289]. Loss of c-Cbl association with EGFR 
was reported to significantly lessen EGFR ubiquitination after EGF stimulation in 
the cetuximab-resistant cells compared to the nonresistant parent cells. These find-
ings suggest that acquired resistance to cetuximab is accompanied by deregulation 
of EGFR internalization/degradation and subsequent EGFR-dependent activation of 
ErbB3 [289]. Further supporting the role of decreased EGFR ubiquitination in treat-
ment resistance, Ahsan et al. found that cisplatin-resistant head and neck cancer cell 
lines undergo minimal EGFR phosphorylation at the Y1045 site and minimal ubiq-
uitination [298].
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Genetic variance in patient populations can affect response to EGFR inhibitors. 
For example, in >40% of patients with SCCHN, a single nucleotide variant poly-
morphism of EGFR (EGFR R521K) is present [299, 300]. This polymorphism has 
been linked to primary resistance to cetuximab in SCCHN in vitro and in vivo mod-
els and suggested as a potential marker for response to therapy. Cetuximab has a 
lower affinity to EGFR bearing a lysine residue at aa 521, affecting some patient 
populations. However, a next-generation EGFR antibody, GT-MAB 5.2-GEX with 
an Fc optimized by glycosylation [301, 302] to bind with higher affinity to the 
FcγRIIIa on immune effector cells and promote enhanced ADCC activity, targets 
EGFRK521 more efficiently [303].

2.5.2  Elevated Expression of ErbB Family Members

Ritter et al. demonstrated elevated levels of phosphorylated EGFR, EGFR/ErbB2 
heterodimers, TGFα, hairpin-binding EGF, and heregulin RNA in trastuzumab- 
resistant human breast cancer cells. These findings suggest that enhanced EGFR- 
mediated activation of ErbB2 may be a potential mechanism of acquired resistance 
to trastuzumab [304]. A study by Yonesaka et al. (2011) identified a new mechanism 
of de novo and acquired resistance to cetuximab via increased signaling through 
ErbB2. Yonesaka et al. have shown that amplification of ErbB2 or upregulation of 
heregulin (ErbB3/ErbB4 ligand) is present in cetuximab-resistant colorectal cancer 
patients. This study suggests that ErbB2 inhibitors, in combination with cetuximab, 
represent a rational therapeutic strategy that should be assessed in patients with 
cetuximab-resistant SCCHN [212]. The same was demonstrated for ErbB3. In vitro 
experiments with SCCHN cell lines showed that treatment with cetuximab caused 
HER3 activation and HER2/HER3 dimerization. However, combined treatment 
with cetuximab and MM-121/seribantumab significantly decreased cell growth and 
downregulated the PI3K/AKT and ERK pathways, in comparison with each anti-
body alone. A similar effect was found in cetuximab-resistant xenografts and PDX 
models [305]. It is possible that such synergies may be achievable using a single 
therapeutic agent. A recent study in non-small cell lung cancer, using the novel Pan- 
HER inhibitor from Symphogen A/S (Ballerup, Denmark), which is an antibody 
mixture targeting EGFR, HER2, and HER3, effectively overcame resistance to 
cetuximab [214].

2.5.3  VEGF Expression

Enhanced angiogenesis is a fundamental step in the transition of tumors from a 
dormant state to a malignant one and correlates with tumor progression and metas-
tasis [306]. Angiogenesis is elevated in various human tumors, including SCCHN, 
and VEGF has been demonstrated to be a major angiogenic factor [307]. Preclinical 
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and early clinical data imply a central role of angiogenesis in SCCHN: up to 90% of 
SCCHNs express vascular endothelial growth factor (VEGF) and the respective 
receptors (VEGFRs) [308].

Multiple studies support the prognostic implications of angiogenic markers in 
SCCHN and functional connections between angiogenic and EGFR signaling [309]. 
One recent study has identified angiopoietin-like 4 (ANGPTL4) as a regulator of 
EGF-induced cancer metastasis. The authors suggested that expression and auto-
crine production of ANGPTL4 mediated by EGF promotes SCCHN metastasis 
through the expression of metalloprotease-1 (MMP-1) [310]. Another study used 
immunofluorescence and single-cell segmentation to analyze expression and local-
ization of EGFR in relation to the endogenous hypoxia marker CA IX and the intra-
tumoral diffusion distance of EGFR+ cells from microvessels. Analysis was done 
using 58 human SCCHNs and a set of normal versus cancer-adjacent tissues [311]. 
This study found that the resistance to cetuximab was associated with downregula-
tion of membrane EGFR expression in the hypoxic tissue [311]. Bossi et al. ana-
lyzed a group of recurrent-metastatic SCCHN patients pretreated with cetuximab 
and platinum chemotherapy, using whole transcriptome screening to find potential 
unique signatures of resistance. They found a connection between prolonged PFS 
and enriched expression of genes associated with active EGFR pathway signaling 
and hypoxic differentiation. In contrast, short PFS was associated with elevated 
RAS (but not EGFR) signaling, implying compensatory activation of downstream 
signaling [312].

EGFR activation and the overexpression of the three major ErbB-associated 
ligands trigger upregulation of multiple VEGF members and may induce resistance 
to anti- EGFR agents in vitro [292]. Riedel et al. showed that an EGFR antisense 
oligonucleotide treatment resulted in a significant reduction of VEGF protein 
expression, and addition of conditioned medium from EGFR antisense-treated 
tumor cells resulted in decreased endothelial cell migration [313]. The combination 
of bevacizumab (a humanized monoclonal IgG1 antibody targeting VEGF)  
with erlotinib was well-tolerated and had a response rate of 15% [314], which, in a 
cross-trial comparison, was higher than the response rate for erlotinib alone (5%) 
[315] or the VEGFR inhibitors SU5416 alone (5%) [316] or sorafenib (an inhibitor 
of VEGFR, PDGFR, Raf kinase, and others) alone (3–4%) [317]. A phase II clinical 
trial of sorafenib in combination with cetuximab demonstrated no clinical benefit in 
a group of patients with recurrent and/or metastatic (R/M) SCCHN [318]. Argiris 
et al. demonstrated that the combination of bevacizumab and cetuximab enhanced 
growth inhibition both in vivo and in vitro in preclinical models and resulted in a 
SCCHN disease control rate of 46% [319]. However, a phase II trial showed that 
radiotherapy and cetuximab with the addition of bevacizumab led to no improve-
ment in treatment efficacy compared with radiation/cetuximab alone, showing no 
clinical benefits of dual targeting of VEGF and EGFR for a group of previously 
untreated stage III–IVB SCCHN patients [320]. Chemotherapy with or without 
bevacizumab is being investigated in a phase III trial with patients with recurrent or 
metastatic head and neck cancer (NCT00588770).

A novel fully humanized dual-targeting IgG (DT-IgG) antibody that simultane-
ously targets VEGF and EGFR has been designed to optimize tumor targeting and 
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maximize potential clinical benefits [321]. Hurwitz et al. tested DT-IgG on SCCHN, 
lung adenocarcinoma, and colon cancer xenograft models and discovered that 
DT-IgG had a lower in vivo IC50 than bevacizumab (VEGF-targeting antibody) and 
cetuximab; however, a higher dose of DT-IgG was needed to produce efficacy simi-
lar to that observed with combined bevacizumab and cetuximab treatment [321].

Zhang et al. showed in SCCHN in vitro studies that DT-IgG neutralizes VEGF as 
effectively as bevacizumab and inhibits EGFR activation and cell proliferation as 
effectively as cetuximab [322]. One obvious benefit of DT-IgG therapy would be 
avoidance of dosing complications associated with drug combinations [321, 322]. 
Lecaros et al., using human SCCHN xenograft models, have found that delivery of 
siRNA against VEGF-A using lipid-calcium-phosphate nanoparticles (LCP NPs) in 
combination with photodynamic therapy promotes apoptosis and  controls tumor 
growth [323]; this may be useful in conjunction with EGFR-targeting therapies.

2.5.4  STAT3 Expression

Sen et al. found that increased STAT3 may contribute to cetuximab resistance in 
SCCHN [293]. STAT3 inhibition in cetuximab-resistant SCCHN cells using a 
STAT3 decoy oligonucleotide to inhibit STAT3-mediated transcription reduced cel-
lular viability and the expression of STAT3 target genes. STAT3 decoy treatment 
also successfully decreased tumor growth in vivo [293]. In SCCHN cells, activation 
of the JAK2/STAT3 pathway was associated with EMT and metastasis through 
induction of the chemokine CCL19 and its receptor CCR7, which was previously 
found to play an important role in chemotaxis and migration of immune cells, such 
as leukocytes. In a panel of 78 human SCCHN specimens, phosphorylation of 
CCR7 and STAT3 positively correlated with lymph node metastasis [324].

2.5.5  KRAS and PI3K Mutation

KRAS mutations are fairly rare in SCCHN compared to other types of cancer [325]. 
Mutational activation of KRAS only occurred in 2.6% of 115 clinical specimens of 
SCCHN, although copy number amplification of KRAS was found in 10 samples 
(8.7%) in the same study [326]. Chau et  al., using next-generation sequencing 
(NGS) in a group of 213 SCCHN patients, demonstrated that oncogenic RAS muta-
tions are associated with poorer PFS. In another study, KRAS mutations were found 
in 4 out of 29 patients with SCCHN, and the presence of the G12 V KRAS mutation 
was associated with an absence of response to cetuximab and radiotherapy [327]. 
Monitoring of RAS mutations as well as mutations in the cetuximab-interacting 
ectodomain of the EGFR may be a good predictive marker for cetuximab 
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resistance [328, 329]. KRAS mutation has been associated with HPV status. In a 
cohort of 179 SCCHN, KRAS mutations occurred more frequently in HPV(+) 
tumors (6%) versus 1% for HPV(-) tumors [330]. Finally, as noted above, PIK3CA 
is one of the most frequently amplified or mutated oncogenes in SCCHN tumors 
[67, 119, 121], with mutation associated with activation of the AKT signaling path-
way [331]. Additionally, phosphatase and tensin homolog (PTEN) acts as a tumor 
suppressor and an important negative regulator of the PI3K/AKT pathway. Low 
expression of PTEN (44.4% with low vs. 71.7% with high) and pAKT (75.2% with 
low vs. 52.5% with high) were shown to be important for prolonged 2-year overall 
survival in a group of 49 patients with SCCHN previously treated with cetuximab-
based induction chemotherapy (a combination of cetuximab, docetaxel, and cispla-
tin) [332]. Burtness et  al. demonstrated that loss of PTEN (PTEN null) was 
observed in 23 of 67 (34%) SCCHN patient samples analyzed by AQUA and that 
treatment of these patients with cetuximab or placebo leads to better PFS in com-
parison with patients with tumors expressing PTEN (4.2 months for cetuximab vs. 
2.9 months for placebo for patients expressing PTEN and 4.6 months for cetux-
imab vs. 3.5 months for placebo for PTEN null) [333].

2.5.6  Microenvironment

A growing body of evidence suggests that components of the tumor microenviron-
ment may also contribute to tumorigenesis in cancers of epithelial origin and may 
modulate the treatment sensitivity of tumor cells [334]. Johansson et al. reported 
that cancer-associated fibroblasts (CAFs) offer protection from cetuximab treat-
ment and negate cetuximab-induced growth inhibition [296]. They further 
described that SCCHN cell lines cocultured with CAFs from patients with SCCHN 
result in elevated expression of matrix metalloproteinase-1 (MMP-1) in both the 
tumor cells and the CAFs. MMP inhibitors can partly abolish CAF-induced resis-
tance; however, siRNA knockdown of MMP-1 in CAFs did not abolish resistance, 
suggesting that other MMP family members may be involved (Johansson et  al. 
2012). The mechanism of MMP-associated cetuximab resistance is not clear, and 
further investigation is warranted. Quantitative RT-PCR analysis of 31 tumor-adja-
cent tissues, 94 SCCHN tumors, and 10 tonsillectomy noncancerous specimens 
has revealed that expression of metalloproteins (MT) MT1A and MT2A is signifi-
cantly higher in the tumors and correlates with a higher tumor grade. Expression of 
MT was also observed in tonsillectomy samples, gradually increasing in adjacent 
tissues and tumors, possibly in response to the oxidative stress. The authors sug-
gested that MT accumulation in adjacent tissue occurs as a response to the tumor 
cells [335].
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2.5.7  Epigenetic Changes

Emerging evidence has indicated connections between epigenetic changes, such as 
DNA methylation at CpG islands, and development of resistance to multiple cancer 
therapeutics [336–339]. Ogawa et al. tested a panel of 56 genes (including death- 
associated protein kinase (DAPK), MGMT, and SRBC, commonly known to be 
regulated through promoter methylation, using array-based methylation analysis of 
two parental NSCLC and SCCHN cell lines and progeny rendered resistant to either 
erlotinib or cetuximab. The study found that DAPK was hypermethylated in NSCLC 
and SCCHN drug-resistant cells. Subsequent demethylation of DAPK in the resis-
tant NSCLC cells restored sensitivity to both erlotinib and cetuximab. siRNA-medi-
ated knockdown of DAPK validated the array-based findings by inducing erlotinib 
and cetuximab resistance in cells normally sensitive to either agent [297].

2.5.8  Other Factors

Transforming growth factor beta (TGFβ) has recently been shown to be a key 
molecular determinant of de novo and acquired resistance of cancers to EGFR- 
targeted antibodies [340]. Bedi et al. found that treatment of mice bearing xeno-
grafts of human SCCHN cells with cetuximab resulted in emergence of resistant 
tumor cells that expressed relatively higher levels of TGFβ compared to the control 
group. Also, treatment with cetuximab alone induced an apparent natural selection 
of TGFβ- overexpressing tumor cells in nonregressing tumors. Combinatorial treat-
ment with cetuximab and a TGFβ-blocking antibody prevented the emergence of 
resistant tumor cells and induced complete tumor regression [340].

Coexpression of elevated levels of Aurora-A and EGFR was an adverse prognos-
tic factor with poor disease-free and overall survival in a cohort of 180 patients 
[341]. In vitro studies showed that simultaneous targeting of Aurora kinase and 
EGFR using cetuximab and a pan-Aurora kinase inhibitor (R763) was more effec-
tive than mono- EGFR or mono-Aurora kinase inhibition. Interestingly, growth 
inhibitory effects were noticeable with the addition of R763 to cell lines with no or 
very moderate response to mono-EGFR-targeted treatment and/or with very low 
EGFR expression [341]. Independent studies have shown efficacy of combination 
of a specific Aurora-A inhibitor with erlotinib and cetuximab in an EGFR-dependent 
cancer cell line [342]. These findings suggest that Aurora kinase inhibitors may help 
overcome cetuximab resistance in the treatment of SCCHN; however, more work is 
needed.

Recent studies have revealed a connection between a fibroblast growth factor 
receptor 3-transforming acidic coiled-coil-containing protein 3 (FGFR3-TACC3) 
fusion protein and drug resistance. This fusion gene has been detected in nasopha-
ryngeal carcinoma, SCCHN, esophageal squamous cell carcinoma, and lung cancer. 
In vitro studies have identified that FGFR3-TACC3 fusion gene promotes survival 
of cancer cells [343]. In a murine SCCHN xenograft model, simultaneous targeting 
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of both EGFR and ERBB3 leads to decreased tumor progression. However, it results 
in the outgrowth of resistant cells. Daly et al. revealed that in these tumors levels of 
FGFR3-TACC3 fusion protein are significantly elevated. Further investigation dem-
onstrated that FGFR3-TACC3 overexpression promotes cancer cell resistance 
through the blockade of EGFR/RAS/ERK signaling, but not through ERBB3/PI3K/
AKT signaling [344].

2.6  Toxicity and Tolerance

EGFR is widely expressed at the basal level of the epidermis [293, 294], and EGFR- 
directed antibodies have predictable dermatologic side effects including follicular 
eruption, scaling, paronychia, and skin fissures. Although a significant difference in 
high-grade in field skin toxicity was not reported by Bonner et al. [175], subsequent 
studies have demonstrated increased high-grade radiation dermatitis and mucositis 
[176]. Initial management of skin toxicity is with topical steroids; antibiotics may 
be indicated in the case of superinfection, and systemic steroids are reserved for 
desquamation or very high proportion of body surface involved [345]. Skin toxicity 
is associated with benefit from cetuximab in both SCCHN and colon cancer [193, 
295]. Interestingly, there is some evidence that intrinsic germline genetic variation 
of EGFR (rs2227983), KRAS (rs61764370), and FCGR2A (rs180127) can be used 
as predictive markers of reduced skin toxicity in SCCHN patients treated with a 
cetuximab-based therapy [346]. Allergic and anaphylactoid reactions can be 
observed in patients treated with cetuximab and, less often, with panitumumab; 
however, both of these monoclonal antibodies have fewer nonspecific and hemato-
poietic side effects compared to other chemotherapeutics [347, 348]. Electrolyte 
abnormities, specifically hypomagnesemia, are also commonly observed and should 
be monitored during treatment with EGFRIs [195].

2.7  Conclusions and New Frontiers in Drug Discovery

As study of EGFR and the ErbB family advances, several themes emerge for future 
investigation.

First, major, ongoing investments in personalized medicine, involving in part 
studies of exceptional responders for targeted therapy, and growth of large data-
bases integrating sequence and clinical data, will help provide a panel of predictive 
response biomarkers. However, based on data summarized above, interpreting these 
data will be a challenge. It is likely that there will be multiple potential mechanisms 
for resistance, each operative in small subsets of patients: further, given that targeted 
therapies are typically administered in combinations, and many combinations are 
under evaluation, it will be challenging to develop statistically robust datasets to 
predict response to drug combinations. Systems biology may be able to help guide 
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the integration of this information [349]. In complementary work, high-throughput 
screening may identify new targets relevant to specific subtypes of SCCHN.  In 
another example, recent studies applying whole exome sequencing to nasopharyn-
geal cancers identified specific mutational signatures in this disease subclass, some 
of which are potentially druggable and may provide patient-tailored options [350] 
that can augment classic EGFR-ErbB-targeted therapeutics.

Second, existing EGFR-/ErbB-targeting agents may find new uses in the fields of 
SCCHN prevention, while efforts continue to develop new therapeutic strategies for 
EGFR and ErbB. In some intriguing recent work, and echoing the fact that some 
studies have found elevated EGFR in noncancerous premalignant tissue [11, 12, 
351], cetuximab treatment of patients with high-risk premalignancy of the upper 
aerodigestive tract was demonstrated as a potentially effective treatment of moder-
ate to severe dysplasia in a subset of patients [352]. However, a conceptually related 
study using erlotinib was not effective [351], and more work is required. In terms of 
developing new approaches to targeting EGFR, a number of studies support the idea 
that EGFR forms higher-order oligomers, such as tetramers, during signaling [353–
355]. Ramirez et al. used a virtual docking model of extracellular tetrameric EGFR 
configuration coupled with functional screening to identify compounds that affect 
internalization of adaptor responsive to EGFR activation Grb2. This work indicates 
it may be possible to develop new classes of EGFR-targeting agents, based on tar-
geting epitopes formed by functional, higher-order oligomers [356].

Third, the rapid rise of immunotherapies, with results from major trials expected 
in the next several years, is likely to transform the use of EGFR-/ErbB-targeting 
therapies. As effective immunotherapies have only recently been developed, much 
effort will be needed to understand how these agents interact with EGFR- or ErbB- 
targeting agents and cytotoxic therapies, develop appropriate dosing regimens that 
maximize effectiveness and minimize toxicities, establish genomic signatures and 
clinical profiles that are best suited for their use, and many other considerations. It 
is to be hoped that successful integration of these new approaches with EGFR- 
targeting agents will ultimately result in better patient outcomes.
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Chapter 3
c-MET in Head and Neck Squamous Cell 
Carcinoma

John Kaczmar and Tim N. Beck

Abstract The kinase receptor c-MET (MET proto-oncogene, receptor tyrosine 
kinase; also known as the hepatocyte growth factor receptor) and its ligand hepato-
cyte growth factor/scatter factor (HGF/SF) are two promising, potentially therapeu-
tically exploitable targets in head and neck squamous cell carcinoma (HNSCC). 
c-MET is commonly overexpressed in head and neck cancer cells compared to nor-
mal epithelial cells and HGF/SF is often detected at high expression levels in tumor- 
adjacent mesenchymal cells, inducing paracrine activation of c-MET to support 
tumor growth and proliferation. Blocking this paracrine activity has been shown to 
reduce the proliferative capacity of HNSCC cells. Importantly, c-MET signaling 
outputs intersect with those of multiple other signaling pathways that drive or oth-
erwise contribute to HNSCC cell survival and spread, including EGFR, HER2, 
SRC, STAT3, PI3K, RAS, GRB2, and others. In this review, we emphasize the roles 
of c-MET and HGF in HNSCC as well as the potential for therapeutic targeting of 
this signaling axis.
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3.1  Introduction

Head and neck squamous cell carcinoma (HNSCC) remains a formidable treatment 
challenge, particularly in the setting of advanced locoregional and metastatic dis-
ease [1–3]. Despite significant scientific and medical advances over the past decades, 
the 5-year survival for HNSCC remains unacceptably low at 63.3% and 38% for 
advanced locoregional and metastatic disease, respectively [4]. Recent advances in 
the application of immunotherapies may improve these numbers modestly, but 
immunotherapy response rates currently remain below 20% [5, 6]. The advent of 
genomic and transcriptomic sequencing and proteomic studies have provided 
encouraging insights into the molecular landscape of HNSCC and have contributed 
to the identification and expanded study of a number of promising targets [1, 7–9]. 
Epidermal growth factor receptor (EGFR; discussed in Chap. 2), the first tyrosine 
kinase receptor successfully targeted in HNSCC, has been validated as an important 
molecular entity whose inhibition provides independent treatment efficacy [10] and 
synergizes with radiation [11] and chemotherapy [12]. The success of EGFR inhibi-
tion has prompted continued interest in identifying additional pathways involved in 
the proliferation or regulation of HNSCC mediated by receptor tyrosine kinases 
amenable to molecular targeted therapy. One such pathway is regulated by the hepa-
tocyte growth factor receptor c-MET (also known as hepatocyte growth factor 
receptor, HGFR) and its ligand hepatocyte growth factor/scatter factor (HGF/SF), 
the focus of this chapter.

A number of studies have identified c-MET and its ligand as important in the 
pathogenesis of different subpopulations of head and neck cancers [13, 14]. Human 
papillomavirus (HPV) status – infection with this virus is an important cause of 
HNSCC (discussed in Chaps. 20 and 21) – broadly defines two subpopulations of 
HNSCC, HPV-positive and HPV-negative HNSCC [15]. The relationship between 
HPV and c-MET has not been wholly elucidated and available studies are incongru-
ous, with some work suggesting that tumors with high c-MET expression are more 
likely to be HPV-negative, whereas other work suggests the opposite [16–20]. In 
general, elevated expression of c-MET in HNSCC has been associated with signifi-
cantly worse prognosis compared to cases with low levels of the receptor [14, 21, 
22]. c-MET is an important mediator of critical cellular processes involved in can-
cer cell survival, proliferation, and motility [23–26]. Signal transduction frequently 
involves crosstalk and cross-regulation of multiple pathways or signaling networks 
[27–30], and c-MET-associated signaling in HNSCC co-activates multiple signal-
ing pathways to precisely regulate cancer cell behavior and therapy resistance [2, 
31, 32].

To date, extensive preclinical studies have highlighted the potential of targeting 
c-MET in HNSCC [22, 33–35]. Inhibition of c-MET, similar to the inhibition of 
EGFR, may be most viable in combination with other therapies and treatment 
modalities. Evidence from HNSCC cell line models tested in vitro and in vivo indi-
cates that c-MET inhibition can improve the efficacy of other therapeutics, includ-
ing that of EGFR inhibitors and of standard chemotherapeutics [35]. In contrast, 
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clinical evaluation of c-MET inhibitors has been slow, and only limited results are 
available, highlighting the need for additional large clinical trials and research into 
the underlying molecular mechanisms driving susceptibility and resistance [36].

3.2  c-MET Structure and Normal Function

c-MET is a receptor tyrosine kinase (RTK) phylogenetically and structurally related 
to semaphorins (a family of at least 20 known membrane-bound and secreted pro-
teins; [37]) and plexins [37–41]. This RTK was first discovered as the product of the 
oncogene translocated promoter region (TPR)-MET during the study of human 
osteogenic sarcoma cell lines treated with N-methyl-N′-nitro-N-nitrosoguanidine, a 
potent carcinogen [42, 43]. Translocations involve rearrangement of chromosomal 
regions [44], which in the case of TPR-MET involved fusion of the TPR region 
from chromosome 1q25 with c-MET found on chromosome 7q31 [45].

Subsequent studies established that the non-fusion c-MET gene normally 
encodes a single precursor amino acid chain with two distinct transcript variants: 
isoform a, which codes for 1408 amino acids, and isoform b, which codes for 1390 
amino acids. No functional differences have been described for the two isoforms 
and both contain the same N- and C-termini [46–48]. Functional c-MET signaling 
is present in both normal and cancer cells and is initiated by binding of the HGF/SF 
ligand, leading to activation of downstream signaling proteins including GAB1, 
PI3K, AKT, GRB2, RAS, RAF, and ERK/MAPK (Fig. 3.1; [23, 24, 49–52]).

3.2.1  c-MET General Structure

Posttranslational modification is a critical early step in the processing of 
c-MET.  Once the single amino acid chain has been synthesized, it is cleaved 
within the endoplasmic reticulum by the endoprotease furin, to give rise to an 
α-subunit, which exists in the extracellular space, and a much larger membrane-
spanning β-subunit [51–55]. The two subunits dimerize via a disulfide bond. 
This heterodimer has a molecular weight of 190 kDa. The 145 kDa β-subunit 
includes a single- pass transmembrane region in addition to three cytoplasmic 
domains and three extracellular domains (Fig. 3.1). The most membrane-distal 
domain of the extracellular component of c-MET includes the 50 kDa α-subunit, 
tethered by the disulfide bond [56, 57]. Collectively, the extracellular region of 
the α-β-subunit heterodimer forms the “SEMA domain” (Fig. 3.1), which has 
significant homology with recepteur d’origine nantais (RON), semaphorins, and 
plexins [58]. The SEMA domain is necessary for binding to the HGF/SF ligand, 
a molecular entity also composed of an α- and a β-subunit (discussed in greater 
detail in the next section).
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In addition to the SEMA domain, extracellular components of c-MET receptors 
include four immunoglobulin-like regions in plexins and transcription factors 
(IPT) domains. The IPT domains, particularly IPT3 and IPT4, are critical for bind-
ing of the α-subunit of the HGF ligand. Interestingly, in vitro work has shown that 
ligand binding to IPT initiates signaling even in the absence of the SEMA domain; 
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however, SEMA appears to allow the receptor to preferentially bind activated HGF 
over inactive HGF [59], suggesting that the SEMA domain is an important regula-
tory element.

The β-chain also contains a transmembrane domain and a cytoplasmic juxta-
membrane (JM) domain and a functional kinase domain [53, 60, 61]. As is the case 
for many receptors, ligand binding induces homodimerization of c-MET, position-
ing the receptor kinase domain of one receptor near residues Y1234 and Y1235 on 
the cytoplasmic tail of the second receptor, resulting in autophosphorylation and 
subsequent recruitment of intracellular signaling proteins (Fig. 3.1; [62]). c-MET 
does not exclusively homodimerize. It has been experimentally shown that c-MET 
is capable of forming heterodimers with the RTK RON [63]. RON, like c-MET, has 
been implicated in HNSCC [64], as well as in several other cancers, and presents 
another potential therapeutic target [65]. It is not clear if c-MET-RON heterodimers 
are of relevance in HNSCC. Further study is needed to explore this possibility.

3.2.2  c-MET Ligand: HGF/SF

HGF/SF is the ligand associated with c-MET signaling [51]. Initially, studies sug-
gested the existence of two independent ligands, HGF and SF, which were subse-
quently reconciled as representing a single protein [52]. In structural terms, HGF/
SF is related to the protease zymogen plasminogen, an important component of the 
coagulation cascade; however, unlike plasminogen, HGF/SF does not have any 
known enzymatic capacities and simply functions as a MET receptor agonist [24, 
52, 66, 67].

HGF/SF is synthesized as an inactive pro-peptide and requires precise proteo-
lytic cleavage of the pro-peptide form of HGF/SF between residues Arg494-Val495 
[59, 67, 68] for activation. Matriptase (ST14), hepsin, plasma kallikrein, factor XIa, 
and HGF activator (HGFA) – frequently in the context of tissue damage – have been 
identified as the dominant proteases involved in this extracellular process. Negative 
regulation is conferred by HGF activator inhibitors 1 (HAI1) and 2 (HAI2), which 
block HGF/SF activation by inhibiting the enzymatic activity of the activating pro-
teases [52, 69–71].

The pro-HGF/SF zymogen form can bind c-MET with high affinity through the 
ligand’s α-chain, but this interaction does not initiate receptor signaling [67]. The 
cleaved, activated form of HGF/SF, like c-MET, is composed of a 68 kDa α-chain 
and a 34 kDa β-chain, linked by a disulfide bond [54, 55, 72]. The α-chain contains 
four kringle domains (K1–K4) as well as an N-terminal finger domain. The smaller 
β-chain only encodes one defined domain, a serine proteinase homology (SPH) 
domain (Fig. 3.1; [60, 73, 74]).

Activated HGF/SF predominantly binds to the SEMA domain of c-MET but can 
also bind to IPT domains to initiate signaling [59]. Interaction of HGF/SF with the 
SEMA domain induces receptor dimerization and phosphorylation of receptors 
Tyr1230, Tyr1235, and Tyr1243, resulting in subsequent autophosphorylation of 
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two additional tyrosine residues: Tyr 1349 and Tyr 1356 (Fig. 3.1; [23, 62, 75]). 
Paracrine signaling generally involves secretion of pro-HGF/SF by mesenchymal 
cells and extracellular activation of the ligand leading to c-MET activation on epi-
thelial cells [76]. c-MET activation has also been shown to be initiated via direct 
HGF/SF autocrine loops, to support cancer cell invasiveness, metastasis, and prolif-
eration [16, 77–79]. In HNSCC, it has been suggested that paracrine activation of 
c-MET predominates [33, 80]; additional work may clarify this point in the future.

3.2.3  c-MET Trafficking

Receptor trafficking and endosomal compartmentalization are critical components 
of many membrane receptors, including c-MET [27, 81, 82]. During synthesis, 
c-MET is trafficked through the Golgi apparatus to the plasma membrane. At the 
membrane, an appropriate equilibrium is obtained via steady-state internalization 
and degradation. The equilibrium kinetics are regulated by the level of available 
ligand [42, 83–85]. This process provides cells with rapid spatiotemporal control to 
fine-tune response-specific signaling [86]. The signal transducer and activator of 
transcription 3 (STAT3; [81], of great relevance in HNSCC [87]) and ERK1/2 [88] 
signaling effector proteins are in part regulated by c-MET trafficking patterns.

Recent work using cell lines has suggested that c-MET trafficking is dependent 
on palmitoylation: inhibition of palmitoylation resulted in reduced c-MET expres-
sion posttranslationally, with diminished levels of c-MET on the cell surface and 
increased accumulation in a (likely Golgi) perinuclear compartment [89].

Canonical endocytosis of c-MET is mediated by both clathrin-dependent and 
clathrin-independent pathways [90]. The endocytotic process of c-MET is not com-
pletely understood, but studies have shown that PKC [88], Cbl [91], clathrin [92], 
dynamin 2 [93], sorting nexin 2 (SNX2) [94], and the Rho, Rac, and Rab GTPases 
[95] are all involved to varying degrees. Specifics of c-MET trafficking and endo-
somal compartmentalization in HNSCC have yet to be fully elucidated.

3.2.4  c-MET-Associated Signaling

c-MET signaling promotes cell migration, cellular motility, invasion, survival, and 
proliferation [96]. Signaling commences with binding of the ligand, HGF/SF, to the 
extracellular domain of c-MET, initiating tyrosine phosphorylation. Phosphorylated 
tyrosines 1349 and 1356 of c-MET have been identified as critical binding sites for 
several effector proteins, including growth factor receptor-bound protein 2 (GRB2), 
SHC, SRC, SHP2, SHIP1, phosphatidylinositol 3-kinase (PI3K), and Grb2- 
associated binder 1 (GAB1) (Fig. 3.1; [75, 97]).
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GAB1 is particularly important for recruitment and activation of additional sig-
naling proteins, specifically STAT3, GRB2/SOS, PI3K, SRC, and PLCγ, all critical 
for sustained c-MET signaling. GRB2/SOS activate downstream effectors that 
include the RAS/RAF/MEK/ERK signaling cascade and RAC/PAK to increase cell 
motility. c-MET activation also induces reorganization of focal adhesion structures 
to further promote cell motility, particularly through focal adhesion kinase 
(p125FAK) and paxillin [32, 98, 99]. c-MET-dependent activation of PI3K-AKT- 
mTOR promotes cancer cell survival (Fig. 3.1; [24, 51, 52, 100]).

Cytokine release is another important consequence of c-MET activity, particu-
larly release of interleukin-8 (IL-8, [101]). IL-8 is categorized as a pro- inflammatory 
chemokine and has been shown to contribute to angiogenesis, proliferation, and 
survival of cancer cells [102] and as relevant in head and neck cancer [103]. In 
HNSCC, studies have provided evidence that co-expression of IL-8 and HGF is 
linked to more aggressive disease progression and response to therapy [101, 104].

3.3  c-MET Critical Interactions and Functions

c-MET plays a critical role in signal transduction crosstalk with other effector path-
ways. These intricate processes, critical for normal cell function and survival, 
require complex interactions and rapid changes in signal transduction circuits. The 
concept of adaptive signaling crosstalk is of great relevance in cancer, because it 
provides an important mechanism for cells to respond to therapeutic assaults [105, 
106]. For example, redundancy and signaling crosstalk provide a platform for can-
cer cells to survive molecular inhibition of important proteins [106–109]. In 
HNSCC, crosstalk between c-MET and members of the ERBB family, SRC, and 
regulators of epithelial-mesenchymal transition have been described as particularly 
relevant.

3.3.1  c-MET and the Epidermal Growth Factor (EGF) Family 
of Receptors

The most clinically relevant and certainly most studied signaling c-MET crosstalk 
involves EGFR (HER1/ERBB1). Multiple studies have indicated that increased 
c-MET signaling activity plays a vital role in resistance to EGFR-targeted drugs 
(see Sect. 3.5; [32, 34, 35, 94, 110–112]). c-MET and EGFR share many common 
effector proteins (Fig. 3.1). Convergence of effector proteins enables cancer cells to 
reestablish signaling activities despite targeted inhibition of EGFR, thereby enhanc-
ing therapeutic resistance [106, 113].
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In addition to downstream signaling crosstalk, co-immunoprecipitation studies 
have provided evidence for heterodimeric c-MET-EGFR complex formation, 
although further work is needed, particularly in HNSCC, to unambiguously demon-
strate physical interactions between the two RTKs [32]. Garofalo et al. further dem-
onstrated the close collaboration of EGFR and c-MET in signaling, with experiments 
showing that the EGFR inhibitor gefitinib downregulated oncogenic miRNAs con-
trolled by EGFR and c-MET (miR-30b, miR-30c, miR-221, and miR-222), thereby 
promoting apoptosis. Furthermore, Garofalo et  al. demonstrated that in multiple 
gefitinib-resistant cell lines, the miRNAs were not downregulated, likely due to 
c-MET overexpression [110].

c-MET has also been implicated in signaling crosstalk with additional ERBB 
family members, specifically HER2 (ERBB2) and HER3 (ERBB3) in some can-
cers, although these interactions have not yet been observed in HNSCC. In HER2- 
positive breast cancer, c-MET signaling has been shown to synergize with HER2 
signaling, to reduce cell-cell adherence and induce a more aggressive phenotype 
[114]. In gastric cancer with HER2 amplification, MET activation was strongly 
associated with response to the small-molecule inhibitor lapatinib [115].

The relationship between c-MET and the ERBB family member ERBB3 has also not 
yet been evaluated in HNSCC; however, studies in other cancer types have provided 
important, potentially relevant findings. For example, in lung cancer, amplification of 
c-MET has been reported to cause resistance to gefitinib by driving ERBB3 activation 
of the effector protein PI3K. In this setting, ERBB3 activating phosphorylation was only 
abrogated by simultaneous inhibition of c-MET and ERBB3 [116]. Interestingly, c-MET 
and ERBB3 can heterodimerize and induce signaling [116]. These findings are particu-
larly intriguing given the recent development of ERBB3/HER3-targeting antibodies, 
such as MM-121 (seribantumab; [117, 118]), AV-203 [119], CDX3379 [120], and 
lumretuzumab [121], and the interest of these agents for HNSCC.

Future studies are needed to explore the existence and therapeutic exploitability 
of c-MET-ERBB signaling in HNSCC. Given that ERBB family members are fre-
quently expressed in HNSCC [122, 123] and that single-agent ERBB targeting 
yields response rates of 4–13% [10, 124, 125], this strongly suggests exploration of 
c-MET as a resistance driver. Important preclinical work by Xu et al. and by Seiwert 
et al. suggests that targeting c-MET may enhance the efficacy of ERBB-targeted 
therapy in HNSCC [22, 35]. A small retrospective study of samples from 33 recur-
rent/metastatic patients and 24 non-recurrent/non-metastatic patients indicated that 
overexpression of c-MET or phosphorylated c-MET correlated with worse out-
come, including in cases with a cetuximab-based treatment regimen [126].

3.3.2  c-MET and SRC

Signaling interactions between the cytoplasmic tyrosine kinase SRC and c-MET 
have also been implicated as important for drug resistance and tumorigenesis in 
HNSCC.  Interactions between SRC and EGFR and SRC and c-MET have been 
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studied extensively [127], and given the interconnectedness of these three proteins 
(Fig. 3.1), findings by Stabile et al. that SRC activation in HNSCC drives resistance 
to erlotinib by stimulating c-MET align with previous assumptions [111].

The relevance of c-MET-SRC cross-activation was further demonstrated by the 
observation that c-MET activity increases HNSCC cell survival following SRC 
inhibition [128]. Furthermore, SRC kinase has been implicated with increased 
epithelial- to-mesenchymal transition (EMT; [129]) and more aggressive tumor pro-
gression, features particularly relevant to HNSCC, where locoregional invasion is 
strongly associated with worse outcome [3, 130]. Collectively, these findings sug-
gest that combination therapy featuring a SRC inhibitor, such as dasatinib [131], 
c-MET-targeted therapy, or both used in combination, may successfully address 
tumor resistance to EGFR-targeted therapy. However in an unselected population of 
operable HNSCC, the addition of dasatinib to erlotinib failed to demonstrate 
increased antitumor activity, suggesting that the addition of SRC inhibition may not 
be able to overcome EGFR inhibitor resistance or that precise selection of patients 
based on SRC activity is necessary [132].

3.3.3  c-MET in Epithelial-to-Mesenchymal Transition (EMT)

EMT [133], a critical process during embryogenesis, is subverted in tumorigenesis 
to support cancer cell invasion, metastasis, and therapy resistance [27, 129, 134, 
135]. Studies have shown that c-MET regulates and is critical for proper embryo-
logic development by initiating EMT of myogenic progenitor cells [52, 136]. 
However, the precise role of c-MET in HNSCC as a regulator of EMT has not been 
exhaustively studied, with only a few published articles available. For example, 
cell culture experiments have shown that the addition of HGF to HNSCC cells 
significantly reduces the number of cell-cell junctions [137], while increasing 
wound closure, cell proliferation, and invasion [33], all important aspects of EMT 
[138–140].

The study of EMT in HNSCC is challenging due to a number of factors, includ-
ing the subsite diversity (e.g., nasopharynx, oropharynx, oral, tongue base, and 
larynx), the influence of HPV, and the complex mutational landscape frequently 
shaped by continuous exposure to mutagens (i.e., tobacco, alcohol, betel nuts [12, 
111, 141–144]). Nevertheless, analysis of HNSCC primary tumor tissue has found 
that high levels of activated SRC correlated with reduced expression of E-cadherin 
(important cell-cell junctional protein [145]) and with more aggressive tumor fea-
tures, including penetrating invasive fronts and lymph node metastasis [130]. The 
relevance of E-cadherin was further emphasized in a meta-analysis of 19 studies 
of HNSCC, where high expression of E-cadherin was found to correlate with 
improved overall survival and disease-free survival; significant statistical hetero-
geneity was however noted [146]. The role of c-MET in this regard continues to 
be elusive.
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3.4  Dysregulation of HGF/c-MET in HNSCC

Dysregulation of c-MET signaling has been shown to initiate or support malignant 
growth, metastasis, and therapy resistance in many cancers, including HNSCC [21, 
24, 26, 33, 51, 56, 147]. Processes leading to c-MET dysregulation include its 
overexpression, amplification, mutation, and microenvironment/ligand-associated 
triggers. Some research has suggested a role for c-MET in human papillomavirus 
(HPV)-related HNSCC [44, 148] (see Chaps. 20 and 21), with the HPV oncoprotein 
E6 [149, 150] upregulating expression of c-MET in part through downregulation of 
p53 [20].

3.4.1  c-MET Overexpression and Amplification

An increase in copy number of c-MET and robust overexpression of c-MET and 
HGF have been detected in up to 60–80% of HNSCC [21, 22, 33, 122]. In vitro 
work first suggested that several HNSCC cell lines had a low level of c-MET copy 
number increases, based on FISH (fluorescence in situ hybridization) and qPCR 
(quantitative polymerase chain reaction), with a substantial number of patient- 
derived tumors harboring much more substantial c-MET copy number increases 
[22]. Of note, expression levels of c-MET seem to positively correlate with tissue 
progression from normal to dysplastic to carcinomatous [22, 33, 35]. Large-scale 
genomic analyses have reported similar findings, albeit with few HNSCC cases 
presenting with c-MET amplifications (5 of 528; accessed using http://www.cbio-
portal.org; see [151, 152] for cBioPortal information).

Expression levels of c-MET in HNSCC appear to mediate resistance to the com-
monly used chemotherapeutic, cisplatin [21]. Akervall et al. used cDNA microar-
ray and RT-PCR to explore expression levels of c-MET in HNSCC cell lines that 
were either chemosensitive or chemoresistant. There was significantly higher 
expression of c-MET in chemoresistant versus cisplatin-sensitive cell lines. 
Importantly, expression analysis of c-MET in 29 patient HNSCC samples by 
immunohistochemistry yielded similar findings: 5 of 9 (56%) patients with low 
c-MET responded to induction chemotherapy (cisplatin and 5-fluorouracil), 
whereas only 4 of 20 (20%) patients with high c-MET-expressing tumors responded 
[21]. These findings could be of clinical relevance, considering that approximately 
10% of HNSCC express high levels of c-MET mRNA or protein (52 of 528; 
accessed using http://www.cbioportal.org; z-score for mRNA and RPPA (reverse 
phase protein array) set at 2; see [151, 152] for cBioPortal information). Hence, 
monitoring c-MET expression may be important for clinical trial stratification and 
treatment strategies (see Sect. 3.5).
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3.4.2  c-MET Mutation

Genetic and protein level aberrations associated with c-MET activation, including 
several single nucleotide polymorphisms (SNPs), have been reported in HNSCC 
[22–24]. Mutations affecting each of the functional domains of c-MET (Fig. 3.1) 
have been detected throughout the protein, affecting the tyrosine kinase, JM domain, 
IPT, and SEMA domains [22, 76, 153–155]. Clinical significance of these muta-
tions is not yet known.

Based on data provided by The Cancer Genome Atlas (TCGA) consortium, the 
frequency of c-MET mutations in HNSCC is relatively low (4 truncating/missense 
mutations out of 528 cases; accessed using http://www.cbioportal.org; see [151, 
152] for cBioPortal information). The TCGA data also indicate a low prevalence (2 
out of 279 samples) of an alternative c-MET transcript with skipped exon 14 [8], an 
alteration shown to be c-MET activating in lung cancer [156]. Further work is 
needed to determine if individuals with this specific c-MET mutation benefit dispro-
portionally from treatment with c-MET inhibitors.

Exome sequencing of 149 matched esophageal adenocarcinoma tumor-normal 
tissue samples, with whole genome sequencing of 15 of the samples, identified 
c-MET mutations in 2% and gain-of-function events in 6% of tested samples [157]. 
In these cases, c-MET may be a putative therapeutic target. Based on results from a 
phase III clinical trial, Argiris et al. have confirmed that c-MET mutations are pos-
sible prognostic markers of disease progression and for survival [158].

Gain-of-function mutations and cancer-associated SNPs that affect the SEMA 
domain or the JM domain have been identified in 12% (8 out of 66) analyzed 
HNSCC tumors [22, 159]. These specific alterations lead to increased responsive-
ness to HGF, which in vitro increased soft-agar colony formation [22]. Most impor-
tantly, mutated or elevated c-MET, be it in cell lines, xenograft models, or patient 
tumors, tends to correlate with exquisite sensitivity to c-MET inhibition, including 
to inhibition by the small-molecule inhibitor crizotinib [22], further discussed in 
Sect. 3.5.

3.4.3  Microenvironment and HGF/SF

HGF is typically secreted by mesenchymal cells in the tumor microenvironment 
[160] but can also be produced by cancer cells in an autocrine fashion [33]. The role 
of HGF in HNSCC has been less studied than the role of its corresponding receptor; 
it is likely that elevated expression of HGF contributes to the pathogenesis of a sub-
population of HNSCC cases. HNSCC tumor-derived fibroblasts produce more HGF 
than non-tumor-associated fibroblasts, and this may be one of the dominant mecha-
nisms of c-MET activation in HNSCC [33]. Data from the TCGA indicate that HGF 
is amplified in only 2% (11 out of 510) of HNSCC, with another 1% (6 out of 510) 
overexpressing HGF mRNA (accessed using http://www.cbioportal.org; see [151, 
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152] for cBioPortal information). How this corresponds to protein expression, acti-
vation, or availability is not known. Activation of c-MET is tightly regulated by 
control over the interaction between ligand and receptor. Once bound, HGF induces 
signaling responsible for the upregulation of hundreds of genes, including c-MET 
itself and the proteases needed for HGF and c-MET processing [21, 24].

3.5  Clinical Applications of HGF/c-MET-Targeted Therapy

Through the use of siRNA, researchers have established the c-MET dependency of 
HNSCC tumor-derived cell lines [22, 111]. Based on these observations and the 
current understanding of frequent MET overexpression in more advanced HNSCC, 
broad interest has grown in the rational targeting of this pathway. Currently, a large 
number of therapeutic strategies are being utilized against the HGF/c-MET axis 
(summarized by Sadiq et al. [26]), and a large number of inhibitors have been devel-
oped. These include multiple small-molecule inhibitors (tivantinib, crizotinib) as 
well as antibodies against the receptor (MetMAb [onartuzumab], ABT700) and the 
ligand (ficlatuzumab, rilotumumab; [26, 63]). There are currently a multitude of 
clinical trials evaluating c-MET or HGF targeting for several different cancers.

Perhaps the area of greatest interest involving c-MET-targeted therapy centers on 
the ability of these agents to synergize with and overcome resistance to standard of 
care therapies. As previously described, increasing c-MET expression reduces sen-
sitivity to cisplatin treatment [21, 161], and c-MET is commonly amplified specifi-
cally in the context of EGFR resistance [162]. In addition to resistance to traditional 
chemotherapy and targeted therapies, research has begun to delineate a role for 
c-MET in cell repopulation after radiation in HNSCC xenografts [163] and resis-
tance to radiation in HNSCC cell lines [164]. Preliminary research suggests that 
immunotherapy could be enhanced by increasing immune recognition of the often 
overexpressed c-MET through combinatorial regimens or peptide vaccine technolo-
gies [165]. In all of these contexts, there is a clear clinical rationale to consider the 
addition of c-MET-targeted therapy to overcome treatment resistance.

Research in this area is perhaps furthest along in investigating strategies to over-
come EGFR tyrosine-kinase inhibitor (TKI) resistance. Engleman et  al. reported 
detection of c-MET amplification in 4 of 18 lung cancer specimens that had devel-
oped resistance to the EGFR TKIs gefitinib or erlotinib [116]. Elegant work by 
Turke et al. showed that in NSCLC, resistance to EGFR TKIs can be established 
through c-MET amplification or autocrine HGF production and that combined 
EGFR and c-MET inhibition is curative in a xenograft model. In the same study, 
analysis of clinical data identified c-MET amplification in 4 of 27 EGFR inhibitor-
resistant NSCLC tumor specimens [112].

Bean et al. reported that 9 of 43 patients with acquired resistance to erlotinib or 
gefitinib presented with c-MET amplification; whereas, among 62 untreated 
patients, only 2 presented with amplified c-MET. Notably, Bean et al. found no cor-
relation between c-MET amplification and EGFR mutation status [166]. These 
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reports provide a strong rationale for combined c-MET and EGFR inhibition in 
specific cases; one of the obvious challenges will be identifying the appropriate 
patient populations who might benefit from such synergistic treatments.

Most investigation regarding c-MET and EGFR has thus far been conducted in 
lung cancer; nevertheless, marked synergy combining c-MET and EGFR inhibition 
has been observed in HNSCC [22, 35]. For HNSCC, a randomized phase II trial 
[NCT01696955] to evaluate the response of patients with recurrent, metastatic, or 
inoperable HNSCC to the EGFR-targeting antibody cetuximab (see Chap. 2) with 
or without tivantinib (Sect. 3.5.2) demonstrated that the addition of tivantinib to 
cetuximab was tolerable. The study failed to show improvement in response rate or 
overall survival (OS) [167]. Notably, treated patients were not selected based on 
c-MET expression status, a potential weakness of the trial design [168]. Several tri-
als featuring tivantinib in combination with EGFR-directed agents performed in the 
NSCLC domain demonstrate the safety of these combinations but only modest, if 
any, clinical activity [169].

Given the feasibility of combination treatment with an HGF/c-MET inhibitor, 
the primary effort must now turn to defining whether there are specific biomarkers 
applicable for the selection of patients most likely to respond [168]. Again, research 
in NSCLC provides context. A recent phase III study [NCT01244191] of tivantinib 
in combination with erlotinib versus erlotinib alone demonstrated significant 
improvement in progression-free survival (PFS) but failed to demonstrate improved 
OS [170]. While the trial enrolled an unselected population in regard to c-MET 
status, the study did perform tumor testing for both c-MET expression and amplifi-
cation. An exploratory subgroup analysis suggested that patients whose tumors had 
high c-MET expression might have improved OS. In contrast, a recent randomized 
study investigating the addition of onartuzumab to first-line chemotherapy in HER2- 
negative advanced gastric cancer failed to demonstrate improvement in OS or PFS 
in patients with c-MET high tumors. These divergent findings highlight the need for 
prospective HNSCC trials featuring agents targeting HGF/c-MET that stratify 
patients based on HGF/c-MET status.

Ongoing trials in HNSCC are doing just that, building on the concept of selecting 
specific subpopulations for treatment. For example, in clinical trial NCT02205398, 
a study of safety and efficacy of the c-MET kinase inhibitor capmatinib (INC280; 
[171]) and cetuximab, only adults with metastatic colorectal cancer or HNSCC and 
≥50% c-MET positivity of tumor cells were eligible. This shift is emblematic of the 
concept of biomarker-driven clinical trial designs [168]. This approach seems criti-
cal for the success of HGF/c-MET inhibitors.

3.5.1  Foretinib

Foretinib is an orally available inhibitor of MET, RON, AXL, Tie-1, KIT, PDGFR, 
and VEGFR.  Importantly, foretinib inhibits HGF-induced MET phosphorylation 
and extracellular VEGF-induced kinase phosphorylation events (Fig. 3.2; [172]). In 
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HNSCC, foretinib has been studied in a phase II single-agent clinical trial [36]. 
Foretinib was administered orally at 240 mg for 5 consecutive days of a 14-day 
cycle (a maximum of 30 cycles was administered). Among the 14 patients treated, 
no objective responses were observed, but 43% (6 of 14) of patients had tumor 
shrinkage of 5–21%, and the treatment was generally well tolerated [36]. Despite 
these data, the development of foretinib has been discontinued, and no registered 
clinical trials currently feature this inhibitor.

3.5.2  Tivantinib

A more potent c-MET inhibitor than foretinib, tivantinib, is currently being explored 
in numerous cancer types including HNSCC. Most recently, a randomized study of 
tivantinib versus tivantinib plus cetuximab [NCT01696955] failed to demonstrate 
improvement in response rate or OS [167].The study was built on the observed 
synergy between c-MET and EGFR inhibition [22, 173]. Tivantinib, a staurosporine 
derivative that targets dephosphorylated c-MET, has shown promising activity in 
several phase I and phase II trials and was recently evaluated in a large phase III trial 
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[NCT01244191] in combination with erlotinib for the treatment of NSCLC [174, 
175]. As highlighted earlier, the study demonstrated improved PFS, but not OS in a 
c-MET unselected population. Subgroup analysis suggested a trend to median OS 
benefit (HR 0.70 95% CI, 0.49–1.01) for patients with c-MET high tumors (9.3 vs. 
5.9 months; [170]). Tivantinib is also currently under study in c-MET high hepato-
cellular carcinoma [NCT01755767]. Numerous trials involving other malignancies 
are also ongoing.

3.5.3  Additional Small-Molecule Inhibitors

Cabozantinib is a promising multitargeted TKI with activity against c-MET, 
VEGFR2, and RET that has been approved for use against advanced medullary 
thyroid cancer ([NCT00704730]; [176]) and in metastatic renal cell carcinoma [12]. 
Additionally, cabozantinib was assessed in combination with erlotinib in a phase Ib/
II study in patients with NSCLC: 17% of patients achieved 30% or greater reduction 
in tumor burden [177]. To our knowledge, this inhibitor has not yet been studied in 
HNSCC.

Crizotinib, another small-molecule inhibitor, has recently emerged as a promis-
ing treatment option for ALK-positive NSCLC [178]; in addition to targeting ALK, 
crizotinib also inhibits c-MET [24]. Ou et al. have reported the observation that an 
NSCLC patient with de novo c-MET amplification but no ALK fusion protein had 
a sustained response to crizotinib [179]. Additionally, it has been shown that crizo-
tinib appeared to have efficacy against cancer stem-like cells and synergized with 
docetaxel or cisplatin to improve tumor inhibitory effect in a mouse xenograft 
model of HNSCC [180]. These findings suggest a role for c-MET inhibition in com-
bination with conventional chemotherapy in HNSCC. There are several additional 
small-molecule c-MET inhibitors (golvatinib, AMG-208, INC-280, and 
PF-04217903 among others) that may be worth consideration for the treatment of 
HNSCC [24, 177].

3.5.4  Antibodies Targeting c-MET

Onartuzumab (MetMAb)  is a recombinant monoclonal antibody that binds the 
SEMA domain of c-MET (Fig. 3.2). By binding to c-MET, onartuzumab blocks 
HGF from binding and activating c-MET. There is also evidence that HGF may 
serve as a reliable biomarker for onartuzumab target engagement [181]. In a phase 
II study of second-/third-line treatment in NSCLC with onartuzumab as monother-
apy or in combination with erlotinib, patients with c-MET immunohistochemistry-
positive (IHC+) tumors significantly benefited from onartuzumab plus erlotinib 
treatment compared to placebo plus erlotinib (c-MET IHC+, OS of 4.6  months  
versus and 12.6  months; p  =  0.002; c-MET IHC-, OS of 9.2  months versus of 
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5.5  months; p  =  0.021; [182]). Other subgroups did not benefit with onartu-
zumab.  This strongly suggested that a population of higher c-MET- expressing 
patients derived disproportionate benefit from the combined therapy [182, 183].

Unfortunately, these very exciting findings were not replicated in a phase III 
study of patients with c-MET-positive NSCLC treated with onartuzumab/erlotinib 
[NCT01456325]; the study was terminated early due to futility with regard to its 
primary OS outcome goal [184]. Moreover, onartuzumab has been studied in meta-
static colorectal cancer and did not improve OS, nor did IHC-verified c-MET 
expression prove to be a predictive biomarker [185].

Another c-MET-targeting antibody that is being actively studied is emibetu-
zumab (LY-2875358), a humanized IgG4 monoclonal antibody. Emibetuzumab 
binds to c-MET and thus inhibits binding of HGF/SF; additionally, the antibody 
induces c-MET internalization and degradation; therefore, emibetuzumab can dis-
rupt ligand-dependent and ligand-independent activation of c-MET [186]. The 
agent has proven safe and tolerable as monotherapy [187] and in combination  
with EGFR TKIs in phase I studies, achieving a partial response in one patient with 
MET-high hepatocellular carcinoma [188]. A recent phase II trial in which patients 
with erlotinib-refractory NSCLC received emibetuzumab alone or in combination 
with erlotinib demonstrated a disappointing objective response rate of 3.8% in 
patients classified as MET DX-high (≥60% cells with ≥2+ IHC staining; [189]).

3.5.5  Antibodies Targeting HGF/SF

An alternative therapeutic approach to inhibiting HGF/c-MET signaling is by tar-
geting HGF with antibodies (Fig. 3.2). Ficlatuzumab (AV-299) is a humanized IgG1 
antibody that specifically binds HGF. In a phase II study designed to compare gefi-
tinib as a single agent versus gefitinib and ficlatuzumab in patients with adenocarci-
noma of the lung, the drug combination did not significantly improve response rate 
or PFS [190]. However, there is interest in this antibody for HNSCC, as preclinical 
data demonstrated the agent is capable of decreasing proliferation, migration, and 
invasion of HNSCC cell lines [191]. A phase I study investigating ficlatuzumab in 
combination with cetuximab is ongoing [NCT02277197].

Rilotumumab is a fully human monoclonal antibody that targets HGF to reduced 
HGF/c-MET signaling. In a phase II study, the efficacy of rilotumumab plus mito-
xantrone and prednisone was tested in castration-resistant prostate cancer. The 
addition of rilotumumab did not have any beneficial effect [192]. In general, the 
antibody has not demonstrated significant clinical activity to date, perhaps 
explained by the recent observation that rilotumumab only serves as a partial 
c-MET antagonist, unable to reduce c-MET signaling in the presence of EGFR 
activation [193].
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Evidence for the value of combined targeting of HGF and EGFR has been pro-
vided by a study of Tak-701, another humanized monoclonal antibody that targets 
HGF. Combining this agent with gefitinib has been shown capable of successfully 
restoring sensitivity to gefitinib in gefitinib-resistant human lung cancer cells [194].

3.6  Conclusions and Future Directions

Cancer genomic studies have provided sufficient data to propose that “driver” genes 
can be assigned to at least twelve different signaling pathways [142]. This realiza-
tion has created a major impetus to the growth of genomic evaluation of individual 
patients to usher in the age of precision medicine/oncology [195, 196]. However, it 
has also become evident that to more effectively treat cancer, multiple pathways 
must be targeted concurrently, a strategy that potentially reduces opportunities for 
the emergence of tumor resistance. Given the frequent overexpression of c-MET in 
advanced HNSCC, the potential of c-MET-targeted therapy, particularly in combi-
nation with other inhibitors targeting interlinked pathways (e.g., cetuximab), has 
proven feasible and tolerable, but unfortunately, to date, meaningful clinical activity 
for these approaches has not been demonstrated.

Precision medicine requires discovery and exploitation of good predictive bio-
markers. While data suggest that elevated c-MET expression is prognostic of worse 
outcomes in HNSCC and other malignancies, in many cases, it does not appear 
predictive of response to therapy. The clinical trial data reviewed here suggest that 
c-MET expression status alone is not sufficient to guide patient selection for treat-
ment with c-MET inhibitors. The powerful ability of these agents to arrest HNSCC 
tumor growth in vitro and in xenograft models continues to suggest the possibility 
that in the right context, these agents could make a contribution to management of 
HNSCC. Trials do show that there are some patients who benefited from c-MET 
inhibition in one form or another, but more work is needed to identify likely 
responders.

An additional factor that must be considered in any discussion of HNSCC is the 
bifurcation between HPV-initiated disease and HPV-negative disease. It currently 
remains unknown whether HPV status impacts efficacy of HGF/c-MET-targeted 
agents. Preliminary evidence suggests that HGF/c-MET mutational or amplifying 
events are less common in HPV(+) tumors, based on early reports by The Cancer 
Genome Atlas Project (TCGA; [159]). Still, validation will be important, including 
evaluation of tumors and tumor stroma from HPV(+) HNSCC.  Where possible, 
future studies should report outcomes stratified by HPV status as differential 
response to c-MET-directed therapy could be of clinical interest.

Importantly, the very recent advent of immunotherapy as an approved and effica-
cious treatment option in HNSCC may provide an additional role for targeting of 
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the c-MET axis to either increase antigen presentation or improve immune recogni-
tion of malignant cells. Studies in this area are in their relative infancy, and time will 
tell whether there is synergy to be found in this space.

The HGF/c-MET axis has been studied for a considerable period and is altered 
and of biological importance in multiple cancer types. If there is to be clinical 
 success in targeting the HGF/c-MET axis, patient selection must be refined using 
novel predictive biomarkers. It is expected, based on knowledge from other tumor 
types, that the greatest response will occur in a subset of patients that have an acti-
vated c-MET phenotype, which presumably is not fully captured by any single 
assay modality. To better hone the ability to predict therapeutic benefit of c-MET 
inhibition, it may be necessary for future studies to perform detailed genomic, tran-
scriptomic, epigenomic, and proteomic analysis of matched tumor, tumor stroma, 
and normal tissue from patients who responded and failed to respond to c-MET-
directed therapy. The analysis of circulating tumor cells and genetic material pre- 
and post- therapy may provide additional relevant information. Analysis of tissue for 
HGF/c- MET expression, mutations/SNPs, amplification, immune system activity, 
and relationships with downstream signaling pathways with known crosstalk might 
help determine mechanisms of resistance to c-MET axis inhibition. Furthering our 
understanding of the drivers of HNSCC growth and treatment resistance will poten-
tially enable targeted combinational strategies that support durable treatment 
responses and lay the groundwork for future treatment paradigms.
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Chapter 4
Transforming Growth Factor Beta (TGF- β) 
Signaling in Head and Neck Squamous Cell 
Carcinoma (HNSCC)

Alexander E. Kudinov and Tim N. Beck

Abstract Transforming growth factor receptor beta (TGF-β) signaling is  
commonly dysregulated in head and neck squamous cell carcinoma (HNSCC). 
TGF-β signaling influences homeostasis in normal epithelial cells and regulates a 
critical signaling network during development. In HNSCC, TGF-β signaling fre-
quently promotes cell invasion, metastasis, proliferation, and drug resistance and 
may present an important therapeutic target. Canonical TGF-β signaling generally 
involves activation of SMAD effector proteins, most prominently SMAD2 and 
SMAD3, whereas noncanonical TGF-β signaling requires signal propagators 
including ERK, AKT, and RAF, also commonly employed by receptor tyrosine 
kinases (RTKs), thereby providing opportunities for signaling crosstalk. Several 
members of the TGF-β superfamily are being explored as potential targets to control 
drug resistance and metastatic spread, both important barriers to cure in HNSCC. In 
this chapter, the roles of TGF-β in HNSCC are described, with particular focus on 
molecular signaling, TGF-β’s role in controlling gene expression, and relevant ther-
apeutic directions involving TGF-β.
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4.1  Introduction

The majority of head and neck squamous cell carcinomas (HNSCCs) are associated 
with tobacco, alcohol, and, in some populations, betel nuts [1, 2]. A more recently 
identified risk factor for HNSCC is infection with human papillomavirus (HPV; 
discussed in Chaps. 20 and 21), most commonly HPV type 16 [3]: HPV-related 
HNSCCs present at a younger median age and carry a significantly better prognosis 
compared to HPV-unrelated HNSCC [4–7]. Similar to other squamous cell carcino-
mas (SCC), HNSCC typically presents with an aggressive growth pattern, high 
tumor heterogeneity, early metastatic spread to lymph nodes, and poor outcomes 
once the disease has spread beyond the locoregional milieu [2, 8, 9]. Tumor disper-
sion, aggressiveness, and drug resistance often occur subsequent to cancer cells 
undergoing epithelial-mesenchymal transition (EMT), which is regulated by com-
plex signaling changes in response to internal and external stimuli [1, 10–13]. One 
signaling network critical for EMT, a process also linked to cancer stem cells [14–
16], is orchestrated by the transforming growth factor beta (TGF-β; [17]) family of 
ligands and receptors [18–20].

The TGF-β polypeptide ligand was first purified from murine sarcoma cells in 
1982 [21] and was further described by Anzano et al. [17] and other members of the 
Sporn laboratory [22–25]. These studies provided many foundational observations 
including a synergistic relationship between TGF-β, TGF-α, and epidermal growth 
factor (EGF) in terms of promoting colony formation of sarcoma cells [17]. A par-
ticularly important aspect of this work was the discovery that bioactive TGF-β arises 
from a longer precursor polypeptide that is proteolytically modified to produce the 
shorter, homodimeric ligand [22]; it was also observed that the TGF-β ligand was 
not only expressed in neoplastic tissue but also in healthy tissue [22, 24, 26].

Critical technical milestones have accelerated the study of TGF-β: the ligand was 
purified efficiently, and epitope-specific antibodies have been developed [25, 27], 
and Derynck et al. cloned TGF-β1, after which it was determined that three distinct 
TGF-β ligands (TGF-β1, TGF-β2, and TGF-β3), encoded by three paralogous 
genes, exist in humans [22]. These tools collectively provided the foundation for 
future study of the TGF-β ligands [28] as well as their associated transmembrane 
receptors [29, 30]. The extended TGF-β superfamily is known to include over 30 
ligands with recognizable structural and sequence homology, with at least twelve 
known corresponding receptors [19, 20, 31].

Breakthroughs in the identification of TGF-β-activated signaling effectors came 
from genetic analyses of Drosophila melanogaster and Caenorhabditis elegans. 
Particularly important was the discovery of SMAD effector proteins (Fig. 4.1), a 
unifying label in vertebrates that combined the previous names given to the ortho-
logs of these proteins that had been discovered in C. elegans and Drosophila and had 
been designated “sma” and “mothers against decapentaplegic (mad)”, respectively 
[33–38].
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For researchers interested in tumor invasion and metastasis, the observation that 
members of the TGF-β superfamily were critical for proper migration of cells  during 
embryogenesis as well as during wound healing was particularly important [39–41]. 
TGF-β was subsequently found to play a similar role in regulating cell migration 
and EMT in tumor cells, processes not only associated with cancer cell metastasis 
and cancer stem cells but also with resistance to chemo- and targeted therapies [15, 
16, 42–45]. As of 2017, TGF-β signaling has been implicated in many types of can-
cer, including lung cancer [42, 46], breast cancer [47], colorectal cancer [48], and 
head and neck cancer [18, 49]. Early studies also uncovered bifunctional character-
istics associated with TGF-β signaling, specifically, context-dependent inhibitory or 
activating functions [31, 50]. The bifunctional nature of TGF-β signaling has added 
significant complexity to its study in HNSCC and other cancers.

The remainder of this chapter describes the roles of TGF-β in HNSCC and the 
development of treatment strategies to target the TGF-β signaling axis.
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Fig. 4.1 TGF-β signaling. (a) Shown is the most common canonical signaling pathway associated 
with TGF-β signaling. (b) Shown are the major effector proteins associated with noncanonical 
TGF-β signaling. TGF-β transcriptional program is elaborated on in [31, 32]
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4.2  TGF-β Signaling

TGF-β signaling networks provide mammalian cells with the means to regulate pro-
liferation, migration, differentiation, tissue homeostasis, tissue regeneration, and 
EMT [19, 20, 31, 32, 51]. In total, the human genome encodes over 30 genes that 
encode precursor monomers for TGF-β-related proteins [31, 52] expressed in cell- 
and tissue-specific patterns to achieve exquisitely fine-tuned regulation of organis-
mal development [19, 20, 31, 32]. In addition to TGF-βs, more distantly related 
branches of the TGF-β superfamily include the bone morphogenetic proteins (BMPs; 
[53–55]) and activins [52, 56–58]. TGF-β ligands present as disulfide- linked dimers 
[59, 60], with ligand dimerization being a critical aspect of ligand activity [61, 62].

Over 30 members of the TGF-β family have been described, covering two ligand 
subfamilies, the BMP and the TGF-β-activin-nodal subfamily [31, 63]. 
Corresponding receptors in humans include seven type 1 receptors and five type 2 
receptors [31, 52]. The three TGF-β ligands bind exclusively to the type 1 receptor 
TGFBR1 (also known as TβRI or as ALK5) and the type 2 receptor TGFBR2. 
Activin, nodal, and BMP subfamily ligands share the type 2 activin receptors 
(ACVR) type 2A and 2B. Additionally, activin and nodal ligands interact with the 
type 1 receptors ACVR1 (ALK2), ACVR1B (ALK4), and ACVR1C (ALK7). BMP 
ligands and anti-Müllerian hormone (AMH) predominantly bind type 1 receptors 
BMPR1A (ALK3) and BMPR1B (ALK6). The type 2 receptor AMHR2 exclusively 
binds AMH [31, 42, 64, 65]. BMPR2 is another type 2 receptor mostly associated 
with BMP ligands [20, 31, 63, 66–68].

TGF-β signaling is based on ligand-initiated signal propagation, originating 
from a membrane-bound receptor complex (Fig.  4.1). Most signaling by TGF-β 
members follows a general paradigm: ligand-receptor interaction initiates tetramer-
ization of two type 1 receptors (e.g., TGFBR1) and two type 2 receptors (e.g., 
TGFBR2; Fig. 4.1; [63]). The two receptor types, type 1 and type 2, are both serine/
threonine (Ser/Thr) protein kinases, a unique characteristic among membrane- 
bound receptors [69]. In humans, no other known surface receptors are classified as 
Ser/Thr protein kinases [31]. Functionally, a ligand binds to and induces dimeriza-
tion of two TGFBR2 receptors (note, type 2 receptors are constitutively active; 
[68]). The type 2 receptor-bound TGF-β ligand then recruits type 1 receptors into 
the complex at the interface created by the ligand-type 2 receptor interaction, lead-
ing to phosphorylation of the type 1 receptors by a type 2 receptor at the juxtamem-
brane part of the cytoplasmic domain [63, 68, 70]. Phosphorylated, activated type 1 
receptors are primed to interact with downstream effectors, the SMAD proteins and 
other proteins in noncanonical signaling (Fig. 4.1; Sect. 4.2.2; [32, 51]).

TGF-β signaling is highly versatile and can be influenced by contextual cues 
from the microenvironment, exposure to different treatment modalities, tumor 
inflammation, cross-regulation involving other members of the TGF-β family, and 
the mutational landscape of a given tumor [19, 20, 31, 32, 71]. Typically, in tumors, 
signaling by TGF-β is autocrine and/or paracrine, with ligand and receptors  produced 
by the same tumor cell or by stromal cells or neighboring tumor cells [42, 71–74].
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4.2.1  Canonical TGF-β Signaling

The dominant effector proteins of canonical TGF-β signaling are the SMAD pro-
teins. In mammals, eight SMAD proteins are coded for, and five of the mammalian 
SMADs – SMAD1, SMAD2, SMAD3, SMAD5, and SMAD8 – are direct binding 
partners and substrates for the TGF-β family receptor kinases. These are commonly 
referred to as receptor-regulated SMADs (R-SMADs; [75]). The remaining three 
SMAD proteins include SMAD4, a common protein that interacts with the receptor- 
regulated SMADs, and two inhibitory SMAD proteins (SMAD6 and SMAD7; [19, 
31, 75]). SMAD6 and SMAD7 were first described in endothelial cells [76] and 
form stable interactions with activated type 1 receptors, thereby effectively blocking 
phosphorylation of downstream effector SMADs (Fig. 4.1; [77, 78]).

The C-terminal domain, also known as Mad-homology 2 (MH2), is conserved in 
all eight mammalian SMAD proteins; however, the N-terminal domain (MH1) is 
only conserved in the R-SMADs and in SMAD4, but not in the two inhibitory 
SMADs [75]. MH2 includes a Ser-X-Ser motif that is phosphorylated by activated 
TGF-β receptors. The two MH domains are separated by a less well-conserved ser-
ine- and proline-rich linker region, which is an important site for posttranslational 
regulatory modifications [79, 80] and in the case of SMAD4 includes a nuclear 
export signal (NES; [75]). MH1 serves as a DNA-binding domain, allowing 
R-SMADs and SMAD4 to interact with SMAD-binding elements (SBE) in target 
gene promoters [81].

Canonical TGF-β ligand signaling is most commonly propagated by effector 
proteins SMAD2, SMAD3, and SMAD4, although additional SMADs (e.g., 
SMAD1, SMAD5, and SMAD8) have been shown to respond to TGF-β activation 
in some cases [42, 82, 83]. SMAD1, SMAD5, and SMAD8 are frequently associ-
ated with BMP and activin signaling [54].

In the nucleus, SMAD proteins interact with a large number of transcription fac-
tors, activators, and repressors, including FoxH, FoxO, p300, E2F4/5, Runx2, and 
others [75, 80]. Target genes activated or repressed by TGF-β signaling are numer-
ous and include p21, p15, IL-11, c-Myc, VEGF, BMP4, Id1, Id2, Id3, c-JUN, JunB, 
and many more that promote mesenchymal transition and enhanced migration [32]. 
Specific events, including tumorigenesis, inflammation, and wound healing, alter 
the extent of TGF-β signaling by modifying aspects of the network at several differ-
ent levels: the ligand level, the receptor level, the SMAD protein level, and the 
DNA-binding level.

4.2.2  Noncanonical TGF-β Signaling

In 1992, Mulder and Morris unexpectedly identified fast (within minutes) activation 
of p21Ras (an important mediator of cellular differentiation and proliferation [84, 
85]) by treatment of intestinal epithelial cells with TGF-β1 or TGF-β2 [86]. This 
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spurred the search for alternative mechanisms of TGF-β signal transduction, as this 
activation could not be explained by triggering of the canonical SMAD signaling 
pathway [86]. Additional insight was obtained from research by Yan et  al., who 
showed that myelin basic protein (MBP) kinases – kinases for which MBP is a pep-
tide substrate, which include ERK1, ERK2, other MAPKs, PKA, and PKC [87–
89] – serve as intracellular effector proteins following TGF-β activation of p21Ras 
(Fig. 4.1; [89]).

Further studies confirmed SMAD-independent activation of ERK/MAP kinases 
by TGF-β in breast cancer as well as in normal epithelial cells [90, 91]. TGF-β acti-
vation of ERK/MAP kinases enhanced EMT (Section 3) and increased motility and 
invasiveness of breast cancer cells [92, 93]. Additionally, the MAPKs JNK and p38 
have been identified as molecular transducers of TGF-β signal in SMAD2/3- 
depleted in vitro cell models [94–97]. Through regulation p21Ras, TGF-β also acti-
vates PI3K/AKT in myofibroblasts, in a manner independent of SMAD2 and 
SMAD3 [98]. Through this crosstalk, TGF-β also supports activity of mTOR, an 
inducer of protein translation and an important hub for AKT signaling (Fig. 5.1, 
Chap. 5; [99]). These findings highlight the connection between two major path-
ways regulating cancer invasion and cancer progression, TGF-β and PI3K/AKT/
mTOR [100].

In additional SMAD-independent TGF-β signaling, Yamaguchi et  al. showed 
that the activity of the MAPK TAK1 kinase was stimulated by both TGF-β and 
BMP [101]. The TGF-β receptor complex, specifically the TGFBR1 component, 
induces TRAF6 ubiquitylation of TAK1, thereby activating TAK1. The ligand 
bound TGF-β receptor complex interacts with TRAF6 and induces its polyubiquiti-
nation on residue K63, which is required for its activation of JNK and p38 (Fig. 4.1; 
[102, 103]). Work with siRNA and dominant-negative mutants established an essen-
tial role for TRAF6 as a critical activator of TAK1. Deletion of TAK1 has also been 
reported to impair NF-κB and JNK activation without diminishing expression of 
SMAD2-associated TGF-β response genes [104].

Rho-like GTPases, specifically RhoA, play an important role in controlling mes-
enchymal cellular characteristics, including cytoskeletal organization and cell motil-
ity [105, 106]. RhoA is rapidly activated by TGF-β (Fig. 4.1). This activation may 
be SMAD-independent, as in SMAD3-negative mutant epithelial cells, and RhoA 
activation by TGF-β was still observed [107]. RhoA is an important mediator of 
TGF-β-induced EMT, as depletion of RhoA or its downstream target RhoA- induced 
Rho-kinase (ROCK) inhibited TGF-β1-mediated EMT, as indicated by the absence 
of stress fiber formation and mesenchymal characteristics [107].TGF-β also induces 
activation of the Rho-like GTPase Cdc42, again in a SMAD- independent manner 
(Fig.  4.2; [110]). Activation of Cdc42 by TGF-β in turn induces activation of 
p21-activated serine/threonine kinase (PAK) 2 [111]. Depletion of SMAD2 and/or 
SMAD3 does not impact PAK2 activation by TGF-β [110]. In dominant- negative 
PAK2 cells, TGF-β-mediated transformation was significantly reduced [110].

The TGF-β1 receptor TGFBR2 also contributes to SMAD-independent signaling 
by directly phosphorylating cell polarity regulator partitioning defective 6 (PAR6), 
initiating loss of tight junctions, and inducing changes in cell polarity [112, 113]. 
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Depletion of PAR6 in an in vivo orthotopic model of breast cancer has been shown 
to increase expression of tight junction proteins and suppress metastasis to the lungs 
[114]. PAR6 is localized to the tight junctions between cells, as is TGFBR1, allow-
ing complex formation, likely enabled by the similar localization patterns between 
TGFBR1 and PAR6 even in unstimulated cells [112, 115]. Stimulation of cells with 
TGF-β1 induces redistribution of TGFBR2 to the tight junctions and induces inter-
actions between TGFBR2 and the PAR6-TGFBR1 complex, resulting in increased 
phosphorylation of PAR6, which increases PAR6 binding to SMURF1, mediating 
localized ubiquitination and degradation of RhoA and subsequent disruption of tight 
cell-cell junctions and EMT (Fig. 4.1; [112]). In this context, RhoA stabilizes cell-
cell junctions most likely through the effector protein diaphanous-related formin- 1 
(mDia1) and degradation of RhoA thus leads to degeneration of the junctions [116]. 
This contrasts with RhoA activation of ROCK described in the previous paragraph.
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4.3  TGF-β Dysfunction in HNSCC

TGF-β can drive malignancy-suppressive or malignancy-promoting signaling, 
depending on the overall context, which includes epigenetic, genetic, and microen-
vironmental factors [31, 117, 118], shifts in ligand concentrations [119, 120], as 
well as changes in trafficking of receptors and ligands [121–123]. For example, in 
normal tissue, TGF-β activity frequently plays a critical role in maintaining tissue 
homeostasis by inducing apoptosis, differentiation, and cell cycle arrest [31, 124]; 
however, in the setting of malignancy, TGF-β has been found to play a predomi-
nantly suppressive role in the early stages of carcinogenesis, but as the cancer 
advances, the TGF-β axis switches to signaling in support of the malignant pheno-
type [125, 126]. Dysfunction of TGF-β signaling, be it via downregulation of TGF-β 
associated proteins during the earlier stages of tumorigenesis or by activating TGF-β 
signaling in the later stages of tumor development, or in combination with muta-
tions in specific oncogenes, has been identified as relevant in HNSCC [20, 127].

4.3.1  TGF-β Ligands in HNSCC

4.3.1.1  TGF-β Ligands: Model Systems

In the tumor microenvironment, the TGFB1 ligand acts as a paracrine modulator of 
tumor growth and invasion [128, 129]. To investigate whether and how cancer pro-
gression is driven by TGFB1 overexpression, a mouse model was designed with 
inducible expression of tgfb1 in oral epithelial cells, using a minimal promoter con-
taining GAL4-binding sites. In this model, tgfb1 overexpression led to significant 
inflammation and angiogenesis in the oral mucosa, which eventually resulted in 
escape from the abovementioned TGF-β inhibition capacity during the early stages – 
most likely driven by the significant and consistent increase in TGFB1 levels above 
baseline – inducing proliferation and providing evidence in support of the activating 
contribution of TGF-β in later-stage cancer growth of oral epithelial cell origin 
[130].

4.3.1.2  TGF-β Ligands: Clinical Specimens

In a close analysis of normal stroma and tumor-associated stroma from 
twelve patients with HNSCC, Rosenthal and colleagues identified TGFB1 as highly 
overexpressed in the tumor stromal compartment compared to normal mucosa 
[131]. Additional work using HNSCC tissue with case-matched adjacent normal 
tissue and independently acquired normal oropharyngeal tissue from sleep apnea 
patients showed that HNSCC epithelial cells, in addition to the stromal cells, also 
have a propensity to overexpress TGFB1 [130].
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Analysis of thirty-two specimens from patients with laryngeal squamous cell car-
cinoma further validated the frequent overexpression of TGFB1 and TGFB2 in tumors 
[132]. In this study, TGFB1 and TGFB2 mRNA was expressed at significantly higher 
levels in tumors compared to adjacent nonneoplastic tissue (p < 0.001), prompting the 
authors to suggest TGFB1 and TGFB2 mRNA as possible tumor markers [133].

4.3.1.3  TGF-β Ligands: Cancer Stem Cells

Regulation of TGF-β activity is critical for normal stem cell function during devel-
opment, and dysregulation thereof can contribute to the expansion of cancer stem 
cell populations [31, 134]. Analysis of K3 HNSCC cells, isolated from a clinical 
HNSCC specimen and previously described in terms of cancer stem cell (CSC) 
characteristics [135], indicated that treatment of these cells with TGFB1 increases 
expression of the cancer stem cell markers Sox2 and Oct4 and increased the popula-
tion of aldehyde dehydrogenase positive (ALDH+) cells (7.24% DMSO treated ver-
sus 19.28% TGFB1 treated; [133]). Sox2 and Oct4 are two of the four Yamanaka 
factors (Klf4 and c-Myc being the other two) that, when activated, have been shown 
to transform fibroblasts into pluripotent stem cells [136]. In studies of breast cancer, 
ALDH+CD44+CD24− expression identified cell populations  enriched for tumor- 
propagating cells and ALDH expression correlated with poor prognosis [137]. 
Further studies of cancer stem cell regulation by TGFB1 in head and neck cancer are 
needed to better understand how this population of cells impacts prognosis and treat-
ment response, particularly because it has been shown that cancer stem cell popula-
tions are enriched following chemo- or radiotherapy [138]; furthermore, one of the 
most important processes associated with cancer stemness is EMT, which is strongly 
linked to TGF-β activity [15, 19, 31, 108] and discussed extensively in Sect. 4.4.

4.3.2  TGF-β Receptors in HNSCC

4.3.2.1  TGF-β Receptors: Model Systems

Loss of the transforming growth factor receptor type 2 has been shown to be an 
important promoter of metastatic head and neck cancer in a transgenic mouse 
model. However, for SCC to occur, alteration of additional genes, specifically 
KRAS and HRAS, is necessary for the induction of tumors [139]. The model was 
generated by crossing K5.CrePR1 [140] and tgfbr2f/f mice [141]. Exon two of the 
tgfbr2 gene was floxed in the tgfbr2f/f mice and in the K5.CrePR1 mice; Cre recom-
binase was fused to a truncated human progesterone receptor (PR) – which can be 
activated by the compound RU486 (mifepristone) – driven by the keratin 5 (K5) 
promoter. The K5 promoter targets gene expression specifically to the epidermis 
and head and neck epithelium. Thus, application of RU486 to the oral cavities of 
bigenic K5.CrePR1/ tgfbr2f/f mice allowed targeted deletion of tgfbr2 in the head 
and neck epithelial cells [139].
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Whereas deletion of tgfbr2 by itself had little effect, deletion of tgfbr2 combined 
with mutational activation of KRAS (codon 12 G-to-D mutation [142]) or HRAS 
caused HNSCC with complete penetrance [139]). This elegant work underscores 
the potent tumor-suppressive role of TGFBR2 during early stages of cancer forma-
tion and emphasizes that tumorigenesis requires alterations in multiple genes [139]. 
In mice with normal TGFBR2 expression (tgfbr2+/+), similar KRAS activation 
caused the development of large, benign papillomas, and HRAS activation did not 
cause the appearance of any tumors within a 60-week period [139].

In the same model, increased endogenous tgfb1 levels were detected in tgfbr2−/− 
tissues and tumors, but not in KRAS-driven papillomas [139]. This observation 
suggests a feedback loop between TGFBR2 and TGFB1 expression; for cells to 
overexpress a specific ligand to compensate for depressed expression of the corre-
sponding receptor is perhaps an expected response. TGFB1 is a known stimulator of 
angiogenesis and inflammation [143, 144], and the tgfbr2−/− lesions did indeed 
show increased angiogenesis and increased macrophages and neutrophils. 
Interestingly, these changes were seen prior to HNSCC formation and thus suggest 
direct, non-tumor stage-specific effects of TGFB1 on nonepithelial cells [139].

The TGF-β type 1 receptor has also been implicated in the oncogenesis of 
HNSCC in several studies. Functionally, based on the interactions between TGFBR2 
and TGFBR1 (Fig. 4.1), downregulation of TGFBR1 would be predicted to induce 
phenotypes that parallel those observed for cases with TGFBR2 downregulation. 
Work on mouse models indicated that deletion of tgfbr1 by itself led to development 
of squamous cell carcinoma in 10% of mice (3 of 31) after 1 year [145]. In contrast, 
conditionally deleted tgfbr1 and pten resulted in tumors of the head and neck in 
100% of animals (42 of 42) within 10  weeks, paralleling results for the mouse 
model of TGFBR2 and RAS described above [139]. Mechanistically, loss of tgfbr1 
and pten inhibits apoptosis and increased cell proliferation. Loss of tgfbr1 also 
reduced AKT-induced senescence [145].

In another mouse model, conditional deletion of tgfbr1 resulted in spontaneous 
development of periorbital (42%) and perianal tumors [146]. Fourteen of the twenty- 
six tumors were squamous cell carcinoma based on histological analysis [146]. 
Interestingly, the tumors expressed high levels of IL-13Ra2, which has also been 
observed in human head and neck squamous cell carcinoma [147, 148]. In human 
HNSCC, high IL-13Ra2 correlates with advanced disease [147], and it has been 
proposed that IL-13Ra2 is involved in tumorigenesis by enhancing paracrine effects 
of TGFBR1 and by allowing tumor cells to escape immunosurveillance [146].

4.3.2.2  TGF-β Receptors: Clinical Specimens

In general, mutations affecting components of the canonical TGF-β signaling net-
work have been detected with varying frequency by different studies [1, 10, 149–
152] with TGFBR2 genomic mutations having been extensively validated [10, 153, 
154]. Surprisingly, TGFBR2 was the only TGF-β signaling component identified by 
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The Cancer Genome Atlas (TCGA) as mutated. A TCGA study of 279 cases of 
HNSCC identified mutated (nonsense or missense) TGFBR2 in 1% of cases, pri-
marily localized to the oral cavity (seven out of 172 oral cancers and one out of 
thirty-three oropharyngeal cancers [10]). It is possible that with analysis of larger 
cohorts, mutations will also be detected in additional components of the TGF-β 
signaling network, many of which have been implicated by other studies [1, 10, 
149–152].

mRNA expression of TGFBR1 was significantly reduced in ten out of ten 
HNSCC cell lines revealed in comparison to untransformed human oral keratino-
cytes [145]. Importantly, subsequent immunostaining of twenty human HNSCC 
samples for TGFBR1 found that 50% of samples had undetectable or reduced 
TGFBR1 [145]. Immunohistochemical staining for TGFBR1 and TGFBR2  in 
eighty HNSCC tumor specimens showed that expression of TGFBR1 and TGFBR2 
was reduced in forty-three and twenty-three specimens, respectively [155]. Reduced 
expression of either receptor was associated with increased depth of invasion 
(TGFBR1, P = 0.0309; TGFBR2, P = 0.0059), increased lymph node metastasis 
(TGFBR1, P = 0.0103; TGFBR2 P = 0.0401), and reduced cancer-specific survival 
(TGFBR1, P = 0.0324; TGFBR2 P = 0.0243; [155]). Alterations in the expression 
of the two receptors were significantly correlated (P = 0.0002). These findings par-
allel previous analysis of thirty-eight HNSCC specimens, which showed significant 
reduction of TGFBR1 mRNA expression in the most invasive and most poorly dif-
ferentiated areas of tumors [156]. Reduced expression of TGFBR2 or TGFBR1 also 
correlated with overexpression of TGF-β1 [155]. It is possible that downregulation 
of the receptors initiates overexpression of TGF-β1, which perhaps supports tumori-
genesis in terms of angiogenesis and by creating a pro-tumorigenic microenviron-
ment [157–159].

In a study of twenty-three HNSCC samples using semiquantitative multiplex 
RT-PCR, TGFBR2 expression was reduced compared to matched normal tissue by 
24–74% in 87% of cases [154]. This study also detected six cases (26%) with 
 mutations in the coding region of TGFBR2: all six mutations were specifically in 
the serine/threonine kinase domain [154]. This work highlights the importance of 
TGFBR2 in HNSCC, but, considering the work by the TCGA, it is unlikely that 
26% is the true incidence rate of TGFBR2 mutations [10, 154]. A better estimate 
will surely emerge as more HNSCC specimens are sequenced.

In addition to primary HNSCC tumors, head and neck cancer metastases have 
also been reported to downregulate TGFBR1. Among twenty-three cases, four had 
mutations of TGFBR1 [160]. One of the four mutations was a somatic intragenic 
four base-pair deletion predicted to produce a truncated protein. The other three 
mutation types were classified as a missense and two substitution mutations [160].

Lastly, a large multicenter study discovered that the common polymorphism 
TGFBR1*6A, proposed to be a tumor susceptibility allele [161], was somatically 
acquired in roughly 2% of head and neck cancers analyzed (4 of 226; [162]). 
TGFBR1*6A contains a three alanine deletion within a nine alanine repeat at the 
3′-end of exon 1 and codes for a TGFBR1 receptor that has been shown to have less 
antiproliferative activity compared to other variants [161, 163].
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4.3.2.3  TGF-β Receptors: Cancer Stem Cells

In the previously described tgfbr1/Pten mouse model, the combined depletion of 
tgfbr1 and Pten significantly increased mRNA expression of Nanog (p < 0.01) and 
Oct4 (p < 0.001), two stem cell transcription factors [136], as well as of CD44 and 
CD133, two markers for cancer stem cells in HNSCC [145, 164–166]. Mouse xeno-
graft models using primary HNSCC specimens obtained from patients undergoing 
surgical resection have strongly supported the relevance of CD44 in HNSCC: twenty 
of thirty-one injections of CD44+ cells formed tumors, whereas, only one of fourty 
injections of CD44− cells produced tumors. Furthermore, as few as 5 × 103 
CD44+Lin− cells reliably produced tumors in this model, in contrast to CD44− cells, 
which did not produce any identifiable tumor growth even with injections of up to 5 
× 105 cells [166]. This study of tgfbr1/Pten knockout mice did not elucidate the 
molecular mechanism by which the two deleted genes regulate cancer stem cell self-
renewal and differentiation, two points of high relevance for future studies to explore.

4.3.3  TGF-β Effectors in HNSCC

Mutations and expression changes affecting the canonical SMAD effectors of 
TGFBR1 and TGFBR2 proteins (Fig. 4.1) are also associated with malignant phe-
notypes. Several of the SMAD genes are clustered along the same chromosomal 
region, with SMAD2, SMAD4, and SMAD7 all found at 18q21 [167–169] and 
SMAD3 and SMAD7 at 15q21–22 [167, 170]. Deletion of chromosome 18q is of 
known significance in HNSCC and was detected in a genome-wide analysis of copy 
number aberrations in eighty-nine samples [171] and in an independent study using 
twenty-one prospectively collected fresh-frozen oral SCC specimens [172]. Studies 
in the 1990s uncovered that loss of heterogeneity of 18q in HNSCC tumors was 
detectable with high frequency (twelve of sixteen patients [173]), a finding con-
firmed by additional studies [174–179].

In a small study of thirteen head and neck cancers, protein expression of SMAD2 
was lost in 38% (5 of 13) of cases, and it was noted that in poorly differentiated 
tumors, phosphorylated (activated) SMAD2 was undetectable. On the mRNA level, 
SMAD2 remained detectable for all specimens in this study, suggesting that SMAD2 
expression was regulated posttranscriptionally in HNSCC [180], unlike pancreatic 
cancer and colorectal cancer, where SMAD2 tends to be altered on the genetic level 
[168, 169, 181]. Interestingly, SMAD3 was not lost in any of the thirteen HNSCC 
specimens examined [180], potentially suggesting similarities to studies in mouse 
models, where deletion of SMAD4 induced nuclear activation of SMAD3 and 
TGFB1, leading to inflammation and tumorigenesis [182].

Phosphorylated SMAD2 and SMAD3 interact with the central mediator of 
TGF-β signaling, SMAD4 (Fig. 4.1). SMAD4 was first described as a tumor sup-
pressor in pancreatic cancer [168] and changes in SMAD4 function have since been 
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linked to a number of additional cancer types, including HNSCC [182]. As is true 
for TGF-β in general, the impact of SMAD4 alterations is highly context specific. 
For example, in pancreatic cancer, deletion of SMAD4 without mutations in addi-
tional driver mutations is not sufficient to initiate tumor formation; however, mouse 
models showed that in head and neck cancer, deletion of smad4 initiates genomic 
instability and inflammation, resulting in tumor formation and cancer progression 
[182, 183].

Conditional depletion of smad4 in the head and neck epithelial tissue of mice led 
to the development of spontaneous oral tumors in 74% (twenty-six of thirty-five) of 
tested animals [182]. In the same study, smad4 knockdown caused a reduction in the 
expression of FANC/BRCA genes and restoration of normal smad4 in a SMAD4- 
deficient HNSCC cell line increased the expression of genes in the FANC/BRCA 
pathway. These observations propose that genomic instability due to SMAD4 dele-
tion is part of the mechanism underlying tumor development in this model [182].

Unlike TGFBR2, SMAD4 was found to not only be downregulated in malignant 
HNSCC, it was also downregulated in grossly normal tumor-adjacent mucosa com-
pared to normal non-tumor associated head and neck tissue [182]. The discovery 
that normal tumor-adjacent tissue is not an equivalent control to normal non-tumor 
associated head and neck tissue is a likely contributing factor to the variation in 
reported incidence of SMAD4 expression reduction in HNSCC, which ranges from 
12% [184] up to 86% [182, 183].

The finding that 86% (31 of 36) of analyzed HNSCC cases had downregulated 
SMAD4 was based on quantitative RT-PCR results benchmarked to normal tissue 
from cancer-free patients with sleep apnea. Furthermore, 67% (twenty-four of 
thirty-six) of samples from normal tumor-adjacent mucosa had less than 50% the 
expression level of SMAD4 compared to normal control tissue [182]. These  findings 
suggest that reduction of SMAD4 may play an important role early during tumor 
development in HNSCC.

4.4  TGF-β Driven EMT in HNSCC

TGF-β is a key regulator of the EMT required for normal cell migration during 
embryogenesis, and activation of this pathway is often coopted to promote migra-
tion and invasion in disease states such as cancer. As with other tumor types, TGF-β 
signaling is an important regulator of EMT in HNSCC [185–187]). In one well- 
studied example, in oral squamous cell carcinoma (OSCC), stromally synthesized 
TGFB1 was shown to promote cancer cell invasion [188]. This was mechanistically 
explained by reduced epithelial morphology and reduced apicobasal polarization of 
tumor cells and stimulated invadopodia formation, leading to a more invasive 
 phenotype [189]. Invadopodia are specialized cell protrusions composed of an actin 
filament backbone that mediate localized secretion of basement 
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membrane- degrading matrix metalloproteases (MMPs) and are thus associated with 
initiating invasion of tumor-surrounding tissues and cancer cell extravasation, which 
eventually results in increased metastasis to lymph nodes [188, 190, 191].

In OSCC, another study reported TGFB1 activation of invadopodia to be driven 
by upregulation of podoplanin (PDPN) [188]. Other studies have shown that 
TGFB1 enhances OSCC invasiveness via a different mechanism, specifically, a 
SNAIL- dependent upregulation of two MMPs, MMP2 and MMP9 [192, 193]. 
SNAIL is a potent regular of EMT and a TGFB1 effector in many cancer types 
[194–198]. Using in vitro and in vivo models, it has also been shown that TGFB1 
induces receptor activator of nuclear factor kappa-B ligand (RANKL) and that 
TGFB1 synthesis by cancer cells and stroma cells increases phosphorylation of 
SMAD2 and increases OSCC-induced bone destruction when activated HSC3 cells 
(human oral squamous cell carcinoma cells) are transplanted onto the skulls of 
athymic mice [199].

4.5  TGF-β-Targeted Therapies

The dual nature of TGF-β signaling is a serious challenge for successful implemen-
tation of TGF-β-targeted drugs in clinical practice. An obvious concern is that 
blocking the TGF-β pathway may result not only in deceleration of tumor invasion 
and metastasis in established tumors but may promote progression of early lesions 
and thus ultimately worsen disease [200]. Nevertheless, careful consideration of 
TGF-β signaling implies some potential therapeutic opportunities for the treatment 
of HNSCC (Fig. 4.3; [201, 202]).

Several different therapeutic agents are currently in preclinical and clinical stages 
of development. These agents can be classified based on the level at which they 
disrupt TGF-β signaling: at the ligand level (ligand traps, antibodies, antisense oli-
gonucleotides, and cancer vaccines), at the receptor level (small molecule receptor 
kinase inhibitors and antibodies), or at the intracellular level (peptide aptamers that 
disrupt SMAD complexes). However, only a limited number of inhibitors are 
actively being pursued for the treatment of HNSCC.

4.5.1  Targeting the Receptors

Small molecular inhibitors of TGFBR1 stand out as having had the most clinical 
success to date. Galunisertib (LY2157299) is currently undergoing clinical trials in 
patients with glioblastoma, pancreatic carcinoma, or hepatocellular carcinoma 
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[203]. The inhibitor specifically reduces phosphorylation of SMAD2 and thus abro-
gates canonical TGF-β signaling (Fig.  4.1). Bhola et  al. used preclinical in  vivo 
evaluations to show that galunisertib and TR1 (a monoclonal antibody against 
TGFBR2) were effective in preventing post-chemotherapy growth of cancer stem 
cell subpopulations in triple-negative breast cancer [204]. Cardiac toxicity is a sig-
nificant concern in cases of long-term, continuous use of galunisertib, a side effect 
also observed in animal studies [203]. However, careful dosing strategies identified 
a therapeutic window for the drug, which has allowed clinical trials to commence. 
The currently recommended dosing regimen is based on a 14 days on/14 days off, 
28 day cycle [203].

Less advanced inhibitors include the monoclonal antibodies IMC-TR1 
(LY3022859; a monoclonal anti-TGFBR2 antibody; [205]) and TEW-7197 (an anti- 
TGFBR1 antibody; [201]). Clinical and preclinical studies of these therapeutic 
agents have suggested reasonable safety profiles but often relatively limited thera-
peutic efficacy. TEW-7191 has been shown in vitro to reduce the growth and viabil-
ity of multiple myeloma cells by inhibiting SMAD2/3 signaling and subsequent 
apoptosis [206] and is currently being evaluated in a Phase 1 clinical trial for 
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advanced stage solid tumors [NCT02160106]. Preclinical studies of 50-week-old 
mice treated with 40 mg/kg of IMC-TR1 three times per week for four weeks indi-
cated significant reduction of fibrosis [205]. Unfortunately, in a recent Phase 1 
study, doses for IMC-TR1 beyond 25 mg were considered unsafe due to uncon-
trolled cytokine release [207].

4.5.2  Targeting the Ligand

The Pan-TGF-β (TGF-β1, -β2, and -β3) ligand-neutralizing human monoclonal 
antibody fresolimumab was developed as an anti-fibrotic therapeutic and has been 
studied in Phase 1 trials for the treatment of systemic sclerosis [208] and focal seg-
mental glomerulosclerosis [209]. The antibody showed some limited promise in 
both trials. Previous work with a mouse analog of fresolimumab had been effective 
in preserving significant kidney function in a mouse model of chronic nephropathy 
[210]. Fresolimumab demonstrated some anti-tumor activity in the treatment of 
advanced melanoma and renal cell carcinoma in a Phase 1 trial but failed in clinical 
trials due to the unexpected development of reversible keratoacanthomas and early 
squamous cell carcinomas [211], similar to observations made for the BRAF inhibi-
tor vemurafenib [212, 213]. Further studies are needed to establish if the underlying 
mechanism causing keratoacanthomas is the same for fresolimumab and vemu-
rafenib; it could possibly be driven by disruption of RAF signaling (Fig. 4.1).

The potential of fresolimumab in HNSCC was explored by Bedi et  al., who 
showed in a xenograft mouse model that cetuximab (EGFR-targeting antibody) 
resistance is in part due to tumor cell-autonomous expression of TGF-β and subse-
quent activation of AKT (Fig. 4.1) and that this resistance could be successfully 
addressed, at least in vivo, with the mouse analog of fresolimumab 1D11 [214]. 
Optimizing EGFR-targeted therapy in HNSCC has been challenging, and utilizing 
TGF-β inhibitors in combination with EGFR inhibition is worth further 
consideration.

Various efforts have been undertaken to overcome the challenge of balancing the 
tumor suppressive versus the tumor promoting activity of TGF-β targeting agents. 
For example, the recently developed human antibody XOMA089 was designed to 
target TGF-β1 and TGF-β2 while sparing TGF-β3 (Fig.  4.3). Available data are 
extremely limited; however, early preclinical results indicated significant growth 
arrest of both HNSCC and of breast cancer cells in preclinical models. Possible 
synergy between XOMA089 and PD-1 inhibitors based on animal data has also 
been suggested [215]. More data are needed to fully assess the potential of 
XOMA089.
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4.5.3  TGF-β and Immunotherapy

TGF-β is a major regulator of the tumor microenvironment and of immune cells [18, 
129, 182, 183, 216, 217]; therefore, consideration of TGF-β activity in the context 
of immunotherapy seems intuitive. It has been proposed to use immunoassays to 
screen for tumors responsive to TGF-β modulated therapy and to investigate the use 
of TGF-β docking receptor GARP as a response-predictive biomarker for immuno-
therapy [215, 216, 218].

Interesting early efforts have provided some evidence of complementary activity 
between TGF-β inhibition and immunotherapeutic drugs [219–223]. Preclinical 
melanoma models have shown that combinations of galunisertib and an anti- 
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) antibody had significant 
synergy and prevented in  vivo tumor growth and melanoma metastasis [224]. 
Similar studies are yet to be completed in HNSCC.

4.6  Conclusions and Future Directions

The importance of TGF-β in HNSCC is undeniable but complicated. Of increasing 
interest is the role this family of receptors and ligands plays in terms of immuno-
regulatory functions [129, 216, 225]. Considering the breakthrough of immuno-
therapies across many cancer types [226], including HNSCC ([227–231]; see Chap. 
14), the need to better understand TGF-β signaling will continue to be high.

Considering the challenges of targeting TGF-β signaling clinically [232], strate-
gies such as identification of response-predictive biomarkers should be encouraged 
[233]. Specifically, more investigative efforts should be put into solving some of the 
technical difficulties of working with phosphorylated proteins, such as phospho- 
SMAD2 and possibly phospho-SMAD3, to more accurately assess the activity level 
of canonical TGF-β signaling [234, 235]. Focusing this work on HNSCC has the 
potential to produce high-impact findings, as the need for improved treatment strat-
egies for this malignancy continues to be significant.
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Chapter 5
The PI3K Signaling Pathway in Head 
and Neck Squamous Cell Carcinoma
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Abstract The PI3K/PTEN/AKT/mTOR signaling axis has been intensively stud-
ied in many cancer systems. Extensive evidence suggests deregulation of this path-
way plays an important role in the initiation, development, and recurrence of head 
and neck squamous cell carcinoma (HNSCC). A heterogeneous disease by nature, 
HNSCC encompasses a disparate collection of anatomical sites with complex tumor 
biology. Nevertheless, PI3K/PTEN/AKT/mTOR signaling has a critical role in 
nearly every facet of this disease. In this chapter we will provide a brief introduction 
to the mechanisms involved in PI3K/PTEN/AKT/mTOR signaling and how specific 
alterations in these signaling nodes enable HNSCC development and progression. 
We will also discuss differences in PI3K/PTEN/AKT/mTOR signaling with respect 
to human papillomavirus (HPV) status. A number of inhibitors targeting multiple 
nodes in this pathway have been developed, with these agents having potential 
application and in some cases demonstrated clinical activity in HNSCC. We will 
briefly review how these therapeutic agents are being evaluated and what predictive 
biomarkers have been established for them in HNSCC. Finally, PI3K/PTEN/AKT/
mTOR signaling represents an important source of resistance to radiation and che-
motherapy as well as other targeted agents. We will speculate on how PI3K/PTEN/
AKT/mTOR inhibitors may increase the efficacy of these established therapies.
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5.1  Introduction

The PI3K/PTEN/AKT/mTOR pathway is a critical signaling axis, which consoli-
dates and regulates numerous extracellular signals required for complex, multicel-
lular organisms. The end result of appropriate PI3K/PTEN/AKT/mTOR signaling is 
homeostasis: the careful balance of survival, proliferation, metabolism, growth, 
autophagy, cap-dependent translation, migration, apoptosis, and many other cellular 
requirements. Given the range of functionalities associated with this pathway, 
deregulation at any of its signaling nodes can have dire biological consequences. 
Thus, many of the proteins involved in this pathway have been established as bona 
fide oncogenes or tumor suppressors. Recent evidence suggests that at least 47% of 
head and neck squamous cell carcinomas (HNSCCs) have at least one molecular 
alteration in this pathway [1], making the PI3K pathway the most frequently mutated 
oncogenic pathway (30.5%) in HNSCC (Fig. 5.1) [2, 3]. In this chapter, we will 
summarize key features of this pathway, how these molecular alterations are associ-
ated with HNSCC development and progression, and how this differs for human 
papillomavirus (HPV)-related and HPV-unrelated (will be referred to as HPV- 
negative) head and neck cancers. In addition, we will provide some perspective 
regarding the translational potential of known therapeutic targets involved in this 
signaling network and the development of biomarkers for assessing clinical 
outcomes.

5.2  PI3K/PTEN/AKT/mTOR Signal Transduction

5.2.1  Phosphoinositide 3-Kinase (PI3K)

The intracellular transduction of extracellular stimuli often requires receptor- 
mediated signaling. Thus, membrane-bound receptors translate extracellular ligand 
binding into intracellular signaling cascades to various downstream cellular com-
partments (Fig. 5.2). Adaptor proteins and second messengers play an important 
role in correctly mediating and regulating these signals. One group of second mes-
sengers involves the class I phosphoinositide 3-kinase (PI3K) family (p110α, p100β, 
p110γ and p110δ). Other classes of PI3Ks include the class II and III families, 
comprehensively reviewed in [4]. These second messengers exert a common signal-
ing mechanism utilized by a wide array of receptor tyrosine kinases (RTKs) and 
G-protein-coupled receptors (GPCRs). A functional PI3K-signaling unit contains 
one regulatory (typically p85-alpha or its splice variants, p55-alpha and p50-alpha; 
p85-beta or p85-gamma) and one catalytic (p110-alpha, beta, and delta) subunit, 
creating a heterodimeric kinase with enzymatic activity for lipid and protein sub-
strates [4–6]. However, only the lipid kinase activity is required for oncogenic sig-
naling [7]. PI3K activation is extensively regulated, particularly, by numerous RTKs 
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(such as the ERBB family, insulin-like, and fibroblast growth factor receptors) and 
G-protein-coupled receptors. When a receptor is activated, PI3K translocates to the 
cell membrane, where it associates with the receptor through p85 and various adap-
tor proteins (i.e., IRS1) [8, 9]. This binding reduces p85-dependent negative regula-
tion of p110, initiating catalytic activity. PI3K can also be positively induced by 
activation of Ras, a critical member of small GTPases, which may facilitate PI3K 
membrane localization [10–12].

Once active, PI3K catalyzes the phosphorylation of phosphatidylinositol 
4,5-bisphosphate (PI4,5P2) to phosphatidylinositol 3,4,5-trisphosphate (PIP3) [13]. 
The synthesis of PI3,4P2 typically follows this process, perhaps resulting from the 

Fig. 5.1 Cross-study 
alteration summary for 
PI3K/AKT/mTOR 
pathway in head and neck 
cancer. TCGA data. Chart 
represents summary of 
deletions, amplifications, 
mutations, and multiple 
alterations in different head 
and neck cancer cohorts 
(horizontal) for FOXO1, 
FOXO3, AKT1, AKT2, 
AKT3, PIK3R1, PIK3CA, 
and PTEN genes
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action of the 5-phosphatase SH2-domain-containing inositol 5-phosphatase (SHIP) 
on PIP3 [14, 15]. PI3,4P2 can also be synthesized by class II PI3Ks using PI4P as 
substrate (reviewed in [16]). Although the specific PI3K isoform activated in a given 
cellular context may differ, the ultimate output is the same: relocalization of inactive 
AKT and its activating kinase, 3-phosphoinositide-dependent kinase 1 (PDK1), to 
membrane sites of PI3,4P2 or PIP3 accumulation, via engagement of the AKT 
pleckstrin homology (PH) domain (Fig.  5.2). PDK1-mediated AKT activation 
occurs via phosphorylation at threonine 308 (T308) in the activation or T-loop [17] 
of AKT.  In parallel, AKT receives an activating phosphorylation mediated by 
mTORC2 at serine 473 (S473) in a C-terminal hydrophobic motif [18]. Activated 
AKT exerts a number of downstream effects on transcription, protein synthesis, 
metabolism, proliferation, autophagy, and apoptosis [19]. Although earlier studies 
suggested that PIP3 is exclusively localized to the plasma membrane, more recent 
reports have provided evidence for endomembrane pools of PIP3 and PI3,4P2 that 
directly contribute to AKT activation [20]. There are numerous additional cancer- 
relevant PI3K effectors: for example, one recent study has suggested that PI3K 
overexpression in an oral carcinogenesis mouse model signals through PDK1 to 

Fig. 5.2 PI3K/AKT/mTOR signaling map. See discussion in the text
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enhance invasion through the activation of TGF-β signaling pathway [21]. Finally, 
protein phosphatases carefully balance the activity of these kinases in normal cells. 
Notably, the PI3K pathway is negatively regulated by phosphatase and tensin 
 homologue (PTEN), which catalyzes the dephosphorylation of PIP3 to PIP2 [22, 
23], as discussed below.

Investigations of oncogenic PI3K have been focused largely on p110α (PIK3CA). 
Exome sequencing projects have determined that the vast majority of cancer-related 
PI3K mutations are found in this isoform (Fig. 5.3) [3, 24]. It is currently estimated 
that p110α is mutated in 6–36% of HNSCC tumors [3, 25–30]. Unlike tumor sup-
pressors, these activating point mutations are not found throughout the gene; rather, 
80% of these cancer-associated modifications occur within three “hot spot” loca-
tions in the helical region (E542K, E545K) or the kinase (H1047R) domain. The 
first two mutations decouple p110 from p85, releasing the inhibitory effect of the 
regulatory subunit [31, 32]. The third mutation introduces a conformational change 
in the activation loop [31], possibly mimicking Ras-mediated activation [33, 34]. 
These three mutations are common in HPV-negative HNSCC tumors, whereas 
HPV-positive tumors present with PIK3CA mutations mostly in the helical domain 
[35]. Other cancer-specific mutations do exist within the gene; however, they have 
lower oncogenic activity and provide less of a selective advantage for tumorigenesis 
[36, 37].

Fig. 5.3 TCGA data for point mutation rates in PIK3CA and PTEN genes. Missense mutations are 
indicated with green circles: truncating mutations with black. See text
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5.2.2  PTEN

PTEN is a critical tumor suppressor, originally discovered because complete or par-
tial deletion of a region of chromosome 10 encompassing PTEN is a common event 
in a number of cancers, including brain, bladder, prostate, and head and neck [38, 
39]. At least 80% of Cowden’s disease patients harbor heritable, germline mutations 
in PTEN, which confer this rare cancer predisposition syndrome [40–43]. Although 
mostly known for catalyzing the reaction of PIP3 to PIP2, this gene encodes a pro-
tein which possesses both peptide and phospholipid phosphatase activity (Fig. 5.2) 
[22, 23]. Loss of PTEN function causes an accumulation of PIP3 at the cell mem-
brane. This enriched pool of PIP3 recruits AKT/mTOR pathway members (AKT 
isoforms, PDK1, etc.) to the membrane and inappropriately initiates the activation 
of this central signaling axis.

Knockout experiments have determined that PTEN, while essential for viable 
development, also has tumor-suppressive functions in endometrial, liver, prostate, 
gastrointestinal, thyroid, and thymus tissues [44, 45]. Haploinsufficiency is often 
sufficient to mediate a loss of PTEN function [46]. Due to the significance of these 
effects, PTEN function is regulated, and consequently deregulated, by a myriad of 
mechanisms: mutation, deletion, epigenetic silencing, transcriptional and posttran-
scriptional (microRNA (miRNA) regulation), posttranslational modification, and 
various protein–protein interactions. PTEN is the most frequently deregulated 
tumor suppressor associated with the PI3K/AKT/mTOR pathway and has some 
additional functions independent of PI3K/AKT/mTOR.  For example, a loss of 
PTEN causes depletion of PIP2, an important membrane-associated regulator of 
cell polarity. This morphological modulation initiates a loss of epithelial character-
istics, similar to epithelial–mesenchymal transition (EMT) [47], a hallmark of par-
ticularly aggressive cancers. Following EMT, neoplastic cells have increased cell 
motility and are often more resistant to standard therapy (reviewed in [48–50]). 
Some PTEN also localizes to the nucleus and is involved in maintaining chromo-
somal stability. Consequently, a loss of nuclear PTEN enhances chromosomal insta-
bility and leads to spontaneous DNA double-strand breaks [51]. As PTEN only 
exhibits PIP3 phosphatase activity in the cytoplasm, nuclear PTEN may affect 
genomic stability and cell cycle progression by lipid phosphatase-independent 
mechanisms [52, 53]. Due to its numerous PI3K-dependent and PI3K-independent 
functions, PTEN is accepted as an important tumor suppressor with loss of function 
often resulting in cancer.

5.2.3  AKT

AKT, also known as protein kinase B (PKB), is a critical node for mammalian sig-
nal transduction and the major effector of PI3K signaling. This vital serine/threo-
nine protein kinase was originally discovered as the human homologue of v-akt, an 
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oncogene transduced by the murine retrovirus AKT8 [54–57]. The AKT family is 
represented by three isoforms: AKT1, AKT2, and AKT3. AKT1 is ubiquitously 
expressed at high levels [55, 56, 58], while the remaining isoforms are expressed in 
a more tissue-specific manner. Insulin-sensitive cells, such as liver, skeletal muscle, 
and adipose tissue, demonstrate high levels of AKT2 expression [59, 60]. Meanwhile, 
AKT3 is highly expressed in the brain and testes, with lower levels of expression 
observed in muscle and intestinal organs [61]. While cancer-related AKT research 
largely focuses on AKT1, large-scale cancer sequencing projects have uncovered 
single nucleotide polymorphisms (SNPs) and somatic mutations associated with 
AKT2 and AKT3 [62, 63]. Mouse knockout models of the various AKT isoforms 
demonstrate specific mutant phenotypes, but all are viable [64–68]. Thus, the lack 
of embryonic lethality suggests that while each AKT isoform has characteristic sig-
naling functions, they share a degree of functional compensation.

AKT kinases are comprised of an N-terminal PH domain, a flexible linker, and a 
C-terminal catalytic domain. While PIP3 interacts with AKT via the PH domain 
[14], AKT is phosphorylated by PDK1 on the C-terminal activation loop (T308) and 
at serine 473 (S473) by mTORC2 (Fig. 5.2; [69]) to achieve full kinase activity [70]. 
While these mechanisms represent canonical AKT activation, a number of PIP3- 
independent mechanisms also initiate AKT signaling. Activated CDC42 kinase 1 
(Ack1 or TNK2) [71, 72], Src [73], protein-tyrosine kinase 6 (PTK6) [74], and 
serine/threonine-protein kinase 1 (TBK1) [75–77] all possess the ability to modu-
late AKT activity by noncanonical means. Once activated, AKT phosphorylates 
downstream targets, altering cell survival, growth, proliferation, metabolism, and 
crosstalk with other signaling pathways. The most important downstream target of 
AKT is mammalian target of rapamycin (mTOR), a master regulator of cell growth, 
metabolism, translation initiation, and ribosome biogenesis. AKT also affects cell 
survival by negatively regulating pro-apoptotic proteins such as FOXO and MDM2, 
a negative regulator of p53 [78, 79]. AKT can also enhance cell-cycle turnover by 
phosphorylating glycogen synthase kinase 3 (GSK-3), which stabilizes cyclin D/E, 
c-jun, and c-myc proteins [80–83].

Recent evidence suggests that subcellular localization is an important determi-
nant of AKT activity and downstream signaling. In fact, two important AKT sub-
strates (FOXO proteins and p300) are sequestered solely in the nucleus [84, 85]. 
Despite lacking a nuclear localization signal, AKT likely translocates to the nucleus 
by interacting with members of the T-cell leukemia-1 (TCL1) family of oncopro-
teins. These proteins are capable of complexing with AKT to serve as coactivators 
and nuclear shuttles [86, 87]. Increased nuclear phospho-AKT has been observed in 
acute myeloid leukemia [88, 89], lung [90], breast [91], thyroid [92], and prostate 
cancers [93]. Nuclear phospho-AKT detection has also been positively correlated 
with prostate cancer progression [93] and Gleason score [94]. Nuclear AKT activity 
may have specific oncogenic effects as promyelocytic leukemia protein (PML), 
which functions to dephosphorylate AKT within the nucleus and is a known tumor 
suppressor [95].

Due to the staggering number of pathways dependent on AKT signaling, deregu-
lation of this enzyme by alterations in associative proteins or changes in subcellular 
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localization can have disastrous biological consequences. For example, mosaic 
expression of an AKT point mutant (AKT E17K) is responsible for almost 90% of 
Proteus syndrome cases, the debilitating growth disorder suffered by Joseph 
Merrick, popularly known as “The Elephant Man” [96]. Proteus syndrome is char-
acterized by segmental overgrowth and hyperplasia of a variety of tissues and 
organs, which also includes an increased risk of tumorigenesis [97, 98]. The rare 
nature of this crippling disease (<1 case/1 million) lies in its dependence on mosaic 
expression, as constitutive somatic or germline expression of this mutant would be 
lethal. Not surprisingly, this mutation has been detected in a variety of cancers 
including breast [99], urinary tract [100], and endometrial cancers [101]. Although 
the incidence of AKT E17K in patient tumor samples is low (1–4%), it nonetheless 
represents an important example of the total PI3K/PTEN/AKT/mTOR deregulation 
that occurs during tumorigenesis.

5.2.4  mTOR

As mentioned above, mTOR is the single most important effector of AKT signaling. 
Serving as the catalytic subunit of two macromolecular complexes (mTORC1 and 
mTORC2), mTOR is a master regulator of cell growth, via mediation of growth fac-
tor inputs and nutrient sensing. Although mTOR is shared between these two com-
plexes, the associative proteins unique to each tune the activity of this enzyme for 
distinct substrates and sources of regulation [102–108]. mTORC1 consists of 
mTOR, Deptor, Raptor, mLST8, and PRAS40 [109, 110]. This complex is 
rapamycin- sensitive [111–113], and S6  K1 and 4E-BP1 are its most important 
downstream targets (Fig.  5.2; [114–116]). Phosphorylation of S6  K1 promotes 
mRNA translation by facilitating initiation and elongation complex formation at the 
mRNA transcript. Activation of 4E-BP1 allows eIF4E to recruit eIF4G and initiate 
5′ 188 mRNA translation. Aside from protein synthesis, mTORC1 also regulates 
ribosome biogenesis and autophagy [117–119]. Recent studies have shown 
mTORC1 activation is sufficient to inhibit autophagy, which is reversible following 
mTORC1 inhibition [120].

mTORC2 also contains Deptor and mLST8; however, additional associative pro-
teins include Rictor, mSIN1, and Protor [105, 121, 122]. Differential phosphoryla-
tion of AKT (T308 vs. S473) had long been understood, with PDK1 mediating T308 
activation. mTORC2 is the enzyme responsible for “PDK2” activity, phosphorylat-
ing AKT at S473 and further facilitating T308 phosphorylation by PDK1. This dual 
phosphorylation is essential for full AKT activation [69]. Consequently, this func-
tionality places mTORC2 in a positive feedback loop within the pathway, allowing 
AKT to achieve full activation. A recent study suggested a mechanism of this regu-
lation, indicating that a PH domain within the SIN1 component of mTORC2 serves 
to bind to PIP3, leading to relief of autoinhibition of mTOR kinase activity within 
the complex [123]. PIP3 binding would therefore have the dual function of relocal-
izing mTORC2 to membranes where AKT is being recruited, as well as relieving 
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conformational constraints on mTOR, allowing AKT phosphorylation; however, a 
separate study using intracellular compartment-specific reporters concluded that 
PI3K activation is dispensable for mTORC2 activity on membranes [124]. In this 
model, it is the relocalization of AKT to specific membranes through its PH domain 
that allows mTORC2 to gain access to S473.

This function was initially difficult to elucidate as mTORC2 is rapamycin- 
insensitive during acute treatment [111–113]. Along with AKT, mTORC2 can also 
activate serum- and glucocorticoid-regulated kinase (SGK) and other AGC kinases, 
including particularly protein kinase C (PKC) [69, 125–127] at their corresponding 
hydrophobic motif residues, although the corresponding motif in S6 K1 (T389) is 
targeted by mTORC1 [128].

Because mTOR has a central role in controlling cell growth, appropriate regula-
tion of mTOR itself is paramount to maintaining homeostasis. Thus, it is not sur-
prising that a number of familial cancer syndromes involve germline mutations of 
mTOR-negative regulators, such as PTEN in Cowden disease and TSC in tuberous 
sclerosis [41, 129]. Transgenic mice have also provided experimental evidence for 
the importance of appropriate mTOR regulation. Mice heterozygous for beclin or 
autophagy-related 4C (ATG4C), both critical regulators of autophagy, are prone to 
tumor formation due to defects in autophagosome formation [130–132]. As a nega-
tive regulator of autophagy [128], sustained mTORC1 activation has the ability to 
mimic these genetic modifications and enhance tumor development. Sustained 
mTORC2 activity is also capable of driving tumorigenesis through constitutive acti-
vation of AKT and SGK.  Furthermore, the expression of Rictor is required for 
tumor cell line and prostate tumor growth in PTEN-deficient mice [133, 134]. 
Consequently, tumor-associated defects in PI3K, PTEN, or AKT all have the poten-
tial to initiate pathological mTOR signaling. However, multiple routes of deregula-
tion may provide important biomarkers and potential targets of therapeutic 
intervention to alleviate the oncogenic effects of mTOR signaling in HNSCC.

5.3  PI3K/PTEN/AKT/mTOR Deregulation in HNSCC

5.3.1  Genetic Alterations of PIK3CA in HNSCC

PI3K functions are of critical importance to potentiate and regulate receptor- 
mediated extracellular stimuli. This vital second messenger has been intensively 
studied in cancer progression, including HNSCC. PI3K, and more specifically 
PIK3CA, is a bona fide oncogene in HNSCC. As mentioned above, PIK3CA con-
tains activating point mutations (commonly E542, E545, or H1047) in 6–20% of 
HNSCC tumor samples [26, 27] (Fig.  5.3; Table  5.1). Two sequencing projects 
independently identified PIK3CA as a significantly mutated oncogene in HNSCC 
tumor samples [25, 28]. Stransky et al. determined 8% (6/74) of their tumor samples 
had PIK3CA activating mutations, identifying one as R115L (rare), three affecting 
E542–545, and two targeting H1047 [28]. Agrawal et al. reported 6% of their tumors 
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Table 5.1 Investigation of PI3K/PTEN/AKT/mTOR genetic alterations in premalignant lesions 
and squamous cell carcinoma of the head and neck

Gene Samples Type of alteration Reference

PIK3CA 
(p110α)

Fresh tissue samples after surgical 
resection, 117 patients with HNSCC, 
stages I–IV
33 fresh-frozen tissue samples from oral 
cavity, larynx and pharynx, different stages
29 HPV(+) and 13 HPV (−) 
oropharyngeal carcinoma samples
115 non-lymph node metastatic HNSCC 
samples

Amplification [1]
[135]
[136]
[137]

33 fresh-frozen tissue samples from oral 
cavity, larynx and pharynx, different stages
20 HPV+ and 20 HPV-laser-capture 
microdissected oropharyngeal carcinomas
46 brushed samples of oropharyngeal 
SCCC

Copy number gain [135]
[138]
[139]

PI3KR1 
(p85α)

92 HNSCC patients. Samples from oral 
cavity, oropharynx, hypopharynx, larynx, 
and sinonasal cavity

Missense mutation [28]

92 HNSCC patients. Samples from oral 
cavity, oropharynx, hypopharynx, larynx, 
and sinonasal cavity

In-frame insertion [28]

151 HNSCC tumors, not specified sites Nonsense mutation [2]
120 matched samples, oropharynx, oral 
cavity, hypopharynx, larynx

Non-synonymous 
mutation

[140]

PTEN 151 HNSCC tumors, not specified sites
DNA from 213 HNSCC patient samples. 
Oropharynx and oral cavity, predominantly 
IVA stage

Nonsense mutation [2]
[141]

151 HNSCC tumors, not specified sites
DNA from 213 HNSCC patient samples. 
Oropharynx and oral cavity, predominantly 
IVA stage
52 samples, moderately differentiated 
SCCC of oropharynx, hypopharynx, 
larynx, and lymph node mets

Missense mutation [2]
[141]
[142]

Fresh tissue samples after surgical resection, 
117 patients with HNSCC, stages I–IV
19 HNSCC samples, different locations, 
II–IV stages

Loss of heterozygosity [1]
[143]

151 HNSCC tumors, not specified sites Splice-site single 
nucleotide 
polymorphism

[2]

Fresh tissue samples after surgical 
resection, 117 patients with HNSCC, 
stages I–IV
79 oropharyngeal squamous cell 
carcinoma samples

Reduced expression [1]
[144]

(continued)
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harbored PIK3CA mutations: all three affecting H1047 [25]. In addition to these 
activating point mutations, copy number gains within the PIK3CA locus (3q26) are 
extremely common [149]. Genomic studies suggest that mutations and copy varia-
tions of PIK3CA are detected in aggregate in 27% of HPV-negative and 37% of 
HPV-related HNSCC tumors [150]. Intriguingly, one recent study using reverse 
phase protein array (RPPA) analysis reported that although activating PIK3CA 
mutations occur more commonly in HPV-positive tumors, these tumors had lower 
mean levels of activated AKT and less phosphorylation of targets downstream of 
AKT than did HPV-negative tumors, even though the PIK3CA-mutated tumors had 
elevated activation of mTOR [136]. Relationship of specific mutation to activation 
requires further study.

Current evidence suggests PIK3CA copy number gain is an early event in 
HNSCC development. Oral premalignant lesions commonly possess an increase in 
PIK3CA copy number (39%) [1]. An equivalent incidence in PIK3CA copy number 
gain is reflected in a more broadly defined set of HNSCC tumors (32–37%) [1, 137]. 
Along with alterations in ERK/MAPK, fibroblast growth factor (FGF), and p53, 
deregulated PTEN and PI3K/AKT pathway members discriminate high-grade pre-
malignant lesions from low-grade dysplasias [151]. Increased PIK3CA copy num-
ber is also associated with early HNSCC recurrence, but this difference is only 
statistically significant in patients without lymph node metastases (p = 0.026) [137].

5.3.2  PTEN Loss

A loss of PI3K-negative regulation has been observed in a number of independent 
HNSCC studies, as alterations in PTEN status are common (Fig. 5.3; Table 5.1). 
These include nonsense and missense mutations [2, 141, 142], loss of heterozygos-
ity [1, 143], hemizygous deletions [152], intron [153], and splice-site single 

Table 5.1 (continued)

Gene Samples Type of alteration Reference

AKT 151 HNSCC tumors, not specified sites Missense mutation [2]
Fresh-frozen oral SCC samples Copy number variations [145]
Fresh tissue samples after surgical 
resection, 117 patients with HNSCC, 
stages I–IV
10 different formalin-fixed, paraffin- 
embedded tumors of each type
Formalin-fixed, paraffin-embedded 
samples of dysplasias; carcinomas in situ; 
invasive SCCs

Increased activation [1]
[146]
[147]

33 HNSCCC samples, various locations Overexpression [135]
mTOR 93 patients samples with laryngeal and 

hypopharyngeal SCC
Overexpression [148]

151 HNSCC tumors, not specified sites Missense mutation [2]
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nucleotide polymorphisms [2], as well as reduced expression [1]. Given the many 
different genomic and proteomic alterations seen with PTEN, its dysregulation in 
HNSCC might be attributed to multiple molecular mechanisms.

Early efforts to catalog PTEN deregulation in HNSCC began with a screen of 19 
tumors, which determined PTEN was mutated in three samples [143]. A loss of 
heterozygosity (LOH) also occurred within the PTEN locus (10q23) in 6 of the 15 
evaluable samples. Within the mutant PTEN patients, two had stage IV disease 
while the third had recurrent, metastatic disease. In a larger study involving 117 
HNSCCC samples, targeted analysis of PI3K/AKT/mTOR HNSCC genetic altera-
tions detected PTEN LOH in 14% of the samples [1]. Three of the eight patients 
with PTEN LOH also demonstrated abnormal PTEN levels in the adjacent mucosa, 
suggesting both PIK3CA and PTEN deregulation are early events in HNSCC devel-
opment. An additional investigation in squamous cell carcinoma of the tongue 
determined PTEN loss was evident in 29% of the tumor samples [154]. Deregulated 
PTEN also correlated with decreased overall survival (p = 0.03) and event-free sur-
vival (p = 0.01). While these studies were targeted in nature, PTEN loss was also 
evident in one of the two HNSCC genome sequencing projects referenced above. 
Stransky et al. detected PTEN mutations in 7% of their tumor samples [28], although 
PTEN abnormalities were not detected by Agrawal et al. [25].

PTEN downregulation may occur not only via loss of heterozygosity but also by 
miRNA deregulation. These short, noncoding RNAs are capable of regulating a 
wide variety of proteins, and thus represent oncogenes and tumor suppressors in 
their own right. Recent studies of HNSCC tumor samples and cell lines determined 
that miR-21 is overexpressed with respect to normal tissue [155, 156]. miR-21 over-
expression is capable of downregulating HNSCC PTEN protein levels in  vitro, 
causing elevation of phospho-AKT, and increasing the proliferation of immortal-
ized keratinocytes (HaCaT) [155]. Consequently, miR-21 has been described as a 
proto-oncogene in HNSCC [156]. However, miR-21 is not the only miRNA capable 
of targeting PTEN protein expression. miR-9 is a frequently methylated gene in 
HNSCC tumor samples, with miR-9 expression levels closely correlating with 
methylation status [157]. When miR-9 is re-expressed with the use of a demethylat-
ing agent, a significant increase in PTEN and a concomitant decrease in cell growth 
is observed [157]. While the connection between miR-9 and PTEN is indirect, this 
study does provide additional evidence for miRNA-mediated PTEN modulation in 
HNSCC cells.

Recent evidence has also demonstrated an association between transforming 
growth factor-β (TGF-β) signaling and PTEN loss in HNSCC development. The 
TGF-β superfamily of ligands and receptors represent a signaling pathway unified 
by a shared group of second messengers, the SMADs. Knockdown of a downstream 
effector, SMAD4 is sufficient to promote HNSCC in mouse models [158, 159]. In 
contrast, conditional knockdown of TGF-β receptor 1 (TGF-βRI) in the oral cavity 
of mice only leads to early HNSCC development when combined with a topical 
carcinogen (DMBA) [160]. Specifically, 16 weeks after DMBA treatment, 45% of 
the TGF-βRI conditional knockdown mice develop HNSCC, but only 10% of these 

A. Y. Deneka et al.



129

mice develop HNSCC within a year without DMBA treatment [161]. TGF-βRI 
knockdown tumors are characterized by an increase in AKT activity with a para-
doxical upregulation of PTEN.  However, when PTEN is conditionally knocked 
down in combination with TGF-βRI loss, the mice develop benign papillomas 
within 4  weeks, and after 10  weeks, 100% of the mice develop HNSCC [161]. 
These tumors demonstrate an overexpression of EGFR and chemokines; hyperacti-
vation of AKT, NF-κB, and STAT3; and recruitment of tumor-promoting myeloid- 
derived suppressor cells (e.g., CD11b+). Treatment of these animals with rapamycin 
effectively prevents tumorigenesis; thus, carcinogenesis in this model is an mTOR- 
dependent event [162, 163].

5.4  Differences in PI3K-Dependent Signaling Based on HPV 
Status

5.4.1  PI3K Signaling in HPV-negative HNSCC

The most common genetic abnormality associated with HPV-negative HNSCC is a 
functional loss of p53 [25, 28], yet somatic ablation of this tumor suppressor in 
transgenic mice favors spontaneous tumor formation in the skin, rather than tumori-
genesis in the oral mucosa [164]. However, when p53 loss is combined with consti-
tutively active AKT (myrAKT, in which fusion of a myristylation sequence 
constitutively localizes AKT to the membrane), tumor formation within the oral 
cavity, palate, ventral side of the tongue, and lips is markedly increased [165]. These 
tumors also exhibit increased EGFR expression and potently activated NF-κB and 
STAT3 pathways, recapitulating the hallmarks of HPV- negative HNSCC [166]. As 
the PI3K/PTEN/AKT/mTOR pathway can be activated through a multitude of 
mechanisms, these data suggest that any manner of AKT activation, when combined 
with p53 loss, may synergize to initiate HNSCC development and progression. This 
is consistent with the observation that both PIK3CA and PTEN deregulation are 
early events in HNSCC, and targeting this pathway may have a role in chemopre-
vention for smokers.

The majority of patients with HPV-negative tumors have an extensive history of 
cigarette smoking, and these tumors are associated with an increased number of 
mutations compared to their HPV-related cohorts [25, 28]. Tobacco use is a well- 
defined causal link for the development of HNSCC [167], and cigarette pack-years 
is a predictive variable for survival even among patients with HPV-associated  cancer 
[168]. Studies have shown that nicotine and an additional tobacco carcinogen 
[4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone, NNK] are both capable of acti-
vating AKT by receptor-mediated signaling in normal human airway epithelial cells 
[169]. This mechanism has since been observed in human head and neck epithelium 
as well, where activated AKT is four times more likely in HNSCC-adjacent mucosa 
from smokers compared to nonsmokers [170]. However, these findings are some-
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what difficult to interpret, since the majority of patients with tobacco-associated 
cancers are not active smokers at the time of treatment. Experiments with HNSCC 
cell lines have also determined NNK activation of AKT is PI3K-dependent [170]. 
Furthermore, cigarette smoke condensate (CSC) also upregulates the multidrug 
transporter ABCG2 in lung cancer and HNSCC cell lines [171]. After CSC treat-
ment, these cells are more resistant to doxorubicin and have upregulated drug efflux 
mechanisms; the latter effect can be abrogated by PI3K or nicotinic acetylcholine 
receptor inhibition [171]. As tobacco use is a strong predictor of HNSCC recur-
rence, and HNSCC patients have a 10–14% risk of developing a second malignancy 
within 5 years of primary surgical treatment [168, 172], further studies of premalig-
nant PI3K/AKT/mTOR activation may yield novel chemopreventive options to 
mitigate this public health challenge.

The finding of a simultaneous second primary tumor (SPT) is an independent 
and negative prognostic factor for patients with oral squamous cell carcinoma [173]. 
Early data suggested that SPT development may be prevented by 13-cis-retinoic 
acid (13-cRA) treatment [174, 175]. However, in a follow-up phase III clinical trial 
(C0590), no significant difference in SPT or recurrence could be observed between 
placebo and low-dose 13-cRA in early-stage HNSCC patients [176]. However, after 
long-term follow-up, this study demonstrated near significant survival advantage 
among patients who were women, or never/former smokers, and among patients 
whose primary tumor was surgically excised [177]. A recent retrospective study 
characterized 137 SNPs as predictive biomarkers for recurrence in the aforemen-
tioned placebo cohort. While 22 SNPs were significantly associated with recur-
rence, 15 SNPs were detected in the majority of patients who recurred [178]. Ten of 
these fifteen SNPs were located in TSC1, a negative regulator of mTOR.  When 
these SNPs were assayed in the 13-cRA treatment group, two of the TSC-1- 
associated SNPs yielded a 43% decrease in SPT/recurrence with treatment. Variants 
in PIK3CD and PTEN were also associated with a decrease in SPT/recurrence risk 
with 13-cRA treatment [178]. Consequently, prospective analysis of early stage 
HNSCC for PI3K/PTEN/AKT/mTOR pathway genetic variants could increase the 
efficacy of 13-cRA chemoprevention.

5.4.2  PI3K Signaling in HPV-Positive HNSCC

The incidence of HPV-negative HNSCC is decreasing worldwide following suc-
cessful tobacco cessation campaigns; however, the overall incidence of HNSCC 
remains constant due to an increase in HPV-related HNSCC [179, 180]. HPV-
related HNSCC primarily arises within the oropharynx, as oral HPV infection most 
commonly persists in the palatine and lingual tonsils (reviewed in [181]). Mounting 
evidence suggests PI3K/PTEN/AKT/mTOR signaling has an important role in HPV 
infection and HPV-induced carcinogenesis.
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Several studies have demonstrated that EGFR and PI3K signaling are required 
for viral entry into the cell. Pretreatment of HaCaT or cervical cancer cells (HeLa) 
in vitro with an EGFR inhibitor (gefitinib) is sufficient to inhibit HPV-16 endocyto-
sis [182]. Additionally, two different PI3K inhibitors (PI-103, wortmannin) are also 
capable of preventing viral entry [182]. As the same mechanism was observed in 
cells from different anatomical sites, these data suggest a common requirement for 
EGFR and PI3K activity in high-risk HPV infection.

Following viral entry, the PI3K pathway continues to play an important role in 
HPV-related tumorigenesis. Gene expression profile analysis of HNSCC patient 
samples has determined that HPV-related tumors demonstrate upregulation in genes 
within the 3q26–29 chromosomal region [183]. This locus contains PIK3CA, and 
confirmatory analysis with RT-PCR established that PIK3CA is upregulated in 
HPV-related compared to HPV-negative tumors [184]. Further, in a study of 231 
HNSCC patients, PIK3CA was identified as the most frequently altered oncogene 
(13% amplified or mutated), with highest levels in HPV-related oropharyngeal can-
cers [141]. Based on The Cancer Genome Atlas data, PI3K mutations are more 
common for HPV-associated than HPV-negative tumors (56%, n  =  36) [185]. 
Similarly, the Stransky and Agrawal studies noted above found 6 non-synonymous 
mutations of PIK3CA in a group of 74 tumor/normal pairs [28] and in 6% of 32 
tumors screened for PIK3CA mutations [25], respectively. The authors noted that 
far fewer genes were mutated per tumor in the HPV-related as compared with HPV- 
negative tumors (4.8 ± 3 versus 20.6 ± 16.7, P < 0.05). Next-generation sequencing 
found PI3K amplification or mutation in 13% of 213 HNSCC patients, with PI3K 
amplification associated with reduced PFS (n = 109) [141].

Immunohistochemical (IHC) analysis of HNSCC tissue samples has also docu-
mented a strong correlation between p16 upregulation (a surrogate marker for HPV 
infection) and eIF4E activation (p = 0.03), which reflects mTOR pathway activation 
[186, 187]. Although phospho-AKT only trended toward significance with p16 
expression (p = 0.06), its lack of concordance could be caused by the additional 
signaling factors that regulate AKT activity compared to eIF4E function. This study 
suggested HPV infection was associated with mTOR-dependent activation of 
mRNA translation, including the upregulation of transformation-related and prosur-
vival pathway members [188, 189]. However, in a larger follow-up study, neither 
phospho-AKT (pAKT S473) nor phospho-S6 (mTOR target) was associated with 
HPV-related HNSCCs [190]. In addition, the HPV-related tumors were not associ-
ated with an activation of EGFR, as gauged by tissue microarray (TMA) analysis 
indicating specimens were positive by IHC for EGFR but negative for phospho- 
EGFR.  Similar results were observed in the HPV-negative samples. Thus, the 
hyperactivation of selective mTOR targets noted in the prior study may arise through 
a different mechanism. However, detection of phosphorylated proteins such as AKT 
and S6  in clinical specimens is challenging due to rapid dephosphorylation and 
technical variations [191], which may account for conflicting results.
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5.5  PI3K/AKT/mTOR Inhibition as a Therapeutic Option 
in HNSCC

Due to extensive preclinical evidence that PI3K/AKT/mTOR signaling represents 
an integral component of HNSCC signal transduction, and significantly contributes 
to development of acquired resistance to anticancer therapy [192], a number of clin-
ical trials are currently underway to evaluate the efficacy of small molecules which 
inhibit key nodes of this pathway (Fig. 5.4; Table 5.2). Currently, rapamycin and its 
associated analogs (rapalogs) are the most investigated PI3K/AKT/mTOR-targeted 
agents in HNSCC clinical trials. Rapamycin is a secondary metabolite produced by 
Streptomyces hygroscopicus, isolated from a soil sample collected on Easter Island 
(Rapa Nui) [193]. This molecule is an allosteric inhibitor of mTOR, creating a com-
plex with FKBP12, which binds and prevents mTOR activation via the FKBP12- 
rapamycin- binding (FRB) domain. As this domain is unique to mTOR, 
rapamycin-induced inhibition of mTORC1 is highly selective; however, as reviewed 
above, mTORC2 is largely uninhibited by this compound [194, 195]. To determine 
if the PI3K/AKT/mTOR pathway represents a viable clinical target in HPV-related 
HNSCC and cervical cancer, xenograft models for these cancers were treated with 
rapamycin and RAD001 (everolimus). Both xenograft models demonstrated a 

Fig. 5.4 PI3K, AKT, and mTOR signaling inhibitors currently in trials for head and neck cancers. 
See text for discussion
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durable, cytostatic response following mTOR inhibition [190]. Similarly, Madera 
et  al. reported that metformin treatment of HNSCC cells expressing mutated 
PIK3CA and HPV oncogenes inhibited mTOR signaling and tumor growth. This 
study found that metformin activity required the expression of organic cation trans-
porter 3 (OCT3/SLC22A3), a metformin uptake transporter [196]. In summary, it is 
possible to conclude that mTOR inhibition represents an important therapeutic 
option in HNSCC patients, particularly those with HPV-positive disease.

Table 5.2 Ongoing clinical trials of agents that target PI3K/AKT/mTOR pathway in HNSCC

Target Agent
Additional 
agent Inclusion criteria Phase Status Clinical trial #

PI3K Buparlisib 
(BKM120)

Advanced HNSCC 2 Unknown* NCT01527877
Cisplatin, IMRT High-risk LA 

HNSCC
1b Active NCT02113878

Paclitaxel Pt pretreated R/M 
HNSCC

2 Active NCT01852292

Cetuximab R/M HNSCC 1/2 Active NCT01816984
R/M HNC 2 Active NCT01737450

PX-866 Docetaxel NSCLC, HNSCC 1/2 Completed NCT01204099
Cetuximab Metastatic CRC, 

R/M HNSCC
1/2 Completed NCT01252628

Copanlisib 
(BAY 
80–6946)

Cetuximab R/M HNSCC with 
PI3KCA mutation/
amplification and/or 
PTEN loss

1/2 Active NCT02822482

SF1126 R/M HNSCC with 
mutation in PIK3CA 
and/or PI3K pathway

2 Active NCT02644122

Alpelisib 
(BYL-719)

Cisplatin, IMRT LA HNSCC 1 Active NCT02537223
Paclitaxel Breast cancer  

and HNC
1 Active NCT02051751

Cetuximab, 
IMRT

Stage III/IVb  
HNSCC

1 Active NCT02282371

Pt therapy failed,  
R/M HNSCC

2 Active NCT02145312

Cetuximab R/M HNSCC 1b/2 Completed NCT01602315
AMG319 HPV negative  

HNSCC
2 Active NCT02540928

PI3K/ 
AKT

Perifosine 
(KRX-0401)

R/M HNC 2 Terminated NCT00062387

PI3K/ 
PLK

Rigosertib 
(ON-01910)

Cisplatin, 
radiation

HNSCC 1 Completed NCT02107235

AKT MK2206 R/M HNC 2 Completed NCT01349933

(continued)
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Target Agent
Additional 
agent Inclusion criteria Phase Status Clinical trial #

mTOR Sirolimus 
(rapamycin)

HNSCC 1/2 Completed NCT01195922

Everolimus 
(RAD001)

Docetaxel LA and R/M HNSCC 1/2 Terminated NCT01313390
Carboplatin, 
cetuximab

Advanced HNC 1/2 Completed NCT01283334

Carboplatin, 
paclitaxel

LA HNC not 
removable by surgery

1/2 Completed NCT01333085

Erlotinib Recurrent HNSCC 2 Completed NCT00942734
Erlotinib, 
radiation

R/M HNSCC treated 
with radiation

1 Withdrawn NCT01332279

Cetuximab R/M colon cancer or 
HNC

1 Completed NCT01637194

Cetuximab, 
cisplatin, 
carboplatin

R/M HNSCC 1/2 Terminated NCT01009346

HNSCC 2 Active NCT01133678
HNSCC 2 Active NCT01051791
HNC 2 Active NCT01111058

Docetaxel, 
cisplatin

LA HNC 1 Completed NCT00935961

Cisplatin, 
radiation

LA, inoperable HNC 1 Terminated NCT01057277

Cisplatin, IMRT LA HNC 1 Terminated NCT01058408
Cisplatin, IMRT LA HNC 1 Completed NCT00858663
Ceritinib HNC, NSCLC 1/1b Active NCT02321501

LA HNSCC 2 Active NCT01133678
Temsirolimus 
(CCI-779)

HNSCC 2 Completed NCT01172769
Cetuximab R/M HNC not 

respond to therapy
2 Completed NCT01256385

Paclitaxel, 
carboplatin

R/M HNSCC 1/2 Active NCT01016769

Cisplatin, 
cetuximab

R/M HNSCC 1/2 Terminated NCT01015664

Advanced HNSCC Completed NCT00195299
Erlotinib Pt-refractory or 

Pt-ineligible, 
advanced SCC

2 Terminated NCT01009203

Cetuximab, 
cisplatin, 
radiation

Advanced HNC Pilot Withdrawn NCT01326468

Ridaforolimus 
(AP23573, 
MK-8669, 
deforolimus)

Advanced HNC, 
NSCLC, colon 
cancer

1 Terminated NCT01212627

Metformin 
(glucophage)

Paclitaxel R/M HNSCC 2 Terminated NCT01333852
Cisplatin, 
radiation

LA HNSCC 1 Active NCT02325401

HNSCC 0 Terminated NCT02402348
HNSCC 0 Completed NCT02083692

Table 5.2 (continued)

*Unknown: status not verified for more than 2 years
Pt = platinating agent; LA = locally advanced; R/M = recurrent or metastatic
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A number of drugs have been designed to improve the pharmacokinetics of this 
parent compound. Temsirolimus (Torisel; Pfizer) is a water-soluble ester of rapamy-
cin (also known as sirolimus) for oral or IV administration (reviewed in [197]). 
Everolimus (Afinitor; Novartis) is a hydroxyethyl ether derivative, also with 
increased solubility relative to the parent compound (reviewed in [198]). In a phase 
II study of biomarker-unselected patients with recurrent or metastatic HNSCC who 
failed at least one prior therapy, everolimus did not show a survival benefit as a 
monotherapy [199]. Temsirolimus was also assessed in combination with erlotinib 
in a phase II study of patients with recurrent and/or metastatic, platinum-refractory 
HNSCC [200]. This combination, which delivered erlotinib 150 mg daily and tem-
sirolimus 15 mg weekly, was poorly tolerated and did not succeed in reaching its 
primary endpoint of improving PFS. A preclinical study utilizing in vivo xenograft 
models of resistant tumors assessed the effectiveness of combining the mTOR 
inhibitor rapamycin and the EGFR-targeting antibody cetuximab. Results of this 
work suggested that addition of rapamycin dramatically increased activity of cetux-
imab [201]: however, these findings have not been confirmed in any clinical trial to 
date, and excess toxicity was associated with this combination, as with the erlotinib/
temsirolimus combination cited above [202]. In contrast to monotherapy or combi-
nation of mTOR inhibitors with other targeted agents, a phase II study of temsiroli-
mus 25 mg added to a low-dose weekly carboplatin AUC 1.5 and paclitaxel 80 mg/
m2 given on days 1 and 8 of a 21-day cycle showed clinical efficacy with relatively 
high response rate and acceptable safety profile (NCT01016769) [203]. Among the 
36 patients who were eligible for evaluation, 15 (41.7%) patients had partial 
response and 19 (52.3%) patients had stable disease after 2  cycles of treatment. 
There was no complete response, but only two patients were considered nonre-
sponders for having adverse events during cycle 1 before the assessment of objec-
tive response after two cycles of treatment.

Ridaforolimus (AP23573, MK-8669, deforolimus) is available in oral and intra-
venous formulations. In combination with the Notch inhibitor MK-0752, ridaforo-
limus was evaluated in a phase 1 trial in patients with advanced tumors, including 
head and neck cancer [204]. This drug combination showed potentially promising 
results in the HNSCC setting, as two patients out of ten had complete or partial 
response; however, there were toxicity concerns. Metformin, currently used to treat 
type II diabetes, is also being investigated as a chemotherapeutic in HNSCC patients 
(NCT02325401 trial). Metformin indirectly inhibits mTORC1 by increasing intra-
cellular AMP levels, controlling mTOR by both AMPK-dependent and AMPK- 
independent mechanisms [205–207]. Metformin also inhibits Ras signaling by 
decreasing EGFR [208], which is of interest given results with combination of 
mTOR and EGFR inhibition. Intriguingly, metformin has demonstrated chemopre-
ventive activity for a number of different cancers in diabetic patients (reviewed in 
[209]). Thus, additional studies are warranted to determine whether this well- 
characterized compound will have similar chemopreventive or chemotherapeutic 
effects in nondiabetic patients.

Additional compounds acting upstream of mTOR are also being evaluated in 
HNSCC. Buparlisib is an oral PI3K inhibitor, and it inhibits the activity of all four 
p110 isoforms of class I PI3K, as shown by Kong et al. [210]. Analysis of tumor 
tissue microarrays, in association with a phase II clinical trial studying efficacy of 
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induction chemotherapy plus cetuximab followed by cetuximab chemoradiother-
apy, indicated that resistance to cetuximab may occur due to the activation of the 
PI3K/AKT and RAS/MAPK/ERK pathways [211]. In preclinical studies, the pan- 
PI3K inhibitor buparlisib in combination with cetuximab and irradiation increased 
tumor inhibition in comparison to cetuximab/irradiation alone in an orthotopic 
xenograft model of HNSCC [212]. A recent randomized phase II clinical trial 
(NCT01852292) has shown efficacy for buparlisib in combination with paclitaxel, 
compared to paclitaxel and placebo in patients with platinum-refractory recurrent or 
metastatic HNSCC (PFS 4.6 vs 3.5  months in buparlisib and placebo groups, 
respectively) [213]. However, the IC50 concentration of buparlisib is significantly 
higher than that of many of the PI3K inhibitors under investigation. Due to toxicity 
issues (elevated liver enzymes, hyperglycemia, and rash) in breast cancer trials, 
clinical application of PI3K inhibition will need to be studied with care, although 
the safety profile compares favorably to some standard agents in common use in 
HNSCC. Five phase 1 and/or 2 clinical trials are ongoing to evaluate the efficacy 
and safety of buparlisib in combination with cisplatin and IMRT, paclitaxel, or 
cetuximab.

Copanlisib is a highly selective and potent intravenous inhibitor of the p110α and 
p110δ isoforms of PI3K [214]. Copanlisib in combination with cetuximab is being 
evaluated in phase 1 and phase 2 trials in patients with recurrent and/or metastatic 
HNSCC harboring PI3KCA mutations/amplifications and/or PTEN loss. LY294002 
is a compound that inhibits both PI3K and mTOR. It has antitumor and antiangio-
genesis activity in vivo, but is not a viable drug due to poor solubility and short 
half-life. Therefore, SF1126 was designed as a prodrug of LY294002, by appending 
a small peptide tag to LY294002 to increase solubility [215]. SF1126 is currently 
under evaluation in a phase 2 trial in patients with recurrent or progressive HNSCC 
and mutations in PIK3CA and/or PI3K pathway genes (NCT02644122). Several 
isoform-specific PI3K inhibitors are currently in trials in head and neck patients. 
These agents are active predominantly against one of the p110 isoforms of class I 
PI3K and to a lesser extent against the other isoforms. Alpelisib (BYL-719, NVP-
BYL719), an inhibitor of p110α isoform of PIK3CA, is being evaluated in five 
clinical trials (Table 5.2). Preliminary results showed encouraging antitumor activ-
ity [216], but trial results are not yet published. AMG319 specifically inhibits iso-
form p110δ of PI3K. This is a promising drug, because downregulation of the p110δ 
isoform in regulatory T cells unleashes exerts CD8+ cytotoxic T cells activity, 
resulting in tumor regression [217]. AMG319 is in a double-blind, placebo- 
controlled phase 2a trial in patients with HPV-negative HNSCC.

MK-2206 is an allosteric AKT inhibitor developed by Merck. Synergistic anti-
cancer properties have been observed in  vitro when this compound was used in 
combination with erlotinib (in non-small cell lung cancer (NSCLC)) or lapatinib (in 
breast cancer) [218]. PX-866 is a synthetic derivative of wortmannin (a potent irre-
versible PI3K inhibitor with antitumor activity) with antineoplastic activity and 
reduced liver toxicity with respect to the parent compound [219]. Aside from 
increased safety, PX-866 also demonstrates superior water solubility, bioavailabil-
ity, and AKT inhibition. However, due to the positive feedback and compensation 
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that can occur via mTORC2, single target inhibition with this agent led to rapid 
acquired resistance in preclinical and clinical trial investigations.

Additional studies have investigated dual-target inhibitors. NVP-BEZ235 is an 
orally available, dual PI3K/mTOR inhibitor that reversibly inhibits class I PI3K 
through ATP competition. This compound is unique because it simultaneously 
inhibits mTOR catalytic activity, as the kinase domain of mTOR is highly homolo-
gous to that of class I PI3K [220], although initial studies suggest the dual potency 
of NVP-BEZ235 is not equivalent for each target. In breast cancer cells, NVP- 
BEZ235 exerted anti-mTOR activity at lower doses (<100 nM) while dual PI3K/
mTOR blockade occurred at higher concentration (>500 nM) [221].

5.6  PI3K Pathway Biomarkers

5.6.1  Activation of PI3K Pathway Prognostic Biomarkers

Ongoing studies are evaluating deregulated PI3K/AKT/mTOR pathway members 
as prognostic biomarkers in HNSCC.  However, validated data are sparse due to 
small sample sizes, technical limitations, and intrinsic biological heterogeneity of 
HNSCC. To date, the most established prognostic biomarkers for HNSCC outcome 
are EGFR overexpression [222], EBV (Epstein-Barr virus) and HPV status [168, 
183, 223], and the contribution of PI3K/PTEN/AKT/mTOR signaling needs to be 
evaluated in the context of these well-characterized biomarkers for clinical transla-
tion. Initially, investigators examined hyperphosphorylation of PI3K/AKT/mTOR 
pathway members to establish pathway activation. One potential prognostic bio-
marker is phosphorylated (phospho)-AKT [224], which was associated with poor 
local control in a series of 38 HNSCC patients [225]. In one study, persistent AKT 
upregulation associated with poor clinical outcome in oropharyngeal squamous cell 
carcinoma patients has been found to be independent of EGFR status, caused by 
PTEN loss [144], with such AKT activation forming part of a signature for cetux-
imab resistance [211]. eIF4E, a downstream target of mTOR, is also upregulated in 
many HNSCC tumor samples [226, 227]. Upregulated phosphorylated eIF4E detec-
tion in tumor-free margins is also associated with disease recurrence [228].

Phospho-protein detection in clinical samples can present a challenge as out-
comes can differ depending on fixation protocol and handling time ex vivo. Thus, 
biomarkers utilizing total protein fractions may be preferable from a technical 
standpoint. One controversy in the literature involves the prognostic value of PTEN 
in predicting outcome following HNSCC surgery and radiotherapy. Among 140 
HNSCC tissue microarray samples, PTEN-positive tumors were associated with 
worse locoregional control (LRC) than PTEN-negative tumors following surgery 
and radiation therapy (HR: 2.4) [229]. In this study, phospho-AKT was also associ-
ated with poor LRC (HR: 2.2). The authors suggested PTEN-positive tumors exhibit 
increased EGFR activity, and this subsequently supported PI3K/AKT/mTOR acti-
vation to provide a protective effect from ionizing radiation. However, a similar 
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study of 147 HNSCC patients also treated with surgery and radiotherapy had very 
different results. In this study, the 5-year LRC-free rate for PTEN-low tumors was 
52.3%, while 80.9% of PTEN-high patients were recurrence-free over the same 
time period (p = 0.0007) [230]. PTEN status did not correlate with 5-year risk of 
metastasis in this study (p = 0.49) [230]. Similar results were obtained in a study of 
inoperable recurrent metastatic HNSCC, where low PTEN expression was associ-
ated with worse overall survival after chemotherapy [231]. The non-concordance 
between these various studies highlights the difficulty in utilizing a tumor suppres-
sor as a predictive biomarker. As PTEN haploinsufficiency can be tumorigenic [46, 
232], and techniques for accurate, quantitative assessment of this target from clini-
cal samples is lacking, further studies are required to establish this protein as a bona 
fide prognostic marker in HNSCC.

In contrast, detection of PIK3CA mutations is more straightforward with current 
technology, and it is the only oncogene in HNSCC with relatively frequent activat-
ing mutations or gene amplification (Fig.  5.3) and existing targeted therapies 
(Fig.  5.4). As discussed above, mutations in exon 9 and 20 are the predominant 
PIK3CA lesions associated with most cancers, and current evidence suggests these 
species may contribute differently to clinical outcome. Studies in breast cancer have 
shown that PIK3CA exon 9 mutations (E542/E545) are independently associated 
with shorter disease-free survival (p  =  0.0003) and overall survival (p  =  0.001) 
[233]. Conversely, exon 20 mutations (H1047) are associated with better overall 
survival [233]. Another study reported that PIK3CA copy number amplifications 
were found in 37 of 115 (32.2%) non-lymph node metastatic HNSCC samples. 
Theses alterations were markedly associated with cancer relapse in patients (log- 
rank test, p = 0.026) [137]. The smaller genomic datasets currently available for 
these mutations in HNSCC do not yet have adequate sample size to achieve the 
statistical power needed to delineate any prognostic significance for these PIK3CA 
alterations.

5.6.2  PI3K Pathway Members as Predictive Biomarkers 
for Radiation Therapy and PI3K/mTOR Inhibitor 
Response

The association of increased phospho-AKT and poor LRC suggests that AKT acti-
vation may be a predictive marker of radiation resistance in HNSCC. In vitro studies 
have indicated PI3K inhibition increases the radiosensitivity of HNSCC cell lines 
[225]. Future investigations of mTOR inhibition as a radiosensitizer in HNSCC 
treatment may establish an optimal treatment regimen and determine the maximum 
tolerated dose in the context of this disease.

PI3K pathway deregulation may also serve as a biomarker for response to PI3K/
AKT/mTOR-targeted agents. A retrospective analysis determined the PI3K muta-
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tional status of solid tumors from clinical trials investigating PI3K/AKT/mTOR 
inhibitors [234]. Of the 1012 patients in this study, 105 were prospectively selected, 
and 66 of these patients harbored PIK3CA mutations. Although these patients had 
tumors arising from varying anatomical locations, those possessing an exon 20 
mutation responded better to PI3K/AKT/mTOR therapies than those bearing other 
PI3K mutations (PR rate, 38% vs. 10%; p = 0.018). Unfortunately, an increase in 
progression-free survival only trended toward statistical significance (5.7 vs. 
2  months, p  =  0.06). While this study was hampered by a heterogeneous tumor 
population and by multiple treatment regimens, PI3K/AKT/mTOR-treatment effi-
cacy in patients with exon 20 mutations remained an intriguing finding. Of the 66 
prospectively selected patients from this study, four individuals had HNSCC, and 
the best responder possessed an H1047R mutation. Although these data indicate 
PI3K mutations may sensitize HNSCC tumors to PI3K/AKT/mTOR inhibitor treat-
ment, wild-type PI3K status may not preclude the use of these drugs in this patient 
population. Subsequent studies suggested that downstream signaling in patients 
with HPV-positive HNSCC with mutant and wild-type PIK3CA differs according to 
activating mutations in genes encoding mTOR/S6 rather that AKT, therefore mak-
ing PI3K and mTOR inhibitors more preferable in this cohort of patients [136].

5.6.3  Predictive Biomarkers for RTK Inhibitor Resistance

While the identification of predictive biomarkers for RTK inhibitor response is of 
paramount concern, equally important is the investigation of biomarkers for resis-
tance. For example, additional ERBB receptors, aside from EGFR, signal through 
PI3K in HNSCC.  A positive feedback loop has been reported between ERBB2/
HER2 and ADAM12  in HNSCC cell lines [235]. This positive feedback loop is 
dependent on PI3K and JNK signaling. ADAM12 is a multifunctional protein pos-
sessing an intracellular domain capable of initiating second messenger signaling 
and an extracellular domain with protease activity cleaving extracellular matrix sub-
strates and activating EGFR ligands [236–238]. Additionally, ADAM12 upregula-
tion confers increased migratory and invasive phenotypes to these cells. This 
signaling mechanism may have clinical significance as HER2 activation and total 
ERBB3/HER3 expression are predictive of de novo resistance to gefitinib (an 
ERBB1/EGFR-targeted tyrosine kinase inhibitor (TKI)) [239]. Whether PI3K or 
PTEN serve as biomarkers for TKIs targeting this signaling pathway remains to be 
determined.

The FGFR (fibroblast growth factor receptor) family of RTKs is differentially 
activated by 18 FGFs. Activated FGFR RTKs signal downstream through effectors 
including MAPK, PI3K, p38 MAPK, JNK, STAT, and RSL2, in a context- dependent 
manner [240]. According to TCGA data, FGFR1, FGFR2, FGFR3, and FGFR4 are 
altered in 10%, 2%, 2%, and 0.4% of HPV-negative HNSCC, respectively [3]. 
Among HPV-related HNSCC, alterations in FGFR1 and FGFR2 are not detected, 
FGFR3 presents with 11% of mutations or fusions, and FGFR4 have a 3% mutation 
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rate [3]. Given this high rate of mutation in HNSCC, several studies investigated if 
targeting this receptor might be beneficial in the context of HNSCC. In a preclinical 
study, an inhibitor of FGFR1 suppressed cell growth and invasion [241], in a mecha-
nism of action that depended on MAPK, not PI3K. Another study assessed the same 
inhibitor and reported no effect on proliferation rate of tumor cells but inhibition of 
proliferation in fibroblasts and endothelial cells in the stroma [242]. Both studies 
were conducted in cell lines without characterization of the mutation or copy num-
ber status of FGFR and FGF gene families, or of PI3K/PTEN; further studies of 
these potential biomarkers are required.

A strong relationship also exists between c-Met and PI3K second messenger 
signaling in HNSCC.  C-Met activation has been reported in several subsets of 
HNSCC [211] and may also lead to PI3K-mediated resistance to TKIs inhibiting 
EGFR and other RTKs [243]. To address this concern, potent c-Met inhibitors 
(SU11274 and PF-2341066) have been developed. Pretreatment of HNSCC cell 
lines with these compounds in vitro prevented c-Met ligand-induced AKT activa-
tion [244, 245]. However, the degree of concordance between AKT inhibition and 
pharmacologic Met inhibition depends on which AKT phosphorylation site is stud-
ied. In 2007, AKT activation at mTORC2 phosphorylation site (S473) in HNSCC 
was reported to be associated with adverse patient outcomes, with 5% and 38% 
recurrence rates for low versus high phospho-AKT tumor levels, therefore emerging 
this biomarker as a predictor of response to therapy [144]. Further investigation 
demonstrated consistent AKT inhibition with c-Met inhibitors when utilizing the 
S473 phosphorylation site as an assay of AKT activity [244]. Meanwhile a similar 
investigation observed modest AKT inhibition across a panel of HNSCC cell lines 
while employing the PDK-1 phosphorylation site (T308) as a marker [245]. Due to 
the differential regulation of these sites, it is quite possible both observations are 
valid, and these parallel studies provide further insight into the PI3K/PTEN/AKT/
mTOR signaling occurring downstream of c-Met. From a clinical perspective, the 
dual regulation of AKT may explain why combined treatments of EGFR and c-Met 
TKIs have potent, additive effects on HNSCC growth inhibition [245, 246]. c-Met 
activation following the addition of EGFR ligands has also been observed, suggest-
ing crosstalk between these two receptors may have an important functional role 
[246]. As discussed above, while multiple pathways interact with c-Met, current 
evidence suggests PI3K/AKT/mTOR signaling is specifically capable of mediating 
pathologic signal transduction downstream of this receptor.

An additional pathway providing inhibitor resistance during HNSCC treatment 
is the TGF-β pathway. Aside from ligand-mediated signaling, non-canonical TGF-β 
activation can occur through the downstream pathways shared with EGFR and Met 
(MAPK, PI3K/AKT, and Rho GTPase) [21, 161, 247]. However, recent evidence 
suggests that TGF-β-induced changes in the tumor microenvironment can inhibit 
antibody-dependent cellular cytotoxicity (ADCC; an important source of in vivo 
activity of cetuximab) while simultaneously activating tumor-associated AKT sig-
naling [248]. In this paradigm, TGF-β1 reduces the efficacy of immune-associated 
responses to cetuximab treatment while concurrently providing a proliferative sig-
nal to the tumor. In support of this hypothesis, HNSCC xenografts selected in vivo 
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for cetuximab-resistance display increased TGF-β expression and TGF-β-dependent 
AKT activation [248]. This resistance is reversible with a TGF-β inhibitor, provid-
ing a strong preclinical rationale for this therapeutic option in HNSCCs refractory 
to cetuximab treatment. It is worth considering the genomic signature of PI3K/
PTEN mutation as a potential biomarker for response to TGF-β inhibition, in future 
studies of this mechanism.

5.7  Conclusion

The PI3K/PTEN/AKT/mTOR pathway is one of the commonly deregulated signal-
ing pathways in HNSCC. Although excellent preclinical and clinical studies have 
begun evaluating the therapeutic potential of this pathway in HNSCC, additional 
work is required to establish nodes of oncogenic dependency and addiction in this 
signaling network. While single-agent therapies targeting this pathway have not 
shown great efficacy, these compounds can enhance the efficacy of standard therapy 
options in use today, particularly in select patient populations. The role of PI3K/
PTEN/AKT/mTOR pathway deregulation in HNSCC certainly warrants further 
investigation.
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Chapter 6
Jak/STAT Signaling in Head and Neck 
Cancer

Elizabeth Cedars, Daniel E. Johnson, and Jennifer R. Grandis

Abstract The Janus kinase/signal transducer and activator of transcription (Jak/
STAT) pathway conveys cytokine receptor and receptor tyrosine kinase activation 
signals to the nucleus, leading to alteration of gene expression involved in normal 
cell functioning, including growth, differentiation, and cell survival. Constitutive 
Jak/STAT activation has been identified in many epithelial malignancies, including 
head and neck cancer (HNC). STAT3 activation in HNC promotes cell cycle pro-
gression and prevents apoptotic cell death, resulting in the survival and proliferation 
of cancer cells. There is also evidence that this pathway stimulates neovasculariza-
tion and establishes a pro-inflammatory state. Inhibition of aberrant STAT3 activity 
has been shown to impede HNC growth in vitro and in vivo, suggesting that strate-
gies to block STAT3 activity may be valuable therapeutic modalities. A thorough 
understanding of the impact of Jak/STAT signaling is necessary to develop safe and 
effective targeted therapies for head and neck cancer. This chapter will review the 
fundamentals of Jak and STAT structure and function and introduce inhibitors of the 
pathway that are currently in preclinical testing, under clinical investigation, or 
approved for use.

Keywords Head and neck cancer · Squamous cell carcinoma · Jak · STAT · 
Targeted therapies

6.1  Overview of the Jak/STAT Pathway

The Janus kinase/signal transducer and activator of transcription (Jak/STAT) path-
way is a multi-protein mechanism that translates signals from extracellular mole-
cules into changes in gene expression that alter cellular functions. First described in 
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the context of interferon signaling and EGFR activation [22, 33, 34, 64], it is now 
well-established that the Jak/STAT pathway is activated by binding of ligands such 
as growth factors and cytokines to Jak-associated cell surface receptors, leading to 
nuclear translocation of STAT transcription factors that promote cellular prolifera-
tion and survival, differentiation, and development, as well as immune function and 
inflammation [14, 69, 90]. To date, four distinct mammalian Jak molecules (Jak1, 
Jak2, Jak3, Tyk2) and seven different STAT proteins (STAT1, STAT2, STAT3, 
STAT4, STAT5a, STAT5b, STAT6) have been identified.

6.2  Mechanism of Jak/STAT Pathway Activation

Jak/STAT complexes consist of a cell surface receptor constitutively bound to a Jak 
protein and an associated intracellular STAT molecule. Named for the Roman god 
Janus known for having two faces, Jaks are 110–140 kDa proteins containing two 
tyrosine kinase domains. The Jak-homology (JH) 1 domain, located at the 
C-terminus, encodes an active kinase; proximal to this is the JH2 domain, encoding 
a pseudokinase domain that lacks catalytic activity [39, 66]. N-terminal to the kinase 
regions, Jak proteins consist of five additional conserved regions (JH3–JH7), includ-
ing a Src homology-2 (SH2) domain which spans the JH3/JH4 regions and a region 
with similarity to a FERM (four-point-one, ezrin, radixin, and moesin) domain, 
spanning JH4–JH7 [20, 39] (Fig. 6.1a). These N-terminal domains are critical for 
cytokine receptor binding and kinase regulation [39, 66].

Multiple STAT proteins have been evaluated by X-ray crystallography, which 
supports the presence of conserved regions among the several STAT subtypes. 
These homologous regions include an N-terminal domain, consisting of 130 amino 
acids forming eight alpha-helices, which mediates association with DNA in tran-
scriptional complexes by stabilizing STAT dimer interactions; a coiled-coil domain 
involved in interactions with regulatory proteins; a DNA-binding domain that forms 
transcriptional complexes; a linker region, an SH2 domain through which inactive 
STAT proteins bind to receptors and active STAT monomers undergo dimerization; 
and a C-terminal transactivation domain that modulates transcription of target genes 
[8, 14, 79, 132, 155] (Fig. 6.1b). The STAT proteins may be bound and phosphory-
lated by receptor tyrosine kinases such as epidermal growth factor receptor (EGFR) 
and vascular endothelial growth factor receptor (VEGFR); or they can associate 
with non-receptor tyrosine kinases such as Jak [32]. G-protein-coupled receptors 
(GPCRs) have also been implicated in Jak-mediated STAT activation [156].

Two broad signaling mechanisms for Jak/STAT have been described. Canonical 
Jak/STAT pathway signaling is initiated with the binding of a ligand to a cognate 
cell surface receptor, resulting in receptor aggregation into homo- or heterodimers 
or oligomers [20, 74] (Fig. 6.2). These conformational changes bring the associated 
Jak C-terminal JH1 kinase domains into close proximity to each other, allowing for 
rapid transphosphorylation of Jak at several different sites within those domains 
[66]. Phosphorylated Jak proteins, now activated, phosphorylate tyrosine residues 
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on the cytoplasmic regions of the receptor proteins. These phosphorylated tyrosine 
residues provide the docking site for inactive STAT proteins to bind via their SH2 
domains. Once bound, the inactive STAT monomers are phosphorylated by Jak at a 
critical tyrosine residue adjacent to the SH2 domain. The phosphorylated STATs 
(pSTATs) then undergo dimerization, enabling the activated dimers to translocate to 
the nucleus where they induce the transcription of target genes harboring STAT- 
responsive elements in their promoters [22, 66, 74].

Non-canonical mechanisms of STAT signaling have also been described, ini-
tially in Drosophila and subsequently in mammalian cell lines. In contrast to nuclear 
translocation of phosphorylated/activated STAT proteins, inactive forms of STATs 
have also been found to be present in the nucleus [74]. Unphosphorylated STAT is 
associated with heterochromatin protein 1 (HP1), assisting in heterochromatin sta-
bility. Dissociation of this complex  – potentially via recruitment to the cytosol 
through equilibration of pSTAT and unphosphorylated STAT molecules or via local 
activation by Jak or other kinases  – leads to instability of heterochromatin and 
results in pSTAT-dependent transcription of regions of euchromatin [74]. Using 
mouse models and tumor cell lines, unphosphorylated STAT5A has been shown not 
only to stabilize heterochromatin but also to inhibit growth of tumors [46]. In addi-
tion to the role of unphosphorylated STAT in the nucleus, there is also evidence of 
cytosolic signaling by inactive STAT1 and STAT3, including binding of unphos-
phorylated STAT3 to NF-κB with resultant downstream activation of NF-κB target 
genes [150, 152].

a. Jak

b. STAT

NH2 COOH

Oligomerization 
domain

Coiled-coil domain 

DNA-binding 
domain

SH2 
domain

Linker domain Transactivation 
domain 

NH2 COOH

FERM domain

SH2 domain 

JH1

Pseudokinase 
domain

JH2JH3JH4JH5JH6JH7

Kinase domain 

Fig. 6.1 The functional domains of the Jak and STAT proteins. (a) Jak consists of a kinase domain 
(JH1), a pseudokinase domain (JH2), as well as regions containing an SH2 domain and a FERM 
element (JH3–JH7). (b) STAT isomers all include a transactivation domain, an SH2 domain, linker 
domain, DNA-binding domain, coil-coil domain, and oligomerization domain
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Regulation of the Jak/STAT pathway involves not only activation by phosphory-
lation but also changes in STAT protein expression and modulation by additional 
molecules. The effects of signaling initiation, including activation-induced degrada-
tion, occur within hours [14, 74, 109]. Several STAT proteins act as inducers of their 
own expression, forming a positive feedback loop [74, 152]. There are also several 
negative regulatory mechanisms of Jak/STAT signaling, including dephosphoryla-
tion of both proteins, transportation of STAT out of the nucleus, and association 
with inhibitory proteins. Molecules involved in these processes include  phosphatases 
such as SH2-containing phosphatases (SHPs) and protein tyrosine phosphatases 
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STAT
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STATP P
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Transcription

STAT3 and STAT5
1. Cell cycle (e.g. cyclin D1 )
2. Proliferation (e.g. c-myc)
3. Survival (e.g. Bcl-2)

STAT1 and STAT3
1. Angiogenesis (e.g. VEGF)
2. Anti-inflammatory
3. Downregulation of tumor suppressor

Fig. 6.2 The canonical Jak/STAT pathway. Ligand binding to a cognate cell surface receptor initi-
ates the signaling pathway by causing receptor aggregation. This brings the constitutively bound 
Jak proteins into position to transphosphorylate each other via their JH1 domains, leading to acti-
vation and subsequent Jak-mediated phosphorylation of the associated receptor. These tyrosine 
phosphorylated receptor sites allow for docking of the SH2 domains of STAT proteins, with the 
docked STAT proteins subsequently undergoing phosphorylation by Jak. The phosphorylated/acti-
vated STAT proteins then dimerize in a head-to-tail fashion and translocate to the nucleus, where 
their DNA-binding domains allow for association with STAT response elements in the promoters 
of target genes, initiating transcription of the STAT-driven genes
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(PTPs), protein inhibitor of activated STAT (PIAS), and suppressor of cytokine sig-
naling (SOCS) proteins [66, 74, 109].

6.3  Jak/STAT in Oncogenesis

The role of the Jak/STAT pathway in malignant neoplasia was elucidated initially in 
Drosophila melanogaster models of gain-of-function Jak mutations [40, 74]. In the 
1980s, a mutated allele of a Jak kinase, hopTum-l, was found to lead to overactivation 
of the pathway and lymphoid tissue hypertrophy, leading to a leukemia-like presen-
tation in the fruit fly. Subsequently, dysregulated Jak/STAT pathway activation has 
been implicated in many types of cancer [14]. Several lines of research have sup-
ported an important role for STAT signaling in tumorigenesis: tyrosine kinase path-
ways involved in neoplastic transformation lead to constitutive STAT signaling; 
dominant-negative STAT mutants prevent the downstream activation of oncogenic 
tyrosine kinase pathways; activated mutant STAT drives expression of genes seen in 
tumor transformation; increased expression of STAT is seen in cancer cell lines; and 
multiple STAT target genes play a role in oncogenesis by promoting cellular prolif-
eration and survival [12]. Additional evidence supports a connection between the 
Jak/STAT pathway and cancer, including the important role of microRNAs in Jak-/
STAT-mediated tumor progression and chemoresistance and a role for Toll-like 
receptor (TLR) mediation of immune suppression via STAT3 in cancers including 
HNC [156].

Constitutive STAT activity has been demonstrated in a wide variety of malignan-
cies through study of human cancer cell lines and primary tumors, including hema-
tologic malignancies such as leukemia and multiple myeloma, and solid tumors of 
the pancreas, breast, lung, prostate, colon, stomach, esophagus, liver, kidney, uterus, 
ovary, bone, brain, and head and neck [12, 14, 75, 77, 107, 108, 128, 129, 137, 138, 
149, 157, 158, 160, 161]. STATs 1, 3, 5a, and 5b, in particular, have been implicated 
in head and neck cancer [66, 124].

Relatively few somatic, tumor-associated mutations have been found in Jak and 
STAT proteins. Missense mutations in Jak1 (V658F, T782M, and L783F), Jak2 
(V617F), and Jak3 (V715I, A572V, V722I, and P132T) have been described primar-
ily in myeloproliferative disorders [51, 52, 63, 73, 154]. Two additional missense 
mutations in Jak2 have been found in breast tumors, with one in the FERM domain 
and another in the JH1 kinase domain [25]. Though such activating Jak mutations 
have been identified in several solid tumors (breast, lung [52]), thus far – in spite of 
recent RNA and cDNA analyses – none have been identified in cancers of the head 
and neck [23]. Several activating mutations of STAT have also been identified, thus 
far solely in hematologic malignancies. Four mutations were identified in STAT3 in 
large granular lymphocytic leukemia (Y640F, D661V, D661Y, and N647I) [62], all 
in exon 21 coding for the SH2 domain. Additional mutations have been discovered 
in NKT cell lymphomas in STAT3 (S614R, G618R, and A702T) as well as STAT5B 
(N642H and Y665F), with these mutations also located in the SH2 region [64]. 
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More recently, a non-SH2 mutation was identified in leukemia, H410R, located in 
exon 13 and corresponding to the DNA-binding domain [4]. No examples of gene 
duplication or deletion have so far been reported.

6.3.1  STATs in HNC

Research into the mechanisms of head and neck cancer development has shown that 
squamous cell carcinoma of the head and neck can arise via two distinct paths, one 
mediated by nonspecific mutagenic substances like tobacco and alcohol and the 
other by specific changes associated with human papilloma virus (HPV) infection 
[70]. HPV-negative and HPV-driven head and neck squamous cell carcinomas 
(HNSCC), though grossly similar, have different underlying etiologies and patho-
logic cellular mechanisms. HPV induces oncogenic changes via expression of two 
proteins, E6 and E7, that target tumor suppressor proteins p53 and Rb, respectively 
(see extended discussions in Chaps. 20 and 21). Both p53 and Rb act in part by 
regulating the cell cycle downstream of Jak/STAT pathway activation, though there 
is some evidence from the cervical cancer literature that STAT3 also may mediate 
E6 and E7 activity [121]. In the case of HPV-negative HNSCC, multiple STAT pro-
teins have been implicated in alcohol- and tobacco-induced carcinogenesis [10]. As 
research continues, we will better understand the molecular differences underlying 
these distinct types of HNC and thus the necessary therapeutic differences to effec-
tively treat both entities.

As the broader roles of STAT proteins have been elucidated, it has become pos-
sible to investigate their involvement in the origin and progression of HNSCC. In 
general, STAT3 and STAT5 function as potential oncogenes, regulating the expres-
sion of cell cycle genes such as cyclin D1, genes regulating proliferation such as 
c-myc, and genes regulating cell survival, including members of the Bcl-2 family. 
STAT3 has also been demonstrated to downregulate p53, a key tumor suppressor; 
induce VEGF, which promotes angiogenesis; and inhibit pro-inflammatory signals 
mediating antitumor responses such as nitric oxide and TNF-alpha. In contrast, 
STAT1 acts primarily as a tumor suppressor, promoting apoptosis and countering 
the effects of STAT3 and STAT5 [155].

6.3.1.1  STAT1 in HNC

A pathway involving STAT1 has recently been identified though microarray analy-
sis of the transcriptomes of oral cavity SCC as one of several mechanisms through 
which differentially expressed genes contribute to HNC [130]. A potential role of 
STAT1 in HNC was proposed even prior to this discovery, as it has been found to be 
present in significantly lower levels in HNSCC cells, and exogenous overexpression 
of STAT1 suppresses xenograft tumor growth [144]. Several distinct mechanisms 
have been proposed for STAT1 involvement in HNC, specifically in modulating 
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immune pathways. IFN-γ has been shown to mediate apoptosis through STAT1 acti-
vation, triggering Fas signaling and cell cycle arrest through inducing transcription 
of p21 [18]. Studies of responses of HNC cells to immunotherapy have demon-
strated STAT1 activation of oxidative stress-dependent pathways via accumulation 
of reactive oxygen species, which occurs through upregulating indoleamine 
2,3-dioxygenase (IDO), suppressing heme oxygenase-1 (HO-1) [28]. Additionally, 
Jak2/STAT1 has been shown to mediate EGFR- and IFN-γ-induced upregulation of 
programmed cell death-ligand 1 (PD-L1), an inhibitor of T-cell-mediated cytotoxic-
ity in HNSCC and other cancers. Inhibition of the Jak/STAT pathway suppressed 
upregulation of PD-L1 and enhanced cytotoxicity of chemotherapeutic agents [19].

The role of STAT1 in tumor suppression requires further clarification, as conflict-
ing data exist regarding the relationship of activated STAT1 levels to cancer survival. 
Initial studies showed that increased levels of nuclear or phosphorylated STAT1 in 
HNCs correlated with improved prognosis in response to chemotherapy [67, 99]. A 
more recent work has shown that higher levels of S727- or Y701- phosphorylated 
STAT1 in HNSCC tumor specimens correlate with worse overall survival [110].

6.3.1.2  STAT3 in HNC

HNC is one of the first cancer subtypes in which STATs were shown to play a key 
role in human tumorigenesis. Multiple in vitro and in vivo studies have implicated 
STAT3 as pro-oncogenic in this disease. Increased expression and activation of 
STAT3 has been demonstrated in HNC cell lines and tumors. Studies of tumor cells 
from patients with HNC showed both constitutively active and TGF-α-induced 
activities of STAT3 dimers (STAT3 homodimers and STAT3/STAT1 heterodimers) 
[33, 34]. Moreover, increased expression and phosphorylation of STAT3 was seen 
not only in the tumor cells but also in nearby non-cancerous mucosal cells from 
HNC patients, compared to epithelium from healthy controls [35], suggesting that 
STAT3 activation is an early event in the development of HNSCC. Further, loss of 
STAT3 function impedes HNC cell proliferation. Enforced expression of dominant- 
negative mutant STAT3 in HNSCC cell lines has been shown to halt proliferation, 
trigger apoptosis, and inhibit downstream pathways of STAT activation [33–35, 57].

Several STAT3-mediated signal transduction pathways are associated with HNC 
tumorigenesis and growth. EGFR and its ligand TGF-α have been clearly shown to 
be overexpressed in HNSCC [70], and their effects are mediated by STAT3 activa-
tion, while antisense inhibition of EGFR activity in xenograft models inhibits 
STAT3 activation, reduces tumor cell proliferation, and triggers apoptosis [37]. 
Studies in HNC cell lines demonstrate that constitutively activated STAT3 leads to 
increased expression of cyclin D1 and Bcl-XL and results in increased proliferation 
and cell survival [57]. Inhibition of STAT3  in HNC and other cancers leads to 
reduced expression of multiple anti-apoptotic proteins and rapid induction of apop-
tosis [124, 155]. Relationships have also been identified between the well-known 
tumor suppressor p53 and STAT3 pathways, showing STAT3 inhibits p53  expression 
in some cancer cells [94]. A complex relationship between p53, STAT3, and NF-κB 
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exists in HNSCC that is still being elucidated [148]. Recent evidence has also sug-
gested that STAT3 may play a role in the production of specific microRNAs, par-
ticularly miRNA-21, a small oligonucleotide that has been shown to inhibit 
expression of tumor suppressor genes in many cancers, including HNSCC [11].

In addition to affecting cell cycle regulation, STAT3 has also been implicated in 
angiogenesis. pSTAT3 induces VEGF, a key regulator of vascular development that 
is integral to recruitment of vessels for tumor growth, and inhibition of STAT3 
activity downregulates VEGF expression [93]. VEGF has long been known to be 
overexpressed in multiple cancers, with levels correlating with prognosis, and in 
HNSCC pSTAT3 has been identified as a direct mediator of both increased VEGF 
production and intratumoral microvessel density, a measure of tumor recruitment of 
vasculature [88].

Inflammatory pathways are also regulated, in part, by STAT3 activity, while 
STAT3 also is regulated by activity of inflammatory signaling cascades. For exam-
ple, IL-6 is a prototypical pro-inflammatory cytokine, and IL-6/gp130 interaction 
leads to activation of multiple STATs including STAT3 [16, 43]. STAT3 activation 
in turn leads to increased IL-6 expression, and this positive feedback loop contrib-
utes to the development of an inflammatory, tumorigenic environment [16]. 
Importantly, microRNAs have also been found to play a significant role in tumori-
genesis via the IL-6/STAT3 pathway [50]. IL-6 has been shown to induce epithelial- 
to- mesenchymal transition (EMT) via Jak/STAT3 in HNSCC, contributing to 
development of metastasis [147], and depletion of IL-6  in HNC cells leads to 
reduced STAT3 phosphorylation [127]. IL-6 serum levels were elevated in patients 
with HNSCC compared to healthy controls and correlated with advanced tumor 
stage and worse prognosis [27, 105]. Elevated IL-6 expression in tumor specimens 
is also associated with worse overall survival [31]. Thus, IL-6 autocrine/paracrine 
activation of Jak/STAT3 pathways may play an important role in HNC. Evidence is 
growing that a related cytokine, leukemia inhibitory factor (LIF), induces phos-
phorylation of STAT3, which may similarly play an important role in several can-
cers, including nasopharyngeal carcinoma (NPC) [101, 156].

Given the involvement of STAT3 activation in tumor proliferation and immune 
function, inhibition of mechanisms regulating STAT3 dephosphorylation may pro-
vide yet another avenue for development of HNC.  STAT3 activity is negatively 
regulated by protein tyrosine phosphatase receptor T (PTPRT) [159]. Mutations 
likely to cause reduced function or loss of function of this phosphatase have been 
shown in analyses of whole-exome sequencing to be present in 5.6% of HNC 
tumors. Such mutations in the family of PTP receptors, including PTPRT, may be 
present in as high as 31% of HNSCC [82]. Epigenetic changes leading to reduced 
expression of these phosphatases, specifically hypermethylation of their promoter 
DNA, have also been described in many cancer types [136], including in 60% of 
HNSCC samples in The Cancer Genome Atlas (TCGA) [102, 103], and may also 
play a role in enhancing STAT3 activity in HNC. Reversal of hypermethylation in 
HNC cell lines was shown to reduce levels of pSTAT3 [102, 103]. Other evidence 
of oncogenic changes in STAT3 regulatory proteins includes the findings that  
SOCS- 1 is hypermethylated in as many as a third of HNSCC samples, and hyper-
methylation of the SOCS-1 and SOCS-3 genes was associated with reduced STAT3 
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activation; data in analysis of other cancer types has shown that SOCS-3 reduces 
pSTAT3 levels by occupying JAK binding sites [68, 140].

The activation of STAT3 may not only be relevant to HNC development but may 
provide a valuable prognostic indicator for this disease. mRNA and immunohisto-
chemical analysis of 20 HNSCC biopsies revealed that STAT3 levels were elevated 
in more poorly differentiated HNSCC, while elevated STAT1 levels were found in 
well-differentiated tumors, suggesting that STAT3/STAT1 ratios may be indicative 
of tumor differentiation status [6]. Further, elevated levels of pSTAT3 correlated 
with nodal metastasis and higher clinical stage, as well as reduced rates of disease- 
specific survival in oral tongue SCC biopsies [89]. This relationship to overall sur-
vival has been replicated in additional studies of oral SCC [118].

The impact of impaired STAT3 function has been highlighted via investigation of 
several STAT subtypes that exist as the result of alternative splicing of mRNA or 
protein cleavage. In most cases, these variants result simply in a truncated protein, 
although the STAT3β isoform is a protein in which the C-terminal transactivation 
domain is replaced by a novel series of seven residues (CT7 domain) [49]. In cells 
transfected with STAT3β, STAT3-mediated gene expression was dramatically 
impaired, as measured by a luciferase reporter construct. Further, in esophageal 
cancer samples, high STAT3β expression correlated with longer overall survival and 
recurrence-free survival, supporting the hypothesis that STAT3β acts to suppress the 
oncogenic activity of STAT3α in spite of increased levels of pSTAT3α [157, 158, 
160, 161]. Additional heterodimers composed of alternative STAT3 isoforms have 
shown similar inhibitory results. STAT3D, an isoform generated through experi-
mentally induced E434A and E435A mutations, reduced pSTAT3 target gene 
expression and arrested cell growth, likely mediated by impaired DNA binding, 
while another mutant isoform, STAT3F, may work by competing for binding to 
kinases [89, 92]. Similarly, HNC cells transfected with a dominant-negative 
carboxy- truncated STAT5b (STAT5bΔ754) impaired cellular proliferation [72].

6.3.1.3  STAT5 in HNSCC

STAT5 activation can also contribute to the development of HNSCC, as indicated 
by in vitro, animal model, and clinical studies. Greater expression and phosphoryla-
tion of STAT5 was found in head and neck tumors compared to normal epithelial 
tissue, and tumor growth was observed in a xenograft model with constitutive 
STAT5b activation, suggesting a role in tumorigenesis [146]. Using cell culture and 
xenograft models, Koppikar et  al. demonstrated a role for STAT5  in enhancing 
tumor growth, invasion, and EMT, as well as development of cisplatin and erlotinib 
resistance [61]. More recent work delineating the IL-8/miR-424-5p/STAT5 path-
way has revealed a role for STAT5 activation in cell migration and invasion in oral 
SCC [100]. The pathway involves IL-8-induced activation of STAT5, which subse-
quently induces expression of SOCS-2, an inhibitor of STAT5, as well as of miR- 
424- 5p. Increased expression of miR-424-5p was found to suppress SOCS-2 activity 
and led to constitutive STAT5 expression, correlating with increased tumor cell 
migration and invasion in oral squamous cell cancer cells.
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6.4  Therapies Targeting Jak/STAT Pathways

Research into the key molecular mechanisms underlying oncogenesis allows for 
the development of targeted therapeutic agents that can overcome the funda mental 
underpinnings of human malignancies. In HNC, investigation into molecules  
that influence the Jak/STAT pathway is underway, with several promising leads 
(Fig. 6.3).

Fig. 6.3 Therapeutic mechanisms of Jak/STAT pathway disruption. Cytokine or growth factor 
binding to cognate receptors may be blocked by monoclonal antibodies or small molecule inhibi-
tors. Jak activity has been targeted by small molecule inhibitors and plant derivatives. STAT3 
receptor association and dimerization can be prevented with plant derivatives, small molecule 
inhibitors, aptamers, peptide mimics, and dominant-negative isoforms that act on the SH2 domain. 
DNA binding by STAT3 is prevented by platinum-based compounds, oligonucleotide decoys, and 
G-quartets. Destruction of STAT3 mRNA via targeting by antisense nucleotides or siRNA reduces 
STAT3 expression. Modulation of STAT3 phosphorylation status by induction of phosphatases is 
another means by which STAT3 activity is therapeutically reduced
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6.4.1  Targeting Regulators of Jak/STAT Activation

6.4.1.1  EGFR Pathway

EGFR signaling is one of several mechanisms by which the STAT pathway is acti-
vated, and multiple studies have confirmed its early role in HNC, as described above 
[36, 124]. It is therefore a plausible therapeutic target. Cetuximab, an IgG1 mono-
clonal antibody to EGFR, was approved in 2006 by the FDA for treatment of locore-
gional HNC in combination with radiotherapy. It acts by binding and obstructing 
the ligand-binding region of EGFR with high affinity, acting to prevent ligand inter-
action and sterically inhibiting dimerization and autophosphorylation [76]. As a 
result, downstream signaling mechanisms are blocked. This and other anti-EGFR 
therapies are covered in detail in Chap. 2.

While anti-EGFR antibodies have been found to be effective for HNC, small 
molecule inhibitors have been less successful. The limited response of HNC to 
EGFR tyrosine kinase inhibitors (TKIs) indicates that additional, downstream path-
way activation can develop, as well as upregulation of alternative receptor tyrosine 
kinases [13]. Constitutive STAT3 activation has been shown to contribute to thera-
peutic resistance to EGFR TKIs; for example, activation of the IL-6/STAT3 path-
way decreased tumor response to erlotinib in non-small cell lung cancer [153]. 
Inhibition of STAT3 has been demonstrated to inhibit tumor growth in TKI- and 
cetuximab-resistant HNC xenograft models, suggesting it is a viable method to aug-
ment responses to these therapies [112]. STAT3 inhibitors are discussed in more 
detail below. Inhibitors of other downstream EGFR pathways, including Src kinase 
inhibitors or mTOR kinase inhibitors, are under investigation, as well as inhibitors 
of alternative receptor tyrosine kinases, including MET and HER2 [13, 164].

6.4.1.2  IL-6 Pathway

IL-6/Jak1 or Jak2 activation of STAT has been observed in multiple cancers includ-
ing HNC, where IL-6 levels have been shown to be a marker of oral SCC recurrence 
and poor prognosis [27, 43]. Anti-IL-6 therapies have been developed, including a 
humanized monoclonal antibody, tocilizumab, which competes with target recep-
tors for binding and prevents activation of IL-6-regulated pathways. In studies of 
renal cell carcinoma, tocilizumab increased phosphorylation of STAT1 in response 
to interferon and suppressed STAT3 phosphorylation in cell lines; the effect of 
tocilizumab with interferon in xenografts was tumor suppression [96]. Tocilizumab 
is FDA-approved for use in rheumatoid arthritis and juvenile idiopathic arthritis 
[32], but given the identification of an IL-6-mediated pathway in the development 
of several cancer types, clinical trials are currently focusing on evaluating efficacy 
in other malignancies such as ovarian and pancreatic cancer. CNTO328 (siltux-
imab), another monoclonal antibody to IL-6, has also been studied in several malig-
nancies and appears promising. Early studies in lung cancer cells suggested that 
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inhibition of Jak1 with CNTO328 reduced tyrosine phosphorylation of STAT3 and, 
when combined with inhibition of STAT3 serine phosphorylation with erlotinib (an 
EGFR inhibitor), impaired the growth of lung cancers in mice [125]. In prostate 
cancer, CNTO328 was found to have some biologic activity in both in vitro and 
in vivo studies, but little clinically relevant activity [21, 26]; it was found to stabilize 
disease in over 50% of patients with metastatic renal cell carcinoma [106]. 
Potentially beneficial results were seen in a phase 1 trial when combined with stan-
dard therapy for previously untreated multiple myeloma [117]. Further studies are 
needed to evaluate the potential utility of CNTO328 in HNC.

A plant steroid, guggulsterone (GS), has been demonstrated to inhibit IL-6- 
mediated activation of STAT3 in HNSCC and to block STAT3 activation of VEGF 
expression [85]. The activity of GS is due, in part, to the induction of tyrosine phos-
phatase SHP-1, which may act to dephosphorylate Jak2 and c-Src kinases, both 
activators of STAT3, in addition to direct dephosphorylation of STAT3 itself [3]. All 
data thus far are preclinical.

6.4.2  Targeting Jak

Given the handful of constitutively activating Jak mutations identified in myelopro-
liferative neoplasms, as well as less commonly in breast and lung tumors, Jaks rep-
resent another possible target for therapy. At this point in time, there are two 
FDA-approved Jak inhibitors, both used in autoimmune disorders and one also 
approved for use in myelofibrosis. There is active research ongoing into additional 
disease states that might benefit from these medications, as well as into other Jak 
inhibitors.

6.4.2.1  Small Molecule Jak Inhibitors

Ruxolitinib (also known as Jakafi® and INCB018424) is an orally bioavailable 
small molecule Jak1/Jak2 inhibitor that was approved by the FDA in 2011 for the 
treatment of intermediate- and high-risk myelofibrosis [41]. Though not yet in clini-
cal use in squamous cell carcinoma, recent data suggests that SCC invasion and 
proliferation induced by loss of CADM1, a cell adhesion molecule that prevents 
STAT3 activity, can be halted by the use of ruxolitinib. This suggests that testing for 
loss of CADM1, and possibly STAT3 activation, may identify candidates for ruxoli-
tinib inhibitory therapy [135].

Due to the success of ruxolitinib in myelofibrosis, other Jak inhibitors have been 
developed, including a Jak3 inhibitor, tofacitinib, which is currently used for inflam-
matory bowel disease and psoriasis [32], and a novel Jak1/Jak2 inhibitor, AZD1480. 
AZD1480 inhibited xenograft solid tumor growth mediated by constitutive STAT3 in 
an HNC model as well as in other cancers [42, 114]. In HNC cell lines, AZD1480 
treatment reduced cell proliferation and pSTAT3 expression [114].
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Two other Jak inhibitors, WP1066 and fedratinib, initially appeared promising in 
preclinical testing. However, investigation of these inhibitors has been discontinued 
due to concerns about lack of efficacy and neurotoxicity, respectively [32]. In con-
trast, clinical investigation is ongoing involving ruxolitinib for use in HNSCC 
(NCT03153982) in addition to multiple other tumor types; and another Jak inhibi-
tor, pacritinib, is being trialed in several hematologic malignancies as well as in 
non-small cell lung cancer (NCT02342353). At an earlier stage of development, 
AG490 is a preclinical tool Jak2 inhibitor with evidence of benefit in multiple can-
cer types, including in vitro efficacy against laryngeal carcinoma cells via Jak2- 
mediated STAT3 phosphorylation [162] and antitumor effects in a murine ovarian 
cancer model [60].

6.4.2.2  Plant-Based Therapies

In addition to chemically derived therapeutic molecules, there are naturally occur-
ring plant-based agents, including GS, that have shown evidence of inhibitory activ-
ity on the Jak/STAT pathway. Quercetin is found in many fruits, vegetables, and 
grains and is often used as a supplement in food products. Like other members of 
the flavonoid family, quercetin has been noted to have antioxidant, anticancer, and 
anti-inflammatory properties [32]. Further study has revealed a mechanism medi-
ated by the Jak/STAT pathway [32]. In cervical cancer cells, administration of quer-
cetin reduced Jak2 expression, inhibited proliferation, reduced migration, and 
stimulated apoptosis, likely via suppression of a Jak2/STAT5 pathway, leading to 
reduced xenograft tumor growth [83].

Curcumin is a plant derivative that has been used in the culinary world for 
centuries in the form of the spice turmeric, and research has demonstrated anti- 
inflammatory and antineoplastic effects [32]. Studies of microglial cells showed 
that administration of curcumin impaired phosphorylation of Jak1 and Jak2, as 
well as STAT1 and STAT3  in response to LPS and IFN-γ, likely mediated by 
SHP-2 phosphatase action on Jak1/Jak2 [58]. Other activities of curcumin 
include inhibition of NF-κB via reduction of cytokine production and release, 
including that of IL-6 [32]. A recent review concluded that HNSCC cell lines 
treated with curcumin experienced cell cycle arrest in the G2/M phase and were 
induced to undergo apoptosis and that some animal models experienced reduc-
tion in tumor growth, along with increased expression of pro-apoptotic proteins 
and reduction of cyclin D1 expression [9]. Current clinical trials of curcumin 
include treatment of non-small cell lung cancer (NCT02321293) and prostate 
cancer (NCT02064673).

Some concern has been raised that curcumin has low human bioavailability 
[119], so investigation of chemically derived analogues has been pursued. One ana-
logue, FLLL12, was shown to be at least tenfold more potent than curcumin in 
inhibiting growth of HNC cell lines and induced apoptosis through upregulation of 
pro-apoptotic Bcl-2 proteins while also inhibiting the growth of xenograft tumors 
[5]. Both this compound and its relative FLLL11 have been shown to inhibit STAT3 
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phosphorylation at Tyr705 in breast and prostate cancer cells, as well as impede its 
DNA-binding and transcriptional activity [80]. An additional curcumin analogue, 
FLLL32, targets the SH2 domain of STAT3 and is described below.

6.4.3  Targeting STAT

Due to the prominent role that STATs play in HNSCC, multiple therapeutic 
approaches have been and continue to be pursued to target these proteins. As data 
suggest that among the STATs, STAT3 is the major mediator of oncogenesis, prolif-
eration, and metastasis, this protein has been the major focus of interest thus far, 
though therapeutic targeting of STAT1 and STAT5 has also been investigated. The 
STAT protein inhibitors that have been developed to date target the STAT proteins 
and their activation at multiple points: (1) receptor binding and phosphorylation, (2) 
DNA binding and transcription, and (3) protein expression [32, 86].

6.4.3.1  Targeting the SH2 Domain

The SH2 domain in STAT proteins is the principal mediator of STAT/receptor inter-
actions as well as STAT protein dimerization. Due to the conserved nature of the 
SH2 domain across multiple STAT subtypes and its fundamental role in STAT acti-
vation, targeting of the SH2 domain has attracted considerable attention as a means 
of inhibiting STAT activity in cancer cells.

Plant-Based Therapies

The curcumin analogue FLLL32 interacts with the SH2 domain to impede STAT3 
phosphorylation at Tyr705 and resultant activation. Treatment of cisplatin-sensitive 
HNSCC cells with FLLL32 enhanced apoptosis in dual therapy studies and mark-
edly sensitized cisplatin-resistant HNSCC cells to treatment with this conventional 
chemotherapy drug [1]. Another natural compound, cryptotanshinone, a Chinese 
herbal medicine, has been shown to suppress STAT3 signaling, likely through SH2 
domain targeting [32]. It has been studied in multiple cancer types though not in 
HNC; its use in glioma cells inhibited STAT3 phosphorylation at Tyr705, reduced 
nuclear translocation, and downregulated expression of cyclin D1 and survivin [81]. 
Cryptotanshinone has not been carefully evaluated in clinical studies.

Small Molecule Inhibitors

Non-peptide small molecule inhibitors targeting the STAT3 SH2 domain have also 
been developed. Among these, Stattic (STAT three inhibitory compound), identified 
via screening of chemical libraries, was the first small molecule inhibitor [91]. 
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Stattic has been shown to decrease tumor growth and to radiosensitize tumors in a 
murine xenograft model of HNC [2]. Administration of Stattic also prevented devel-
opment of oral SCC in mice exposed to the chemical carcinogen 4-NQO [102, 103].

Phase 1 studies have been performed with another small molecule inhibitor, OPB-
51602, a low-molecular-weight molecule that binds to the SH2 domain and inhibits 
phosphorylation at both Tyr705 and a second phosphorylation site Ser727 [143]. 
Maximum tolerated dose (MTD), pharmacokinetics, tolerability, and antitumor 
effects were evaluated, with 5% of patients (2/37) with non-small cell lung cancer 
showing a partial response [143], though with poor tolerance for the continuous dos-
ing administered. Additional phase 1 investigation for hematologic malignancies 
found similar MTD and toxicities, though with no clinical benefit for the population 
studied [95]. Further studies evaluating different dosing strategies may be useful. A 
similar compound, OPB-31121, was investigated in patients with advanced solid 
tumors and yielded partial response (tumor shrinkage) in 2 of 25 patients, with stable 
disease in 8 [97], though results in hepatocellular carcinoma and hematologic malig-
nancies were less beneficial [32, 98]. Continued investigations into its optimal dos-
ing and into cancer types yielding the best response are needed.

Other SH2-interacting, small molecule inhibitors have shown promise in some 
cancer cell line models. Database screening utilizing computational docking and 
estimation of binding affinity helped to identify a novel small molecule inhibitor of 
STAT3, STA-21, which in breast carcinoma cells inhibited dimerization and DNA 
binding and inhibited the survival of cells with constitutive STAT3 activity [126]. 
S3I-201 is another chemical compound, identified by computational modeling as 
binding to the SH2 domain of STAT3. In human breast carcinoma cells and trans-
formed mouse fibroblasts, S3I-201 inhibited cell growth and induced apoptosis 
[123]. Further study in prostate cancer cell lines showed that S3I-201, similar to the 
Jak2 inhibitor AG490, inhibited IL-6-/Jak2-mediated STAT3 activation and 
decreased expression of STAT3 as well as upregulated expression of pro-apoptotic 
proteins [38].

Repurposing of small molecules currently used as medications for other pur-
poses may provide another additional STAT inhibitor for evaluation in HNC.  In 
models of polycystic kidney disease, a condition also found to entail elevated STAT3 
activation [142], the anti-helminthic medication pyrimethamine was found to inhibit 
STAT3 phosphorylation [131]. High-throughput screening of compounds identified 
pyrimethamine as a potentially therapeutic medication for acute myeloid leukemia, 
showing selective and potent action in inducing apoptosis and differentiation of 
both murine and human AML cells [120]. A phase 1 trial of pyrimethamine in 
patients with chronic lymphocytic leukemia/small lymphocytic lymphoma is cur-
rently recruiting (NCT01066663).

Mimics as Inhibitors

Peptidomimetic inhibitors are stabilized derivatives of peptide inhibitory molecules 
and are commonly based on peptide sequences present in the target protein or an 
interacting partner of the target protein. ISS-610 and S31-M2001 were developed 
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from short amino acid sequences near the SH2 domain of STAT3 and inhibit SH2- 
mediated protein interactions [32]. S31-M2001 has shown evidence of tumor 
growth inhibition and reduction of STAT3-mediated cell survival and migration 
[122]. Another compound, STX-0119, similarly derived from virtual screens of a 
target peptide sequence in the SH2 domain, downregulated multiple STAT3 target 
genes and suppressed tumor growth in mouse models of glioma [7]. Prodrugs of 
phosphopeptide mimetics have also been investigated, with design of a modified 
p-Tyr mimic showing increased binding affinity to the SH2 domain, as well as inhi-
bition of STAT3 phosphorylation and pSTAT3 nuclear translocation in several can-
cer cell lines [87]. Further data suggests that such drugs may also lead to reduced 
angiogenesis [32]. While multiple peptidomimetic compounds have been identified 
and there is some evidence of efficacy in tumor cells, thus far, none have moved 
beyond preclinical testing [91].

6.4.3.2  Targeting the DNA-Binding Domains

Platinum Compounds

Platinum-based compounds, of which cisplatin is the classic example, act both by 
DNA alkylation and by direct effects on proteins. Several novel platinum- containing 
compounds preferentially bind the N-terminal domain of STAT proteins [133]. 
CPA-7, one of the most potent of these, inhibited STAT3 DNA binding in vitro and 
caused tumor regression in a colon cancer mouse model [133]. Studies in prostate 
cancer cell lines and xenografts showed not only reduction of activated STAT3 but 
also increased T-cell responses with administration of CPA-7 [78], suggesting 
enhanced immune-mediated anticancer activity. Another platinum compound, IS3 
295, has been evaluated in cell lines, and administration led to induction of apopto-
sis and concomitant downregulation of the STAT3 target genes cyclin D1 and Bcl-XL 
in transformed mouse fibroblasts and in human breast cancer cells [134].

Designer Molecules

Inhibitors directed against the DNA-binding domain of STAT3 have been rationally 
designed to suppress STAT3-mediated gene transcription. A synthetic analogue of 
the STAT3 helix 2 region present in the N-terminal domain, STAT3-Hel2A-2, was 
derived and found to bind to STAT3 but not STAT1 in HEK293 cells as detected by 
FRET analysis and induced apoptosis in breast cancer cells [132]. Another small 
molecule, inS3-54, was identified via virtual screening as targeting the STAT3 
DNA-binding region and similarly appears to impair proliferation in breast and lung 
cancer cell lines but not fibroblast or epithelial cells [47].
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Oligonucleotide Inhibitors

Short strands of nucleotides have been utilized to target STAT cellular activity. 
Leong and colleagues generated a 15-base pair double-stranded oligonucleotide 
mimicking the STAT3 response element found in the promoter of STAT3 target 
genes [71]. This STAT3 decoy oligonucleotide competitively inhibited the binding 
of pSTAT to promoter elements, suppressing the expression of STAT3 target genes. 
Other oligonucleotides have been developed into complex structures that physically 
impede STAT3 binding [53].

Early studies of the STAT3 decoy oligonucleotide showed selectivity for STAT3 
in vitro and inhibited the survival and proliferation of HNC cells [71] and led to 
regression of tumors in HNC murine xenograft models [145]. As toxicity was shown 
to be minimal in primates [116], the decoy was next studied in a phase 0 clinical 
trial in HNC patients. Immediately prior to surgical resection, patients received 
either a single intratumoral injection of the decoy or saline control vehicle. Injection 
of the STAT3 decoy was found to significantly reduce the expression of the STAT3 
target genes cyclin D1 and Bcl-XL relative to saline control, and no adverse effects 
were seen [115]. Systemic delivery of a modified, cyclic form of the STAT3 decoy 
inhibited HNC murine xenograft tumor growth and STAT3 target gene expression 
without effecting STAT3 phosphorylation or total levels [115]. Dosing and safety of 
this modified decoy were then investigated following systemic administration in a 
mouse model, and no toxicities were noted after intravenous administration at two 
different doses, despite a significant reduction in tumor volume with either dose 
[113]. A modification of this approach, wherein decoy was coupled to the ligand for 
TLR9, induced cancer regression in mouse models of acute myeloid leukemia [157, 
158, 160, 161].

In an additional approach, oligonucleotides have been used to form tertiary struc-
tures that impair the DNA binding of STAT3. These guanine-rich RNA or DNA 
molecules, or “G-quartets,” consist of a 4-nucleotide cyclical formation with each 
nucleotide forming two hydrogen bonds, one to each neighbor. The G-quartets can 
undergo further higher-order folding to form complex structures that occupy the 
DNA-binding site of proteins such as the HIV-1 integrase enzyme. T40214 is a 
G-quartet oligonucleotide that was found to bind primarily to the STAT3 SH2 
domain. In cell lines, T40214 inhibits the transcription of the STAT3-regulated 
genes Bcl-XL and Mcl-1 [53]. Further, HNSCC mouse xenograft models showed 
reduced tumor growth with the use of T40214 and enhanced reduction in tumor size 
when treated with T40214 + paclitaxel [54]. These results were supported by similar 
inhibition of T40214 on STAT3-regulated gene expression. Similar results were 
seen in NSCLC xenograft mouse models, where T40214 reduced STAT3 target 
gene expression, cell survival, angiogenesis, and proliferation [141], as well as in a 
T-cell leukemia model where delivery of T40214 to transgenic mice impaired 
STAT3-DNA complex formation and reduced tumor burden [44]. Current data sup-
port the use of G-quartet oligonucleotides in further studies focusing on optimiza-
tion of selectivity and bioavailability.
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6.4.3.3  Inhibition of STAT Expression

While blocking STAT phosphorylation or DNA binding can be an effective thera-
peutic strategy, reducing production of the STAT protein via silencing represents an 
alternative approach. Antisense oligonucleotides and small interfering RNA 
(siRNA) strategies aimed at achieving highly specific targeting and destruction of 
STAT mRNA transcripts have been described in preclinical studies in cell lines and 
xenografts of multiple cancer types [17, 29, 48, 104, 157, 158, 60, 161]. Antisense 
RNA and siRNA methods differ both in delivery to the target cell and by their 
mechanism of inhibition.

Antisense RNA

Antisense RNA is introduced in the form of a stable single strand of RNA, generally 
a sequence of 18–21 nucleotides, which then binds complementary mRNA sequences 
either in the cytoplasm or nucleus. Silencing ensues through one of several mecha-
nisms, including steric inhibition of translation via binding to the 5′ untranslated 
region of the mRNA, targeting of the double-stranded region for degradation by 
endogenous nucleases such as RNase H, or induction of alternative splicing path-
ways that lead to desired isoforms. All of these mechanisms result in decreased 
expression of the aberrant protein [24, 139]. Some of the limitations to clinical appli-
cation of antisense RNA have been substantially overcome through the introduction 
of chemical modifications that improve the pharmacologic properties of the anti-
sense molecule. For example, the use of phosphorothioate – a replacement of a non-
bridging oxygen in a phosphate group with a sulfur atom  – was determined to 
significantly improve stability of antisense oligonucleotides [139], and virtually all 
oligonucleotides in clinical use now incorporate phosphorothioate residues [15]. 
Recently, a phosphorothioate STAT3 oligonucleotide was introduced into human 
endothelial cell models and found to inhibit cell proliferation while inducing apopto-
sis and impeding angiogenesis [59]. Although STAT3 antisense therapies are still in 
the early phases of clinical trials [45], multiple antisense therapeutics directed toward 
other gene targets involved in cancer have undergone phase 1–3 trials [15, 24, 139].

siRNA

Small interfering RNAs (siRNAs) are delivered in double-stranded form and utilize 
existing nuclear proteins to bind to their target sequences of mRNA. siRNAs consist 
of 19–22 base pair sequences, which associate with the RNA-induced silencing 
complex (RISC), releasing the “passenger” RNA strand and incorporating the func-
tional “guide” strand into the complex, bound to the complementary target site 
[139]. The RISC mechanism functions with endogenous small RNAs as well. Bound 
mRNA is either enzymatically cleaved by the associated RISC ribonuclease, or 
expression is simply repressed through its incorporation with the complex [24, 139].

E. Cedars et al.



173

The use of siRNAs has been shown to be a formidable method for reducing 
STAT3 expression in murine models of several malignancies including laryngeal, 
breast, pancreatic, and colorectal cancers [30, 48, 65, 104]. The approach has also 
been effective in targeting STAT5: the use of siRNA in esophageal cancer cell lines 
reduced the expression of Bcl-2, cyclin D1, and STAT5 and impaired proliferation 
[151]. In a hepatocellular carcinoma xenograft model, treatment with siRNA to 
STAT5 led to growth inhibition and apoptosis [163].

Toxicities known to be associated with oligonucleotide treatments include coag-
ulopathy, hepatic injury, splenomegaly, and lymphoid hyperplasia, mediated by 
either direct action of the oligonucleotide binding (less common) or by off-target, 
non-antisense effects triggering inflammatory responses [24, 111]. However, stud-
ies have shown good tolerability of oligonucleotide therapies in multiple animal 
models including primates [116] and have been developed into promising therapies. 
Still, although the stability and efficacy of these modalities have been improved 
significantly, limitations in drug delivery have been a barrier to clinical application 
of these approaches to reducing STAT expression [55]. Several barriers have been 
addressed by means such as chemical modifications and antibody targeting to cell- 
specific receptors [84], as well as via nanoparticle delivery [56], but some still 
remain, including the inefficiency of endocytosis, permeability of tumor vascula-
ture, and binding to extracellular matrix proteins [15, 139].

6.5  Conclusions

Evidence from cell lines and from human tumors demonstrates the relevance of the 
Jak/STAT pathway, and particularly of STAT3, in the pathogenesis of HNC. As a 
result, STAT3 and other members of this signaling pathway have been identified as 
plausible therapeutic targets in the treatment of HNC. Targets include cytokine and 
growth factor receptors upstream of the Jak/STAT pathway, modulators of Jak acti-
vation and direct Jak inhibitors, STAT3 inhibitors targeting multiple domains, and 
molecules that prevent STAT expression. While many compounds have been identi-
fied with inhibitory effects on STAT3, few have advanced to clinical testing, and 
even fewer are approved for use.

Several upstream inhibitors of STAT activity are promising therapeutic agents, 
including an FDA-approved anti-EGFR therapy for HNC, cetuximab. Additional 
anti-EGFR antibodies and small molecule inhibitors are under investigation, as well 
as anti-IL-6 antibodies. Stimulating modulators of phosphorylation such as phos-
phatases provide another potential approach to regulating STAT3 activation. 
Multiple small molecule inhibitors of Jaks are being investigated in clinical trials, 
with two currently FDA-approved for autoimmune disease, though none as yet has 
a role in the treatment of HNC. Several plant-derived Jak inhibitors are also being 
evaluated as potential therapies. Multiple agents directed at the STAT3 SH2 domain 
have been developed to interfere with receptor association and dimerization, 
 including plant-based molecules, small molecule inhibitors, peptide mimics, and 
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dominant- negative STAT isoforms. Platinum-based compounds, designer mole-
cules, oligonucleotide decoys, and G-quartets have been developed to target STAT3 
DNA-binding activity. Lastly, antisense RNA and siRNA have both been investi-
gated to decrease STAT3 expression.

Of the current investigatory molecules, thus far EGFR small molecule inhibitors, 
anti-IL-6 antibodies, curcumin inhibition of Jak, small molecule inhibitors of the 
STAT3 SH2 domain, and STAT3 antisense therapies have progressed to clinical tri-
als, though not all in HNC patients. However, these trials provide the groundwork 
for potential investigation for HNC treatment, as well. Limitations to clinical appli-
cation of these therapies include lack of target selectivity and efficacy. Additionally, 
as tumor heterogeneity is common in HNC, more than one oncogenic pathway may 
be implicated in each patient. As personalized medicine advances, improved patient 
selection may assist with identifying potential roles for each of these therapeutics, 
alone or in combination with conventional chemoradiation. Overall, clinical appli-
cation of Jak/STAT pathway inhibitors will benefit from continued detection and 
elucidation of Jak/STAT pathway dysregulation in HNC tumors, leading to more 
effective targeted approaches.
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Chapter 7
Molecular Regulation of Cell Cycle 
and Cell Cycle-Targeted Therapies 
in Head and Neck Squamous Cell 
Carcinoma (HNSCC)

Elena V. Demidova, Waleed Iqbal, and Sanjeevani Arora

Abstract Head and neck squamous cell carcinomas (HNSCCs) are clinically 
 challenging. The molecular mechanisms and genetic changes that drive HNSCCs 
have been studied with the aim of developing better therapeutic strategies involving 
novel molecular targets. Genomic studies have identified mutations in genes that 
mediate cell cycle, and key differences in cell cycle regulation differentiate both 
human papillomavirus (HPV)-associated and HPV-negative HNSCC cases from 
normal tissue. Some of these differences may nominate specific therapeutic targets 
and impact treatment response in HNSCC. For example, one of the most frequent 
cell cycle alterations in HPV (−) HNSCC is the disruption of the p53 (TP53) path-
way (over 80% of tumors, based on data in TCGA and other studies), which is 
involved in cell cycle control, DNA damage signaling, and overall maintenance of 
genome stability. Other frequent alterations disrupt the cell cycle regulator CDKN2A 
(28% alteration frequency), which encodes p16, an inhibitor of cell cycle kinases 
CDK4 and CDK6, and alters expression of CCND1, resulting in inactivation of the 
tumor suppressor Rb. Other mutations found less commonly in patients target ele-
ments of the cell cycle checkpoint and DNA damage response machinery. Such 
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observations and a growing recognition of the importance of cell cycle regulatory 
defects in HNSCC response to typically DNA-damaging chemotherapies and radia-
tion therapy have rationalized the development of novel cell cycle-targeted thera-
pies for HNSCCs. We here provide a general overview of the process of cell cycle 
control, cell cycle checkpoints, and how these are dysregulated in HNSCC and 
other cancers and discuss current cell cycle-targeted therapies in development and 
in clinical trials for HNSCC. The ultimate goal of these efforts is to develop new, 
potent therapeutic agents and to identify patient subpopulations that will be more 
responsive to cell cycle-targeted therapies.

Keywords Cell cycle inhibitors · Cancer treatment · Head and neck squamous 
cell carcinomas · Cyclin-dependent kinases · Cyclins · WEE1 · CHK1 · ATR · p16 
· p53 · Aurora kinase · Plk1 · Human papillomavirus (HPV)-associated · HPV- 
negative (−)

7.1  Introduction

Head and neck squamous cell carcinoma (HNSCC) treatment options have long 
employed classical chemotherapies, including DNA-damaging agents such as plati-
num compounds, that are associated with high toxicity and incomplete efficacy in 
advanced tumors. These limitations have motivated studies of the genetic and pro-
tein expression profiles of HNSCCs to help identify novel targets and design treat-
ment strategies for better prognosis and overall survival [1, 2]. Genetic analyses 
have identified prominent distinctions between subclasses of HNSCC tumors. The 
most prominent subclasses are human papillomavirus (HPV)-positive or HPV- 
associated tumors (caused by infection with high-risk HPV strains) and HPV- 
negative (HPV(−)) tumors [3, 4]. HPV encodes two oncoproteins, E6 and E7, that 
inactivate cell cycle regulators, p53 and retinoblastoma protein (RB), respectively. 
This causes deregulation of the cell cycle and the onset of HPV-mediated tumori-
genesis [1, 2, 5–7]. In contrast, molecular analysis of HNSCCs has shown that cell 
cycle regulators, such as CDKN2A, TP53, CCND1, and CDK2AP1, are frequently 
mutated and can be early events in head and neck carcinogenesis, particularly in 
HPV(−) tumors [8–10].

The normal cell cycle is divided into active phases of DNA synthesis (S phase) 
and cell partitioning in mitosis (M phase), separated by gap periods G1 and G2, 
during which the cells prepare for the successful completion of S and M phase, 
respectively. Progression through the cell cycle is coordinated by regulatory cyclins 
expressed in distinct cell cycle phases: specific cyclins, complexed with cyclin- 
dependent kinases (CDKs), phosphorylate a large number of substrates on Ser/Thr 
residues to control expression and activity of proteins required for each phase [11]. 
Cell cycle checkpoints guarantee faithful completion of this progression [12]. Of 
particular relevance to cancer therapy, cell cycle proteins maintain critical 
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 connections with pathways that assist with DNA repair, DNA damage response 
(DDR), and maintenance of genomic stability (discussed at length in Sect. 7.2) [13].

Deregulation of the cell cycle and its components is a hallmark of tumor 
 formation and progression. Thus, the cell cycle is a rational target for actively divid-
ing cancer cells. Standard chemotherapies for HNSCCs include DNA-damaging 
agents such as the platinum compounds (cisplatin and carboplatin) [14–16] and 
mitotic inhibitors such as taxanes (paclitaxel and docetaxel) [17–20]. In addition, 
the use of radiation therapy typically causes DNA damage and triggers cell cycle 
checkpoints [21, 22]. Drugs that target key molecular components of the cell cycle 
may offer increased tumor specificity (reviewed in [23]). Several agents targeting 
the cell cycle have recently completed clinical trials in advanced and/or metastatic 
breast cancer. The leading dual CDK4/6 inhibitors in clinical use or development 
are palbociclib (PD-0332991, Pfizer) [24, 25] and ribociclib (LEE011; Novartis) 
[26, 27], both FDA-approved for estrogen-receptor positive, human epidermal 
growth factor receptor 2-negative (ER+/HER2−) metastatic breast cancer; and abe-
maciclib (LY2835219, Lilly) [28, 29]. The results of clinical trials in advanced 
breast cancer (ER+/HER-) with cell cycle inhibitors have been practice-changing: 
the combination of palbociclib with letrozole led to an average median progression-
free survival (PFS) of 22 months (NCT00721409, NCT01740427) [30–32] and with 
fulvestrant of 9.2 months (NCT01942135) [33–36]. For ribociclib in combination 
with letrozole, the median duration of follow-up was 15.3 months. After 18 months, 
the PFS rate was 63.0% in patients with measurable disease at baseline versus 
42.2% in the fulvestrant plus placebo group, and the overall response rates were 
52.7% and 37.1%, respectively (NCT01958021) [37]. Based on these exciting 
results, clinical trials in other cancer types such as HNSCC have been initiated. 
These are discussed further in Sect. 7.4 of this chapter.

In addition to CDK inhibitors such as palbociclib [24, 25], therapeutic inhibitors 
of other kinases are also in clinical development for targets which regulate mitotic 
entry and progression. These targets include polo-like kinase-1 (PLK1) and Aurora 
kinases [38–45]; negative cell cycle regulators, such as the dual-specificity kinases 
WEE1 and MYT1 [46–52]; and proteins associated with DNA damage checkpoint 
pathways, ataxia telangiectasia-mutated (ATM) and Rad3-related (ATR)/check-
point Kinase 1 (CHK1) (ATR/CHK1) [53–59]. In Sect. 7.2, we discuss the basic 
biology of the key cell cycle and related proteins. The biology of these proteins 
rationalizes the use of agents that target cell cycle-related proteins in HNSCC ther-
apy. In Sect. 7.3, we discuss frequent alterations in cell cycle and related genes in 
HNSCCs. This section also discusses the different mechanisms of cell cycle deregu-
lation that are observed in HPV-associated and HPV (−) HNSCCs and the impact of 
cell cycle alterations (with a focus on TP53) in response to conventional therapy 
(platinum and radiation). Finally, in Sect. 7.4, we discuss the development and eval-
uation of cell cycle inhibitors that are promising for the treatment of HNSCC. 
Table 7.1 is a comprehensive list of current clinical trials with various cell cycle- 
targeted agents for HNSCC.
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7.2  Cell Cycle Controls: Key Regulators and Checkpoints

Movement through the cell cycle is strongly regulated by specialized groups of 
proteins, with cyclins and CDKs as the main drivers. In normal cell cycle progres-
sion, CDKs are allosterically activated after binding to cyclins, which form active 
heterodimers. The cyclins are positive regulators of cell cycle progression, and their 
temporal expression, localization, and degradation are tightly regulated ([60] and 
reviewed in [61]). There are more than 15 families of cyclins in humans (including 
A, B, C, D, E, F, H, K, L, T, and Y), with functions ranging from cell cycle regula-
tion to control of DNA synthesis and repair, transcription, proteolysis, RNA splic-
ing, and neuronal differentiation. Progression through each cell cycle phase is 
dominated by specific cyclins, such as cyclin D in G1 phase, cyclins E and A in S 
phase, and cyclins A and B in G2/M phase [62, 63].

Of particular importance to HNSCC, elimination of cell cycle arrest mediated by 
the tumor suppressors p53 and Rb is commonly associated with the disease [8–10]. 
The genomic profile of HNSCC is discussed in detail in Chap. 11 of this book. A 
number of studies have observed genetic alterations directly targeting TP53 (~46–
73%) and RB1 (~5%), as well as changes targeting genes encoding proteins that 
interact with RB1 or p53 (e.g., CCND1, CDKN2A), in ways that are predicted to 
reduce or eliminate tumor suppressor function [8–10, 64–70]. In HPV-associated 
HNSCCs, HPV oncoprotein-induced degradation of the p53 and Rb proteins (dis-
cussed in Sect. 7.3.1 of this chapter) performs a similar disruptive role [8–10]. 
Cdc25, a protein phosphatase that dephosphorylates within the activation loop of 
the kinase domain, helps activate the CDK2/Cyclin E (during G1 and S) and CDK1/
Cyclin B (during G2 and M) complexes ([71, 72] and reviewed in [73]). Negative 
cell cycle regulators include Wee1 and Myt1; these employ inhibitory phosphoryla-
tion to restrict the activity of M-phase cyclin-CDK complexes [46–52] and CDK 
inhibitors (CKIs) such as the INK4 proteins, which include p16, that restrict the 
activity of CDK4/6 [74, 75]. Figure 7.1 and the following discussion provide a brief 
overview of key factors regulating progression and arrest, specifically relevant to 
HNSCC biology and therapies; for extended discussion of cell cycle, see reviews [2, 
21, 22, 46, 61, 76–83].

7.2.1  G1 Phase

The early events in the G1 phase of the cell cycle are controlled by interphase CDKs 
(CDK4 and 6) that assemble with mitogen-regulated D-type cyclins (CCND1, 
CCND2, or CCND3), forming a CDK4/6-cyclin D complex. D-type cyclin produc-
tion is stimulated by mitogenic signals, and the withdrawal of these signals can 
arrest cells in G1/G0 phase. The synthesis, assembly, stability, and nuclear export of 
D-type cyclins are tightly regulated by signals from multiple integral signal trans-
duction pathways such as the RAS/RAF/ERK and phosphoinositide 3-kinase 
(PI3K)/AKT pathways [60, 74] (reviewed in [81–83]).
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CDK4 and CDK6 and their interacting D-class cyclins (particularly CCND1) 
have emerged as key proteins that integrate the main signaling events related to cell 
cycle progression and are particularly relevant to HNSCC. In G1, active CDK4/6- 
cyclin D complexes phosphorylate and partially inactivate members of the retino-
blastoma (Rb) family, including Rb, RbL1 (p107), and RbL2 (p130) ([84, 85] and 
reviewed in [86–88]). Active Rb family members directly bind transcription activa-
tion domains of the E2F family of proteins (Rb-E2F complex) and restrict cell cycle 
progression by preventing the transcription of cell cycle genes that contain E2F sites 
[89, 90]. Rb-deficient cells do not require cyclin D-dependent kinase activity during 
the cell cycle [91], a point critical for understanding the key events in both HPV(−) 
and HPV-associated HNSCC.

Later in G1, CDK4/6-cyclin D complexes drive the hyperphosphorylation of RB, 
releasing Rb from the Rb–E2F complex and promoting transcription of S-phase- 
promoting genes such as the E-type cyclins (CCNE1 and CCNE2) [89–91]. Binding 
of E2F to the Rb pocket and C-terminal domains is regulated by multiple phos-
phorylation sites [92]. Hyperphosphorylation of Rb leads to conformational changes 
that inhibit binding with E2F domains. For G1- to S-phase progression, both com-
plexes, CDK2/cyclin E and CDK4/cyclin D, are required for completely hyperphos-
phorylating Rb. CDK4/cyclin D acts earlier than CDK2/cyclin E, and partial 
phosphorylation of Rb by the CDK4 complex is essential for CDK2/cyclin E phos-
phorylation. The CDK4 complex preferentially phosphorylates Rb at sites S807/
S811, which facilitates further phosphorylation (priming phosphorylation) by the 
CDK2 complex. The CDK2/Cyclin E complex phosphorylates sites S608/S612 in 
Rb, which facilitates the recruitment of the prolyl-isomerase, Pin1. Pin1 then medi-
ates the phosphorylation of Ser/Thr-Pro motifs in Rb, which enhances hyperphos-
phorylation of Rb. Additionally, the phosphorylation of other sites (such as T373, 
S788/S795, and T821/T826) by CDKs 4 and 2 also contributes to dissociation of Rb 
from E2F [92]. Shortly before the G1/S transition, the CDK2-cyclin E complex also 
phosphorylates and inactivates E3 ubiquitin ligase anaphase-promoting complex/
cyclosome-Cdh1 (APCCDH1) [93], completely committing cells to S-phase entry and 
the initiation of DNA synthesis [94, 95].

7.2.2  S Phase

Once cells have entered S phase, the CDK2-cyclin E complex is inactivated by the 
degradation of cyclin E by the Skp, cullin, F-box-containing (SCF) ubiquitinating 
complex [96]. Continuing Rb inactivation permits the transcription of A-type 
(CCNA1, CCNA2) and subsequently B-type (CCNB1, CCNB2, and CCNB3) 
cyclins, with an expression of these cyclins continuing to rise in late S phase and in 
early G2 phase. Cellular function during S phase is dominated by DNA replication. 
At the end of S phase, the CDK2-cyclin A complex phosphorylates and inactivates 
E2F, causing a transition to the G2 phase [97, 98].
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7.2.3  G2 and M Phase

During the S/G2 transition, A-type cyclins are degraded, while B-type cyclin levels 
continue to increase. Activation of the CDK1-cyclin B complex largely governs the 
entry into mitosis. Active CDK1 is restricted in G2 by inhibitory phosphorylation 
mediated by the Wee1 and Myt1 kinases, which are reversed by the Cdc25 phospha-
tases [99]. Cdc25 dual-specificity phosphatases activate CDK complexes [71, 72] 
(reviewed in [100]). There are three known mammalian isoforms of cdc25: Cdc25 
A, B, and C.  These Cdc25 phosphatases dephosphorylate conserved Thr14 and 
Tyr15 inhibitory sites in the ATP-binding loop of Cdk1 [48, 100–102]. Further, Cdk-
activating kinase (CAK) phosphorylates the cyclin-Cdk complex at Thr161. The 
CAK complex is comprised of Cdk7, cyclin B, and MAT1 [103–105]. Binding of 
CKIs (such as p16, p27, or p21/WAF1) regulates CAKs indirectly, by binding CDKs 
and causing conformation changes that prevent their interaction with CAKs [106].

Active Cdk1-cyclin B complexes drive phosphorylation events that inactivate 
Wee1 and Myt1, in a feed-forward loop that also involves the mitotic kinases polo- 
like kinase 1 (PLK1) and Aurora A (AURKA). Aurora A (AURKA) expression 
peaks in the late G2 phase of the cell cycle [107], and in this phase it is primarily 
involved in centrosome maturation and physically associates with PLK1. PLK1 is 
exclusively present in centrosomes and kinetochores in the G2 phase, where it regu-
lates centrosome maturation, bipolar spindle formation, chromosome arm resolu-
tion, chromosome alignment and segregation, and cytokinesis [108]. AURKA, 
PLK1, Cdc25B, and Cdc25C are heavily recruited to centrosomes in late G2, lead-
ing to centrosome maturation and recruitment of the Cdk1-cyclin B complex. 
Following its activation at the G2/M boundary, AURKA activates PLK1 by phos-
phorylation of a highly conserved residue (threonine 210) in the T-loop of the PLK1 
kinase domain [41]. In parallel, PLK1 and AURKA also promote phosphorylation 
of Cdc25 and B-type cyclin, thereby further promoting the formation of B-type 
cyclin-CDK1 complexes [109]. Cdk1-cyclin B- and PLK1-dependent phosphoryla-
tion of Wee1 [110] promotes its degradation and of Myt1 [111] decreases its kinase 
activity; once Wee1 and Myt1 activities are lost, the cell enters M phase.

The activity of AURKA and PLK1 at the centrosome and radiating microtubule 
asters promotes formation and function of the bipolar spindle; another Aurora 
kinase, AURKB, is active at the centromere/kinetochore and supports appropriate 
DNA alignment in metaphase. After alignment of chromosomes has been achieved, 

Fig. 7.1 (continued) PLK1 and Aurora kinases. Aurora A activates PLK1 and they together play 
an important role in checkpoint reversal and mitotic entry. Also, spindle assembly checkpoint in 
M phase with multiple components is not shown. The bottom part of each cell cycle phase lists 
traditional chemotherapy agents and current agents in clinical trials targeting specific proteins in 
the corresponding cell cycle phase for treating HNSCCs. In the figure, solid arrows show activa-
tion; dotted arrows, downstream impact of events such as replicative senescence, mitogenic sig-
nals, transcription of S-phase proteins, DNA damage, and no repair in mitosis; arrows with blunt 
ends, inhibition. P, phosphorylation; PP, hyper phosphorylation; pRB, phosphorylated form of 
Retinoblastoma protein

E. V. Demidova et al.



195

Cell cycle regulating pathways and key therapeutic targets  

pRB
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P
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PP
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P
P

P

P
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no repair
in mitosis

replicative
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mitogenic
signals

Transcription
of S-phase proteins Replication stress

Spindle
assembly
checkpoint

(CDH1, CDC20)

CDK4/6: Palbociclib,
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CHK1: SRA737, Prexasertib, GDC-0575,
LY2606368, MK-8776

ATR: AZD6738, VX-970
WEE1: MK-1775/AZD1775

Traditional drugs: platinum agents

PLK1: Volasertib
Aurora A: AURKA-Alisertib
Traditional drugs: Taxol,

Vinca alkaloids

DNA damage

Cyclin D Cyclin E Cyclin A/B PNF8
53BP1

p16
p27

p21

p53

pRB

E2F

E2F

CDK4/6 CDK2 CDK1

MYT1
WEE1

CDC25RRM2B

ATR/CHK1

PLK1

Aurora A

ATM/CHK2

G1 S G2 MG0

Fig. 7.1 Cell cycle regulatory pathways and key therapeutic targets. The figure presents the 
main cell cycle regulatory pathways and the current targeted therapy drugs for some of the main 
cell cycle players. The scheme is divided into four parts according to four cell cycle phases – G1, 
S, G2, and M. The main regulatory proteins in each phase are cyclins (pink) and cyclin-depen-
dent kinases (CDKs, purple) complexes. G1 phase: mitogenic signals stimulate cyclin D/CDK4/6 
complex for S-phase progression that is achieved by phosphorylation of RB family of proteins. 
Such phosphorylation prevents pRB growth inhibitory properties and activates the E2F family of 
transcription factors to transcribe S phase-relevant genes. DNA damage signals in the G1 phase 
majorly activate the ATM/CHK2/P53 pathway, and if repaired, the cell can transition to the S 
phase. S phase: replication stress in the S phase activates checkpoint kinases of the ATR/CHK1 
complex leading to Wee1/Myt1 complex activation  – which prevents replication origin firing 
(CDK1 activity inhibition), inhibitory phosphorylation of CDC25 (which helps to activate CDK 
complexes) or CDK activator kinases (not shown), and other factors such as RRM2B (to increase 
deoxynucleotide pools). G2/M phases: The main complex in this phase is cyclin 1 with CDK A 
and/or B. CDK1 levels are regulated in G2 by inhibitory phosphorylation of Wee1 and Myt1 
kinases. Also, the above cyclin-CDK complex is driven by regulatory mitotic kinases such as 
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an E3 ubiquitin ligase – the anaphase-promoting complex/cyclosome (APC/C) – is 
activated by the Cdk1-cyclin B complex. CDC20 and CDH1 are important cofac-
tors of APC/C.  To allow chromosome segregation, APC/CCdc20 ubiquitylates 
securin, which is a co-chaperone and inhibitor of separase. Cohesin proteins hold 
the sister chromatids together until metaphase-anaphase transition. These sister 
chromatids are released when the separase protein cleaves the cohesin subunit of 
the SCC1 cohesin protein (further reviewed in [112, 113]). APC/CCdc20 also causes 
the degradation of cyclin B and thereby inhibits the activity of Cdk1. APC/CCdh1 is 
active between late mitosis through G1 and targets A- and B-type cyclin for degra-
dation. Other APC/CCdh1 substrates are Aurora A and B, Cdc20, PLK1, securin, and 
SKP2 [114–116]. At the end of M phase, the daughter cells may return to G1 or 
become quiescent (G0 phase).

7.2.4  Cell Cycle Brakes and Checkpoints: Controlling 
for Errors

The above summary describes the machinery driving the cell cycle forward. Cell 
cycle regulation also depends critically on two classes of negative regulators, which 
involve an overlapping group of regulatory proteins. One group is responsible for 
pacing movement through the cell cycle, not allowing a phase to commence before 
the prior phase is entirely complete. The second group specifically addresses recog-
nition of defects in cell cycle stages – for example, errors in DNA or misaligned 
chromosomes  – and causes cell cycle arrest and activation of appropriate repair 
machinery, to allow correction of these defects. As these negative regulatory pro-
teins also are relevant to HNSCC biology and therapy, we summarize these briefly 
here (Fig. 7.1).

The CKIs constitute two distinct families, the INK4 (INhibitors of CDK4) fam-
ily, with four members (p16INK4a, p15INK4b, p18INK4c, p19INK4d) that exclusively and 
directly bind to and inhibit D-type cyclin-dependent kinases (CDK4 and CDK6), 
and the CIP/KIP family, with three members (p21CIP1/WAF1, p27KIP1, p57KIP2) that 
inhibit the activity of all CDKs [75]. The p16 INK4a/ARF locus has been impli-
cated as an important target in cancers based on genetic alterations in human can-
cers and murine models [117–119]. However, the other INK4 or CIP/ KIP loci do 
not appear to be involved in carcinogenesis [117, 120, 121]. p21CIP1/WAF1 (encoded 
by the p53 responsive gene, CDKN1A) is a universal cell cycle inhibitor that is 
directly controlled by p53 [122–124].

In G1 phase, DNA damage activates ataxia telangiectasia-mutated (ATM)/check-
point kinase 2 (CHK2) and ATM- and Rad3-related (ATR)/checkpoint kinase 1 
(CHK1) to a lesser degree. Activation of this signaling cascade leads to p53-p21- 
mediated G1/S-checkpoint signaling and results in G1-arrest [22, 125]. During G1 
phase, DNA damage such as DNA double-strand breaks (DSBs, the most lethal 
form of DNA damage) is primarily repaired by the proteins involved in nonhomolo-
gous end-joining (NHEJ) pathways [54]. Not surprisingly, the Rb proteins, p16INK4a 
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and p53, are potent tumor suppressors that are frequently altered in cancers; 
 mutation or viral-protein-mediated degradation with loss of RB and p53 is the 
most common molecular alterations in HPV(−) and HPV-associated HNSCCs, 
respectively.

In S phase, DNA is proofread and DNA damage is repaired/resolved by proteins 
involved in intra-S-phase checkpoint signaling. The S-phase checkpoint regulates 
progression through S phase and is mediated by the activity of sensory kinases 
(ATM/ATR) and checkpoint-signaling kinases (CHK2/CHK1) [54]. These kinases 
engage effector proteins from various DNA repair pathways to repair DNA damage 
and also activate CKIs such as p21 and/or inhibit the phosphatase cdc25. Inhibition 
of cdc25 prevents the activation of B-type cyclin-Cdk1, thus preventing S/G2 transi-
tion [81, 99, 102]. Exclusively in S phase, homologous recombination (HR) path-
ways can mediate error-free repair utilizing the sister chromatid as a template for 
repair. Interestingly, recent evidence also suggests that CDK activity plays specific 
roles in HR repair; Cdk1 and 2 can phosphorylate BRCA2 thereby modulating its 
interaction with the HR protein, RAD51 [126, 127], promoting end-resection and 
stimulating HR. BRCA-mutated tumors are highly sensitive to poly (ADP-ribose) 
polymerase inhibitors (PARPi) and Cdk1 inhibition may compromise HR.  The 
combination of PARPi and Cdk1 inhibitors sensitized BRCA-proficient human 
tumor xenografts in a mouse model of lung adenocarcinoma, and this combination 
has been proposed as a therapeutic strategy [77, 128].

Genomic instability is a hallmark of cancer, and, not surprisingly, cancer cells 
often have dysregulation of the cell cycle as well as dysregulation of DNA damage 
response (DDR) signaling, increased replication stress, and loss of certain DDR 
pathways; these abnormalities all lead to increased levels of endogenous DNA dam-
age. Unrepaired DNA damage can trigger checkpoint activity (p53, ATM/ATR, 
CHK1/2, gamma (γ)-H2AX), Cdk2 activity, and replication stress [54, 57, 76, 111, 
129–131]. Replication stress can result in fork slowing and fork stalling, with 
extended regions of RPA (replication protein A)-coated single-stranded DNA. Such 
single-stranded DNA leads to the activation of signaling cascades mainly involving 
the ATR kinase, ATRIP (ATR-Interacting protein), CHK1, and DNA-PK signaling 
[132]. ATR- and CHK1-kinase led signaling events prevent replication-fork col-
lapse and new-origin firing. Of note, PARP binding to CHK1 at stalled replication 
forks is needed for checkpoint activation [133]. ATR signaling also increases levels 
of ribonucleotide reductase M2 (RRM2, which generates deoxyribonucleotides 
from ribonucleotides) and the activity of fork-remodeling enzymes such as 
SMARCAL1 (to prevent generation of DSBs) [83]. Thus, dysregulation or inhibi-
tion of the ATR-CHK1 pathway leads to increased replication stress and DSBs. 
Increased replication stress can also select for the inactivation of certain DDR path-
ways, mainly loss of p53 and mutations in the DDR kinases. Replication stress may 
also enhance intra-tumor heterogeneity with the emergence of DDR-defective 
clones within the tumor [76, 111]. Thus, targeting ongoing vulnerabilities in the S 
phase of the cell cycle has been a long-standing basis of tumor therapy. Understanding 
the intimate relationship between cell cycle regulators and DDRs has identified new 
therapeutic targets for HNSCC (Fig. 7.1).
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The DNA damage checkpoint in G2 is largely mediated by the ATR/CHK1 
 signaling cascade. Activation of this pathway can drive inactivation of Cdc25, Cdk1 
inhibition (via inhibitory phosphorylation mediated by Wee1 and Myt1), and G2 
arrest, preventing entry into mitosis. Activation of the G2/M checkpoint prevents 
forced entry of damaged cells into mitosis, avoiding senescence or mitotic catastro-
phe. Mitotic catastrophe results in cell death either in M phase or in the subsequent 
G1 phase of the cell cycle (reviewed in [23, 134]). The hallmarks of mitotic catas-
trophe include large nonviable cells with several micronuclei (nuclear envelopes 
around individual clusters of unsegregated chromosomes), regions of uncondensed 
chromatin, abnormal duplication of centrosomes, multipolar mitoses, abnormal seg-
regation of chromosomes, depletion of centrosomal proteins that perturbs microtu-
bule organization, and inhibition of some proteins that contribute to G2 checkpoints 
(including ATM, ATR, CHK1 and 2, PLK1, PIN1, MLH1, p53, and p53-inducible 
checkpoint regulators) [135–137]. After repair, PLK1 and Aurora A can mediate 
reversal of checkpoint arrest and drive mitotic entry [138–142].

In mitosis, several factors prevent DNA repair to avoid promotion of genomic 
instability [143]. DNA breaks during mitosis are marked, but not repaired. During 
mitosis, double-stranded DNA ends are recognized by the Mre11/Rad50/Nbs1 
(MRN) complex, which is recruited to sites of DNA damage. ATM kinase is acti-
vated, which leads to the phosphorylation of H2AX to γH2AX, and recruitment of 
MDC1 (mediator of DNA damage checkpoint) to the damaged sites, which in turn 
recruits DNA repair proteins. However, there is no activation of downstream DDR 
signals such as recruitment of 53BP1 (TP53-binding protein), ubiquitination of 
histones, or recruitment of DDR components that require ubiquitinated histones as 
a recruitment signal (BRCA1, RAP80, and others) [143]. Inhibitory Cdk1/cyclin 
B- and PLK1-dependent phosphorylation of the E3 ubiquitin ligase protein RNF8 
(at T198) and 53BP1 (at sites T1609 and S1618) prevents the recruitment of these 
DSB repair proteins during mitosis [144]. Further, Plk1- and Cdk1-dependent 
phosphorylation of the DNA repair protein, XRCC4 (X-ray repair cross comple-
menting 4 protein, at serine 326 in the C-terminus), prevents NHEJ repair during 
mitosis. As XRCC4 also stimulates the activity of other repair proteins such as 
DNA ligase IV and polynucleotide kinase/phosphatase (PNKP) for correct ligation 
of DNA breaks, their action is also inhibited during mitosis [145]. This tight con-
trol of mitotic DSB repair prevents the production of dicentric chromosomes and 
aneuploidy [146, 147].

Another important checkpoint ensures the precise segregation of the chromo-
somes during mitosis, regulated by the spindle assembly checkpoint (SAC)23. The 
SAC delays the metaphase-anaphase transition until all chromosomes are properly 
aligned on the mitotic spindle. However, if the SAC fails or is  inactivated [148], 
cells still continue with segregation of chromatids and mitotic exit, termed as 
adaptation or mitotic slippage. This can lead to aneuploidy and genetic instability. 
The segregation of chromosomes is delayed by proteins in the mitotic checkpoint 
complex (MCC), which include MPS1, BUB1, BUBR1, and others until all chro-
mosomes are aligned [40, 149]. Specifically, Aurora family kinases play an impor-
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tant role in the regulation of the SAC.  Aurora B is an  important and active 
participant of the catalytic subunit of the chromosome passenger complex (CPC) 
in SAC, as it phosphorylates unattached kinetochores and ATM (phosphorylation 
site – S1403) and recruits SAC kinase MPS1. ATM phosphorylation by Aurora B 
in response to DNA damage also leads to the phosphorylation of other SAC com-
ponents, such as BUB1 (S314) and MAD1 (S214) and activation of mitotic check-
point arrest. Also, CHK1 assists Aurora B phosphorylation activity in kinetochores 
[150, 151].

7.3  Changes in Cell Cycle Regulators Associated 
with HNSCC Pathogenesis

Changes affecting regulators of cell cycle progression observed in HNSCC include 
overexpression of cyclins, loss of tumor suppressor genes, and mutations in check-
point proteins. The disease biology has been studied in relation to HPV status and 
tobacco and/or alcohol exposure. HPV-associated HNSCCs are more treatment 
responsive than HPV(−) HNSCCs [4, 152, 153]. We here discuss the biology, 
molecular, and genetic changes associated with deregulation of the cell cycle found 
in HPV-associated versus HPV(−) HNSCC (Fig. 7.2).

7.3.1  Biology, Chromosomal, and Genomic Changes

Somatic mutations, chromosomal arrangements, and structural alterations in cell 
cycle regulators are commonly detected in HNSCCs (Fig. 7.2, Tables 7.2 (muta-
tions) and 7.3 (structural alterations or copy number alterations or CNA)) [65, 68, 
70, 154–159]. Structural perturbations are observed regardless of HNSCC HPV 
status. Several differences in these alterations are in cell cycle regulatory genes 
between HPV (−) and HPV-associated tumors (Fig. 7.2). It is also interesting to 
note that the cell cycle genes that are frequently altered in HNSCC connect func-
tionally (Fig. 7.3). As early as 2002, molecular differences in HPV-associated and 
HPV(−) HNSCCs were appreciated [160]. Below we review the HPV-related spe-
cific alterations related to the two genetic subclasses of HNSCC.

7.3.1.1  Cell Cycle Alterations in HPV-Associated HNSCC (Fig. 7.2a)

As discussed above, prior studies have identified alterations in several cell cycle 
genes, which were confirmed by The Cancer Genome Atlas (TCGA) study and 
work from other groups [4, 64, 65, 153, 161–163]. Further studies with additional 
HPV-associated HNSCC tumors are needed to extend our understanding of the 
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biology of this disease. The TCGA database uses a classification of HNSCC based 
on expression profiles, as proposed by Chung et al., which are the [1] classical, [2] 
basal, [3] mesenchymal, and [4] atypical groups, with HPV-associated HNSCC 
included in the atypical group and characterized by upregulation of the cycle and 
DNA replication genes [64]. Leemans et al. have proposed a classification of tumors 
as [1] HPV-associated tumors, [2] HPV(−) tumors with high chromosome instabil-
ity (high CIN), or [3] HPV(−) tumors with low CIN [164].

Fig. 7.2 Alteration frequency of cell cycle and related genes in HPV-associated (a) and HPV- 
negative (b) HNSCCs. The data was downloaded from The Cancer Genome Atlas (TCGA) data-
base (06/16/2017). The studies determined HPV− status by p16 testing. Mut, mutation; del, 
deletion; amp, amplification; amp*, amplification of the same gene but in another cytoband
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HPV-associated tumors usually have wild-type TP53 and CDKN2A genes. The 
cancer-promoting action of HPV can be attributed to the HPV viral proteins, E6 and 
E7, which act synergistically to induce carcinogenesis by targeting and degrading 
the cell cycle regulators p53 and Rb, respectively. E6 and E7 are transcribed together 
as part of a viral polycistronic E6/E7 full-length mRNA. Two alternatively spliced 
transcripts, E6*I and E6*II, can also be produced and have been found in high-risk 
strains (high-risk and low-risk HPV strains have been extensively reviewed in Chap. 
20 of this book). The E6 protein interacts with E3 ubiquitin-ligase E6-associated 
protein (E6AP), forming a complex that polyubiquitinates p53 and causes its subse-
quent proteasomal degradation. Only the E6 protein from high-risk HPV strains has 
been found to degrade p53. Although the mechanism is not understood, it has been 
speculated that it might be due to differences in E6 localization or expression levels, 
among high- vs. low-risk strains [165]. The HPV E7 protein can associate with 
phospho Rb (pRb) and related pocket proteins p107 and p130, and through another 
interaction with cullin 2 ubiquitin ligase complex, the protein causes proteasomal 

Table 7.2 Mining of TCGA database for mutations in HPV-positive and HPV-negative HNSCCs

HPV-positive
Gene # Mut # % Freq
TP53 5 5 13.89
RB1 4 4 11.11
BRCA1 3 2 5.56
CDKN2A 2 2 5.56
ATM 1 1 2.78
ATR 1 1 2.78
AURKC 1 1 2.78
CCNE1 1 1 2.78
HPV-negative
Gene # Mut # % Freq
TP53 76 62 86.11
CDKN2A 20 20 27.78
CHEK2 5 5 6.94
ATM 5 4 5.56
AURKC 4 4 5.56
ATR 3 3 4.17
MDC1 3 3 4.17
CDKN 2 2 2.78
PARP1 1 1 1.39
CCND1 1 1 1.39
PRB1 1 1 1.39

HPV status was determined by p16 testing. Total number of patients in the TCGA provisional 
cohort, 528 (512 samples are profiled); HPV-positive, 41 (36 samples are profiled); HPV-negative, 
73 (72 samples are profiled); N/A, 414. Data was downloaded on 06/16/2017. The table shows 
frequently mutated cell cycle genes in HNSCC. # Mut, number of mutations in the tested gene; #, 
number of samples carrying a mutation in the tested gene; Freq, frequency of alteration
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degradation of pRb. The E7 protein from high-risk types has a higher affinity for 
pRb (compared to E6), making it better able to degrade pRb. E7 promotes E2F tran-
scription by binding directly to E2F1 and enhancing its transcriptional activity, and 
additionally, E7 can bind and inhibit E2F6, a negative feedback repressor of E2F1 
activation [166]. The E6 and E7 viral proteins have also been shown to interact with 
histone-modifying enzymes such as histone acetylases and deacetylases and modu-
late their transcriptional coactivator activity. For example, E6 protein inhibits the 
histone acetyltransferase p300/CBP-mediated acetylation of p53 and thus inhibits 
p53-dependent gene activation [167]. E6 and E7 from high-risk types cooperate to 
uncouple centrosome duplication from the cell cycle, inducing genetic instability. 
As a result, cell division carries the risk of chromosomal missegregation, and 
increases in copy number alterations can be observed [168]. In additional activities, 
E7 also impacts cell division through the inhibition of p21 and p27, which leads to 
the activation of Cdk2 [169]. E6 also activates telomerase reverse transcriptase 
(TERT) through its interactions with SP1, MYC, nuclear transcription factor, X 
box-binding protein-123, and UBE3A (ubiquitin-protein ligase 3A), thereby pro-
moting immortalization of the HPV-infected cells. Another HPV protein, E5, exhib-
its weak oncogenic properties as an independent gene, but it enhances the interactions 
of E6 and E7 and their downregulation of p21 and p27. Emerging evidence suggests 
that the E5, E6, and E7 proteins also help HPV-infected cells escape immune cells, 
based on mechanisms reviewed in [169].

CDKN2B

ATM

CHK2

CDKN2A

CDK6

RB1

MDM2

TP53

CCND1

BRCA2

CCND2

Fig. 7.3 An interactive network of cell cycle-related genes that are frequently mutated in HNSCCs. 
The network represents interactions within a group of related cell cycle genes (yellow boxes), 
which are frequently altered in HNSCCs (Fig. 7.2). Purple lines represent direct interaction; gray 
lines, physical association; blue lines, indirect association; and black lines, colocalization. Data 
was downloaded from the BioGRID database (06/18/2017) and analyzed by Cytoscape v. 3.5.1.
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HPV-DNA may be integrated into the DNA of the infected cells, may be present 
in the non-integrated form, or both. HPV integration sites are distributed throughout 
the genome, apparently at random. HPV integration usually occurs in the presence 
of unrepaired double-stranded DNA breaks (thought to be the main factor of inte-
gration in cervical carcinomas) [170]. HPV integration also leads to high and stable 
expression of E6 and E7 and deregulates cell cycle and DDR genes, such as RAD51B 
and TP63 [170].

Overall, there are relatively few other alterations in cell cycle genes in HPV- 
associated HNSCCs. The TCGA has mined data from 528 HNSCC cases, out of 
which 41 cases are HPV-associated (confirmed by p16 testing, data accessed on 
06/16/2017). A previously published study with the initial TCGA HNSCC cohort 
(279 cases) showed TP53 mutations were found in 84% of 243 HPV (−) patients, 
while only 3% of HPV-associated (n = 36) had the mutation [69]. Similarly, although 
CCND1 was amplified in 31% of 243 HPV (−) patients, only 3% of HPV-associated 
cases had the mutation.

HNSCCs overall (without the HPV classification) had a 72% rate of TP53 muta-
tions in TCGA (and 41% in COSMIC data) [64, 171, 172]. Analysis of the 41 
 HPV- associated cases in the current (referenced on 06/16/2017) provisional TCGA 
data set (of 528 cases overall) suggests that RB1 mutations are present in ~10–11% 
of the HPV-associated cases. By contrast, another study which focused on genomic 
differences between HPV-associated and HPV(−) HNSCC cases, in the 52 (out of 
120 total) HPV-associated cases, the RB1 mutation frequency was 6% (similar to 
the published TCGA data at ~5%) [64, 65]. CDKN2A can be inactivated due to 
either inactivating mutations or hypermethylation [64, 156]. TCGA studies have 
also predominantly identified focal amplifications in E2F1 (~20% cases) [173]. Of 
relevance to cell cycle control, amplifications in ATR (~10–12%), mutations or dele-
tions in ATM (~8%), and amplifications in MDM2 (~5%) and AURKA (<5%) are 
also observed in these tumors (see Fig. 7.2a). Mutations have also been reported in 
SLX4 (8.33%), FANCD2 (5.56%), BRCA1 (5.56%), FANCA (2.78%), FANCM 
(2.78%), and FANCI (2.78%) and also amplifications in FANCG (2.44%) [64]. 
These genetic alterations in cell cycle and DDR genes may have therapeutic impli-
cations for targeted agents, which are currently in development and/or in clinical 
trials (Table 7.1, also see Sect. 7.4).

7.3.1.2  Biology and Cell Cycle Alterations in HPV(−) HNSCC (Fig. 7.2b)

Previous studies have identified genetic alterations in tumor suppressors, CDKN2A 
[174], and TP53 [175], as key events in the pathogenesis of HPV(−) HNSCCs. The 
TCGA analysis confirmed these findings; TP53 (80–87%) and CDKN2A (50–60%) 
are very commonly mutated in HPV(−) tumors [64]. Analysis of TCGA studies for 
HNSCC tumors with available data for copy number variation and mutational pro-
file (n = 73, with 72 confirmed HPV (−)) also confirmed genetic changes in other 
cell cycle regulatory genes including CHEK2 (7%), ATM (5.5%), AURKC (5.5%), 
and ATR (4%), and CNAs in CDKN2A (29.17%, deletion), CCND1 (25%, 
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amplification), CDKN2B (23.61%, deletion), and ATR (19.44%, amplification) are 
very commonly mutated in HPV(−) tumors [141] (see Table 7.2 and Fig.  7.2b). 
Also, changes in other cell cycle and DDR-related genes such as the Fanconi ane-
mia genes in HPV(−) tumors have been detected. The frequency of mutations 
observed is FANCG at 2.78%, while BRIP1, ERCC4, SLX4, AURKA, RAD51C, and 
PALB2 are all altered at the frequency of 1.39% each. Amplification frequencies are 
FANCG, 6.94%, and FANCC, 2.78%, while BRCA1, FANCM, FANCL, FANCI, 
FANCA, FANCF, and ERCC4 are all altered at the frequency of less than 2% each. 
Finally, deletions have been observed in BRCA2 (2.78%) and FANCD2 (1.39%) 
[64]. Also, promoter hypermethylation of CDKN2A is commonly observed with 
loss of gene expression in most HPV(−) HNSCCs. The TP53 mutations related to 
exogenous damage from alcohol and cigarette smoke are usually frameshift muta-
tions [159].

Due to the high frequency of TP53 mutations, several studies have suggested 
improved survival for patients with WT TP53 compared to mutated TP53. WT 
TP53 status may be a universal marker for a better outcome for all HNSCCs [176]. 
The relationship of TP53 and prognosis is reviewed extensively in Chap. 9 of this 
book; we here focus on the impact on cell cycle and discuss survival and response 
to therapy (Sect. 7.3.2).

Evaluation of CDKN2A status has been discordant among different groups, with 
TCGA reporting 50–60% alterations, while other studies range genomic alterations 
from 4% to 74% [65, 67–70]. Studies of CDKN2A are complicated by difficulties in 
sequencing this gene, due to its high GC content [177]. Beck et al. reported that 
patients with low mRNA expression of CDKN2A (RNA-Seq studies) had reduced 
survival (p = 0.037) [178]. This is consistent with previous work indicating improved 
survival for p16-positive non-oropharyngeal squamous cell carcinoma patients 
[162]. Interestingly, TCGA studies have also observed increased amplifications 
(~30%) in CCND1 (confirming earlier results) [64, 65, 69, 178]. Beck et al. in their 
studies from the TCGA data set also reported that cases with high mRNA expres-
sion of CCND1 correlated with reduced survival and co-occurred frequently with 
CDKN2A deletions [178].

A recent study of the TCGA HNSCC cohort has identified that microRNA let-
7c, which is a cell cycle regulator, is frequently inactivated in both HPV-associated 
and HPV(−) HNSCC. Reduced expression of this microRNA is associated with 
increased expression of important cell cycle genes such as CDK4, CDK6, E2F1, 
and PLK1 [64, 179]. Heritable forms of HNSCC have been associated with muta-
tions in Lynch syndrome and Fanconi anemia genes [180]. Another study also 
concluded that BRCA1 and MDM2 (E3 ubiquitin ligase, p53 inhibitor) could be 
potential biomarkers for HNSCC [181]. The TCGA data suggests that compared 
to the 27 anatomical tumor sites studied, the mutation load in HNSCCs is highly 
significant (placed 9 out of 27 sites). To summarize (both HPV-associated and 
HPV(−) HNSCCs), loss of heterozygosity in chromosomal regions that contain 
cell cycle genes such as 9p21 (CDKN2A) [174] and 17p13 (TP53) [175] and 
amplification of 11q13 (CCND1) [182] may drive HNSCC tumorigenesis. TP53 
mutations are  considered the earliest and most frequent alteration in HNSCC, with 
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mutations found in 50–80% of the cases [64, 175]. pRb is targeted early in HNSCC 
carcinogenesis through the inactivation of the CDKN2A gene, with mutations and 
copy number changes. CCND1 (encodes for cyclin D1) is amplified or overex-
pressed in HNSCCs. In addition, TP53 mutations, p16 loss, and overexpression of 
cyclin D1 are associated with reduced survival in HNSCCs. The increased rate of 
TP53 mutation has been associated with tobacco and alcohol use in HNSCC cases. 
With the advent of next-generation sequencing, large-scale HNSCC studies have 
been performed (such as the TCGA) which have supported and confirmed the find-
ings from the previous studies [64].

7.3.2  Cell Cycle Changes Impact Survival and Response 
to Standard HNSCC Therapies

In HNSCC, TP53 mutations, as well as loss of p53 functionality, can affect treat-
ment response and prognosis in patients. A 2007 study by Poeta et al. analyzed 420 
patient samples (not differentiated by HPV status but likely predominantly HPV- 
unrelated) from the Eastern Cooperative Oncology Group (E4393) study to identify 
TP53 mutations and their impact on survival and prognosis in HNSCC [176]. Of the 
420 tumor samples, 43% were from the oral cavity, 21% from the larynx, 22% from 
the oropharynx, and 7.6% from the hypopharynx; 5.2% were unknown or belonged 
to other regions, and 0.7% had multiple tumor sites. According to this study, patients 
with any TP53 mutation had a worse median overall survival (3.2 years) than median 
overall survival for those with WT TP53 (5.4 years). Patients with disruptive TP53 
mutations had a lower median overall survival at 2 years rather than 3.9 years for 
nondisruptive TP53 mutations. In HPV-associated HNSCC tumors, loss of p53 
activity results due to the degradation of protein rather than a mutation in TP53; it 
is speculated that the better treatment response and prognosis (independent of treat-
ment modality) are linked to residual wild-type activity [1]. It is also important to 
note that certain HNSCCs such as nasopharyngeal carcinomas (NPC) have lower 
rates of TP53 mutations (as in the case of HPV-associated HNSCCs) and, in gen-
eral, up to 95% of these overexpress WT p53: these cancers differ from other 
HNSCCs in incidence rates, epidemiology, and treatment [183, 184]. A study ana-
lyzing NPC tumors and matched normal tissue showed that loss of p53 function is 
a result of ΔNp63 activity (inhibitor of p53) and silencing of p14 (which normally 
inhibits the p53 inhibitor, MDM2) through hypermethylation [185, 186].

TP53 mutations (Fig. 7.2 and Tables 7.2 and 7.3) are often associated with resis-
tance to DNA-damaging therapy (radiation and platinum chemotherapy). 
Mechanistically, in response to DNA damage, p53 is stabilized by phosphorylation 
at S15 (conferred by the kinases ATM and ATR) and at S37 (by ATR) and promotes 
cell cycle arrest by increasing expression of the CDK inhibitory proteins p21 and 
p27 and other actions. Mutations causing inactivation or loss of p53 lead to loss of 
checkpoint integrity, which results in genomic instability, as cells can undergo rep-
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lication with damaged DNA, resulting in further gene mutations and amplifications 
[187, 188]. P53 can also activate the apoptosis pathway if DNA damage cannot be 
repaired. In this case, p53 transcriptionally activates pro-apoptotic proteins of the 
Bcl-2 family, which include Bax, as well as BH3-only protein members (Bid, Bad, 
Puma, and Noxa) [189]. This leads to the permeabilization of the mitochondrial 

Table 7.3 Mining of TCGA data for copy number alterations in HPV-negative and HPV-positive 
HNSCCs

HPV-positive
Gene Cytoband NA # % Freq
ATR 3q23 MP 5 12.2
CCND1 11q13 MP 4 9.76
CDKN2A 9p21 EL 2 4.88
CDKN2B 9p21 EL 2 4.88
ATM 11q22-q23 EL 2 4.88
MDM2 12q14.3-q15 MP 2 4.88
CCND1 11q13 EL 1 2.44
CCNE1 19q12 MP 1 2.44
RB1 13q14.2 EL 1 2.44
MLH1 3p21.3 EL 1 2.44
AURKA 20q13 MP 1 2.44
HPV-negative
Gene Cytoband NA # % Freq
CDKN2A 9p21 EL 21 29.17
CCND1 11q13 MP 18 25
CDKN2B 9p21 EL 17 23.61
ATR 3q23 MP 14 19.44
CDK6 7q21-q22 MP 6 8.33
MDM2 12q14.3-q15 MP 4 5.56
TP53 17p13.1 EL 2 2.78
CCND2 12p13 MP 2 2.78
PARP1 1q41-q42 MP 2 2.78
BRCA2 13q12.3 EL 2 2.78
ATM 11q22-q23 EL 1 1.39
CHEK2 22q12.1 MP 1 1.39
BRCA1 17q21 MP 1 1.39
CDK4 12q14 MP 1 1.39
CCNE1 19q12 MP 1 1.39
MSH2 2p21 MP 1 1.39
MLH1 3p21.3 EL 1 1.39

HPV status determined by p16 testing was analyzed. Total number of patients in the TCGA provi-
sional cohort, 528 (522 samples are profiled); HPV-positive, 41 (41 samples are profiled); HPV- 
negative, 73 (72 samples are profiled); N/A, 414. Data was downloaded on 06/16/2017. The table 
shows frequently mutated cell cycle genes in HNSCC. CNA, copy number alteration; AMP, ampli-
fication; DEL, deletion; #, number of samples carrying a mutation in the tested gene; Freq, fre-
quency of alteration
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membrane and the downstream activation of the apoptotic machinery [190]. Hence, 
defects in TP53 activity result in failure of cells to activate apoptotic pathways and 
are associated with resistance to therapy with DNA-damaging treatments such as 
radiation and platinum agents [9, 191].

The p53 protein has multiple domains with defined functions, such as the 
N-terminal transactivation (TA) domain (residues 1–73), a proline-rich region [63–
97], the central DNA-binding core domain (residues 94–312), the C-terminus 
 oligomerization domain (residues 324–355), and an unstructured basic domain (res-
idues 360–393) [192]. Of the total 528 HNSCC cases in the TCGA, sequence data 
are available for 504: among these, 243 cases have missense TP53 mutations that are 
found primarily (239/243) in the central DNA-binding domain; 173 are truncating 
mutations that are spread throughout the p53 structure, and 10 are in-frame deletions 
that are also localized to the DNA-binding domain. Among cases with defined HPV 
status, one HPV-associated case had a truncating mutation (DNA-binding domain) 
and four HPV-associated cases had missense mutations (three in DNA- binding 
domain and one in the C-terminal) [64]. Mutations in the oligomerization domain 
can prevent tetramerization of the p53 tetramer, which is essential for its in vivo 
activity. The majority of TP53 mutations in the DNA-binding domain prevent p53 
binding to its target DNA sequences [193]. Importantly, because p53 is a tetramer, a 
damaging point mutation affecting DNA binding in one of the alleles can act in a 
dominant negative manner to inhibit the transcriptional activity of p53 [154].

TP53 mutations can be classified as loss of function (LOF) or gain of function 
(GOF) mutations, with both classes altering p53 function in a pathogenic manner. 
Deletions or LOF mutations in TP53 lead to an inability to arrest at G1, causing 
affected cells to rely on the G2 checkpoint arrest to maintain genomic stability. 
However, such cells eventually lose the ability to arrest in G2 and are forced to enter 
mitosis with unrepaired DNA damage, leading to mitotic catastrophe [193]. TP53 
GOF mutations alter the DNA-binding and protein interaction abilities in a manner 
which promotes oncogenesis (as reviewed in [194]). TP53 with GOF mutations 
such as R282W and R723H can regulate p63 and p67 and promote perinuclear 
localization of these proteins, suppressing their activity. Similarly, p53 with GOF 
mutations R175H and R273H can interact and inhibit the tumor suppressor, 
Kruppel-like-factor 17 (KLF17). These mutations along with R248W can also 
transactivate oncogenes such as CYP3A4, promoting drug resistance. Mutations 
such as R282W and R248Q have been shown to cause an increase in mir-155 levels, 
which is important for posttranscriptional control of gene expression that promotes 
cellular transformation and invasion [194]. H1299 (p53-null human non-small-cell 
lung carcinoma) cells were used to show that p53 mutants (R175H, conformational 
mutant and R248W and R273H, DNA-binding site mutants) have a dominant nega-
tive effect on WT p53 when co-expressed. These mutants inhibited the ability of p53 
to transactivate target genes and negated WT p53’s ability to suppress proliferation 
and induce cell cycle arrest. Additionally, these mutants did not increase the 
 expression of the inhibitor MDM2, nor were they degraded by MDM2 [195]. Such 
mutations have been identified in HNSCCs, according to the TCGA data [64].
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There are differences in treatment outcomes with DNA-damaging agents in 
tumors with wild-type p53 protein that can be attributed to mutations targeting pro-
teins that directly or indirectly impact the function of p53. For example, mutations 
in downstream p53 apoptotic effectors such as the apoptotic proteins, Apaf1 and 
Casp9, result in increased cancer cell proliferation and reduced sensitivity to DNA 
damage and thereby increased resistance to therapy [196]. The effect of TP53 muta-
tions on cisplatin resistance has been extensively studied in cell lines. Cell lines 
with R72 polymorphism were more resistant due to mutations affecting nuclear 
localization signal of p53 [197]. p53 mutations such as F134C, A161S, Y236C, 
R175H, C176F, and C238F were shown to cause cisplatin resistance in vitro [198]. 
Interestingly, cisplatin resistance due to TP53 mutation or loss of function can be 
overcome by CHK1 or CHK2 inhibition, which may suggest some therapeutic com-
binations [199]. However, some studies have produced conflicting data, where cis-
platin sensitivity was observed with TP53 mutations. In a 2003 study [200], 23 
HNSCC cell lines were evaluated, where 13 had TP53 mutations, and these corre-
lated with cisplatin sensitivity (in vitro IC50 studies). Other studies by Hoffman 
et al. [201] and Andrews et al. [202] also found that cell lines with p53 mutations 
had increased susceptibility to cisplatin-induced apoptosis. Despite conflicting data, 
as discussed above, both preclinical and clinical studies support the use of cisplatin 
as a radiosensitizer in TP53-mutated HNSCCs [203–207].

CDKN2A is another cell cycle protein that might play an important role in 
HNSCC treatment response. In HPV(−) HNSCCs, CDK2NA deletions are com-
mon, while in HPV-associated cancers, CDKN2A function is generally intact [156]. 
CDKN2NA/B inactivation has been observed in leukemia patients (with greater 
inactivation observed in patients who relapse after therapy) [208] and was also con-
firmed in mouse models of lymphoblastic leukemia [209]. Cyclin D1 expression 
can also vary among HNSCC tumors; in a study that analyzed 48 HNSCC tumors, 
21 (43.75%) had weak, 18 (37.5%) had intermediate, and 9 (18.8%) had strong 
expression, and there was a significant correlation between tumor stage but not 
tumor grade and cyclin D1 expression [210]. For HNSCCs that have an intermedi-
ate or strong expression of CCND1, resistance to receptor tyrosine kinase inhibitors 
(such as gefitinib) has been studied in HNSCC cell lines [211]. A 2015 study ana-
lyzed 94 HPV(−)HNSCC tumor samples from the oral cavity (44%), tongue (22%), 
and the glottis (17%). The authors reported that inhibitory CDK4/6 phosphorylation 
of Rb1 on threonine 356 was associated with worse prognosis and reduced overall 
survival (OS). The authors speculated that if high phosopho-Rb1 at threonine 356 
predicts poor outcome, then increased CDK4/6 activity should also predict survival 
and may be used as a detectable biomarker. CDK4/6 activity can be influenced by 
loss of function mutations in CDKN2A (p16) or mRNA overexpression and/or gain 
of function mutations of CDK4, CDK6, and CCND1 (cyclin D1) [178]. Additionally, 
elevated expression of DNA repair proteins in tumors can also lead to therapeutic 
resistance to radiation therapy and platinum-based chemotherapy [212]. 
Overexpression of the DNA repair proteins XPF and ECCR1 has been observed in 
HNSCC tumors and has been reported to cause resistance to cytotoxic drugs such as 
cisplatin [213].
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7.4  Key Cell Cycle Targets and Current Clinical Trials

A number of cell cycle regulatory proteins have been taken forward for preclinical 
and clinical evaluation in HNSCCs.

7.4.1  Conventional Chemotherapy and Limitations

Chemotherapy has been the most widely used form of treatment for metastatic or 
recurrent HNSCC and also improves outcomes in combination with radiation for 
locally advanced HNSCC. Conventional chemotherapy agents for treating HNSCC 
have been platinum agents (such as cisplatin and carboplatin) and taxanes (such as 
docetaxel and paclitaxel) [214]. Other conventional agents are methotrexate and 
5-fluorouracil (5-FU). However, nonspecific activity, treatment resistance, and tox-
icities associated with conventional chemotherapy agents have fueled the develop-
ment of novel cell cycle-targeted therapies for HNSCC [14, 15, 17, 83, 215].

7.4.2  Cyclin-Dependent Kinase (CDK) Inhibitors

The first CDK inhibitors were relatively nonspecific and were termed “pan- CDK” 
inhibitors (reviewed in [216]). The pan-CDK inhibitor alvocidib (flavopiridol, 
Tolero Pharmaceuticals) was a first-generation CDK inhibitor (selective CDK9 
inhibitor, with some activity against CDK4/6) that demonstrated the initial in vivo 
antitumor activity against multiple human tumor xenografts of prostate carcinoma, 
head and neck cancer, non-Hodgkin’s lymphoma, and leukemia [217]. However, 
flavopiridol did not exhibit any durable responses in phase II studies with multiple 
solid tumor types (reviewed extensively in [216, 218]). In parallel, seliciclib 
(roscovitine, Cyclacel) was the first purine-based CDK inhibitor and was among 
the first clinically evaluated in a phase I trial. This was a relatively more selective 
inhibitor of CDK4 and CDK6 with relatively low affinity [218–220]. Subsequent 
studies suggest that it also inhibits CDK7 and CDK9 [82, 216, 221]. However, 
these early pan-CDK inhibitors failed due to various reasons including lack of 
clear understanding of mechanistic action of the inhibitor (such as which CDK was 
being inhibited in vivo and how, which confounded the ability to develop these 
agents for targeted therapies and for combination with other agents); low potency 
and selectivity; inadequate or inappropriate patient selection; inhibition of CDKs 
critical for normal cell proliferation and survival; and, above all, lack of therapeu-
tic window, leading to toxicities such as diarrhea, myelosuppression, anemia, and 
nausea [218].

As discussed in the introduction to this chapter, potent and selective CDK4/
CDK6 inhibitors have been developed, such as palbociclib (PD-0332991, Pfizer), 
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ribociclib (LEE011, Novartis), and abemaciclib (LY2835219, Eli Lilly) [30–37]. 
The rationale for these agents arises from preclinical studies that showed that inhibi-
tion of CDK4 or CDK6 is not essential for viability: knockout mice are viable, and 
severe phenotypes are not observed because of functional compensation between 
CDK4 and CDK6 [222, 223]. However, CDK4/6 double-knockout mice were ane-
mic in the later stages of embryonic development, with only some cells that were 
still able to proliferate normally. Further, embryonic fibroblasts lacking CDK4 and 
CDK6 can only enter S phase with reduced efficacy, which was proposed to be due 
to CDK2 interaction with cyclin D [222]. These results suggested inhibition of 
CDK4/6 would be potent in rapidly growing tumors, particularly as tumors usually 
bypass cell cycle regulation and G1-/S-phase arrest by overexpression of cyclin D 
and CDK4/6 complexes.

The development of selective CDK4/6 inhibitors has now made it possible to 
selectively prevent the G1-to-S-phase transition [223]. These inhibitors also have 
reduced toxicities when compared to traditional chemotherapies [223]. The CDK4/6 
inhibitor palbociclib inhibits the phosphorylation of Rb protein, which depends on 
CDK4/cyclin D activity. Mitogenic signaling leads to enhanced cyclin D expression 
(transcriptional and posttranscriptional) through the Ras/RAF/MAPK pathway or 
the PI3K/AKT pathway. Since the D-type cyclins respond to mitogenic signals, 
combination strategies of CDK4/6 inhibitors with inhibitors of mitogenic signaling 
pathways such as MEK/ERK or PI3K/AKT are also currently being preclinically 
and clinically assessed.

The PI3K-dependent activation of AKT causes inhibition of glycogen synthase 
kinase3-beta (GSK3-β) which, when active, phosphorylates cyclin D, leading to its 
nuclear export as well as degradation. Hormone and growth factor signaling can 
also lead to a transcriptional and translational increase of cyclin D. In ER+ breast 
cancer cells, overexpression of cyclin D/CDKs is observed along with other E2F- 
dependent genes important for cell proliferation and division [224]. Recently, 
CDK4/6 inhibitors have been shown to be more effective when used in combination 
with ER-signaling inhibitors (letrozole, an aromatase inhibitor) [225, 226], or with 
the PI3K inhibitor, BYL-719, in ER+/HER2- breast cancer [227].

CDK4/6 inhibitors have much potential in cancer types such as HNSCC, in 
which the integrity of G1/S checkpoints is commonly perturbed [7, 82, 216]. 
Recently, CDK4/6 inhibition with palbociclib has been tested as a therapeutic strat-
egy in HNSCC [7, 82, 216]. A randomized, phase II study of palbociclib and cetux-
imab (Erbitux, Eli Lilly, EGFR inhibitor) versus cetuximab is currently being 
conducted in HPV(−), cetuximab-naïve patients with recurrent or metastatic 
platinum- refractory HNSCC (NCT02499120). Palbociclib (125 mg daily) is also 
being evaluated in combination with carboplatin for recurrent or metastatic HNSCC 
(NCT03194373). A phase I/II dose-escalation study of palbociclib in combination 
with cetuximab and intensity-modulated radiation therapy (IMRT) for locally 
advanced unresectable HNSCCs (NCT0302448) is also currently ongoing.

A phase I trial is currently recruiting patients with advanced solid tumors 
 including HNSCC to test the combination of CDK4/6 inhibitor (palbociclib) in 
combination with the dual PI3K/mTOR inhibitor, gedatolisib (PF-05212384, Pfizer 
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Inc.) (NCT03065062). A phase I and II trial (NCT0089905) to determine the maxi-
mum tolerated dose (MTD) and dose-limiting toxicity of CDK1, 4, and 9 inhibitor, 
riviciclib (P276-00, Piramal Life Sciences), in combination with radiation therapy 
was recently completed and is awaiting results. Similarly, another phase II trial 
with riviciclib was recently completed in Indian subjects with recurrent, metastatic, 
or unresectable locally advanced HNSCC. All patients were given 144 mg/m2/day 
of the inhibitor (NCT00824343). Palbociclib is also being tested in the setting of 
incurable HNSCC in a phase II trial in comparison to the standard of care. This is 
a biomarker- enrichment trial referred to as UPSTREAM (NCT03088059); here, 
patients with recurrent or metastatic platinum-refractory HNSCCs will be allo-
cated in biomarker- defined cohorts. Patients who are p16 negative, with CCND1 
amplification, will be randomized between palbociclib or the current standard of 
care for HNSCC.

7.4.3  Mitotic Inhibitors: Cytotoxic Chemotherapy 
(Microtubule Inhibitors) Versus Targeted Kinase 
Inhibitors

Microtubule inhibitors (MI), such as taxanes (paclitaxel, docetaxel) and vinca alkaloids 
(vinblastine, vincristine), impact the SAC, induce mitotic arrest, and are frequently 
employed in HNSCC [17, 83]. The benefit from the addition of docetaxel to a platinum 
and 5-FU regimen has been reported from multiple trials in HNSCC [214, 228].

The taxanes stabilize pre-existing microtubules, while the vinca alkaloids pre-
vent microtubule polymerization. However, as mentioned in Sect. 7.2.4 of this chap-
ter, cancer cells can often undergo adaptations such as mitotic slippage, which 
causes the escape of both mitotic arrest and apoptosis. Cells that escape and enter 
the subsequent G1 phase can become tetraploid or senescent or undergo apoptosis 
depending on the p53 status of the cells. The cells that continue to divide will lead 
to increased genomic instability and resistance to MIs. Another limitation of MI is 
the impact on normal cells, particularly neurons [23]. Side effects include neutrope-
nia, toxicity of hematopoietic cells and myelosuppression, and peripheral neuropa-
thy. The other limitations include overexpression of drug efflux pumps that prevent 
drug accumulation inside tumor cells, lack of activity on non-mitotic or slowly 
growing tumor cells, as well as delay in cell death by influencing the levels and 
activity of apoptotic regulators by antimitotic drugs (regulators such as Mcl-1, 
Bcl-xL, and Bcl-2) [229]. Thus, the limitations such as increased toxicities and side 
effects associated with traditional MI agents have fueled the development of novel 
cell cycle-targeted therapies for HNSCC.

Currently, clinical trials are ongoing for therapies that target mitotic kinases, 
Aurora and PLK1. Multiple specific (AURKA, AURKB, and AURKC) and pan- 
Aurora kinase inhibitors have been developed. Alisertib (MLN8237, Takeda 
Pharmaceuticals) is a highly specific, second-generation AURKA inhibitor [230]. A 
phase II study with alisertib in patients with platinum-resistant or refractory ovarian 
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cancer has shown modest single-agent antitumor activity [231, 232]. The clinical 
data for Aurora kinase inhibitors in HNSCC are limited. A phase II study of alisertib 
was conducted with 249 patients with advanced solid tumors. There were 55 
HNSCCs cases assessed for safety and 45 for drug response. For patients with 
HNSCC, median PFS was 2.7 months. An objective response was observed in 4/47 
or 9% of the patients; 3 were HPV-negative, and 1 had unknown HPV status. Four 
HNSCC patients discontinued treatment because of adverse effects such as fatigue 
and febrile neutropenia; additionally, two deaths were observed within 30 days of 
the last dose of alisertib in the HNSCC group. This trial concluded that alisertib as 
an oral single agent showed positive antitumor activity and tolerable safety profile, 
at least in patients with advanced breast cancer and small-cell lung cancer [233].

A currently ongoing phase I study (NCT01540682) is testing the combination 
of an AURKA inhibitor (alisertib) with the EGFR inhibitor cetuximab and defini-
tive radiation. The study is evaluating correlative biomarkers from AURKA and 
EGFR signaling on pre- and post-therapy biopsy specimens to establish proof of 
mechanism for this novel combination. Another phase I trial using the EffTox 
design (a Bayesian adaptive dose-finding trial design that jointly scrutinizes binary 
efficacy and toxicity outcomes) [234] will evaluate activity and safety of alisertib, 
in combination with the selective VEGFR inhibitor, pazopanib, in patients with 
advanced, previously treated non-hematologic solid tumors (NCT01639911). 
Another combination strategy being explored preclinically in colorectal cancer 
models combines AURKA kinase inhibitors with MEK inhibitors and may also be 
useful in HNSCC [235, 236].

The AURKB inhibitor barasertib (AZD1152, AstraZeneca) has shown some 
promise in acute myeloid leukemia (AML) [237]. Barasertib was used in a phase I 
dose-escalation study in acute myeloid leukemia (n = 22) patients, in combination 
with a low-dose cytosine arabinose (LDAC), with about 45% overall response rate 
[238]. In the phase II trial of this study, barasertib as a single agent was compared 
with LDAC as a single agent. From the 74 patients in this study, median OS with 
AZD1152 was 8.2  months and 4.5  months with LDAC [239]. Another AURKB 
inhibitor, AT9283 (Astex Therapeutics), was used in a phase I study in patients with 
relapsed/refractory leukemia or myelofibrosis (n  =  48). However, these patients 
showed no objective response, despite evidence of AURKB inhibition [240]. In a 
phase II study of a pan-Aurora inhibitor, danusertib (PHA-739358, Nerviano 
Medical Sciences), comprising of 223 patients (advanced or metastatic breast, 
 ovarian, colorectal, pancreatic, small-cell, and non-small-cell lung cancers), it was 
estimated that the PFS at 4 months was 18.4% in breast cancer, 12.1% in ovarian 
cancer, 10.0% in pancreatic cancer, 10.4% in non-small-cell lung carcinoma (all 
histotypes), 16.1% in squamous non-small-cell lung carcinoma, and 0% in small-
cell lung carcinoma [241]. In another phase II study with danusertib, 88 patients 
with metastatic prostate cancer were divided into two groups and treated with 
 different doses (330 and 500 mg/m2, respectively). The results showed SD in 8 (for 
330 mg/m2) and 13 (500 mg/m2) patients, respectively. Additionally, overall 13.6% 
treated patients had SD for ≥6  months. Danusertib was estimated as generally 
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 well- tolerated [242]. These agents have not yet been assessed in HNSCC but may 
be useful in this setting.

As discussed in Sect. 7.2 of this chapter, the PLK1 mitotic kinase is activated by 
AURKA, which phosphorylates PLK1 at T210. Additionally, a PLK1-T210D 
phospho- mimetic mutant was shown to be able to overcome AURKA-dependent 
checkpoint recovery [41]. Therefore, targeting PLK1 instead of or addition to 
AURKA can be promising in HNSCCs that have PLK1 overexpression or aberrant 
activation. In a preclinical study in NPC cells (which overexpress PLK1), it was 
shown that combining AURKA inhibitor (MK-5108) or AURKB inhibitor (baraser-
tib) with a PLK1 inhibitor (BI 2536) increased mitotic defects such as mitotic slip-
page and induced metaphase arrest [65].

Volasertib (Boehringer Ingelheim) is a potent and selective PLK1 inhibitor [243]. 
A phase I trial treated 65 patients at doses of 12–450 mg. Reversible hematological 
toxicity was the main adverse effect. Three patients achieved partial response (PR), 
while SD was reported in 40% patients. Two patients remained progression-free for 
over 1  year [244, 245]. There are no current volasertib HNSCC trials. The next 
generation of inhibitors targeting the mitotic kinases may be more effective if they 
are combined to target cancer-specific vulnerabilities such as pathway defects, 
genomic instability, cell cycle checkpoints, etc. Such strategies may be synthetic 
lethal and may produce the desired therapeutic effect. Another strategy under clini-
cal testing (NCT01954316) is against PLK4 (CFI-400945) [246], a key regulator of 
centriole duplication. This is a phase I trial in advanced cancers to evaluate the high-
est dose level that does not lead to unacceptable toxicity and measure the pharma-
cokinetic profile. PLK4 is also dysregulated in cancer cells and promotes genetic 
instability. CFI-400945 inhibits PLK4 and other kinases such as AURKB. Other 
mitotic kinases governing centrosome dynamics and mitotic spindle function are 
also potential targets such as MASTL, Haspin, and Nek [139].

7.4.4  Targeting ATR/CHK1/WEE1 Signaling

The ablation of G2-DNA damage checkpoint by drugs targeting the ATR/CHK1/
WEE1 pathway is being actively tested in preclinical and clinical models for multiple 
cancers including HNSCC (see Table 7.1). These agents alone or in combination with 
other DNA-damaging therapies are being tested with promising results in p53- mutant 
tumors [247–249]. However, a study recently also showed that WEE1 inhibitors 
could sensitize independent of p53 status. Drugs with these G2-DNA damage check-
point activities  include ATR (AZD6738 (AstraZeneca) and VX-970 (Vertex)), CHK1 
(GDC-0575 (Genentech), prexasertib (LY2606368, Eli Lilly), and MK-8776 
(Merck)) and WEE1 inhibitors (AZD1775, AstraZeneca) (reviewed in [76]).

In a phase I dose-escalation trial, the side effects and optimal dose of the ATR 
kinase inhibitor, VX-970, in combination with cisplatin and radiation therapy are 
being assessed in patients with locally advanced HPV(−) HNSCC (NCT02567422). 
The primary outcome measures are frequency and grade of toxic response,  including 
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the establishment of dose-limiting toxicities, and assessment of the highest doses of 
 cisplatin and VX-790 that can be safely combined with radiation therapy. Secondary 
outcome measures are metabolic and objective response rates. Pharmacokinetic 
properties of VX-790 will also be assessed. Another currently recruiting modular 
phase I study (NCT02264678) is to assess the safety, tolerability, pharmacokinetics, 
and preliminary antitumor activity of the ATR inhibitor AZD6738 in combination 
with either cytotoxic chemotherapy (carboplatin) and/or the DNA damage repair 
inhibitor (PARP inhibitor, olaparib (AstraZeneca)) or durvalumab (MED14736, 
AstraZeneca, anti PD-L1) in patients with advanced solid malignancies including 
HNSCCs.

A recent study showed that a combination of a CHK1/2 inhibitor (prexasertib, 
Eli Lilly) with cetuximab and radiation therapy enhanced cytotoxicity in both HPV- 
associated and HPV(−) HNSCC preclinical models [250]. A phase I trial of the 
CHK1 inhibitor SRA737 for patients with advanced cancer, including HNSCC, is 
currently recruiting participants (NCT02797964). A phase I trial with prexasertib 
for advanced cancers (including HNSCC) was recently completed, but results have 
not been posted (NCT01115790).

Overexpression of WEE1 has been reported in several cancers such as breast, 
ovarian, colorectal, gastric and malignant melanoma [77]. Initial preclinical studies 
showed that WEE1 inhibitors in cancer cells with mutations in the CDKN2A locus 
that lead to abrogation of the G1 to M checkpoints could cause synthetic lethality 
[251]. In a recent study with HNSCC p53 mutant cells, cisplatin treatment led to a 
G2-arrest: a combination of cisplatin with WEE1 inhibition using MK-1775 (now 
renamed AZD1775) abrogated the G2 checkpoint and increased the sensitivity of 
these HNSCC cells to cisplatin [252].

A phase I study (NCT01748825) was performed to determine the MTD of 
AZD1775  in patients with solid refractory tumors, with 1 of 25 patients having 
HNSCC. Patients treated with AZD1775 had an increase in unrepaired DNA dam-
age reflected by elevated γH2AX levels and confirmed an on-target activity, i.e., 
reduction in pY15-Cdk levels [253]. An interesting outcome of this study was the 
observation of AZD1775 single-agent activity in the two patients (one HNSCC and 
one ovarian cancer patient) carrying BRCA mutations. A partial response was 
observed in the patient with HNSCC carrying the BRCA mutation.

Another phase I trial of AZD1775 in locally advanced HNSCC is a single-arm 
dose-escalation trial to determine the MTD in combination with the standard of care 
chemotherapy cisplatin and radiation (NCT02585973). A secondary outcome mea-
sure of this trial is to study the toxicity profile and objective response rate. Another 
phase I trial is currently recruiting patients to assess the side effects and optimal 
dose of AZD1775. This is in a presurgery setting with AZD1775, cisplatin, and 
docetaxel for patients with borderline resectable stage III–IVB HNSCC 
(NCT02508246). A phase II trial is currently testing AZD1775 alone or in 
 combination with cisplatin for recurrent or metastatic HNSCC (NCT02196168). 
This study has recently completed and is awaiting results. This study evaluated the 
WEE1 inhibitor in combination with cisplatin and compared it to a placebo and 

E. V. Demidova et al.



215

cisplatin arm. The primary objectives were to assess the overall response rate and 
efficacy of AZD1775. The efficacy was measured by protein status of p53. The 
study also explored predictive and pharmacodynamic biomarkers.

7.5  Conclusions and Future Directions

New classes of cell cycle inhibitors are showing clinical promise as monotherapy 
and in combination with traditional chemotherapy and/or radiation and with other 
targeted agents. The results from ongoing preclinical and clinical studies will fur-
ther highlight the factors that govern their efficacy in HNSCC and potential thera-
peutic biomarkers that could be further developed. Development of novel cell cycle 
targets would be further facilitated by a better definition of tumor-specific require-
ments for growth and survival. Identification of these tumor-specific susceptibilities 
can lead to the development of synthetic lethal combinations to enhance tumor cell 
killing. In the setting of HNSCC, the most clinically relevant distinction is the HPV 
status. The similarities and differences between HPV-positive and HPV-negative 
subtypes are an ongoing area of study in the effort to develop personalized therapies 
for HNSCC patients. Further studies are needed to evaluate synthetic lethal interac-
tions between genetic changes (e.g., drugs combinations for ATR/CHK1/WEE1 
inhibition) in HNSCC and other cancers. Therapeutic strategies involving correc-
tion of cell cycle-related genomic alterations such as TP53 mutations in HNSCC via 
CRISPR-CAS9 genome editing methods may also be possible in the future [254]. 
The first CRISPR genome editing human trial commenced in 2016, delivering gene- 
edited PD-1 knockout engineered T-cells into a patient with aggressive lung cancer 
[255]. The results from this first trial are being evaluated and more trials will be 
starting this year. The development of new technologies combined with an advanced 
understanding of disease biology and genetics should help optimize the use of cell 
cycle-targeting agents.
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Chapter 8
Role of the NOTCH Signaling Pathway 
in Head and Neck Cancer

Adrian D. Schubert, Fernando T. Zamuner, Nyall R. London Jr, 
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and Evgeny Izumchenko

Abstract The NOTCH signaling cascade has been implicated in multiple cellular 
functions, such as cell proliferation, differentiation, and survival. Dysregulation of 
the NOTCH pathway is associated with the progression of several types of malig-
nant tumors, including head and neck squamous cell carcinoma (HNSCC). 
Accumulating data suggest that NOTCH is one of the most frequently altered path-
ways in HNSCC. Given the importance of NOTCH signaling in regulating tumor 
cell behavior, several NOTCH-targeted strategies are currently being developed and 
tested in preclinical and clinical settings. However, the precise role of the NOTCH 
pathway in head and neck malignancies remains incompletely defined and contro-
versial. In most tumor types, NOTCH1 has been reported as an oncogene. However, 
early characterization of the genomic landscape found that inactivating mutations of 
NOTCH1 frequently occur in HNSCC, suggesting that NOTCH1 is a tumor suppres-
sor. More recent evidence indicates that NOTCH signaling may be activated in a 
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subset of HNSCC tumors, similar to other tumor types, indicating a more complex 
function in HNSCC. This overview will summarize the evidence for oncogenic and 
tumor suppressor roles of the NOTCH signaling pathway in HNSCC, discuss recent 
studies that aid in interpretation of these contradictory findings, and describe poten-
tial therapeutic opportunities and future directions.

Keywords Head and neck cancer · Notch receptors · Notch signaling pathway · 
y-secretase inhibitor · Mutation · Oncogene · Tumor suppressor

8.1  Introduction

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common 
cancer in the world, resulting in over 300,000 deaths worldwide and with an 
annual incidence of over 50,000 cases in the United States [1, 2]. HNSCC is a 
heterogeneous disease at both the clinical and molecular levels; this term includes 
squamous cell carcinomas (SCCs) of the oral cavity, nasal cavity and sinuses, 
pharynx, and larynx. Although major HNSCC-associated risk factors are predom-
inantly related to tobacco and alcohol consumption, a subset of cancers of the 
oropharynx results from infection with the human papillomavirus (HPV), as dis-
cussed in other chapters of this work (Chaps. 20 and 21). Due to the asymptomatic 
course of early-stage disease and the absence of the routine screening techniques, 
HNSCC is often present as clinically advanced disease upon diagnosis. Despite 
the improved understanding of disease pathogenesis and advances in molecular 
diagnosis, the 5-year overall survival for locally advanced disease remains poor, 
at approximately 50% [3–6].

Like other solid malignancies, HNSCC is thought to progress through a series of 
genetic alterations. The landscape of genetic variants in HNSCC is highly heteroge-
neous and differs for HPV-unrelated and HPV-related tumors.

Several signaling proteins, including the tumor suppressors TP53, FAT1, and 
CDKN2A and the growth-promoting CCND1, HRAS, and PIK3CA [7–9], were 
shown to be commonly dysregulated in HNSCC through genetic and epigenetic 
alterations, supporting their critical role in HNSCC tumorigenesis. NOTCH1, also 
identified as a target of frequent mutation in these studies [7–9], is particularly note-
worthy. NOTCH1 is one of the four paralogous NOTCH genes in humans, which 
encode four heterodimeric transmembrane receptor signaling proteins (NOTCH1- 4). 
Large-scale sequencing studies have indicated that potentially inactivating muta-
tions in NOTCH1 occurred in 15–19% of US HNSCC patients [7–10], making 
NOTCH1 the second most frequently mutated gene in HNSCC after TP53 [7–9].

The NOTCH signaling pathway has been linked to multiple cellular functions 
associated with cancer development, including regulation of self-renewal capacity, 
proliferation, survival, cell fate determination, and apoptosis [11, 12]. NOTCH1 
chromosomal translocation and overexpression of its constitutively active forms 

A. D. Schubert et al.



231

were initially identified in the development of certain types of leukemia [13]. 
Abnormally elevated expression and activating mutations in NOTCH receptors 
(predominantly NOTCH1) and their ligands (delta-like protein (DLL) 1, DLL3, 
DLL4, JAGGED1, and JAGGED2) were later reported in a number of solid human 
malignancies, including HNSCC [7, 9, 14–16]. Due to its multifaceted effects in 
promoting angiogenesis, epithelial-mesenchymal transition (EMT), and chemore-
sistance [17–20] in many tumor types, the NOTCH signaling pathway is considered 
as a potential therapeutic target for cancer treatment.

Although NOTCH1 has a well-established role as an oncogene in T-cell 
leukemia [21], its role in HNSCC is more complex. The location of the missense 
mutations initially identified in ligand-binding domains and frequent truncating 
mutations has led to the suggestion that NOTCH1 acts as a tumor suppressor in 
HNSCC.  Therefore, NOTCH1 was considered an unlikely therapeutic target for 
patients with head and neck cancers due to generalized difficulty in restoring the 
activity of proteins with loss-of-function mutations. However, subsequent studies of 
HNSCC in Chinese patients showed mutation rates of NOTCH1 about 50% with a 
considerable portion of potentially activating mutations [22, 23]. While these obser-
vations underscore the critical role of NOTCH1 pathway activity in the develop-
ment of head and neck neoplasms, they add another twist to the already complicated 
picture of NOTCH signaling in head and neck cancers. A growing body of work 
indicates that downstream effects of NOTCH1 activation in malignant initiation and 
progression are highly context-dependent and vary with cell lineage, pathology, and 
stage of differentiation [24, 25]. Recent work has shown that NOTCH1 pathway 
activation in subsets of HNSCCs is associated with a poor prognosis [15, 19, 22, 
26–28]. The nature of the switch that determines whether NOTCH1 acts as a tumor 
promoter or as a tumor suppressor has been the subject of intense and even contro-
versial research.

Given the importance of NOTCH signaling in regulating tumor cell behavior, 
clinical trials of NOTCH pathway inhibitors in patients with solid tumors have been 
undertaken (such as phase 1/2 studies of gamma secretase inhibitors [LY3039478, 
RO4929097 and PF-03084014] and anti-DLL4 or anti-NOTCH antibodies [enoti-
cumab, demcizumab, tarextumab]) [29–36], and several approaches are under 
preclinical evaluation [37]. However, the overall response rates to NOTCH-targeted 
therapy from clinical trials in patients with melanoma, sarcoma, lung, breast, 
pancreatic and prostate cancer remain suboptimal. Factors contributing to limited 
success with these drugs include the off-target effects of some classes of NOTCH 
inhibitor and inability to identify those patients who will most likely respond to 
anti-NOTCH therapy [37–40]. NOTCH pathway inhibition underlies a potential 
therapeutic strategy in HNSCC, but further biological insight will be necessary 
before NOTCH pathway inhibition can be optimally exploited for effective treatment 
of patients with head and neck cancer.

This article will summarize the current understanding of the role of the NOTCH 
pathway in HNSCC, discuss the controversy regarding its biological function, and 
review signaling aspects that will impact strategies for treating HNSCC patients.
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8.2  NOTCH1 Domain Architecture

The NOTCH1 protein is one of the four NOTCH transmembrane receptor paralogs, 
which display both overlapping and unique functions [41]. Mature NOTCH recep-
tors consist of an extracellular ligand-binding domain and an intracellular domain, 
which subsequently translocate to the nucleus and mediate target gene transcription 
upon ligand-dependent activation. The extracellular domain of NOTCH1 contains 
36 epidermal growth factor (EGF)-like repeats. Repeats 11–13 constrain the 
“ligand-binding” domain, which is essential for direct interactions between 
NOTCH1 and its ligands [42, 43] (Fig. 8.1). Since NOTCH1 ligand-mediated recep-
tor activation relies on these interactions, mutations in this region may inhibit 
ligand-receptor interactions and subsequently signal transduction. Although little is 
known about the contribution of EGF repeats to NOTCH1 function, it was shown 
that the Abruptex region (EGF repeats 24–29) may regulate the ligand-binding 
activity through interactions with the ligand-binding domain [44]. It was reported 
that the integrity of the Abruptex region is required for suppression of NOTCH1 
activity and that mutations within this region enhance NOTCH1 signaling [44, 45]. 
LIN12-NOTCH repeats (LNR) and N- and C-terminal heterodimerization domains 
(HDDs) together form the negative regulatory region (NRR) (Fig.  8.1). The 
membrane- proximal NRR acts as a receptor activation switch and prevents ligand- 
independent activity: mutations in this area can lead to NOTCH1 ligand- independent 
signaling [46]. The NOTCH1 intracellular domain (NICD) contains structural 
regions essential for interaction with downstream effector proteins and consists of a 
recombination signal-binding protein  – Jkappa-associated module (RAM), an 
ankyrin repeat domain (ANK), a transactivation domain (TAD), and a region rich in 
proline, glutamine, serine, and threonine residues (PEST) (Fig. 8.1). NICD, post-
translationally cleaved from full-length NOTCH1, is a core component of NOTCH1 
nuclear complexes that also include the DNA-binding factor CSL (an acronym for 
CBF1, Suppressor of Hairless, Lag-1; also known as CBF1/RBPJ) and coactivator 
proteins of the MAML family [47]. The RAM region constitutes a high-affinity 
binding module for CSL, and the ANK domain together with the CSL creates a 
composite-binding site for MAML recruitment into these complexes [47, 48]. 
Therefore, mutations in the RAM/ANK module may disrupt proper nuclear 
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Fig. 8.1 Schematic representation of the NOTCH1 structure. Thirty-four exons are shown in the 
top, and the protein domains are displayed at the bottom. LNR LIN12-NOTCH repeats, HD het-
erodimerization domain, TM transmembrane domain, ANK ankyrin repeats, TAD transactivation 
domain, PEST proline (P), glutamine (E), serine (S), and threonine (T) residues domain. ECD 
extracellular domain, NICD NOTCH intracellular domain
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complex assembly and subsequently prevent transcription of NOTCH1-dependent 
genes [23]. The TAD/PEST region is essential for degradation of NOTCH1 and its 
cleaved derivative by proteolysis [49]. Mutations in this region are usually associ-
ated with gain of function [50, 51], emphasizing the important functional role of 
regulated NICD degradation. Although the overall spectrum of NOTCH1 mutations 
in HNSCC varies in patients of different ethnicities, the majority of genetic changes 
cluster around the extracellular “ligand-binding” domain, suggesting that disruption 
of the architecture of this region plays a prominent role NOTCH1-associated tumor-
igenesis [22, 23].

8.3  Canonical Ligand-Dependent NOTCH1 Signaling

The understanding of the complex NOTCH signaling network is rapidly evolving. 
Although the number of NOTCH1-auxiliary proteins and genes known to be directly 
and indirectly regulated by NOTCH1 is quickly expanding due to extensive ongoing 
research into the finer mechanistic detail of NOTCH signaling, the core NOTCH 
pathway is now understood in reasonable detail. Canonical NOTCH pathway acti-
vation involves a proteolysis-mediated release of the NICD, its translocation to the 
nucleus, and association with a DNA-bound protein complex (Fig.  8.2). The 
NOTCH receptor is activated by juxtacrine interaction with the members of Delta/
Serrate/Lag-2 (DSL) family: JAG1, JAG2, DLL1, DLL3, and DLL4 [52, 53]. This 
receptor-ligand interaction elicits changes in the configuration of the NOTCH extra-
cellular domain that expose cleavage site (S2), located within the NRR just before 
the transmembrane domain, to metalloprotease TACE (also known as ADAM17). 
Cleavage by TACE removes the extracellular domain from the outer portion of the 
membrane (at site S2; Fig. 8.2). Removal of the ectodomain results in the formation 
of a membrane-tethered intermediate form of the NICD with a transmembrane moi-
ety. Subsequently, γ-secretase complex cleaves the NICD of the receptor at the 
transmembrane domain (at site S3; Fig.  8.2), releasing a transcriptionally active 
NICD, which is now free to translocate to the nucleus. In the nucleus, NICD binds 
to and activates the DNA-binding protein CSL and recruits other coactivators such 
as MAML and the MED8 mediator complex, leading to expression of downstream 
target genes (such as HES and HEY family members, NFκB, MYC, CCND1, BCL2, 
and CCR7). Which genes are expressed varies in a cell type-specific manner [47, 48, 
54]. As NOTCH signaling modulates a variety of fundamental cellular processes, it 
is a topic of very active research. The network of proteins that have recognized abil-
ity to modify the output from NOTCH receptors by regulating ligand-mediated acti-
vation, receptor proteolysis, and target selection is rapidly growing, and the 
molecular details of the current understanding of the complex NOTCH signaling 
(including the noncanonical role for NOTCH pathway in oncogenesis) have been 
well summarized in recent reviews [43, 55–57].

8 Role of the NOTCH Signaling Pathway in Head and Neck Cancer



234

8.4  The Role of NOTCH Signaling in HNSCC: An Oncogene 
or Tumor Suppressor?

Although the link between dysregulation of NOTCH1 signaling and human cancer is 
strong and compelling [58], only a few studies have directly examined the function 
of NOTCH1 activation in the context of HNSCC. The biological effects of NOTCH 
signaling in this disease are still not fully understood and whether it acts as a tumor 
promoter or as a tumor suppressor remains controversial. While the spectrum of pre-
dominantly inactivating mutations in NOTCH1 suggests it is a tumor suppressor [7, 
9, 10], other studies report that activation of NOTCH can enhance proliferation, 
inhibit apoptosis, and promote angiogenesis, suggesting that in some cases, NOTCH1 
can behave as an oncogene. While the precise mechanisms that explain this paradox 

Fig. 8.2 Canonical NOTCH1 signaling activation. Ligand binding initiates two successive pro-
teolytic cleavages (S2 and S3). ADAM/TACE proteinase mediates the first cleavage that occurs at 
the S2 site of the extracellular domain. The S2 cleavage allows access to the γ-secretase complex, 
which is responsible for the second proteolytic cleavage at the S3 site within the transmembrane 
domain. Released NICD domain translocates to the nucleus, where it interacts with the CSL tran-
scription factor. Docking of the ankyrin repeat domain of NOTCH to the CSL protein generates a 
composite-binding surface for the recruitment of MAML. These interactions convert CSL from a 
transcriptional repressor to an activator by displacing corepressors and histone deacetylases and 
recruiting histone acetyltransferases. MAML, in turn, recruits additional coactivators, which leads 
to expression of the NOTCH target genes
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are not yet elucidated, the dual roles of aberrant NOTCH signaling indicate its com-
plex biological function in the development and progression of HNSCC.

8.5  The NOTCH Pathway as a Tumor Promoter in HNSCC 
and Evaluation of NOTCH-Inhibiting Therapies

Abnormal expression of NOTCH pathway components and the potential involve-
ment of NOTCH signaling activation in HNSCC tumorigenesis have been reported 
by multiple studies over the last decade. For example, JAG1-triggered NOTCH1 
activation in the HNSCC SCC9 cell line resulted in endothelial sprouting of co- 
cultured endothelial cells in  vitro, significantly enhanced neovascularization and 
tumor growth in  vivo, and also correlated with blood vessel density in primary 
human HNSCC tissues, supporting the role of NOTCH signaling in activating the 
angiogenic process [19]. Other independent studies also indicated that NOTCH1 
protein expression correlated with increased microvessel density [59] and that 
downregulation of NOTCH1 coincided with cetuximab-induced inhibition of angio-
genesis in vitro and in vivo [60], further supporting the putative role of NOTCH 
signaling in mediating tumor vascularization [61]. NOTCH receptors, their ligands, 
and the downstream signaling components were first found to be overexpressed in 
HNSCC by gene profiling of four HNSCC cases versus their matching normal tis-
sues in 2000 [62]. A series of latter studies based on the gene expression array, 
RT-PCR analysis, and immunohistochemistry of the central NOTCH pathway genes 
supported a role for upregulation of NOTCH1 signaling in the progression, lymph 
node metastasis, and unfavorable prognosis of patients with HNSCC neoplasms 
from multiple anatomical sites [26, 27, 59, 63–73]. Moreover, it was shown that 
NOTCH1 activation in several HNSCC-derived cell lines in vitro induced a marked 
increase in cell growth, migration, and invasion [69, 71], whereas NOTCH1 knock-
down caused an anti-tumorigenic effect [26, 67, 69, 70].

More recently, comprehensive analyses of immunohistochemistry, NOTCH 
mutations, copy number variation, and gene expression of the NOTCH signaling 
pathway genes in primary HNSCCs revealed that nearly one-third of tumors (14/44) 
exhibited activated NOTCH signaling through overexpression of NOTCH ligands 
or receptors [15]. Consistent with this finding, the NOTCH1 pathway was found to 
be activated in a subset of HNSCC patients with distinctive peripheral (only at the 
outermost layer of tumor mass) or non-peripheral staining patterns of cleaved NICD 
[28]. Interestingly, another study also showed that NOTCH1 protein localizes to the 
invasive front of oral squamous cell carcinoma (OSCC) specimens [65]. Such 
localization may suggest that NOTCH1 is involved in the invasive ability of OSCC 
[27, 59], potentially through inactivation of DTX1, a positive regulator of the 
NOTCH signaling pathway [73].

Notably, high levels of NOTCH1 expression in a subset of HNSCC tumor speci-
mens were closely associated with clinical resistance to cisplatin therapy [20, 64], 
consistent with observations in other solid tumors [70, 74, 75]. Given the limited 
curative success of cisplatin-based chemotherapy against locally advanced or meta-
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static HNSCC, these studies position NOTCH expression as a potential molecular 
biomarker for response to cytotoxic chemotherapy. Although mechanisms underly-
ing this correlation in HNSCC remain to be further investigated, it is believed that 
the failure of cisplatin-based regimens and subsequent tumor relapse can be par-
tially attributed to the presence of highly tumorigenic, chemoresistant cancer stem 
cells (CSCs), which possess unique features of self-renewal, unlimited proliferation 
and asymmetric cell division [76]. Emerging evidence, both in vitro and in vivo, has 
shown that activation of NOTCH signaling is involved in the control of CSC self- 
renewal in HNSCC and that knockdown or blockade of NOTCH1 in HNSCC cell 
lines augments the chemosensitizing effects of cisplatin [72, 77–79]. Taken together 
with data from studies of human embryonic stem cells, these findings suggest that 
NOTCH1 may act as a key regulator of CSC-associated chemoresistance and 
tumorigenicity by altering the NANOG and OCT4 transcription network [80, 81].

Nearly 20% of patients with OSCC harbor premalignant lesions showing signs 
of dysplasia, often visually identified as leukoplakia or erythroplakia [82]. As some 
of these lesions evolve to malignant neoplasms [82, 83], they represent intermediate 
steps in OSCC progression [84, 85]. This multistep process from normal epithelium 
to early premalignant change and fully invasive squamous cell carcinoma provides 
a rational framework for studying the timing of molecular alterations underlying 
OSCC tumorigenesis. Although relatively few molecular markers associated with 
the progression of oral dysplasia to OSCC are currently recognized, upregulated 
expression of NOTCH1 receptors and their ligands was seen in these precancerous 
dysplastic lesions [19, 65, 86, 87]. Moreover, expression of NOTCH1, NICD, JAG1, 
and HES1 was gradually increased from normal to dysplastic to malignant tissue 
[19, 65, 87], suggesting that activation of NOTCH signaling is an early event in 
OSCC tumor progression. Recently, a high rate of potentially activating NOTCH1 
mutations was reported in oral dysplastic lesions and invasive OSCCs resected from 
Chinese patients [22, 23], further supporting an important role of NOTCH1 in the 
progression of early neoplasms.

Of note, NOTCH1 is the most frequently altered gene in adenoid cystic carci-
noma (ACC), a relatively rare tumor of the head and neck, with four mutations 
identified in 3 (12%) of 25 tumors tested (including one nonsense and one nonsyn-
onymous substitution, as well as two indel alterations) [88]. In ACC, NOTCH1 
mutations were proposed to be associated with higher NICD expression, worse 
prognosis, and likely better response to brontictuzumab (a monoclonal antibody 
that binds to NOTCH1 on the cell surface, thereby inhibiting NOTCH1-mediated 
signaling), as demonstrated by an index patient with NOTCH1-mutant tumor and 
xenograft model in vivo [89].

Several studies have focused on the potential utility of downregulating NOTCH 
signaling as an anticancer therapy for HNSCC. A number of studies reported that 
γ-secretase inhibition results in downregulation of the NICD downstream targets 
and reduces proliferation, migration, EMT-dependent invasiveness, and che-
moresistance in HNSCC cell lines in  vitro and in vivo [26, 65, 69, 72, 86, 90]. 
Currently, several γ-secretase inhibitors (GSIs) have been developed (including 
PF-03084014, GSI-1, GSI-IX (DAPT), MK-0752, BMS-906024, LY3039478, 
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LY450139, LY900009, MRK-003, and RO4929097, among others [91–96]) and 
tested in preclinical studies and phase I/II trials in patients with advanced solid 
tumors, either as single agents or in combination with targeted therapeutics or 
chemotherapy [40]. These studies have suffered from the use of drugs with poor 
pharmacokinetics (PK) for on-target effects and the lack of patient selection for 
NOTCH activation. For instance, a recent phase I study reported that only 2 out of 
15 HNSCC patients (13%) treated with the combination of GSI MK-0752, a 
γ-secretase inhibitor, and the mTOR inhibitor ridaforolimus achieved partial 
response [39, 97], which might have been due to the effect induced by the ridaforo-
limus. Taken together, the overall clinical experience indicates that although some 
patients with advanced disease experience cancer remissions, most patients do not 
respond to γ-secretase inhibitor therapy.

Monoclonal antibodies against NOTCH1 receptors or ligands (such as enoticumab, 
demcizumab, tarextumab, and brontictuzumab) [29–31] and other molecules with 
non-GSI modes of action that block NOTCH signaling (such as the γ-secretase 
modulators E2012 and JLK6, nonsteroidal anti-inflammatory drugs (NSAID) 
flurbiprofen/flurizan, the endoplasmic reticulum-exporting inhibitor molecule 
FLI-06, or TACE inhibitors INCB7839/XL784) are currently being developed and 
evaluated preclinically or in early-stage clinical trials [31, 37, 95, 98–100]. However, 
further improvement in clinical success is contingent upon identification of molecu-
lar biomarkers that will allow preselecting patients more likely to benefit from 
NOTCH1 inhibitors. These patients will likely be those in which NOTCH1 is altered 
and oncogenic, and therefore further studies are required to determine the molecular 
features that define this function.

8.6  NOTCH as a Tumor Suppressor

Although investigation of the role of NOTCH signaling during HNSCC tumorigen-
esis has focused mainly on its role as an oncogene, a tumor suppressor function for 
NOTCH1 in squamous epithelial tumors is well supported by multiple in vivo mod-
els of various types of cancer and in vitro studies with normal keratinocytes from 
the skin or esophagus [101–105]. Studies indicating that NOTCH exerts tumor sup-
pressor function and can inhibit carcinogenesis in certain tissues have been recently 
thoroughly reviewed [57].

Prior to the recent next-generation sequencing analyses of the HNSCC muta-
tional landscape, only a few studies pointed to an association between loss of 
NOTCH activity and HNSCC carcinogenesis. In one study, overexpression of NICD 
in a tongue cancer cell line resulted in growth suppression in  vitro and in  vivo 
accompanied by G0/G1 cell cycle arrest and apoptosis [106]. Similar results were 
reported in a laryngeal cancer cell line, where overexpression of NOTCH1 sup-
pressed proliferation, causing cell cycle arrest in the G0/G1 phase and inducing 
apoptosis [107]. In a later study, immunohistochemical analysis of NOTCH1 in 56 
cases of oral epithelial specimens, including OSCC and oral intraepithelial neo-

8 Role of the NOTCH Signaling Pathway in Head and Neck Cancer



238

plasm (OIN), showed reduced NOTCH1 expression in cancer compared to normal 
basal cells within the same specimen [108]. The downregulation of NOTCH1  in 
OSCC was also confirmed by microarray and Western blot analyses. Although the 
mechanisms underlying redundant and non-overlapping roles of NOTCH proteins 
in tumorigenesis of solid malignancies are complex and not yet well understood, in 
this study, neither NOTCH2 nor NOTCH3 was upregulated in OSCC, suggesting 
that quantitative compensation of NOTCH1 function in OSCC is unlikely [108]. 
Furthermore, the same study reported that knockdown of NOTCH1 in normal 
human fibroblast cells (HFS) resulted in dysplastic stratified epithelium formation 
in vitro [108].

With the advancement of next-generation sequencing technologies, several 
independent groups performed whole-exome sequencing of HNSCC tumors, pre-
dominantly from Caucasian patients, reporting that up to 15% of HNSCCs carry 
NOTCH1 mutations [7–9, 15, 109]. This observation was later confirmed by The 
Cancer Genome Atlas (TCGA) study, which found NOTCH1 mutations with a 
prevalence of approximately 19% in the 279 HNSCC tumors analyzed, confirming 
that NOTCH1 is one of the most frequently mutated genes discovered in HNSCC 
[10]. In these large-scale studies, the location of missense mutations in the ligand-
binding domain as well as frequent nonsense and frameshift aberrations [7] led to 
the hypothesis that NOTCH1 is likely a tumor suppressor. Subsequently, it was 
demonstrated that expression of cleaved NICD or full-length wild-type NOTCH1 
in mutant HNSCC cell lines inhibited in vitro proliferation and growth in mice [8], 
functionally supporting the hypothesis that the NOTCH pathway has a tumor sup-
pressor effect in HNSCC. Of note, mutations in FBXW7 (a component of the SCF 
ubiquitin ligase complex and a negative regulator of NOTCH1) within a hotspot 
known to block NOTCH1 degradation may result in sustained NOTCH signaling, 
adding another level of complexity to the functional status of NOTCH1 in these 
tumors [7].

Interestingly, in a clinical trial of GSI for the treatment of Alzheimer disease, an 
increased risk of nonmelanoma skin cancers was reported in a subset of patient who 
received higher doses of the drug [110, 111], consistent with previous observations 
that NOTCH1 acts as a tumor suppressor in the epidermis [112]. The emergence of 
skin cancers with GSI administration further supports evidence that GSIs are more 
effective against tumors with NOTCH1-activating mutations or malignancies where 
NOTCH1 has lost its tumor-suppressive function (via inactivating mutations or 
other molecular mechanisms) [113]. Since ablation of NOTCH1 signaling in a case 
where it plays a tumor-suppressive role may induce tumorigenic effects [112], until 
the molecular signature for better selection of patients likely to respond to GSIs is 
available, close attention must be paid.

While findings that loss-of-function mutations are recurrent in clinical samples sug-
gests that NOTCH1 functions as a tumor suppressor in a subset of HNSCC tumors, 
continued delineation of the mechanisms underlying NOTCH-mediated tumor sup-
pression will be necessary for developing new therapeutic strategies that enable the 
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tumor function of NOTCH to be effectively harnessed to improve patient benefits. For 
example, development of NOTCH-activating antibodies that facilitate TACE-mediated 
S2 cleavage [114] or targeting NOTCH’s negative regulators such as DTX1 or FBXW7 
could be a potential therapeutic strategy to restore NOTCH pathway activity [73].

8.7  NOTCH Functional Heterogeneity: A Potential Key 
to Conflicting Results

Although the role of NOTCH signaling in HNSCC remains controversial, several 
recent studies provide some explanations for the contradictory findings and shed 
new light on the complex molecular alterations of the NOTCH signaling pathway in 
HNSCC.

The vast majority of mutations identified in high-throughput sequencing studies 
are located around the ligand-binding domain, indicating that disrupting the 
NOTCH1-ligand interaction may be the most prevalent cause for NOTCH1-related 
tumorigenesis in the Western populations [23]. Overall, most genetic alterations 
identified in Caucasians have been located in areas associated with the loss-of- 
function phenotype, a mutational spectrum fundamentally different from that 
observed in Chinese patients, where significant proportion of alterations are located 
in domains likely to result in activation of NOTCH signaling. Interestingly, the 
NOTCH1 mutation frequency was considerably higher (over 50%) in Chinese 
HNSCC patients and strongly associated with poor prognosis and shorter survival 
[16, 22, 23]. On the other hand, the rate of NOTCH1 mutations in Japanese OSCC 
patients was on par with that seen in Caucasians, with most of the NOTCH1 altera-
tions predicted to be inactivating [115]. Although further studies with much larger 
independent cohorts from similar ethnic backgrounds will be needed to validate 
these observations, these studies emphasize that NOTCH1 may employ different 
tumorigenic mechanisms in patients from distinct ethnic and geographic areas.

A recent comprehensive genetic, epigenetic, and transcriptomic analysis of the 
NOTCH signaling pathway in 44 predominantly Caucasian patients with HNSCC 
revealed that NOTCH1-mutant tumors display lack of NOTCH pathway activation 
due to the loss-of-function mutations, whereas a large subset of tumors with wild- 
type NOTCH1 exhibit increased expression or gene copy number of either the 
receptor or ligands, as well as downstream pathway activation [15]. This bimodal 
pattern of NOTCH pathway alterations suggests that NOTCH signaling may be 
more common in HNSCC than previously thought but through different  mechanisms 
dependent on inherited genetic background, environmental factors, and etiology.

More recently, immunohistochemical analysis of transcriptionally active NICD 
in 79 tumors from Caucasian patients with known NOTCH1 mutation status revealed 
that NICD is expressed in three distinct patterns. This study suggests that NOTCH 
dysregulation may differ from tumor to tumor, with NOTCH1 functioning as a 
tumor suppressor in a subset of tumors with negative staining, and as an oncogene 
in another subgroup (tumors with positive nonperipheral expression), while retaining 
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normal function in the remainder (tumors with positive peripheral staining pattern) 
[28]. Interestingly, about half of the NOTCH1 mutants expressed cleaved NOTCH1 
despite having missense mutations in the EGF-like ligand-binding domain. While it 
is possible that these patients were heterozygous for NOTCH1 mutations, further 
studies are necessary to clarify this observation.

Furthermore, a few recent studies have indicated a possible effect of HPV infec-
tion on NOTCH1 signaling patterns in HNSCC.  It was reported that NOTCH1- 
mutant tumors [28, 116] and tumors that lacked downstream NICD staining are 
more likely to be HPV-negative [28]. Another study revealed that while NOTCH1 
drives angiogenesis in HPV-negative head and neck cancers, angiogenesis in HPV- 
positive tumors is most likely NOTCH1 independent [61]. Although the signifi-
cance of these findings is not yet clear [117], these preliminary observations suggest 
that the oncogenic or tumor-suppressive role of NOTCH1 is also dependent on the 
tumor HPV genotype. In studies in another HPV-induced tumor type, using cervical 
cancer cell lines, NOTCH1 was shown to be able to interact with the HPV-encoded 
oncoproteins E6 and E7 to either induce transformation [118] or to protect against 
HPV-induced oncogenesis [119]. Therefore, it is possible that the NOTCH1-E6/E7 
interaction also mediates NOTCH1 signaling in HPV-positive HNSCCs. However, 
this regulatory axis remains a subject of future investigation.

Taken together, these recent studies aid in interpreting the apparent inconsisten-
cies of existing literature and further recognize that the biological role of NOTCH 
could be contextual. HNSCC is considered to be a vastly heterogeneous disease, 
and the functional role of the NOTCH pathway is likely dependent on the genetic 
background of the individual tumor. While NOTCH undoubtedly plays a complex 
biological role in HNSCC, further elucidation of the mechanisms by which NOTCH 
signaling mediates its tumor-suppressive or tumor-promoting activities will better 
focus therapeutic interventions.

8.8  Current Challenges and Future Directions

Historically, most of the functional studies of NOTCH1 activation in the context of 
HNSCC were performed in vitro or in cell line-derived xenograft models. Mouse 
xenografts of human tumor cell lines diverge substantially from the actual tumors 
from which they were derived [120], do not represent the heterogeneity of human 
malignancy that occurs among individuals on a population basis, and are unlikely to 
accurately recapitulate the processes that occur during disease development. Hence, 
there is a need for more relevant experimental systems that better reflect the features 
of individual tumors to functionally test the role of NOTCH signaling and its inhibi-
tion in a preclinical setting. Patient-derived xenograft (PDX) models, established 
from tumor tissue samples directly implanted into immunodeficient mice, faithfully 
maintain mutational status, gene expression patterns, DNA copy number alterations, 
and other important biological features of human malignancies [121]. Continuous 
generation and analysis of in vivo models that truly recapitulate HNSCC may allow 

A. D. Schubert et al.



241

characterization of the molecular features that define the contextual functional role 
of NOTCH signaling. Furthermore, these in vivo systems may provide a powerful 
modality for preclinical evaluation of therapeutics that perturb the NOTCH pathway 
in HNSCC and other solid malignancies.

Even morphologically similar HNSCC cancers are extremely heterogeneous at 
the genetic and epigenetic level, arise in different histological sites, and respond to 
treatments with very diverse pathogenic mechanisms. To date, the functionality of 
NOTCH signaling has been analyzed in HNSCCs that represent a clinically diverse 
set of cancers from different anatomical sites that may or may not contain 
oncogenic HPV, and from patients that have had varied levels of tobacco smoke 
exposure, impacting mutational burden. Therefore, the population-based interpa-
tient genomic heterogeneity may underlie, in part, the contradictory evidence of 
NOTCH signaling in cancer. Further studies using more homogeneous cohorts of 
well- annotated tumors may aid in a fuller understanding of the function of NOTCH 
in HNSCC.

Remarkable advances in high-throughput genomic technologies and decreasing 
sequencing cost have allowed rapid generation of high-quality genetic, transcrip-
tomic, and epigenetic data from hundreds of HNSCC tumors. Profiling this data 
with constantly emerging new integrative analytical approaches [122, 123] may 
further enhance identification of potentially targetable components of NOTCH 
signaling pathway and clinically relevant predictors of response to current and 
novel NOTCH-targeted therapies. Development of novel bioinformatic methods to 
account for inter-tumor heterogeneity [124] and pathway dysregulation [123, 125, 
126] is critical to evaluating the complex role of NOTCH in these samples.

It has been proposed that in some cases, NOTCH1 mutation might underlie pro-
gression of oral premalignant lesions into a primary invasive carcinoma [23]. 
However, the risk of invasive transformation associated with NOTCH1 mutations or 
NOTCH pathway dysregulation is yet to be determined. Similar to TP53, NOTCH1 
mutations may exist in benign oral lesions for many years without progression to 
malignancy [127], and it is difficult to obtain longitudinal collection of oral dysplasia 
and subsequent OSCCs that developed in the same patients. Nevertheless, contin-
ued investigation of the NOTCH pathway in samples collected across the entire 
developmental path (from oral dysplasia to carcinoma in situ (CIS) and subse-
quently to invasive carcinoma) is needed to further validate the role of NOTCH 
signaling in OSCC evolution. Such studies may have considerable implications for 
risk assessment and treatment of patients with OSCC and other cancers of the head 
and neck arising from different anatomical sites.

8.9  Conclusion

The majority of patients with advanced HNSCC become resistant to repeated  
lines of traditional chemotherapy, and addition of cetuximab (a monoclonal anti-
body targeting epidermal growth factor receptor and the only FDA-approved 
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targeted therapy available for this disease) offers on average only a modest survival 
benefit. Therefore, there is an urgent need for new therapeutic strategies for patients 
with HNSCC.  It is apparent that dysregulation of the NOTCH signaling cascade 
plays an important role in proliferation, invasiveness, angiogenesis, stem cell main-
tenance, and chemoresistance of head and neck tumors. However, while dysregula-
tion of NOTCH pathway activity promotes cancer growth in some circumstances, it 
mediates cell death and tumor suppression in others. It has often been reported in 
past studies of many different tissue types that the ability of the NOTCH pathway to 
carry out different biologic outputs in cancers is profoundly dependent on the cel-
lular context [128]. It seems that HNSCC is no exception.

Initially viewed as a simple linear sequence of events, NOTCH signaling is now 
appreciated to involve a highly interconnected and complex network of protein 
modifiers that can affect its activity (Fig. 8.3). Moreover, crosstalk with components 
of other signaling pathways, such as receptor tyrosine kinases (i.e., VEGFR2) [129, 
130], Wnt [131, 132], and TGF-β [133], may also augment, inhibit, or modulate 

Fig. 8.3 Dysregulation of the key NOTCH1 pathway genes in HNSCC. The canonical NOTCH1 
signaling pathway consisting of 44 key proteins annotated by KEGG [134] pathway collection was 
constructed based on a provisional TCGA HNSCC cohort (n = 528) using the CBioPortal data-
base. Activating or inhibitory symbols are based on the predicted effects of genomic alterations in 
44 genes analyzed. The frequency of mutations (top) and the gene expression (bottom) are sum-
marized for each gene in the pathway. Gene expression alterations (Z-score ± 1) are shown sepa-
rately for upregulation (red) and downregulation (blue). For simplicity, only genes that are 
dysregulated on the gene expression level in more than 10% of the TCGA HNSCC patient cohort 
are shown
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NOTCH pathway activity and subsequently influence the outcome of this funda-
mental signaling axis. Recent advancements in high-throughput technologies and 
integrative analytical tools have brought a better understanding of NOTCH1 signaling 
in the context of head and neck cancers. As of 2017, cBioPortal analysis (Fig. 8.3) 
of the provisional TCGA HNSCC cohort shows that mutations in the key compo-
nents of the NOTCH1 pathway occur in 46% of the patients, whereas gene expression 
changes are seen in virtually 100% of tumors, highlighting the importance of 
NOTCH pathway dysregulation in pathogenesis of HNSCC.  Given the role of 
NOTCH signaling in regulating behavior of tumor cells, it is no surprise that several 
NOTCH-targeted treatment paradigms are currently being developed and tested in 
preclinical and clinical settings. Finally, developing drugs with better PK and 
pharmacodynamic (PD) profiles and better patient selection is needed before the 
NOTCH pathway can be optimally exploited for the treatment of patients with 
HNSCC and other cancers driven by NOTCH pathway alterations.
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Chapter 9
P53 in Head and Neck Squamous Cell 
Carcinoma

Janaki Parameswaran and Barbara Burtness

Abstract TP53 is the most commonly mutated gene in head and neck cancer. 
Mutations in TP53 are associated with poor prognosis; approximately 50% of 
patients with locally advanced disease and nearly all patients with metastatic dis-
ease succumb to their illness. Novel and more effective treatment strategies are 
needed for these patients. However, due to the numerous intracellular roles of p53, 
and to the presence of both gain-of-function and loss-of-function mutations, target-
ing p53 has been challenging. Here, we review the p53 pathway and its role in the 
pathogenesis, prognosis, and treatment of head and neck squamous cell 
carcinoma.

Keywords P53 · Head and neck squamous cell carcinoma · Tumor suppressor

9.1  Introduction

Since its discovery in 1979, TP53 (encoding the p53 tumor suppressor protein) has 
emerged as one of the most important and commonly mutated genes in human can-
cers. P53 plays a crucial role in cellular response to stress, determining cell fate in 
the settings of nutrient deprivation, hypoxia, metabolic disturbance, hyperprolifera-
tive signals, and DNA damage [1]. Under both normal physiologic and pathological 
conditions, p53 activation can lead to cell cycle arrest, apoptosis, and senescence. It 
is, therefore, considered a central tumor suppressor and “guardian of the genome” 
[2]. Altered p53 function contributes to tumor development and progression by influ-
encing the cell cycle [3], angiogenesis [4–6], tumor-microenvironment interaction 
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[7, 8], and tumor invasion [9, 10]. Mutations in TP53 occur in over 50% of malig-
nancies [11]. Both loss-of-function (LOF) and gain-of-function (GOF) mutations 
have been described and result in various degrees of altered wild-type (WT) function 
[12, 13]. In head and neck squamous cell carcinoma (HNSCC), TP53 mutation is the 
most common genetic alteration, occurring in 50–70% of cases [14, 15].

HNSCC can be broadly categorized by anatomic origin. The term “HNSCC” 
will refer to squamous cancers originating in the oral cavity, oropharynx, hypophar-
ynx, and larynx, unless otherwise specified. HNSCC can also be classified by 
human papillomavirus (HPV) status, with an increasing proportion of cancers that 
are now associated with chronic HPV infection (see Chaps. 20 and 21). TP53 muta-
tions are found predominantly in HPV-negative disease, including in premalignant 
lesions [16, 17], suggesting a role in pathogenesis. In established tumors, TP53 
mutations are an independent risk factor for poor prognosis [18] and occur in 
approximately 70–80% of HPV-negative and less than 10% of HPV-related cases 
[19–21]. In HPV-related disease, the E6 viral protein targets p53 for proteasomal 
degradation; this likely has similar effects to an inactivating LOF mutation in TP53, 
with the exception that in response to DNA damage, levels of WT p53 can rise in 
HPV-associated disease, while WT p53 cannot be synthesized in the context of bial-
lelic mutation [22].

Despite the frequency of TP53 mutation, mutant p53 remains undruggable and 
creates a barrier to improved outcome. New treatment strategies that either target 
abnormal p53 or take advantage of vulnerabilities associated with TP53 mutation 
are needed.

9.2  p53 Structure

TP53 is located on chromosome 17p13 and is approximately 22,000 bp in length. It 
contains 2 promoters (P1 and P2) and 11 exons. The gene encodes multiple iso-
forms that result from varying use of promoters, alternative splicing, and/or altering 
the site of mRNA initiation. To date, 9 mRNAs that encode 12 different isoforms 
have been defined [23, 24]. The most abundant isoform in humans is p53α, typically 
referred to as p53. Although p53 isoforms can be differentially expressed in malig-
nancy, in HNSCC, there are no reports of significant difference in isoform expres-
sion between normal and cancerous tissue. Full-length p53 is 393 amino acids long, 
consisting of an N-terminal transactivation domain (TAD), a proline- rich region 
(PRR), a large DNA-binding domain (DBD), a tetramerization domain (TD), and a 
C-terminal regulatory domain (CTD) (Fig. 9.1) [25].

The TAD interacts with transcriptional coactivators and corepressors, and its 
activity is regulated by phosphorylation via a variety of kinases. The TAD can be 
divided into two domains, AD1 (amino acids 20–40) and AD2 (amino acids 40–61). 
AD1 plays an important role in response to DNA damage [26], and AD2 is involved 
in apoptosis [27]. Both TAD1 and TAD2 undergo conformational change upon 
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binding to their target proteins, which include coactivators P300 and CBP and key 
inhibitors MDM2 and MDM4 [28–30].

The DNA-binding domain (amino acids 96–293), encoded by exons 5–8, is the 
largest domain of p53. Made up of two β-turn loops, L2 and L3, and a loop-sheet- 
helix motif [31], it is a highly conserved “core” region of the protein [32] that allows 
p53 to bind promoters of a variety of genes and regulate their transcription. Recent 
analysis of the International Agency for Research on Cancer (IARC) database and 
of the COSMIC database suggests that 80–90% of mutations associated with malig-
nancy occur in the DBD [33].

In its main role as a transcription factor, p53 functions as a homotetramer [34]. 
The TD (amino acids 324–356) enables the formation of p53 homotetramers, as 
well as heterotetramers with p53 isoforms or mutant p53 [35]. Tetramers can exist 
in inactive (less DNA binding) and active (more DNA binding) forms, and the TD 
enables this shift in conformation by affecting the p53 tertiary and quaternary struc-
ture [36]. The TD also plays a role in the degradation of p53, as ubiquitination tar-
gets the oligomeric form [37, 38]. The TD also impacts p53 intracellular localization, 
as it contains a nuclear export signal which becomes hidden when p53 tetramerizes, 
allowing p53 to remain in the nucleus to regulate transcription [39].

Lastly, the CTD (amino acids 364–393) enables p53 DNA binding in a sequence- 
dependent manner [40] and helps stabilize DNA/p53 binding [41]. Within the CTD 
are two highly conserved motifs at residues 381-–383 and 391–393 [42]. Lysines 
381 and 382 are either acetylated or ubiquitinated by p300/CBP or MDM2, respec-
tively, and play a major role in determining p53 transcriptional capacity [43–47].

9.3  P63 and P73

The p53 family also includes two additional proteins, p63 and p73, which were 
identified in 1997 [48, 49]. These proteins are evolutionarily more ancient para-
logues of p53 and resemble p53  in structure [50]. They have some overlapping 
functions with p53 (cell cycle regulation, apoptosis) but also play an important role 
in squamous cell differentiation. P63 is located on chromosome 3q28, and p73 is on 
chromosome 1p36. Like p53, p63 and p73 contain TADs, DNA-binding domains, 
and tetramerization domains and have alternative promoters and splicing sites which 
render multiple different protein isoforms. Most notably, they can encode protein 
variants that are full length (TAp63 or TAp73) or that lack TADs (ΔNp63 or ΔNp73). 

TAD1 TAD2 PRR DBD TD CTD

1
NTD

393
CTD

p53

Fig. 9.1 From N-terminus to C-terminus p53 is made up of five main domains: the transactivation 
domain consisting of activation domain 1 (AD1) and activation domain 2 (AD2), proline-rich 
region (PRR), DNA-binding domain (DBD), tetramerization domain (TD), and the C-terminal 
domain (CTD)
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Many ΔNp63 or ΔNp73 isoforms can bind DNA but cannot activate promoters, 
engendering a dominant negative-like phenotype. However, certain ΔN isoforms, 
such as DeltaNp73beta, contain intrinsic transcriptional activity and have the ability 
to either activate or suppress transcription of their target genes [51, 52].

P63 has 12 known isoforms that result from alternate promoter usage and alter-
nate splicing [53]. It mainly exists in an inactive homodimerized state and is rarely 
mutated in human cancers. Interestingly, isoform ΔNp63α, an important regulator 
of keratinocyte differentiation [54], can be overexpressed in squamous cell carcino-
mas (SCC), including those originating in the head and neck, due to chromosomal 
amplification [55]. ΔNp63α may contribute to oncogenesis via stimulatory and 
inhibitory transcriptional regulation. Depending on the context, it can have domi-
nant negative effects by blocking p53 response elements (e.g., influencing keratino-
cyte differentiation [54]) or activating transcription (e.g., of β-catenin-dependent 
genes [56] and VEGF [57]).

P73 mainly exists as an active homotetramer, and the TP73 gene is also rarely 
mutated in cancer. It has 14 known isoforms and an additional 15 theoretical iso-
forms. Its predominant isoform in cancer can vary, and its role in tumor develop-
ment can differ depending on whether the isoform is pro- or anti-apoptotic. TAp73 
isoforms bind to DNA via p53 response elements (p53RE), activating p53 target 
genes that induced cell cycle arrest or apoptosis. ΔNp73 isoforms can behave in a 
dominant negative manner (as mentioned above) by competing for p53 DNA- 
binding sites or protein interactions, leading to an anti-apoptotic effect [58]. In gen-
eral, squamous cell carcinomas are associated with TAp73 isoform overexpression 
[55]. Additionally, patients with the TP73 G4C14-to-A4T14 (GC/AT) polymor-
phism may have a slightly increased risk for developing HPV-related oropharyngeal 
squamous cell carcinoma [59]. This polymorphism results in a dinucleotide substi-
tution, which alters amino acid 4 from G to A and amino acid 14 from C to T. Due 
to monoallelic expression of p73, either the GC or AT allele is expressed. The poly-
morphism occurs in exon 2, upstream of p73’s start codon, and can theoretically 
alter p73 gene expression, but mechanism of carcinogenesis is unknown [49].

9.4  p53 Regulation

Transcriptional and posttranslational modifications affect p53’s activity and cellular 
localization. Over 30 proteins bind to p53 [60]. The E3 ubiquitin ligases MDM2 and 
MDM4 are two of those key proteins that regulate abundance of p53 by promoting 
its rate of ubiquitin-targeted degradation and limiting its transcriptional activity [3, 
61–63]. MDM2 and MDM4 are structurally paralogous and contain four conserved 
regions: an N-terminal p53 binding domain which interacts with p53, a zinc finger 
domain, an acidic domain, and a C-terminal ring structure [64].

MDM4 heterodimerizes with and stabilizes MDM2 [65]. Based on differential 
expression of MDM4 and MDM2 in mouse models, it has been proposed that the 
MDM2 homodimer functions in slowly proliferating and terminally differentiated 
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cells, whereas MDM4 enhances MDM2 activity in highly proliferating cells [66, 67]. 
Interestingly, a growing body of evidence suggests MDM4 overexpression correlates 
with poor prognosis in a variety of cancers [68–71]. In HNSCC, MDM4 was found 
to be overexpressed in 50% of cases, based on immunohistochemistry (IHC) [72].

In response to stress, there are a variety of mechanisms that disrupt the 
MDM2-p53 interaction, including ADP-ribosylation factor (ARF) inactivation of 
MDM2. ARF is one of the two tumor suppressors transcribed from the p16INK4A- 
ARF locus (CDKN2A) [73]. ARF binds and sequesters MDM2, thereby increasing 
p53 levels and activity (Fig. 9.2) [74, 75]. Under pathological conditions, reduced 
ARF expression [76] or increased MDM2 expression leads to inhibition of p53, 
which can contribute to oncogenesis via loss of cell cycle checkpoints. HNSCC has 
been associated with alterations in both MDM2 and ARF expression. MDM2 is 
overexpressed in up to 46% of cases [77]. ARF is underexpressed (via deletion or 
methylation) in 30% of oral SCC cases, and ARF underexpression correlates with 
increased recurrence in retrospective analysis [78]. Moreover, LOH of 9p21 (site of 
ARF) was found to occur early during HNSCC development, suggesting a role in 
pathogenesis [17]. Interestingly, as opposed to oral cancers which are typically 
HPV-negative and more likely to have TP53 mutation, HPV-positive oropharyngeal 
cancers have been shown to be associated with CDKN2A hypermethylation and 
increased ARF expression [79].

Another mechanism to disrupt the MDM2-p53 interaction is phosphorylation of 
Thr18 on p53, which prevents binding of MDM2 [80] and increases binding affinity 
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Fig. 9.2 Regulation of p53  in HNSCC. (a) p53 can either bind its inhibitor MDM2 or its key 
transcriptional co-activator p300. (b) Under normal physiologic conditions, MDM2 inhibits p53 
function by targeting it to proteasomal degradation and preventing binding of p300. MDM4 stabi-
lizes MDM2. Under cellular stress (e.g., DNA damage), numerous interactions contribute to p53 
activation including ARF inhibition of MDM2. When ARF binds MDM2, p53 is free to bind p300. 
Dysregulation of the p53 pathway can contribute to oncogenesis. In HNSCC, studies have found 
decreased ARF, increased MDM2, and increased SKP2 (binds p300 and prevents p300-p53 inter-
action) which can lead to inappropriate inhibition of p53

9 P53 in Head and Neck Squamous Cell Carcinoma



254

for the transcriptional coactivator p300 [81]. During p53-dependent transcription, 
p300 interaction with the TAD of tetrameric p53 stabilizes the tetrameric conforma-
tion. P300 also loosens chromatin structure via its histone acetyltransferase activity 
[82, 83] and recruits RNA polymerase II [84], enabling p53 to regulate transcription 
of its target genes. Although HPV E6 inactivates p300 [85, 86], there is no reported 
evidence of p300 dysfunction in HPV-negative HNSCC. P300 is regulated by mul-
tiple proteins including S-phase kinase-associated protein 2 (SKP2), a proto- 
oncogene that binds p300 and prevents p300 from activating p53 (Fig. 9.2). SKP2 
can be elevated in a variety of cancers, including HNSCC, where it has been found 
to be overexpressed in 24/47 cases [87].

Recently, Aurora Kinase A (AURKA) has been shown to negatively regulate 
p53. AURKA regulates centrosome maturation, spindle formation, and mitotic 
entry. P53 negatively regulates AURKA [88], and in a negative feedback loop, 
AURKA inhibits p53, phosphorylating serines 215 and 315 in the DNA-binding and 
tetramerization domains on p53, thereby reducing p53 activity and fostering p53 
degradation [89, 90]. Further support of the inhibitory effect of AURKA on p53 
comes from in vitro data showing AURKA inhibition stabilizes p53’s downstream 
target, CDKN1A/p21 [91]. Pathologic upregulation of AURKA occurs in a variety 
of tumors. In HNSCC, high AURKA levels correlate with poor prognosis and cis-
platin resistance [92–94]. Alisertib, a small molecule that is primarily an AURKA 
inhibitor, has demonstrated a 9% monotherapy response rate in previously treated 
HNSCC [95]. Clinical response rates to AURKA inhibition in p53 mutant vs. WT 
tumors have not been established in HNSCC.

9.5  P53 Function

Posttranslational modification (including phosphorylation, acetylation,  and meth-
ylation) by stress-induced kinases allows p53 to bind DNA at p53 response elements 
and induce the transcription of genes affecting apoptosis, cell cycle progression, and 
DNA repair. Following DNA damage, p53 triggers the G1/S checkpoint by inducing 
expression of Waf/CIP1, which leads to inhibition of CDK2 and G1 arrest. P53 also 
has established roles in nucleotide excision, base excision, and double-stranded and 
mismatch repair. In this capacity, it affects the accessibility of chromatin to repair 
enzymes by modulating the helicase activity of TFIIH [96, 97], and it increases 
transcription of p48 and XPC, which increase cellular ability to locate and target 
DNA damage for nucleotide excision repair. P53 also regulates transcription of sev-
eral other DNA repair and damage response genes including RAD51, MSH2, OGG1, 
MUTYH, and APE1 [98–103]. Cells that have mutant TP53 have impaired control 
over the G1 checkpoint and DNA repair, contributing to oncogenesis.

P53 also interacts directly with several proteins that influence cell survival includ-
ing Bcl-2 and Bcl-2-associated protein X (Bax), structural paralogues in the BCL-2 
family. Bcl-2 promotes cell survival, whereas Bax induces apoptosis (Fig.  9.3). 
When apoptosis is triggered, Bax induces mitochondrial membrane permeability 
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and ultimately caspase activation. Bax is inhibited by Bcl-2, which is negatively 
regulated by Puma, Noxa, and Bim. P53 can lead to apoptosis by increasing tran-
scription of BAX, directly activating Bax, or increasing transcription of PUMA and 
NOXA [104, 105].

Bcl2 is detected via IHC in about 13–21% of HNSCC [106, 107]. Correlation of 
Bcl-2 expression and prognosis in HNSCC varies with stage and treatment modal-
ity. In a study analyzing BCL-2 expression using IHC in 400 samples, Bcl-2 over-
expression correlated with poorly differentiated, advanced disease but improved 
locoregional tumor control (relative risk 0.51, 95% CI 0.31–0.85, p = 0.009) and 
overall survival (relative risk 0.37, 95% CI 0.22–0.62, p = 0.0002) in multivariate 
analysis [106]. Pena et al. [108] also found that increased Bcl-2 expression detected 
by IHC was associated with improved prognosis in patients with stage IV locally 
advanced disease. Interestingly, in patients with early- stage HNSCC treated with 
radiation therapy (RT), Bcl-2 expression correlated with worse disease-free and 
5-year overall survival [107], with a potential mechanism being impaired apoptosis 
during RT. None of the above studies correlated bcl-2 and p53 status.

9.6  Single Nucleotide Polymorphisms (SNP) of the p53 
Pathway

A common SNP in TP53 occurs in codon 72, located in exon 4 in a proline-rich 
region important for p53 regulation of apoptosis [109]. In 1988, it was discovered 
that amino acid 72, which typically codes for arginine (R72), can also code for pro-
line (P72) [110]. In HNSCC, there is no clear correlation between P72 SNP and risk 
of cancer development. However, patients with oral and laryngeal cancer with P72/
P72 may have younger age of tumor onset [111]. Additionally, based on a small 
sample of patients, those with P72/P72 appear to have significantly worse 
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Fig. 9.3 P53 activation of Bax. One of the pathways by which p53 leads to apoptosis is via activa-
tion of Bax. P53 can increase transcription of BAX, directly activate Bax, and increase transcription 
of PUMA and NOXA. Puma and Noxa inhibit Bcl2, a negative regulator of Bax
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progression- free survival and overall survival after concurrent chemoradiation with 
cisplatin compared to those with R72/R72 or R72/P72 (Fig. 9.4) [112].

Another SNP in TP53 occurs at amino acid 47, which can code for proline (pre-
dominant form) or serine. In response to UV radiation, p38 MAP kinase phosphory-
lates serine residues on p53, thereby stabilizing p53 and leading to apoptosis [113]. 
When S47 is present, p38 may have reduced ability to bind the p53 proline-rich 
region [114]. In vitro data suggest that the S47 SNP confers resistance to treatment 

Fig. 9.4 Polymorphism in WT TP53 codon 72 influences the clinical outcome of combined 
modality treatment in HNSCC. Estimates of progression-free survival (PFS) and overall survival 
in HNSCC based on findings from Sullivan et al. [112] WT p53 R72/R72 = Wt Arg, WT p53 R72/
P72 = Wt Arg + Pro, WT P72/P72 = Wt Pro. (a) Presence of at least one R72 allele is associated 
with improved progression-free survival. (b) Presence of at least one R72 allele is associated with 
improved overall survival
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with cisplatin, the main chemotherapy used in HNSCC treatment [115], but there 
are no data on this SNP in HNSCC.  S47 is found in less than 5% of African- 
Americans and confers a five-fold reduced ability to induce apoptosis, versus 0% of 
Americans of European descent, which may contribute to racial disparities in 
response to treatment [116].

In addition to SNPs in p53, the T309G SNP in MDM2 can impact p53 function-
ality. MDM2 SNP 309GG stabilizes MDM2 mRNA and consequently increases 
MDM2 protein levels and degradation of TP53. Patients with SNP 309GG have a 
9-year earlier cancer onset in both hereditary and sporadic tumors [117]. This poly-
morphism may also may confer risk for nasopharyngeal cancer, but not risk for 
other head and neck cancer types [118]. In patients treated with platinum-based 
therapy, those with SNP 309GG or TG had worse survival than TT patients [119].

9.7  TP53 Mutations in HNSCC

Mutations affecting TP53 activity that are related to malignancy can be categorized 
as germ line or somatic. Germline mutations in TP53 are uncommon driver muta-
tions for HNSCC and, when they occur, are associated with Li-Fraumeni, Bloom, or 
Werner syndromes. Li-Fraumeni is due predominantly to TP53 germline mutations 
in the DNA-binding domain; these are often missense mutations that lead to defec-
tive protein production [120]. Li-Fraumeni patients are therefore predisposed to 
malignancy at a young age (mean age of onset 25) and often have multiple malig-
nancies in their lifetime [121]. Based on a case series, HNSCC accounts for about 
3% of the cancers found in these patients [122].

Bloom and Werner syndromes indirectly affect p53 function and are due to muta-
tions that affect helicases. The Bloom syndrome protein (BLM) and the Werner 
syndrome protein (WRN) are two of five RecQ helicases that belong to the SF2 
helicase superfamily. Mutations in both genes significantly predispose to cancer. 
BLM has been shown to interact with p53 in yeast two-hybrid systems and likely 
causes p53 transactivation [123, 124]. Mutations in BLM lead to severe growth 
retardation, UV light sensitivity, and genomic instability (chromosome breakage 
and short telomeres) [125]. In a series of 100 individual cancer specimens in patients 
with Bloom syndrome, 10 were in the head and neck (excluding the skin): 2 audi-
tory canal, 4 tongue, 1 tonsil, and 3 larynx/epiglottis [126]. WRN binds to the CTD 
of p53 and stimulates p53-dependent apoptosis [127]; mutant WRN can lead to 
reduced apoptotic function of p53 [128]. Mutations in WRN lead to osteoporosis, 
atherosclerosis, type 2 diabetes mellitus, and cataracts. There are reports of Werner 
syndrome patients with head and neck cancer, and in a primarily Japanese popula-
tion, about 3% of head and neck cancers were associated with WRN mutation [129].

Much more common are somatic TP53 mutations that occur early in tumor 
growth. Somatic TP53 mutations fall into several distinct functional categories: 
while most lead to loss-of-function (LOF), or have dominant-negative effects, some 
provide new oncogenic properties to the protein, in a gain-of-function (GOF). In 
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1995, Brennan et  al. [130] sequenced TP53 in 129 tumors from patients with 
HNSCC treated at Johns Hopkins. Most patients were smokers or had at least a 20 
pack-year smoking history. TP53 mutations were found in 54 of the 129 patients. 
Most of the observed mutations were substitutions, and 7% were frameshift (either 
insertion or deletion).

Several other studies have shown that function-disabling TP53 mutations occur 
predominantly in HPV-negative disease, including that of Gillison et al. [131] Their 
study compared rates of TP53 mutation in HPV-associated and HPV-unassociated 
head and neck tumors. They evaluated 253 samples, 200 from the primary tumor at 
time of diagnosis and 53 from local biopsies at time of recurrence. In the oropharyn-
geal subset, TP53 mutation was present in 10% of HPV-associated disease and 67% 
of HPV-unassociated disease.

In 2015, The Cancer Genome Atlas Group reported results of a multi-platform 
genomic characterization of 279 HNSCCs (62% oral, 26% laryngeal, and 12% oro-
pharyngeal) [15]. Tumors were classified as HPV-positive or HPV-negative using 
RNA sequencing of viral genes E6 and E7. Among their findings were differences 
in rates of TP53 mutation between HPV-related and negative tumors: 86% of HPV- 
negative tumors vs. 1/36 (2.7%) of HPV-positive tumors had TP53 mutations. 
Tinhofer et al. [132] similarly reported TP53 mutation rates of 4% and 67% in HPV- 
positive and HPV-negative HNSCC, respectively, based on a sample of 179 speci-
mens. More recently, in 2016, Morris et  al. published data on the molecular 
landscape of recurrent and metastatic head and neck cancers treated at Memorial 
Sloan Kettering Cancer Center [133]. Next-generation sequencing on 53 locally 
advanced and metastatic treatment-resistant HNSCCs (21 HPV-positive, 30 HPV- 
negative) again confirmed that TP53 mutation is much more common in HPV- 
negative than HPV-positive disease (72% vs. 15%); however, the TP53 mutation 
rate in HPV-positive cancers was higher than in the larger studies reported above. 
Moreover, HPV-associated recurrent/metastatic tumors had higher rates of TP53 
mutation (15%  =  3/20), compared to primary HPV-related tumors (3%  =  1/36). 
Based on correlation with clinical data, these authors suggest that TP53 mutation in 
a subset of HPV-positive tumors is associated with smoking, occurs later in tumor 
evolution, and reflects poorer prognosis. Further studies addressing prognosis of 
TP53 mutations are described in the following section.

9.8  TP53 Mutations and Prognosis in HNSCC

It has been well-established in HNSCC that, in contrast to TP53 genotype, p53 
expression detected by IHC does not correlate with prognosis. This discrepancy 
between the prognostic import of genotype and protein expression arises because a 
subset of TP53 mutations affect p53 function but not expression, or lead to pro-
longed p53 half-life, including GOF and dominant-negative mutations. In 1997, 
Bradford et al. [134] analyzed TP53 mutation versus p53 expression in tumors from 
the VA Laryngeal Cancer Cooperative Study [135]. In the 44 laryngeal cancers 
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analyzed, there was poor correlation between p53 expression and TP53 exon 5–8 
mutational status. Sixteen patients had overexpression of p53 without detectable 
mutation on sequencing. Conversely, seven patients with normal p53 expression on 
IHC had detectable mutations on sequencing. Additionally, there was a trend toward 
decreased survival in patients with TP53 mutation (HR 1.83, 95% CI 0.9–3.72, 
p = 0.09), suggesting that p53 status was an independent poor prognostic factor in 
HNSCC.

To prognosticate the effects of TP53 mutation in HNSCC, many classification 
systems have been developed. In 2007, Poeta et al. [18] associated TP53 mutation 
with poor survival in patients with resected HNSCC of all stages (Fig. 9.5), enrolled 
in the Eastern Cooperative Oncology Group E4393 study. This study had two objec-
tives: [1] to determine  the value of molecular detection of cancer cells at tumor 
margins and [2] to determine the incidence of TP53 mutation and its impact on 
survival in HNSCC. All patients had newly diagnosed or recurrent HNSCC, under-
went surgical resection with negative margins, and received risk-based adjuvant 
therapy. Of the 420 patient samples analyzed, 43% were from the oral cavity, 21% 
from the larynx, 22% from the oropharynx, 7.6% from the hypopharynx, and 5.2% 
others or unknown.

Tumors were analyzed by GeneChip p53 assay, which detects mutations in exons 
2–11 and is able to detect some, but not all, frameshift mutations. The investigators 
classified mutations as disruptive or non-disruptive [32]. Mutations were classified 
as disruptive if they occurred in the L2–L3 region of the DBD or produced stop 
codons in any region. Non-disruptive mutations occurred outside the L2–L3 region 
and were not truncation mutations. Patients who had TP53 mutations had a median 
overall survival of 3.2 years, and those with WT TP53 had a median overall survival 
of 5.4 years. Furthermore, patients with disruptive TP53 mutations had worse prog-
nosis compared to patients with non-disruptive mutations, with median overall sur-
vival of 2 years vs. 3.9 years. The hazard ratio for death was 1.32 (95% CI 1.01–1.73, 
p = 0.04) with any TP53 mutation and 1.69 (95% CI 1.20–2.36, p = 0.003) with a 
disruptive TP53 mutation. The adverse effect of disruptive TP53 mutations was 
observed in both locally advanced and early-stage disease.

Since missense mutations lead to dominant-negative or GOF effects, using 
sequence location alone to predict the effect of TP53 mutations can be difficult. To 
better classify p53 mutations and determine which mutations adversely affect prog-
nosis in HNSCC, Neskey et  al. [136] used an evolutionary trace (ET) approach. 
Every nucleotide was assigned a level of functional sensitivity defined by the degree 
of phylogenetic divergence resulting from substitutions in that region. The ET func-
tional sensitivity in addition to conservativeness of the amino acid change was used 
to calculate an evolutionary action (EA) score. TCGA data were used to classify 
mutations into high risk and low risk. High-risk mutations (including R175H, 
C238F, G245D) had increased likelihood for lung metastasis and worse overall sur-
vival. The method was validated using an internal data set from M.D. Anderson, and 
results were confirmed using mouse models [136].

Using data from the patients enrolled in E4393, Masica et al. [137] compared 15 
different methods of predicting the effect of TP53 mutations on survival. For the 
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Fig. 9.5 Kaplan-Meier estimates of overall survival in HNSCC from Poeta et al. [18] Patients 
included in the study underwent surgical resection with negative margins, followed by risk-based 
adjuvant therapy. (a) Among the 196 patients with wild-type TP53 (of whom 99 died) and the 224 
patients with mutant TP53 (of whom 133 died), the median survival among patients with mutant 
TP53 was 3.2 years, as compared with 5.4 years among patients with wild-type TP53. (b) Among 
the 139 patients with non-disruptive TP53 mutations (of whom 76 died) and the 85 patients with 
disruptive TP53 mutations (of whom 57 died), median survival among patients with disruptive 
mutations was 2.0 years, whereas that among patients with non-disruptive mutations was 3.9 years. 
Disruptive mutations were defined as non-conservative mutations located inside the key DNA- 
binding domain (the L2–L3 region) or stop codons in any region; non-disruptive mutations were 
defined as conservative or non-conservative mutations (excluding stop codons) outside the L2–L3 
region
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analysis, the Poeta algorithm was included, but the Neskey algorithm was not. A 
total of 420 patient samples were analyzed, of which 224 were TP53 mutated. The 
classification system used by Poeta was superior to the remaining 14 algorithms and 
was the only method to correlate statistically with survival.

Lastly, in patients with p53 mutant disease, there have been attempts to correlate 
minimal residual disease (MRD) at surgical margin sites with prognosis. No studies 
have shown statistical significance. This may be due to high rate of false-positive 
TP53 mutation detection or presence of TP53 mutations in secondary early precur-
sor lesions [138]. In 2009, data were published using the LigAmp TP53 assay to 
assess MRD at surgical margin sites from patients enrolled in E4393 and others in 
RTOG 9614. Ninety-five samples contained a missense TP53 mutation found in at 
least 1 other sample: 85 had negative margins and 10 had positive margins (defined 
by severe dysplasia or invasive carcinoma). There was no statistical correlation 
between TP53 positive margin status and either cancer-specific or overall survival. 
A high false-positive rate with the LigAmp TP53 assay (32.5% of patients without 
local recurrence were found to have positive margins) may have contributed to the 
failure to identify a correlation.

9.9  P53 in Nasopharyngeal Carcinomas

Nasopharyngeal carcinoma (NPC) is an uncommon type of squamous cell carci-
noma that differs from other HPV-negative HNSCCs in terms of incidence, epide-
miology, and treatment. NPC has an incidence of about 80,000 people worldwide 
per year [139], with the highest prevalence in Southeast Asia. It is classified by 
WHO into the following types: keratinizing SCC and nonkeratinizing well- 
differentiated, nonkeratinizing poorly differentiated, and basaloid SCC [140]. 
Nearly all nonkeratinizing NPCs are associated with EBV [141]. More recently, 
NPC has also been found to be associated with HPV, especially in the non-endemic, 
keratinizing type [142, 143].

Unlike other HPV-negative squamous cell carcinomas of the head and neck, 
NPC has a low rate of TP53 mutation. In fact, up to 95% of NPCs overexpress WT 
p53 [144–146]. One study examined 38 tumors for mutations in TP53 exons 4–8 
and found no mutations that led to amino acid change [147]. When 12 NPC tumors 
from Hunan province of China were sequenced, only 1 had a TP53 mutation [148]. 
A third study sequenced TP53 exons 5–8 in 28 tumors derived from non-endemic 
cases (mostly Caucasian and African-American) and found only 3 patients with 
non-silent C➔T substitutions [149].
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9.10  P53 and Treatment Response

TP53 mutation correlates with worse outcome in HNSCC. This may in part be a 
consequence of varied response to standard treatment, which relies on surgery and 
the DNA-damaging modalities of radiation therapy (RT) and cisplatin-based 
chemotherapy.

The effect of TP53 mutation on radiosensitivity can vary with cancer cell type 
[150]. In HNSCC, TP53 mutations are typically associated with radioresistance 
based on preclinical and clinical data. In 1996, Koch et al. sequenced 110 HNSCCs 
from patients treated with radiation only or surgery followed by adjuvant radiation 
[151]. TP53 status was determined by sequencing exons 5–9. Multivariate analysis 
showed that TP53 mutation correlated with worse locoregional control. In 2001, 
Alsner et al. [152] evaluated samples from 90 patients with HNSCC, most of whom 
had locally advanced disease and received radiation as their only treatment. Forty of 
ninety patients had TP53 mutations (mostly missense, as determined by exon 5–9 
sequencing), which were associated with worse locoregional control rates and 
reduced DFS and overall survival.

In 2012, Skinner et al. [153] sequenced TP53 exons 2–12 in tumor samples from 
74 patients who were treated with surgery and adjuvant radiation. Mutations were 
classified as disruptive or non-disruptive based on the Poeta criteria. Patients with 
disruptive TP53 mutations had increased risk of locoregional recurrence and worse 
overall survival. At 5 years, freedom from locoregional recurrence was 41% with 
disruptive TP53 mutation, 64% with non-disruptive TP53 mutation, and 76% with 
WT TP53. The 5-year overall survival rates for patients with disruptive mutations, 
non-disruptive mutations, and WT TP53 were 19%, 41%, and 52%, respectively. 
These authors went on to evaluate 38 HNSCC cell lines and demonstrated that cells 
with disruptive TP53 mutations were radioresistant and implicated a mechanism of 
impaired senescence.

Although it is fairly clear that TP53 mutations typically confer radioresistance, 
their effect on cisplatin sensitivity can vary. In 2003, Bradford et al. [154] evaluated 
23 HNSCC cell lines, of which 13 were TP53 mutant as determined by SSCP and 
p53 GeneChip analysis. TP53 mutation correlated with cisplatin sensitivity in vitro 
based on IC50 values. Similarly, data from Hoffmann et al. [155] and Andrews et al. 
[156] on HNSCC cell lines suggested cisplatin sensitivity in TP53 mutant cell lines. 
Hoffman’s team compared 26 p53 mutant cell lines to 3 p53 WT cell lines. There 
was a trend toward increased cisplatin sensitivity in p53 mutant cell lines, but this 
was not statistically significant (p = 0.13), which may have been due to the presence 
of an additional TP53 WT allele in 11/26 cell lines. Of note, the one cell line that 
was HPV-positive was highly resistant to cisplatin. Lastly, Andrews et  al. [156] 
found that induction of mutant p53 in the USMSCC74B cell lines via transfection 
of the temperature-sensitive p53 construct LTRp53cG (Val 135) resulted in increased 
susceptibility to cisplatin-induced apoptosis.

However, other studies [157–159] correlate a subset of TP53 variants or muta-
tions with cisplatin resistance. Mandic et al. [157] demonstrated that cell lines con-
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taining the TP53 polymorphism R72/R72 were resistant to cisplatin if they had 
mutations affecting the p53 nuclear localization signal (corresponding to amino 
acids 305–322). Osman et al. [158] used three cell lines with lack of p53 expression 
and transfected them with seven different TP53 mutant constructs that were either 
high (R175H, C176F, C238F, G245D) or low risk (F134C, A161S, Y236C) for poor 
outcome based on the evolutionary action score. They found that cells transfected 
with high-risk mutant constructs had reduced cisplatin sensitivity compared to low-
risk constructs and the parental cell line. Of note, two of the mutations were previ-
ously included in studies that concluded TP53 mutations correlate with cisplatin 
sensitivity: the C176F mutation was included in Bradford’s analysis, and the C238F 
mutation was included in Hoffman’s analysis. Conflicting data on the effect of these 
two mutations on cisplatin sensitivity may be related to differences in cisplatin 
doses, varied presence of R72 SNP in TP53 which can confer cisplatin resistance 
[160], or presence of background mutations in a multitude of other genes affecting 
the cell cycle or cell survival.

Despite varying data on the effect of TP53 mutation on cisplatin sensitivity, both 
in  vitro [161, 162] and clinical data [163–165] support the use of cisplatin as a 
radiosensitizer in TP53-mutated HNSCC. In patients with HNSCC associated with 
disruptive TP53 mutation, the addition of cisplatin to radiation appears to improve 
survival compared to radiation alone. A small study conducted by Fallai et al. [166] 
analyzed tumors from 78 patients with oropharyngeal cancer who participated in 
the ORO93-01 and MEDUSA trials. The ORO 93-01 trial was a phase III trial ran-
domizing patients with locally advanced HNSCC to definitive RT, accelerated split 
course RT, or standard RT with carboplatin and 5FU. The MEDUSA trial random-
ized patients with locally advanced HNSCC to receive radiation with concomitant 
boost with either low-dose daily cisplatin or three cycles of cisplatin/5FU every 
3 weeks. Twenty-two samples had disruptive TP53 mutations, another twenty-two 
samples had non-disruptive TP53 mutations, and thirty-five samples were TP53 
WT. Although sample sizes were small, they found that when a platinum agent was 
added to radiation, 5-year OS was nearly doubled in both the TP53 mutant and WT 
groups (42% vs. 22% if mutant and 30% vs. 16% if WT).

9.11  New Treatments

Treatment of patients with TP53 mutant tumors has been challenging across a vari-
ety of cancers including HNSCC, as clinically translatable methods of restoring 
normal p53 function in the face of disruptive mutations have not been developed. 
Since patients with TP53 mutations have worse outcome and are at higher risk of 
relapse following definitive surgery, the EA3132 [NCT02734537] trial was designed 
to determine whether TP53 mutant disease should be treated more aggressively. For 
patients with locally advanced disease (stage III or IV), standard of care typically 
involves adjuvant radiation for patients who undergo primary resection of their 
tumor. Those with positive surgical margins or extracapsular spread of their disease 
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from lymph nodes benefit from addition of chemotherapy to radiation [167, 168]. 
The EA3132 trial will assess TP53 status in patients with locally advanced disease 
who had surgical resection without the recognized indications for adjuvant chemo-
therapy, stratify on the basis of disruptive TP53 mutation, and randomize patients to 
either postoperative radiation or concurrent chemoradiation with cisplatin.

Other recent approaches in p53 mutant disease involve the use of cell cycle 
checkpoint kinase inhibitors (discussed in more detail in Chap. 7). Since cells with 
p53 mutations lose their ability to control the G1/S checkpoint, they rely more heav-
ily on the G2/M checkpoint [169]. The G2/M checkpoint is mainly regulated by the 
CDK1/cyclin B1 complex: when the complex is activated, the cell enters mitosis, 
and when it is inactivated, the cell arrests in G2. Cdc25 and WEE1 regulate activa-
tion and inactivation of CDK1, respectively. If WEE1 is inhibited, cells are predis-
posed to inappropriate mitotic entry, especially those with an already defective G1 
checkpoint (i.e., those with TP53 mutation). Similarly, WEE1 is also involved in 
duration of S-phase via interactions with CDK2 and may have a role in DNA repair. 
Therefore, inhibition of WEE1 may lead to mitotic catastrophe if cells that are 
unable to repair DNA damage enter mitosis [170, 171].

A phase I clinical trial combining AZD-1775 with either cisplatin, carboplatin, 
or gemcitabine in advanced solid tumors showed that overall, 53% of patients had 
stable disease and 10% had partial responses [172]. Tumor samples were available 
in 52 patients: 19 with TP53-mutations and 33 with WT TP53. Patients with TP53 
mutations had numerically increased partial response rates compared those with 
wild-type TP53 (21% vs. 12%), but larger sample size is required to determine sta-
tistical significance. The same group also conducted a phase II trial of AZD-1775 
plus carboplatin in TP53-mutant ovarian cancer patients that relapsed or were 
refractory to first-line platin-based chemotherapy [173]. The overall response rate 
was 43%, and one patient had a prolonged partial response, suggesting that WEE1 
inhibition can enhance the efficacy of platinum agents, at least in ovarian cancer.

There are several small molecule-based therapies that target either WT or mutant 
p53 proteins. COTI-2 is an orally available third-generation thiosemicarbazone 
developed by Critical Outcome Technologies Inc. Initial preclinical data showed 
that COTI-2 leads to apoptosis in a variety of TP53 mutant cancer cell lines and 
reduces tumor growth in xenograft mouse models [174]. Although the structure 
remains proprietary, COTI-2 is believed to restore p53 activity and negatively regu-
late the PI3K/AKT/mTOR pathway, which can be overexpressed in malignancy and 
promotes cell survival. In HNSCC, preliminary in vitro data from M.D. Anderson 
show that COTI-2 has activity in both p53 WT and mutant cell lines leading to 
increased p21 expression and also inhibits tumor growth in mouse orthotopic mod-
els of oral cancer [175]. COTI-2 is currently being evaluated in a phase I trial in 
gynecological malignancies, with planned phase II expansion that includes HPV- 
negative recurrent/metastatic head and neck cancer patients [NCT02433626].

Other small molecules in various stages of testing/development for restoration of 
p53 function include PRIMA-1MET [176], CP31398 [177, 178], MIRA-1 [179], 
RETRA [180], nutlins, and RITA (reactivation of p53 and induction of tumor cell 
apoptosis). Nutlins and RITA prevent p53 degradation, and in vitro data show effec-

J. Parameswaran and B. Burtness



265

tiveness in reducing the growth of TP53 WT HNSCC cell lines when used either 
alone or in combination with cisplatin [181, 182]. RITA binds p53 and induces a 
conformational change that prevents MDM2 binding [183], whereas nutlins bind 
MDM2 and disrupt the MDM2-p53 interaction [184]. Recently Nutlin-3 has been 
shown to sensitize p53 WT esophageal squamous cancer cells (ECA-109) to irradia-
tion in  vitro and in xenograft mouse models created with ECA-109 cells [185]. 
Resistance mechanisms to both nutlins and RITA have been described. Although 
nutlins do not bind p53, selection for nutlin resistance can lead to acquisition of 
mutations in p53 that alter its transcriptional activity [186] and may contribute to 
nutlin resistance. Resistance to RITA may be partially attributed to NF-кB RelA/
p65 phosphorylation status: reduced phosphorylation of RelA/p65 at S536 and 
increased phosphorylation at S276 and S468 can reduce p65 activity and potential 
for cell death. Resistance may also be attributable to increased export of RITA via 
upregulation of ABC transporter ABCC6 expression [187].

Lastly, gene therapy using adenoviral vectors can be used in both p53 WT and 
mutant HNSCC. Vectors can restore or boost p53 function when they contain WT 
TP53 (e.g., Ad-p53). They can also be designed to induce cell lysis in p53-deficient 
cells (e.g., Onyx-015, ColoAd1). These agents have been undergoing evaluation for 
several years [188]. In a phase III trial using Ad-p53 in refractory HNSCC, patients 
received intratumoral injections with Ad-p53 or methotrexate. Patients with WT 
p53 or low expression of mutant p53 had similar outcomes with Ad-p53 and 
 methotrexate, with a trend to improved survival in the Ad-p53 group [189]. In  
TP53-mutant disease, the TP53 antisense agent ONYX-15 underwent preclinical 
and clinical testing [190]. However, due to a requirement for BID injections and 
lack of impact on median overall survival in the initial study, there are no new trials 
with ONYX-15.

Although not directly targeting p53 mutant cells, over the past few years, there 
have been exciting advances in the use of immune checkpoint inhibitors in malig-
nancy regardless of TP53 mutational state. In 2016, two agents received FDA 
approval to treat recurrent or refractory HNSCC that has progressed despite platin- 
based therapy—the humanized anti-PD-1 antibody pembrolizumab and the human 
IgG4 anti-PD-1 antibody nivolumab. Data supporting their use in HNSCC are pre-
sented in Chap. 14. The appeal of these agents includes the potential for long-term 
survival and a different toxicity profile compared to chemotherapy, predominantly 
autoimmune in nature. Higher PD-L1 expression corresponds to improved response 
rates to PD-1 inhibition in several cancers including HNSCC [191, 192]. P53 has 
been shown to activate miR-34a, which binds PD-L1 mRNA and prevents PD-L1 
expression on the cell membrane [193, 194]. Furthermore, analysis tumors from the 
TCGA showed that TP53 mutations were associated with lower levels of mir-34a 
and higher PDL-1 expression in non-small cell lung cancer [194]. Further investiga-
tion into correlation of TP53 mutational status and response to PD-1 or PD-L1 
inhibition and patient selection and resistance mechanisms are needed in HNSCC.

Despite current treatment options of immune checkpoint inhibition, chemother-
apy, radiation, and surgery, treating p53 mutant HNSCC remains challenging. We 
are unable to effectively target mutant p53 HNSCC, and many questions regarding 
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treatment remain. Does locally advanced p53 mutant disease benefit from treatment 
intensification or modification? Can immune checkpoint inhibition in the adjuvant 
setting overcome the poor prognosis conferred by the mutation? Should we con-
tinue our attempts to target p53 or develop treatments that will be effective regard-
less of p53 status? How can analysis of synthetic lethal and pathway target 
approaches exploit the abnormalities in cell cycle control in p53 mutant cancer? We 
eagerly await results of ongoing clinical and laboratory research, which may pro-
vide the answers.
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Chapter 10
APOBEC as an Endogenous Mutagen 
in Cancers of the Head and Neck

Tomoaki Sasaki, Natalia Issaeva, Wendell G. Yarbrough, 
and Karen S. Anderson

Abstract Apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3 
(APOBEC3) proteins are a family of cytidine deaminases that play important roles 
in diverse physiological processes in humans. APOBEC3-driven cytidine deamina-
tion results in a C-to-U conversion in target nucleotides, classifying this biological 
activity as a DNA-/RNA-editing mechanism. In recent years, biochemical, cellular, 
and bioinformatics studies have supported a role for APOBEC3 proteins in the etiol-
ogy of human cancers, based on their ability to mutate genomic DNA. In this chap-
ter, we provide a thorough review of recent studies that have implicated APOBEC3 in 
a number of diverse cancers, including head and neck cancers. These studies suggest 
that APOBEC3-dependent mutations are most associated with squamous cell carci-
nomas of the head and neck and may be linked to human papillomavirus (HPV) 
expression and production of neoantigens. Cell-based and structural evidence cor-
roborates the initial bioinformatics data on APOBEC3 function. In conclusion, we 
raise several prospects for targeted therapeutic avenues including potential immuno-
therapy options that can leverage neoantigens generated from APOBEC activity.

Keywords APOBEC3 · Cytidine deaminases · Mutations · Mutational burden · 
SCCHN · Head and neck squamous cell carcinoma · Neoantigens · DNA editing · 
Human papillomavirus · Targeted therapy · Immunotherapy

10.1  Introduction: Enzymatic Function of APOBEC Family 
Proteins

Apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like (APOBEC) 
proteins are a group of DNA and RNA mutators that play important physiological 
roles in vivo. In humans, APOBEC proteins consist of 11 gene products including 
the founding family member, APOBEC1, the activation-induced deaminase (AID), 
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and the recently discovered APOBEC3A-3H (APOBEC3) enzymes. APOBEC1 
functions as a mRNA-editing enzyme, which acts on apolipoprotein B (apoB) 
mRNA to introduce a stop codon in some transcripts. This allows one gene to form 
two distinct apoB gene products (apoB48 and apoB100), both of which play an 
indispensable role in lipid metabolism [1–3]. This was the first known example of 
RNA editing in vivo. In subsequent studies, AID was found to contribute to anti-
body diversification through mutation of the variable regions of antibody genes, 
serving as a crucial component of class switch recombination and somatic hyper-
mutation [4–6]. The recently discovered APOBEC3 enzymes are closely conserved 
paralogs, which cluster in tandem on chromosome 22 [7]. Collectively, they func-
tion in cellular defense against both extracellular viruses and intragenic infectious 
elements (reviewed in Chiu and Greene) [8].

All APOBEC enzymes catalyze a single chemical reaction in vivo: the cytidine 
deamination of single-stranded DNA (ssDNA) or RNA. This results in the replace-
ment of the 4′-amino moiety on cytosine with a carbonyl group leading to a base 
modification (Fig. 10.1). This change in sequence from a cytidine to a uridine is not 
encoded in the genome, classifying this activity as a DNA-editing mechanism. 
Target substrates of APOBEC enzymes are diverse. As noted above, APOBEC1 
targets ApoB mRNA (and also DNA) in hepatocytes [3, 9], while AID functions on 
immunoglobulin genes in germinal centers of B cells [5]. Some of the APOBEC3 
enzymes have been defined as hypermutating ssDNA of several extracellular retro-
viruses and intragenic elements [8]. Key questions in the field remain how APOBEC 
proteins properly locate their substrates among the myriad of nucleic acids existing 
in the cell and how this biological activity is regulated to finely control this 
process.

APOBEC enzymes are composed of either single or tandemly arranged zinc fin-
gers known as zinc-dependent deaminase (ZDD) domains, which are characterized 
by the primary amino acid sequence H-X-E-X23–28-P-C-X2–4-C (Fig. 10.2) [10]. The 
catalytic residue in this highly conserved domain is the glutamate, which is impor-
tant in driving the proton shuttling mechanism that is ultimately responsible for the 
replacement of the 4′-amino group with a carbonyl moiety (Fig. 10.1b). In addition, 
the histidine and cysteine residues together coordinate the zinc metal, which prop-
erly positions a water molecule that is central for electron movement during cataly-
sis (Fig. 10.1b). Single-amino-acid mutagenesis resulting in removal of any of these 
residues resulted in the complete loss of enzymatic activity, in several family mem-
bers [3, 11, 12]. For those APOBECs containing two zinc finger domains, the 
C-terminal ZDD is primarily responsible for chemical catalysis [11–14]. The 
N-terminal domain is instead thought to play an accessory role in RNA binding, 
encapsulation into virions, and oligomerization, though the role of this particular 
domain is still in debate, due to the limited availability of structural information 
(discussed below) [15–18].

Interestingly, the spectrum of nucleic acids in which these base modifications 
occur varies with each APOBEC family member. For instance, APOBEC1 drives 
C-to-U conversions in messenger RNA as well as ssDNA [9], whereas APOBEC3 
enzymes are exclusively ssDNA mutators [8]. Even among APOBEC3s, the pri-
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mary sequence context of the deaminated cytosine is unique to each APOBEC3 
enzyme. APOBEC3G catalyzes cytidine deamination within a 5’–CCCA–3′ motif 
(the deaminated cytosine underlined) [19], while the recently characterized 
APOBEC3A and APOBEC3B enzymes require a 5’–TC–3′ dinucleotide motif 
[20]. As such, each independent APOBEC enzyme has the capability of recognizing 
different substrates in vivo, and this may explain their divergent roles in physiologi-
cal and pathological processes in humans.

Among APOBEC3 proteins, APOBEC3G has been well characterized in the 
context of human immunodeficiency virus (HIV) infection. APOBEC3G (also 
known as CEM15) was initially discovered in a subtractive hybridization screen, as 
an antiviral enzyme for HIV infection, and its activity was shown to be counteracted 

Fig. 10.1 Overall schematic of (a) an APOBEC enzyme-catalyzed deamination reaction and (b) 
the catalytic mechanism at the active site. The arrows indicated in the mechanism represent elec-
tron pushing, and the dotted line represents zinc coordination of the water molecule at the active 
site. Note the presence of a tetrahedral intermediate involved in the proton shuttling electron- 
pushing mechanism
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by the viral infectivity factor, Vif [21]. APOBEC3G potently hypermutates the HIV 
genome by acting on the exposed strand ssDNA regions during reverse transcription 
[11, 12, 22, 23]. This hypermutation of the viral genome renders it ineffective for 
subsequent rounds of replication. Multiple groups showed that in the absence of Vif, 
retroviral cDNA becomes hypermutated upon expression of APOBEC3G [11, 12, 
22, 23]. The Vif protein counteracts this activity of APOBEC3G by excluding the 
protein from encapsulation into virions [24] and instead promoting its ubiquitina-
tion and subsequent proteosomal degradation [25, 26]. This coevolution of host 
restriction factors and viral accessory proteins has been dubbed an “evolutionary 
arms race.”

Since the discovery that APOBEC3G hypermutates retroviral cDNA, other 
APOBEC proteins have been recognized as antiviral agents. For instance, the 
closely related APOBEC3F is also an antiretroviral factor inhibiting HIV-1 replica-
tion [27]. APOBEC3DE exhibits antiretroviral activity against HIV-1 and the related 
simian immunodeficiency virus (SIV) [28]. The more distantly related APOBEC3B 
has also been identified as a potent antiviral agent against HIV [29], SIV [30], 
murine leukemia virus [31], and intragenic infectious elements such as retrotrans-
posons [32–35]. Thus, diverse APOBEC3 enzymes are thought to collectively func-
tion through potent hypermutation of many viruses and harmful intragenic 
elements.

Fig. 10.2 Domain representation of APOBEC3 family of proteins. Z1, Z2, and Z3 notations on 
each protein represent the respective subtype of each ZDD motif. All ZDD motifs are conserved in 
that they contain the primary sequence denoted at the bottom
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10.2  Molecular Features of APOBEC3 Cytidine Deaminases

The first structural studies on APOBEC3s were conducted in 2008, with the 
C-terminal ZDD of APOBEC3G structure solved at a high resolution using solution 
nuclear magnetic resonance (NMR) spectroscopy (Fig.  10.3) [36]. These studies 
revealed that the catalytic domain resembled that of known cytidine deaminases, 
consisting of a beta-stranded core surrounded by several alpha helices and loop 
regions. The active site of the enzyme is located on one face of the beta-sheet core, 
between the α2 and α3 helices. Coordinates for the zinc metal were assigned to a 
region spanning the α2-β3-α3 motif, indicating that this represents the active site 
where the catalytic activity takes place. The integration of surface charge analyses, 
NMR titration studies and computational modeling suggested a binding groove for 
ssDNA. Subsequent crystal structures of the APOBEC3G catalytic domain have 
confirmed this overall architecture of the catalytic domain [37–39].

The first crystal structure for the catalytic domain of APOBEC3B, the leading 
candidate for APOBEC3 involvement in human cancers, was solved in 2010 by Shi 
et  al. [14] The crystallized structure showed similarities to previously solved 
APOBEC3G catalytic domain structures, including features unique to these struc-
tures. However, this protein crystallized in a closed conformation in contrast to 
other APOBEC3s, suggesting that conformational changes may occur during catal-
ysis. Single-stranded DNA binding potentially drives this conformational change to 
an open, active conformation. Importantly, the structure also reveals that the bound 
zinc molecule mediates important interactions between zinc-coordinating amino 

Fig. 10.3 Solution nuclear magnetic resonance (NMR) structure of the catalytic domain of 
APOBEC3G (PDB ID: 2JYW). The left shows an overall structure of the domain consisting of its 
active site characterized by an antiparallel beta-sheet core surrounded by alpha helices and loop 
regions. On the right is the zoomed version of the structure focusing on the active site where red- 
highlighted residues are cysteines, histidine, and glutamate important for the catalytic mechanism
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acid side chains and a water molecule/cryoprotectant (depending on crystallization 
conditions), providing insight into the mechanistic requirements of efficient 
APOBEC catalysis. Similar molecular features have also been observed for 
APOBEC3A [40], but with the distinguishing factor that this single-domain protein 
crystallized in a dimeric form in which the individual active sites were connected 
by a single groove through the dimer interface.

Until recently, structures with bound substrate remained elusive, due in part 
to the difficulty in obtaining high-resolution crystal structures of APOBEC3s. 
However, in 2017, two studies reported DNA-bound crystal structures of 
APOBEC3A [41, 42]. Both studies revealed extensive contacts of APOBEC 
active site residues to the deaminated cytosine and the base directly 5′ to the 
cytosine. The structural data from Shi and colleagues pointed toward a U-shaped 
DNA-binding conformation where these two bases were flipped out, making 
extensive hydrogen bonding interactions in a groove containing the active site, 
while the succeeding bases on the 3′ end stacked onto each other distal from this 
site [41]. These data suggest that the base at the −1 position (preceding the 
deaminated base) is an important residue in determining selectivity for DNA 
substrates. Comparison of the DNA- bound APOBEC3A structure with the apo 
structure solved by a different group shows a slight change in conformation, in 
which DNA binding leads to a more open conformation  [42]. While the posi-
tions of the catalytic residues remain unchanged, the surrounding loop regions 
known to govern DNA binding and substrate selectivity shift to accommodate 
for the binding of single-stranded DNA. Shi and colleagues additionally solved 
the DNA-bound structure of APOBEC3B, though the construct had to be modi-
fied to optimize solubility [41]. These first-in- class studies provide the basis for 
a more comprehensive evaluation of the molecular mechanisms driving 
APOBEC3 function.

No full-length structures of the double-domain APOBEC3s (APOBEC3B, 
APOBEC3F, APOBEC3G) have been solved. However, the structure of the non- 
catalytic N-terminal domain of APOBEC3G, important in DNA/RNA binding and 
oligomerization, has been determined [43]. This crystal structure provides compel-
ling evidence for the unique role of the N-terminal domain in nucleic acid binding, 
mediated through an extensive positively charged surface on one side of the crystal-
lized protein and through oligomerization. The dimerization interface is required for 
DNA and RNA binding. While these studies provide a partial picture of how the 
N-terminal domains of APOBEC3s function in  vivo, a full-length structure is 
required to understand the respective contributions of both domains. Open ques-
tions include how the N-terminal domain cooperatively or noncooperatively inter-
acts with the C-terminal domain and how the N-terminal domain regulates the 
catalytic activity driven by its C-terminal counterpart.
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10.3  APOBEC3 Proteins and Cancer

Until recently, studies on APOBECs have been confined to characterization of their 
activity on viruses and intragenic elements. However, with the increasingly com-
mon use of next-generation sequencing technology, researchers have been able to 
comprehensively study cancer genomes at the molecular level. Publicly shared 
sequence databases such as The Cancer Genome Atlas (TCGA) project facilitate 
this effort by allowing researchers to easily access and analyze DNA sequence 
information of annotated clinical samples. These analyses can be used in an attempt 
to understand the etiologies of diverse human cancers, particularly on the respective 
contributions of endogenous and exogenous sources of mutation in shaping cancer 
genomes [44, 45]. Using this unprecedented capability to closely examine cancer 
genomes, researchers have begun to test the hypothesis that APOBEC proteins may 
in some cases deaminate the host chromosomal DNA, leading to mutagenesis and 
cancer progression.

Evidence uncovered from the comprehensive sequencing and initial analyses of 
the mutational signatures in 21 breast cancer genomes led to the discovery of unique 
mutational patterns marked by local hypermutation in a strand-coordinated fashion 
[44]. The authors termed the phenomenon in these regions “kataegis” (“rain show-
ers,” in Greek) to describe the concentrated and localized fashion in which these 
mutations occur [44]. Suggestively, these regions were characterized by base substi-
tutions of primarily cytosines. Given the activity of APOBECs as cytidine deami-
nases and that APOBEC-induced mutations occur in this particular sequence context 
in both a sporadic and clustered fashion, the authors proposed that APOBEC family 
members were the likely cause of kataegis [44]. This study was the first comprehen-
sive analysis suggesting that APOBECs may play a role in mutagenesis in a 
cancer.

Expanding on this study [44], the authors created a comprehensive collection of 
mutational signatures compiled from ~5 million mutations in over 7000 human can-
cer genome sequences [45]. Examination of the trinucleotide motif containing the 
mutated base in the central position defined 21 distinct mutational signatures arising 
from various exogenous and endogenous sources. Excitingly, this study revealed 
two signatures, Signature 2 and Signature 13, containing an enrichment of C-to-T 
and C-to-G mutations in the TC dinucleotide context, suggesting that the source of 
these mutation types could be APOBEC3 enzymes.

In a parallel effort, Burns and colleagues combined TCGA data with evidence 
from cellular and biochemical experiments to suggest that APOBEC3B is the enzy-
matic source of mutations in breast cancer [20]. The authors found evidence of 
APOBEC3 upregulation at the mRNA level in RNA-Seq data from the TCGA, 
which they confirmed by qRT-PCR of primary breast tumors and breast cancer cell 
lines. They directly demonstrated that APOBEC3B upregulation increased muta-
tional load and triggered cell cycle aberrations, cell death, DNA fragmentation, and 
DNA double-stranded breaks. Knockdown of APOBEC3B expression using small 
hairpin RNAs (shRNAs) reversed these phenotypes. These experiments  convincingly 
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showed that APOBEC3B overexpression is important in driving hypermutation and 
downstream cellular consequences in breast cancer.

APOBEC3-dependent mutagenesis has now been implicated in multiple cancer 
types, including head and neck cancer, lung cancer, breast cancer, and serous ovar-
ian carcinoma [20, 46–49]. For instance, Roberts et al. identified APOBEC-induced 
clustered mutations from analyses of approximately 40 whole genome sequencing 
datasets and 2680 whole exome datasets representative of multiple cancers using 
various sequence repositories, including TCGA [49]. Interestingly, clustered muta-
tions preferentially occurred at chromosomal rearrangement breakpoints, suggest-
ing that exposed ssDNA during rearrangement is a substrate requirement for 
APOBEC activity [49, 50]. In addition, the study found that mRNA levels of 
APOBEC3A and APOBEC3B correlated with the frequency of APOBEC mutations 
identified in the exome sequence for individual tumors. The study conclusively 
identified APOBEC mutations in cervical, bladder, lung, breast, and head and neck 
cancers as accounting for more than half of the total mutational load in some clini-
cal samples [49]. In a parallel effort, Burns et al. mined bioinformatics data of over 
4800 exome sequences from TCGA and identified a positive correlation between 
APOBEC3B expression and the presence of APOBEC signature mutations [47]. 
Similar to the study conducted by Roberts et al., the authors identified a high enrich-
ment of APOBEC mutations in six different cancers including lung adenocarci-
noma, lung squamous cell carcinoma, and cervical, bladder, breast, and head and 
neck cancers [47]. These and other studies suggested that APOBEC proteins may be 
ubiquitous drivers of cancers of diverse origins and may shed light on the molecular 
mechanisms underlying processes such as tumor subclonal evolution and muta-
tional accumulation in vivo.

A highly debated topic in the field is the respective contribution of each APOBEC 
enzyme in driving cancer induction and progression. Initial data suggested that 
APOBEC3B is the primary driver, as APOBEC3B overexpression, both at the cel-
lular and organismal level, correlated with a higher incidence of total APOBEC 
mutations and resulted in a number of downstream consequences indicative of can-
cer hallmarks such as the induction of double-stranded DNA breaks [20, 47]. Some 
findings suggest that more than one APOBEC enzyme may contribute to mutations 
in cancer. For example, a common APOBEC3A-3B deletion polymorphism [51] that 
fuses the APOBEC3A and 3B genes in a manner that removes the coding region of 
APOBEC3B has been linked to increased breast cancer risk in patients. [52, 53] This 
polymorphism has also been found to result in higher APOBEC-driven mutations 
and subsequent mutational burden [54] and associated with both risk and enrich-
ment of APOBEC mutations in breast cancer [55]. Furthermore, additional evidence 
from yeast model studies have found an abundance of APOBEC3A mutational sig-
natures in the background of APOBEC3B-induced mutations, suggesting that 
APOBEC3A also plays an important role in shaping the mutational landscape [46]. 
Taken together, these studies highlight the role of multiple APOBEC3 enzymes, 
including APOBEC3B, in driving the characteristic APOBEC mutational signatures 
and kataegis.
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10.4  Evidence and Consequences of APOBEC-Induced 
Driver Mutations

APOBEC-induced somatic mutations manifest as a complex combination of T-to-C 
transitions and T-to-G transversions in cancer genomes, accumulated over time [45, 
56]. Typically, APOBEC mutations occur in a specific TCW trinucleotide sequence 
context (the deaminated cytosine is underlined; W represents either A or T) [49]. 
Moreover, APOBEC mutations can occur in both a sporadic or clustered (kataegis) 
fashion, further distinguishing them as unique in a cancer genome. Together, the 
type and sequence context of these mutations allow bioinformatic pipelines to effi-
ciently identify APOBEC activity in vivo.

Given that APOBEC proteins catalyze a C-to-U conversion in ssDNA, single- 
strand intermediates from diverse biological processes including DNA repair and 
replication can potentially serve as substrates for APOBEC activity [50, 57–60]. As 
APOBEC mutation clusters occur most frequently at rearrangement breakpoints, 
multiple studies have examined whether APOBEC activity at these breakpoints 
results in the mutational shower phenotype [50, 57]. Studies in yeast have suggested 
that intermediates from lagging strand synthesis in DNA replication serve as endog-
enous substrates of APOBEC mutation [58]. This hypothesis was further strength-
ened by the observation that genetic perturbation of replication fork stabilizing 
proteins and chemical induction of replication stress both resulted in an increase in 
APOBEC-induced mutations, likely due to more exposed ssDNA that can serve as 
APOBEC substrates [58]. Interestingly, APOBEC enzymatic activity seems to have 
a spatiotemporal dependency during genome replication, such that early replicating, 
gene-dense regions are uniquely and preferentially deaminated by APOBEC [61]. 
Since sites of high APOBEC activity are characterized by high DNA fragility and 
increased chromosome breakage, exposed ssDNA in the genome is a likely source 
of the most physiological substrates for APOBEC activity.

Once APOBEC catalysis produces a deoxyuridine moiety in ssDNA, various 
components of cellular DNA repair machinery, including uracil DNA glycosylase 
(UDG), detect these lesions. The resulting C-to-U conversion can be directly repli-
cated, resulting in the incorporation of a thymidine (a C-to-T transition). However, 
if acted on by UDG, which generates an abasic site [62], DNA repair mediated by 
the base excision repair (BER) or mismatch repair (MMR) machinery can correct 
these lesions, or the REV1 translesion polymerase can change the base to a guano-
sine after replication over the abasic site (a C-to-G transversion) [63, 64]. The fre-
quency of C-to-T transition and C-to-G transversions is heavily dependent on the 
activities of DNA repair enzymes and polymerases [60]. Thus, the coordination of 
APOBEC enzymes and downstream repair mechanisms result in the mutational 
spectra observed in vivo.
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10.5  Aberrant APOBEC Expression and Evidence 
of APOBEC Activity in Clinical Samples of Head 
and Neck Cancer

From the original studies by Burns et al. [20] and Roberts et al. [49] which identified 
head and neck cancer as one of the cancers showing an elevated level of APOBEC 
signatures, several groups have explored the role of APOBEC-induced mutagenesis 
in this cancer type. Mounting clinical evidence suggests that there is a strong asso-
ciation between APOBEC overexpression and induction of head and neck cancers. 
This is consistent with the notable observation that APOBEC3B has been most 
strongly associated with a number of squamous cell carcinomas originating in 
diverse organs, specifically through evidence uncovered by the TCGA database elu-
cidating a bias toward C-to-T transition mutations in these clinical samples [65].

Single mutation analysis from 510 head and neck squamous cell carcinoma 
(HNSCC) sequences showed that the APOBEC-driven C-to-T mutation is the most 
common mutation occurring in the trinucleotide TCW motif [65]. APOBEC3B 
mRNA is overexpressed in oral squamous cell carcinomas (OSCCs) compared to 
normal oral squamous cell samples [65]. In immunohistochemical analysis, OSCC 
tissues stained intensely for APOBEC3B protein expression compared to controls 
[65]. Interestingly, not all clinical samples of OSCC had high APOBEC3B nuclear 
staining [65], in contrast to previous data suggesting predominantly nuclear local-
ization of APOBEC3B [20]; whether this has regulatory significance is not known.

These findings have further been extended to other aerodigestive squamous cell 
carcinomas. Whole genome and whole exome sequencing studies indicated that 
approximately half of 192 clinical esophageal squamous cell carcinomas contained 
APOBEC mutational signatures [66]. An independent sequencing study using clini-
cal samples from a distinct sub-Saharan African population also identified an 
enrichment of APOBEC signatures, albeit in the presence of other mutational signa-
tures such as those caused by smoking [67]. These studies suggest that APOBEC3 
enzymes may play an important role in the tumorigenesis and subclonal evolution 
of squamous cell carcinomas from various origins. While studies examining 
APOBEC involvement are currently restricted to these two types, additional 
sequencing efforts and studies with clinical samples and cell lines may reveal 
APOBEC signatures in other squamous cell carcinoma types.

10.6  The Role of Human Papillomavirus and Overexpression 
of APOBEC in Patients and in Experimental Cell Lines

Virally-driven HNSCCs have begun to be appreciated as distinct cancers driven by 
separate mechanisms as compared to non-viral HNSCCs. For instance, in the case 
of HIV-infected patients, the underlying biology is vastly different from that of 
HIV-null HNSCCs, particularly through a distinct pattern of TP53 mutations in 
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these cancers [68, 69]. The same observation of differences in tumor biology applies 
to human papillomavirus (HPV) in which a systematic review of 60 studies reveals 
that an estimated 25% of head and neck squamous cell carcinomas (HNSCCs) are 
linked to HPV infection (discussed in Chaps. 20 and 21), with the frequency increas-
ing in recent years, and confirmed as a driver mechanism [70]. The underlying 
pathology, clinical presentation, and therapeutic approaches are distinct when con-
sidering virally-induced HNSCC in comparison to HPV(-) cases. Patients with 
HPV-related HNSCC often are diagnosed at a younger age and are less likely to 
have a history of tobacco exposure and known risk factors that include sexual trans-
mission, whereas HPV(-) HNSCC is typically correlated with a history of smoking 
and often consumption of alcohol [71].

Interestingly, recent studies suggest a link between APOBEC-mediated muta-
genesis and HPV-driven cancers. In an early study, well before the first studies link-
ing APOBEC enzymes to cancer, Vartanian and colleagues identified APOBEC-driven 
mutations in the genomes of two subtypes of HPV virus – HPV1a and HPV16 – 
which were present in clinical samples [72]. This observation was independently 
supported through transient transfection experiments where APOBEC3A, 
APOBEC3B, and APOBEC3H were ectopically expressed in the presence of HPV 
DNA which resulted in an increase in APOBEC-induced 5’-TC-3′ mutations [72]. 
Several APOBEC3 family members were capable of hypermutating the viral E2 
gene of the HPV16 genome [73]. A follow-up study using a HPV16 pseudovirion 
production system found that APOBEC3A and APOBEC3C together contribute to 
a significant reduction in infectivity, implying functional importance of this hyper-
mutation phenotype [74]. These observations suggest APOBEC3s act as restriction 
factors in reducing HPV infectivity [74, 75], which is not surprising given the role 
of APOBEC3 enzymes in the context of antiviral defense.

There also is evidence that the host DNA can be preferentially deaminated in 
HPV-related HNSCCs, in comparison to HPV-unrelated HNSCCs, based on the 
enrichment of APOBEC-induced mutagenesis in HPV-related head and neck can-
cers in cancer genome databases [76–78]. In a pivotal study, Henderson et al. ana-
lyzed TCGA data for 299 HNSCC specimens and found APOBEC signatures to be 
disproportionately enriched in HPV+ HNSCC genomes [76]. Importantly, targeted 
sequencing of the PIK3CA gene – highly mutated in HNSCC (see Chap. 5) – showed 
an enrichment of mutations characteristic of APOBEC activity in the sequences 
encoding helical domain of the PIK3CA protein, resulting in appearance of E542K 
and E545K mutational variants [76]. These mutations are a result of C-to-T transi-
tion mutations in the complementary strand, which is likely driven by APOBEC 
activity [76]. These helical domain mutations are gain-of-function mutations [79, 
80]. Mechanistically, these mutations require interactions between GTP- Ras and 
the PI3K protein that promote downstream activation [80]. The helical domain 
mutation E545K results in increased phosphorylation of Akt, downstream of PI3K 
activation, and is linked to poor prognosis in patients [79]. These observations serve 
as a link between APOBEC-induced mutations and downstream consequences of 
those mutations, such as proto-oncogene activation.
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To probe more deeply into selectively elevated APOBEC activity in HPV+ clini-
cal samples, several studies have investigated the relationship between HPV infec-
tion and subsequent changes to APOBEC expression levels. HPV infection 
upregulated APOBEC3B mRNA expression and expression of the APOBEC 
enzymes through the activity of the oncogenic HPV E6 protein, which is known to 
bind and stimulate the degradation of p53 [78]. Furthermore, transduction and 
knockdown experiments of the oncogenic E6 protein in HPV-positive cell lines 
together supported the hypothesis that this protein is a crucial and required factor in 
the upregulation of APOBEC3s [78]. These studies support a model in which viral 
infection serves as a trigger that drives higher APOBEC expression and thus 
APOBEC signatures in vivo.

10.7  5-Azacytidine Treatment in HPV Positive HNSCC  
Cell Lines and the Role of APOBEC3B

5-Azacytidine (5-aza) and the analog 5-aza-2′-deoxycytidine (decitabine) are syn-
thetic cytidine analogs that cause DNA demethylation and are used in the clinic to 
treat myelodysplastic syndromes and acute myeloid leukemia (AML) [81, 82]. 
HPV-positive HNSCC cell lines and primary cells are more sensitive than HPV-
negative cells to 5-aza [83]. These studies uncovered several mechanisms of 5-aza-
induced toxicity in HPV-associated HNSCC [83], including the induction of 
transcription-dependent DNA double-strand breaks (DSBs) that were reliant on 
high levels of APOBEC3B expression. Importantly, APOBEC3B knockdown not 
only inhibited formation of DNA DSBs after 5-aza treatment but also significantly 
increased resistance of HPV-positive cells to 5-aza treatment (manuscript under 
preparation). Remarkably, despite protecting from 5-aza-induced DSBs and cellular 
toxicity, depletion of APOBEC3B in untreated HPV-positive head and neck cancer 
cells inhibited clonogenic survival. Together, these data suggest that HPV-positive 
cells depend on APOBEC3B activity for clonogenic survival but that this depen-
dence can be used as an Achilles heel in a synthetic lethal-like strategy, where 
demethylation leads to DSB mediated by APOBEC3B.

10.8  Conclusions and Future Prospects in Targeted 
Therapeutics

Based on evidence from numerous recent studies, APOBEC3 proteins may serve as 
an important endogenous source of de novo mutations. Considering that mutations 
accumulate over many years, we hypothesize that APOBEC3 proteins may contrib-
ute to a relatively large portion of the total mutational load present in a given tumor. 
As studies reveal more about the downstream consequences of APOBEC3-induced 
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mutations in key proto-oncogenes and tumor suppressor genes, it may be beneficial 
to develop small molecule inhibitors of APOBEC3 proteins as therapeutics in vari-
ous cancers, including HNSCC. Further structural and biochemical work will pro-
vide an efficacious framework to develop selective and potent inhibitors of 
APOBEC3s to prevent off-target effects. An interesting question moving forward 
would be the compensatory effect of other APOBEC3 proteins. For instance, if spe-
cific inhibition of APOBEC3B is achieved, can the other APOBEC3s compensate 
for the loss of APOBEC3B activity? Would there be an advantage of developing 
pan-APOBEC inhibitors, or might these disrupt in  vivo family roles in antiviral 
defense and adaptive immunity?

Given that APOBEC mutagenesis has been shown to induce replication stress 
through the induction of abasic sites [84], this could potentially represent a unique 
case of synthetic lethality in which APOBEC-driven cancers are sensitized to DNA 
damage response inhibitors. Indeed, cell lines expressing a high level of APOBEC3A 
and APOBEC3B were sensitive and susceptible to ataxia-telangiectasia and Rad3- 
related protein (ATR) inhibition [84]. Further experiments have shown that ATR 
inhibition resulted in increased abasic sites at replication sites, suggesting that these 
cells are dependent on ATR-mediated DNA damage response pathways to keep 
APOBEC-mediated mutagenesis under control. This study therefore suggests that 
those cancers driven by APOBEC activity could be selectively targeted using unique 
therapeutic interventions.

Recent studies have found that higher PD-L1 expression is associated with 
higher incidence of APOBEC-induced kataegis [85] and elevated APOBEC mRNA 
expression levels [86]. As high PD-L1 expression is often correlated with higher 
success rates of immune checkpoint inhibitor treatment regimens [87], this raises 
the question of whether tumors containing a high prevalence of APOBEC mutations 
can be predictive biomarkers for immunotherapy. In addition, the presence of neo-
antigens has been proposed to be one of the central mechanisms by which the 
immune system distinguishes cancerous from noncancerous cells [88]. APOBEC3 
proteins, as potent DNA mutators contributing to significant mutational loads in 
cancer genomes, could therefore be thought of as potential sources of neoantigens. 
As response to anti-PD-L1, treatment has been well correlated with the presence of 
specific neoantigens [89]; perhaps tumors with high levels of APOBEC signatures 
are sound candidates for immunotherapy.

In closing, we have proposed a potential role for APOBEC proteins in the context 
of human cancers, particularly through potent deamination of genomic 
DNA. Mounting evidence suggests that HNSCC seems to be one cancer in which 
APOBEC3 proteins contribute to a significant proportion of mutational load, and 
thus an understanding of this mutagenic process would be of utmost importance. 
The knowledge accrued from biochemical, cellular, and bioinformatics studies are 
crucial in identifying important mechanistic details that drive the identification of 
potential therapeutic avenues involving APOBEC3 proteins.
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Chapter 11
The Genome-Wide Molecular Landscape 
of HPV-Driven and HPV-Negative Head 
and Neck Squamous Cell Carcinoma

Farhoud Faraji, Adrian D. Schubert, Luciane T. Kagohara, Marietta Tan, 
Yanxun Xu, Munfarid Zaidi, Jean-Philippe Fortin, Carole Fakhry, 
Evgeny Izumchenko, Daria A. Gaykalova, and Elana J. Fertig

Abstract Recent advances in sequencing technology have enabled unprecedented 
genome-wide characterization of head and neck squamous cell carcinoma (HNSCC). 
Integrated analyses of publicly available multiplatform high-throughput data have 
uncovered the vast genomic, epigenetic, and transcriptional diversity  of 
HNSCC. Recognition of human papillomavirus (HPV) involvement in HNSCC car-
cinogenesis has resulted in the categorization of two HNSCC subtypes (HPV-driven 
and HPV-negative) with distinct etiologies, molecular properties, clinical features, 
and prognostic outcomes. Differences in the molecular landscapes of HPV-driven 
and HPV-negative HNSCC occur genome-wide and encompass changes in genomic, 
epigenetic, and transcriptional landscapes. Even within each subtype, HNSCC tumors 
have substantial inter-tumor and intra-tumor  molecular  heterogeneity. Improving 
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the understanding of the underlying biological function of these complex molecular 
landscapes through emerging cross-platform genomic analyses is essential to devel-
oping more effective diagnostic and therapeutic strategies for HNSCC.

Keywords Head and neck squamous cell carcinoma · Human papillomavirus · 
Genomics · Mutation · Epigenetics · Transcriptomics · Heterogeneity · Alternative 
splicing · Gene fusion · Immunotherapy

11.1  Introduction

Head and neck squamous cell carcinoma (HNSCC) comprises a heterogeneous 
group of tumors arising from the stratified squamous epithelium of the upper aerodi-
gestive tract. HNSCC occurs in a variety of anatomic sites, including the oral cavity, 
oropharynx, hypopharynx, and larynx (Fig. 11.1). It is the fifth most common can-
cer worldwide, with 600,000 new cases and 300,000 deaths from this disease occur-
ring annually [1, 2].

HNSCC is divided into two main subtypes based on its etiology: human 
papillomavirus- related (HPV-positive) and human papillomavirus-unrelated (HPV- 
negative). HPV-positive disease is driven by human papillomavirus and occurs 
 predominantly in the oropharynx [3]. In contrast, HPV-negative disease is driven by 
chemical mutagenesis associated with tobacco and alcohol use [4], and tumors 
occur in numerous anatomic sites in the head and neck region. In this case, intensive 
exposure to the tobacco and alcohol-related mutagens results in mutagenesis of 
broad areas of the upper aerodigestive tract epithelium as a precursor to tumorigen-
esis (Fig. 11.1a). This process is known as “field cancerization” [5–9] and primes all 
anatomic sites to genomic alterations in HPV-negative HNSCC. In contrast, HPV 
infection alters cells in tonsillar crypts [10] promoting HNSCC carcinogenesis in 
the oropharynx (Fig. 11.1b).

HPV-positive HNSCC tends to arise in a younger patient population, is more 
sensitive to treatment, and exhibits significantly more favorable survival [11]. 
Overall survival rates at 3 years are estimated at 82% in  locally advanced HPV- 
positive HNSCC compared to only 57% for locally advanced HPV-negative HNSCC 
[12]. The differences in etiology and outcomes have resulted in the classification of 
HPV-positive and HPV-negative HNSCC as two clinically distinct diseases [3, 13]. 
Clinical testing using immunohistochemical staining of p16 and PCR-based detec-
tion of HPV nucleotide sequences can both distinguish HPV-positive and HPV-
negative disease [12, 14]. Further characterizing the molecular differences in these 
cancers from high-throughput genomic data can implicate molecular drivers by 
HPV status.

Modern high-throughput microarray and sequencing technologies have enabled 
unprecedented characterization of genomic, epigenetic, and transcriptional land-
scapes. Application of these technologies to HNSCC has revealed numerous 
disease- specific molecular alterations that are associated with disease initiation and 
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progression. HPV-positive and HPV-negative HNSCC have pervasive molecular 
differences detectable in the genome, epigenome, transcriptome, and proteome. 
However, even within each of these cancers, the molecular alterations do not appear 
to coalesce into common patterns, manifested by the significant inter- and intra-
tumor heterogeneity. A refined biological understanding of the molecular profiles of 
HNSCC is thus essential to develop disease-specific treatment modalities to improve 
outcomes for individual patients in each subtype.

In this chapter, we review findings from genome-wide and molecular studies 
profiling HNSCC. We describe the somatic differences in chromatin, DNA meth-
ylation, and transcriptional profile that distinguish HPV-positive and HPV-negative 
HNSCC. We also describe the use of genomic methods to quantify substantial 
inter- tumor and intra-tumor heterogeneity. These findings have greatly enhanced 
the understanding of the molecular progression of carcinogenesis. Still, further 
multiplatform integration of high-throughput data and profiling tumors with 
emerging high-throughput technologies are essential to the identification of bio-
markers and therapeutically actionable targets for precision therapy of all forms of 
HNSCC.

Fig. 11.1 Mode of risk factor exposure and predisposition to genomic alterations in anatomic sites 
that develop HNSCC. (a) HPV-negative HNSCC can arise at any region in the aerodigestive tract 
including the oral cavity, oropharynx, hypopharynx, and larynx (region in red box). Tobacco and 
alcohol consumption results in the exposure of mutagens to broad areas of the aerodigestive epi-
thelia and primes this region for pervasive, random genomic alterations in a process called “field 
cancerization.” (b) HPV preferentially infects the palatine tonsils, lingual tonsils, and base of the 
tongue (small blue box). HPV gains access to basal keratinocyte progenitors through natural inter-
ruptions in the lymphoid-associated tonsillar crypt epithelium (bold blue box) and initiates a well- 
established progression of molecular alterations to promote carcinogenesis

11 The Genome-Wide Molecular Landscape of HPV-Driven and HPV-Negative Head…
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11.2  Genome-Wide Datasets of HNSCC Primary Tumor 
and Recurrence Samples

The largest centralized resource of genome-wide data for HNSCC is available from 
The Cancer Genome Atlas (TCGA) [15]. This project performed high-throughput 
multiplatform analysis of 530 primary HNSCC tumors and 44 normal samples. All 
tumor samples in this cohort were derived from surgical specimens resected from 
patients who had received no prior treatment, collected at multiple institutions through-
out the United States. Because the samples for TCGA were collected from diverse 
study sites, p16 staining technologies used to assess HPV status varied for each sam-
ple. High-throughput transcriptional, DNA methylation, mutation, copy number, and 
miRNA data are available for all samples and array-based proteomic analysis by 
reverse-phase protein array (RPPA) for a smaller subset of tumors (n = 212) [15].

The TCGA network performed cross-platform data analysis on a subset of 279 
tumors and 37 normal tissues, called the “freeze set,” for its 2015 publication [15]. 
In this analysis, 36 (13%) of the samples were HPV-positive, determined from con-
sensus calls that combine immunohistochemical p16 staining data with the presence 
of HPV sequence in the high-throughput sequencing data. This integration is the 
only standardized call of HPV status across diverse institutions and is available only 
for samples in the freeze set.

In addition to genomic data, TCGA contains clinical annotation for all samples, 
including smoking status and overall survival. The samples in TCGA are from a 
wide range of surgical cohorts and thus lack standardized treatment regimens or 
matched patient characteristics. Moreover, 70% of HPV-negative and 89% of HPV-
positive HNSCC samples in TCGA are derived from male patients. While similar to 
gender distributions of HNSCC in the general population [16], these biases dimin-
ish the assessment of the molecular landscape of women with HNSCC. Therefore, 
biomarker studies developed from TCGA require substantial additional validation 
on independent cohorts to be sufficiently powered for clinical translation [15, 17].

Although TCGA is an unprecedented resource for genomic analyses of HNSCC, 
this database has two primary weaknesses: its use of adjacent normal samples as 
reference controls and retrospective study design. All normal samples in TCGA are 
from matched non-cancer tissues adjacent to tumor. While the genomic profiles of 
the normal tissues are homogenous and distinct from that tumor of tumors, matched 
normal samples may pose challenges for genomic analyses. Histopathologically 
normal-appearing adjacent tissue also has genetic changes relative to tissues that are 
unaffected by cancer because of field cancerization [18] (Fig.  11.1a). Moreover, 
HNSCC arises in several distinct anatomic sites of the aerodigestive tract (including 
the oral cavity, oropharynx, hypopharynx, and larynx). Each of these sites may have 
distinct molecular landscapes. Therefore, the normal cohort of samples in TCGA, 
predominantly collected for oral cavity samples, may be insufficient in power to 
discriminate subsite-specific molecular signatures from those that occur during 
carcinogenesis.
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Beyond TCGA, numerous other sources of high-throughput genomic data from 
HNSCC tumors are available in the public domain (reviewed in [19, 20]). Prior to 
TCGA, Califano et al. [21–24] used microarray technology for cross-platform anal-
yses of HNSCC. Landmark studies by Stransky et al. [25] and Agarwal et al. [26] 
also profiled the mutational landscape of HNSCC with next-generation sequencing 
technologies. Some of the tumors from these earlier studies are now also included 
in TCGA. All of these cohorts contain larger groups of HPV-negative than HPV- 
positive tumors. Keck et al. [27] and Guo et al. [28] contributed high-throughput 
transcriptional data from larger HPV-positive HNSCC cohorts. Similarly, Seiwert 
et al. [29] performed targeted sequencing on a panel of 617 cancer-associated genes 
in 120 matched tumor/normal samples, 51 of which were HPV-positive. To address 
the limitations of adjacent normal samples in TCGA, some of the above cohorts 
used samples from uvulopalatoplasty as non-cancer affected normal samples [21, 
28, 30]. The data from all of these genomic studies are available in the public 
domain. This availability has enabled other studies to perform robust cross-study 
validation of genomic biomarkers [31, 32].

Similar to TCGA, the vast majority of public domain genomic datasets are from 
pretreated tumor or biopsy samples. Recently, Schmitz et al. [33] performed tran-
scriptional profiling of a cohort of 12 patients before and after patients received 
cetuximab treatment, and Bossi et al. [34] performed transcriptional profiling of a 
cohort of 40 posttreatment recurrent or metastatic HNSCC samples prior to com-
plete cetuximab response. Morris et al. [35] performed copy number analysis and 
targeted sequencing of recurrent and/or metastatic HNSCC samples. Hedberg et al. 
[36] extended analysis of HNSCC metastasis with whole exome sequencing of 13 
HNSCC patients and synchronous lymph node metastases and 10 HNSCC patients 
with recurrent tumors. Expression profiling has also been performed on primary and 
metastatic samples with microarrays [37, 38] and more recently with single-cell 
RNA-sequencing [39]. These studies enable unprecedented characterization of the 
molecular mechanisms underlying treatment response and poor clinical outcomes. 
Recurrent and metastatic samples of HPV-negative HNSCC are most readily avail-
able for profiling, given the higher likelihood of recurrence in HPV-negative 
HNSCC. Nonetheless, the unique study design of Morris et al. [35] enabled profil-
ing of HPV-positive recurrence and metastasis.

Studies assaying cell lines for genomic alterations associated with therapeutic 
sensitivity can serve as useful complements to the genome-wide analysis of data 
derived from primary tumors. Chung et al. [40] contributed the largest gene expres-
sion dataset with measurements of cetuximab sensitivity in both HPV-positive and 
HPV-negative HNSCC cell lines, with a subset of these samples containing paired 
pre- and posttreatment data [41]. The Cancer Cell Line Encyclopedia [42] and the 
Sanger Cell Lines Project [43] contain cross-platform genomic data with sensitivity 
to a wider range of therapeutic agents for HPV-negative HNSCC cell lines. To our 
knowledge, there are currently no similar public domain data resources for mouse 
models or patient-derived xenograft (PDX) models of HNSCC.
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11.3  Somatic Mutational Landscape of HPV-Positive 
and HPV-Negative HNSCC

The mutational landscape of HNSCC has been extensively characterized, with anal-
yses of high-throughput DNA data performed over the last decade. As a result, the 
critical genetic alterations that are responsible for the progression of both HPV- 
negative and HPV-positive carcinogenesis are well defined (Fig. 11.2). Molecular 
analyses demonstrated that tissues spanning the spectrum from benign hyperplasia 
to dysplasia and to carcinoma in situ exhibited progressively greater mutational 
burdens [18].

Early next-generation sequencing (NGS) studies using exome sequencing identi-
fied a two- to four-fold lower mutation rate in HPV-positive than in HPV-negative 
HNSCC [25, 26, 44]. However, the differences in mutational rate were more modest 
in the analyses of mutations performed with whole exome sequencing in TCGA 
[15]. Among HPV-negative tumors, higher mutation rates are observed in primary 
tumors from patients diagnosed with nodal metastasis relative to patients who later 
develop recurrence [36]. Field cancerization during early carcinogenesis (Fig. 11.1a) 
explains the relatively high rate of second primary tumors and their high mutation 
rate in HPV-negative HNSCC, a phenomenon not observed in non-smokers with 
HPV-positive HNSCC [45, 46].

Fig. 11.2 Genetic alterations in multistage tumor progression of HNSCC. Summary of molecular 
and genetic alterations occurring throughout stages of (a) HPV-negative and (b) HPV-positive 
HNSCC carcinogenesis. Genes and loci in red are upregulated, activated, or amplified. Genes in 
green undergo loss of function mutation or deletion. Patch and field refer to precancerous mutation 
events that occur exclusively in HPV-negative HNSCC. CNV refers to copy number variation
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The high mutational rate in HPV-negative HNSCC is readily attributable to its 
etiology (Fig.  11.3a). Smoking causes pervasive DNA damage and mutations, 
which subsequently leads to carcinogenesis. On the other hand, infection of high- 
risk HPV genotypes results in the expression of E6 and E7, viral oncogenes that 
inactivate key tumor suppressive molecular pathways (Fig. 11.3b). While the activ-
ity of viral oncoproteins may explain the lower somatic mutational burden observed 
in HPV-positive HNSCC tumors, HPV infection also results in dysregulation of 
APOBEC family cytosine deaminases, key factors in viral immunity that mutate 
viral DNA and restrict viral replication [47]. Hyperactive APOBEC can also cause 
mutation of the host genome, as seen in several virally-induced cancers [47]. 
Moreover, APOBEC mutation signatures are also observed in other tumors, includ-
ing HPV-negative HNSCC [48].

Genomic studies have consistently concluded that distinct sets of genes are 
mutated in HPV-positive and HPV-negative HNSCC [15, 25, 26, 44], with the most 
frequently mutated genes summarized in Fig. 11.4a and b, respectively. Comparisons 

Fig. 11.3 Tobacco and alcohol consumption results in pervasive mutations in HPV-negative 
HNSCC and HPV viral infection mutations in HPV-positive HNSCC. (a) Tobacco and alcohol 
consumption exposes aerodigestive epithelia to mutagens that lead to the addition of DNA adducts 
which impede DNA repair and ultimately result in somatic mutation. (b) Infection of aerodigestive 
epithelia with human papillomavirus results in the expression of E6 and E7 oncoproteins, which 
induce the ubiquitin-mediated degradation of host tumor suppressor proteins p53 and Rb. In addi-
tion, host cellular response to HPV results in dysregulations of APOBEC family proteins, which 
result in somatic mutagenesis
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of these mutational landscapes to those of squamous cell carcinoma of the uterine 
cervix, the prototypical HPV-driven tumor, and squamous cell carcinoma of the 
lung, another tobacco-related tumor, demonstrate that changes in the mutational 
patterns between HPV-negative and HPV-positive tumors are associated with differ-
ences in their etiology [49, 50].

Genes commonly mutated in HPV-negative HNSCC include TP53, CDKN2A, 
MLL2, CUL3, NSD1, PIK3CA, FAT1, AJUBA, and NOTCH [15, 25, 26] (Fig. 11.4a). 
This list of genes has significant overlap with commonly mutated genes in other 
tobacco-induced tumors [51, 52]. Recent analysis of over 5000 sequenced tumors 
identified tobacco-related mutational signatures characterized primarily by nucleo-
tide transitions, in which a purine is substituted by another purine (A↔G) or a 
pyrimidine by another pyrimidine (C↔T) [41, 44]. These tobacco-related muta-
tional signatures are enriched in HPV-negative HNSCC [51].

HPV-positive HNSCC tumors most commonly have mutations in PIK3CA, 
DDX3X, FGFR2, FGFR3, KRAS, MLL2/3, and NOTCH1 [15, 25, 26] (Fig. 11.4b). 
Notably, such a mutational pattern is also seen in HPV-driven cervical tumors [53]. 
In contrast to HPV-negative HNSCC, the mutational pattern of HPV-positive tumors 
is characterized by cytosine-to-thymidine (C > T) mutations at TpC sites [54, 55]. 
The enrichment of this mutational pattern in HPV-positive HNSCC results from 
dysregulation of APOBEC family proteins (Fig. 11.3b). Whereas smoking-related 
signatures are unique to HPV-negative HNSCC, APOBEC mutation signatures can 
also be observed in HPV-negative HNSCC at approximately similar weights [48].
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Fig. 11.4 Spectrum of mutations observed in HNSCC subtypes. (a) Forest plot of mutational 
spectrum in HPV-negative HNSCC estimated from mean mutation rates in TCGA [15], Stransky 
et al. [25], and Agarwal et al. [26] datasets. Error bars represent minimum and maximum mutation 
rates reported in each dataset. Colored genes are also mutated in HPV-positive HNSCC. (b) Forest 
plot of mutational spectrum in HPV-positive HNSCC

F. Faraji et al.



301

Although distinct, mechanisms by which the sets of mutated genes in both HPV- 
negative and HPV-positive HNSCC contribute to carcinogenesis are well character-
ized (Fig.  11.5). Frequently mutated genes in HPV-negative tumors (including 
TP53, CDKN2A, and CCND1) play roles in cell cycle dynamics, resulting in aber-
rant cellular growth that predisposes to carcinogenesis. On the other hand, the HPV 
viral proteins themselves play critical roles in cell cycle dynamics and promote 
HPV-positive HNSCC carcinogenesis. The classic mechanism of action for viral E6 
and E7 proteins is the ubiquitin-mediated proteolysis of p53 [56] and pRB [57] 

Fig. 11.5 Distinct alterations in both HPV-negative and HPV-positive HNSCC perturb the cell 
cycle to enable carcinogenesis. (a) Model depicting gene regulation of the cell cycle. Blue text 
represents tumor suppressor proteins, and red text represents proto-oncoproteins. CDKN2A 
encodes p14ARF and p16INK4A proteins. p14ARF inhibits MDM2, which disinhibits p53 to activate 
p21 and prevent progression through the G2/M checkpoint into mitosis. p16INK4A inhibits the 
CyclinD1/CDK4 and CyclinD1/CDK6 complexes. These complexes catalyze phosphorylation of 
the retinoblastoma protein (Rb), inducing Rb to release E2F family transcription factors to enter 
the nucleus and activate transcription of S-phase-promoting genes. Phosphorylation of Rb also 
results in feedback inhibition of p16INK4A expression. (b) Model depicting mechanism by which 
common mutations in HPV-negative HNSCC result in cell cycle dysregulation. Frequent muta-
tions in HPV-negative HNSCC include inactivating mutations of CDKN2A and TP53 (encodes 
p53) and amplification of CCND1 (encodes for Cyclin D1). CDKN2A mutation results in absent or 
nonfunctional p14ARF and p16INK4A protein expression, disinhibiting MDM2 and the CyclinD1/
CDK4 and CyclinD1/CDK6 complexes, respectively. Disinhibition of MDM2 results in unregu-
lated inhibition of p53 and thus diminished G2/M checkpoint blockade. Disinhibition of CyclinD1/
CDK4 and CyclinD1/CDK6 results in overactive promotion of G1/S progression. In addition, 
mutation of TP53 prevents signaling to p21 to prevent G2/M checkpoint blockade. (c) Model 
depicting mechanism HPV oncoprotein-mediated cell cycle dysregulation in HPV-positive 
HNSCC. HPV E6 oncoprotein binds and targets p53 for degradation, resulting in loss of G2/M 
checkpoint regulation. HPV E7 oncoprotein binds and targets Rb for degradation, resulting in the 
nuclear translocation of E2F and promotion of S-phase transition. In addition, downregulation of 
Rb results in loss of feedback inhibition and overexpression of p16INK4A
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tumor suppressor proteins, respectively, inducing dysregulated cell cycle progres-
sion, disruption of differentiation, immortalization, and genomic instability [58]. 
Beyond these classic mechanisms, E6 and E7 oncoproteins perturb diverse molecu-
lar and cellular circuits to ultimately drive oncogenesis. Indeed, recent system-level 
data suggest that E6 and E7 bind and potentially modify the activity of at least 83 
and 254 host cellular proteins, respectively [28, 59].

Mutational patterns that distinguish HNSCC by HPV status also vary by gene. 
For example, mutations in a key HNSCC oncogenic driver, PIK3CA, exemplify the 
etiological differences in oncogenesis across HPV-positive and HPV-negative 
tumors (Fig.  11.6). In HPV-negative tumors, PIK3CA mutations are distributed 
throughout the gene (Fig.  11.6a). In contrast, HPV-positive tumors commonly 
exhibit recurring C  >  T mutations at two hotspot sites, resulting in E542K and 
E545K amino acid substitutions. These gain-of-function mutations result in a con-
stitutively active PIK3CA kinase [54, 60] (Fig.  11.6b). In a similar fashion, the 
tumor suppressor gene TP53 is rarely mutated in HPV-positive HNSCC but displays 
randomly distributed mutations throughout the gene in most HPV-negative HNSCC 
tumors [15].

The mutational landscape has also been characterized in HNSCC recurrence and 
metastasis. As described above, Hedberg et  al. [36] performed whole exome 
sequencing on synchronous nodal metastasis and samples from metachronous 
recurrences. Only one of the profiled samples was from HPV-positive HNSCC, con-
sistent with its lower rate of recurrence relative to HPV-negative HNSCC.  This 
study observed new mutations in C17orf104 and ITPR3 in synchronous nodal 
metastasis samples and new DDR2 mutations in metachronous recurrent samples 
[36]. Morris et  al. [35] found a similar mutational frequency and copy number- 
altered fraction of the genome in recurrent HPV-positive and HPV-negative 
HNSCC. Recurrent and metastatic HPV-positive HNSCC also had higher rates of 
TP53 and lower rates of PIK3CA mutations than primary HPV-positive tumors. A 
recent study with single-cell RNA-sequencing found transcriptional profiles of 
malignant cells in lymph node metastases matched the transcriptional profiles of 
malignant cells in the primary oral cavity tumor for the same patient but varied from 
the cell types in their respective microenvironments [39].

Despite the advances in knowledge resulting from genome-wide analyses, both 
disease biomarkers and actionable target genes for clinical management remain elu-
sive in HNSCC. One hurdle to clinically actionable advances is that most tumors 
have mutations in tumor suppressors, instead of oncogenes. In Agarwal et al. [26], 
89% of samples have alterations reported in tumor suppressors, while only 18% of 
samples have alterations reported in oncogenes. This tendency toward tumor sup-
pressors is observed in both HPV-positive and HPV-negative HNSCC [15]. Because 
tumor suppressor genes (TSG) are typically downregulated or deleted in cancer, 
they are not readily detectable in lower-throughput biomarker tests. Therefore, 
tumor suppressors have limited utility as diagnostic or prognostic markers. Unlike 
oncogenes characterized by hotspot mutations, TSGs are known for a wide spec-
trum of mutations throughout the exons, which are hard to detect using standard 
PCR or array technologies [61].

F. Faraji et al.



303

Tumor suppressors are also not typically actionable therapeutic targets. Most 
targeted therapeutics block molecular function and therefore are insufficient to 
counteract the effect of loss-of-function mutations in tumor suppressors. Direct sub-
stitution or repair of gene function with drugs remains elusive. Current research 
efforts are aimed at evaluating the feasibility of targeting downstream tumor sup-
pressor effectors that are upregulated upon tumor suppressor inactivation [62]. 
Determining these functional tumor suppressor effectors in different HNSCC sub-
types requires further system-level analyses. Besides mutagenesis, functional 
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Fig. 11.6 Distribution of somatic PIK3CA mutations in HPV-negative and HPV-positive HNSCC 
tumors in TCGA. (a) Mutations are distributed throughout PIK3CA in HPV-negative HNSCC. (b) 
Greater than 80% of PIK3CA mutations occur at two mutational hotspots in the helical domain 
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changes often result from epigenetic alterations, gene fusions, or alternative splic-
ing. Therefore, biomarker discovery and therapeutic selection in HNSCC require 
analysis of a broad array of alterations using data from a variety of high-throughput 
platforms.

11.4  Aberrant DNA Methylation in HNSCC

DNA methylation (the addition of a methyl group to a cytosine of a CpG dinucleo-
tide) is a common form of epigenetic modification [63]. Disruption of epigenetic 
signatures can cause alterations in gene function and expression that lead to malig-
nant changes in cells [64, 65]. Overall, solid tumors are characterized by hypometh-
ylation, an overall decrease in DNA methylation across the genome, which correlates 
with genomic instability [66]. Sartor et al. demonstrated that HPV-positive HNSCC 
cell lines have an overall greater degree of genome-wide DNA methylation than 
HPV-negative HNSCC [67]. This observation may contribute to the more stable 
genomic landscape of HPV-positive HNSCC and better patient outcomes. These 
data correlated with previous studies identifying higher DNA methylation in LINE-1 
and LUMA regions in HPV-positive samples [67, 68]. Similar studies of the meth-
ylation status of LINE elements associated DNA hypomethylation with clinical 
stage in a univariate analysis for a cohort of 119 HNSCC tumors of mixed HPV 
status [69]. Nonetheless, Hennessey et al. [70] reported significant differences in 
DNA methylation measured in HNSCC cell lines relative to primary tumors, sug-
gesting that patient-derived xenografts are better model systems for epigenetic stud-
ies. Therefore, further genome-wide analysis of DNA methylation changes in 
primary HNSCC tumors was essential to characterize their epigenetic landscape.

During tumorigenesis, genome-wide hypomethylation is followed by DNA pro-
moter methylation [71]. Multiple studies have shown that the list of hypermethyl-
ated genes in HPV-positive HNSCC has little overlap with HPV-negative. 
Specifically, individual genes were found to be hypermethylated in HPV-positive 
samples, including GATA4, GRIA4, IRX4, ALX4, CUTL2, HOXA7, FBX039, IGSF4, 
PLOD2, SLITRK3, GALR1, PDX1, RUNX2, IRS1, and CCNA1 [15, 67, 72]. 
ALDH1A2, OSR2, CHFR, ENPP5, FUZ, HPDL, HHEX, ICA1, IDUA, ITPKB, 
PIP5K1B, RBP5, VILL, ZNF141, ZNF420, KRT8, and CDKN2A exhibited increased 
methylation in HPV-negative cells. Notably, CDKN2A codes for tumor suppressor 
proteins, p14ARF and p16INK4A, highly expressed hallmarks of HPV-positive 
HNSCC. Promoter methylation often results in transcriptional silencing of tumor 
suppressor genes in HNSCC [73]. Therefore, CDKN2A methylation in HPV- 
negative HNSCC is consistent with observations of downregulated expression of 
p14ARF and p16INK4A in this subtype [67, 72, 74], in direct contrast to its overexpres-
sion in HPV-positive HNSCC.

The landscape of DNA methylation, as measured with microarrays, varies sig-
nificantly in both HPV-negative and HPV-positive HNSCC tumors relative to nor-
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mal samples (Fig.  11.7). Genome-wide comparisons of n  =  4 HPV-positive and 
n = 4 HPV-negative tumors in one study revealed 1168 differentially methylated 
genes – 686 hypermethylated and 467 hypomethylated – in HPV-positive HNSCC 
samples relative to HPV-negative HNSCC [75]. A separate study identified 360 dif-
ferentially methylated CpG loci in n = 31 HPV-positive compared to n = 65 HPV- 
negative oropharyngeal squamous cell carcinoma (SCC) [76]. Overall, recent 
studies report a greater level of differential DNA methylation in HPV-positive com-
pared to HPV-negative HNSCC [67, 76, 77].

TCGA identified four distinct DNA methylation clusters that were highly corre-
lated with mRNA subtypes, smoking status, and tumor site [15]. These clusters 
were named based on the relative DNA methylation values compared to normal 
samples: hypermethylated, hypomethylated, CpG island methylated, and normal- 
like. Hypermethylated and CpG island methylated clusters were associated with 
smokers and oral cavity tumors, while hypomethylated and normal-like clusters 
were enriched in samples from nonsmokers and from the larynx as anatomic site. 
The hypomethylated cluster was significantly enriched for NSD1-altered and 
NOTCH1 wild-type samples. The unsupervised clusters were not associated with 
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Fig. 11.7 DNA Methylation landscape in normal tissue, HPV-negative, and HPV-positive 
HNSCC. (a) Distribution of DNA methylation beta values for all probes on the DNA methylation 
microarrays. Beta values near zero represent absence of methylation and near one represent meth-
ylation. Distributions are averaged for all TCGA normal (gray), HPV-positive (blue), and HPV- 
negative (red) samples. (b) Heatmap of differentially methylated probes (FDR below 0.05 and the 
difference of mean beta values more than 0.2) in Illumina 450 K DNA methylation data for TCGA 
HNSCC tumor samples. Horizontal axis represents samples; vertical access represents DNA meth-
ylation array probes. Indicator bars for HPV status and DNA methylation subtypes demonstrate 
independence of HPV-positive and HPV-negative disease with genome-wide methylation clusters 
in TCGA
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HPV status, but additional analysis of HPV-positive vs HPV-negative samples 
revealed 3014 differentially methylated CpG loci (1129 genes) (Fig. 11.7b) 
(FDR < 0.05 and difference of mean beta values more than 0.2), including 1898 
hypermethylated loci (635 genes) and 1116 hypomethylated loci (520 genes) in 
HPV-positive samples. Other unsupervised studies have found different DNA meth-
ylation subtypes in HNSCC depending on the analysis technique [21, 77–79], some 
of which include methylation subtypes that distinguish HPV-positive and HPV- 
negative disease.

The DNA methylation gene signatures derived from these studies may provide 
more robust biomarkers than data derived from mutation analyses. Indeed, a DNA 
methylation-based prognostic signature has been shown to identify patients at high 
risk of treatment failure who may benefit from more intensive therapy and patients 
with more favorable prognosis who may benefit from lower toxicities associated 
with treatment de-escalation [72]. Given the impact of DNA methylation on gene 
expression [64, 65], many of these pervasive alterations to DNA methylation are 
likely to be functionally relevant, such as the silencing of p14ARF and p16INK4A by 
CDKN2A methylation in HPV-negative HNSCC. Emerging studies with sequencing- 
based DNA methylation analyses enable better characterization of strand-specific 
methylation and locus-specific methylation, not available to previous array-based 
studies. Integrated analyses with DNA alterations and transcriptional data [15, 21, 
24, 79–81] will help better elucidate the function of these epigenetic alterations in 
HNSCC.

11.5  Gene Fusions Suggest Precision Medicine Strategies 
that Differ for HPV-Negative and HPV-Positive HNSCC

Gene structure can be altered in the absence of point mutations or epigenetic modi-
fication of DNA. With the advent of next-generation sequencing, gene fusions and 
alternative splicing events have been increasingly recognized as altering gene func-
tion in solid tumors [15, 82]. Given that such events are unique to tumors, they also 
have the potential to be utilized as biomarkers for noninvasive diagnosis, surveil-
lance, or prognosis [83–85].

To date, two independent HNSCC cohorts have been analyzed for genome-wide 
fusion and alternative splicing events [15, 28]. Analysis of non-contiguous tran-
scriptomic segments from RNA-sequencing data in TCGA with the MapSplice 
alignment algorithm [86] revealed 13,759 predicted fusion events in n  =  279 
HNSCC samples (n = 45 fusions/sample) [15]. Although 7119 events fused two 
genes, the general level of gene expression and rate of event recurrence between 
multiple tumor samples were both low [15]. Therefore, only a small subset of these 
fusion events were hypothesized to be functional drivers in HNSCC.

Gene fusion analysis has identified potentially actionable targets in 
HNSCC. Secondary analysis of pan-cancer TCGA RNA-sequencing data revealed 
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multiple novel and recurrent fusions of the protein kinases FGFR3, NTRK2, and 
NTRK3 [87]. FGFR3 was the second most commonly fused gene after RET [87, 
88]. Of 20 tumor types analyzed by TCGA, FGFR3 fusion was found in eight dif-
ferent tumor types, including HNSCC, and was predominantly fused to TACC3 [83, 
87, 89, 90].

FGFR3-TACC3 fusion results in a constitutively activated tyrosine kinase that 
activates the mitogen-activated protein kinase pathway, suggestive of oncogenic 
activity [85, 91]. FGFR3-TACC3 fusion also impacts activity of the p53 pathway, 
the AKT/mTOR/PTEN pathway, and cell cycle control (CNNE1, CDK2–4, etc.) and 
may potentially represent a novel mechanism of acquired resistance in EGFR- 
dependent cancers [89, 92, 93]. This putative oncogenic activity may potentially be 
pharmacologically inhibited with small molecule FGFR3 inhibitors [91, 94, 95]. 
Interestingly, the FGFR3-TACC3 fusion may be specific to HPV-positive HNSCC, 
as it was detected in 2 of 36 (5.6%) HPV-positive samples in the TCGA dataset, but 
none of the 243 HPV-negative samples [15]. In further support of this specificity, 
FGFR3-TACC3 fusion was also identified in RNA-sequencing data from an inde-
pendent cohort of n = 47 HPV-positive HNSCC tumors (2%) [28]. Other gene-gene 
fusions identified in HPV-positive tumors from both this cohort and TCGA include 
KRT14-KRT16, TFG-GPR128, ZNF750-TBCD, and CASZ1- CTNNBIP1 [15, 28].

Conversely, the NTRK2-PAN3 and NTRK3-LYN fusions were detected in 2 of 
243 (0.8%) HPV-negative HNSCC TCGA tumors and thus appeared to be specific 
to HPV-negative HNSCC [15]. The JMJD7-PLA2G4B gene fusion is another poten-
tial factor in HPV-negative HNSCC tumor progression [96]. These and other high 
interest recurrent gene fusions mechanistically linked to tumorigenesis may be use-
ful in the development of cancer-specific biomarkers and the development of tar-
geted therapy against the fused proteins.

11.6  Transcriptional Profiling Enables Characterization 
of Splice Variation in HNSCC

Aberrations in alternative splicing comprise another mechanism that can result in 
the production of non-canonical protein products and promote oncogenic function 
in cancer. Dysregulation of alternative splicing has been described for diverse tumor 
types, including HNSCC [97–99]. Similar to the detection of fused gene products, 
the development of RNA-sequencing and whole-transcriptome analysis methods 
have facilitated the elucidation of tumor-specific alternative splicing [100–103].

Alternative splicing in tumor suppressors genes CDKN2A (coding the p16INK4A 
protein), TP53, TP63, TP73, FHIT, CSMD1, CD44, and others were the first events 
discovered in HNSCC [98, 104–109]. Early microarray studies enabled genome- 
wide characterization of splice variants [99] but were limited to characterizing 
events in gene loci represented on the microarray. Analysis of RNA-Seq data enables 
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more unbiased splice variant discovery, because short reads may span distinct gene 
isoforms [15, 28, 110]. Such genome-wide studies confirmed the prevalent alterna-
tive splicing of TP63 in HNSCC [15, 99, 100], as well as the presence of alterna-
tively spliced AKT3, LAMA3, DST, and KLK12 genes [15, 99, 110, 111]. 
HPV-positive HNSCC samples demonstrated the prevalence of alternative splicing 
in FKBP6, MEI1, SYCP2, and STAG2 genes [110]. Pan-cancer analyses of RNA- 
Seq data from TCGA revealed the diversity of disease-specific splicing events in 
CAB39L, GSN, TNC, MYBBP1, KIFC3, CEP164, and ACPP, which were detected 
in HPV-negative HNSCC [112].

Aberrant splicing in HNSCC can be related to aberrant phosphorylation of 
SRPK2 (a splicing kinase), as well as differential expression of SRSF3 (a proto- 
oncogenic splicing factor), ESRP1/2 (the splicing regulatory proteins), and a diverse 
set of other RNA binding proteins, such as CELF1 [113–116]. Analyses of mutation 
data from TCGA data demonstrated that genes encoding components of the splice 
machinery are more commonly altered in HPV-negative (18%) HNSCC samples 
than HPV-positive (8%) HNSCC samples [100]. This study found significant differ-
ences in alterative splicing events per gene, but not the total number of genes with 
alternative splicing events, between HPV-positive and HPV-negative subtypes 
[100].

Assembly of complete gene isoforms from short reads remains an active research 
area in bioinformatics. In some cases, short reads may not align to a unique isoform, 
which can limit the accuracy of characterization of splice variants in analyses of 
RNA-Seq data. Therefore, emerging long-read sequencing technologies will be 
essential to more accurately characterize gene isoform usage in HNSCC tumors.

11.7  Noncoding RNA

Noncoding RNAs (ncRNAs) are a class of protein noncoding transcripts with broad 
regulatory roles, including regulation of gene expression. ncRNAs include long 
noncoding RNAs (lncRNAs), long intergenic noncoding RNAs (lincRNAs), 
microRNAs (miRNAs), enhancer-like RNAs (eRNAs), and Piwi-RNAs (piRNAs) 
[117]. Initially thought to have no relevant functionality, these noncoding transcripts 
are currently known to control gene expression by inhibiting transcription of their 
targets via induction of mRNA degradation, DNA promoter competition, mRNA 
elongation inhibition, attraction of chromatin modifier to specific gene loci, and 
interference with the splicing process [118]. miRNAs represent the most studied 
group of ncRNAs for HNSCC and other cancers. lncRNAs are increasingly studied, 
but few key insights have been unveiled in the context of HNSCC carcinogenesis 
and prognosis [119, 120]. Only one study aimed to determine the expression profile 
of piRNAs in HNSCC [121].

MicroRNAs are important regulators of gene expression. These short polynucle-
otides (~22 base pairs in length) bind to mRNA targets with imperfect sequence 
complementarity and block transcription or induce transcript degradation [122]. 
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One single miRNA can target and regulate hundreds of transcripts, resulting in each 
miRNA possessing pleiotropic effects [122]. Moreover, regulatory functions of 
miRNAs have been found to be tissue and disease specific, though the mechanisms 
underlying these context specificities remain to be clarified [123].

Chang et  al. [124] identified a panel of miRNA as differentially expressed 
between HNSCC tumor and normal samples. This panel included one miRNA 
downregulated in tumor relative to normal (miR-494), suggestive of a potentially 
tumor suppressive function in cancer. In addition, several miRNAs were found to be 
upregulated, including miR-21, miR-7, miR-18, miR-29c, miR-142-3p, miR-155, 
and miR-146b.

Changes in miRNA expression have also been correlated with tumor progression 
and prognosis. Perhaps the best studied miRNA, miR-21, is upregulated in HNSCC 
and other tumor types (esophageal, prostate, breast), and high expression of miR-21 
is correlated with poor survival [125]. In addition to miR-21, dysregulation of other 
miRNAs has been identified to predict prognosis in HNSCC.  Loss of miR-375 
expression correlates with higher risk of death, suggesting that miR-375 may be a 
prognostic marker [126]. Aberrant expression of a wide variety of miRNAs is also 
associated with clinical prognostic markers such as locoregional recurrence (mir- 
205 and let-7d) [127], disease aggressiveness and metastasis (mir-200 family) 
[128], and cell migration and invasion (mir-26a and mir-7) [129, 130]. Other 
 miRNAs have no association with HNSCC clinical and pathological features but are 
differentially expressed at specific anatomic sites. For example, a panel of eight 
miRNAs are specifically dysregulated in laryngeal HPV-negative SCC: miR-21-3p 
and miR-106b-3p (upregulated) and let-7f-5p, miR-10a-5p, miR-125a-5p, 
 miR- 144- 3p, miR-195-5p, and miR-203 (downregulated) [131].

The miRNA expression disparities between HPV-positive and HPV-negative 
HNSCC are not well characterized. Using a quantitative PCR-based miRNA array, 
Howard et al. [132] found that miR-449a is overexpressed in HPV-positive HNSCC 
relative to HPV-negative and confirmed the same expression pattern for miR-499 in 
miRNA-Seq expression data from TCGA. There is a clear difference between the 
repertoires of miRNAs expressed in these two HNSCC types, according to findings 
from Miller et al. [133] and Lajer et al. [134]. Both groups analyzed the miRNA 
expression profile in oropharyngeal SCC samples, identifying miR-199a-3p/miR- 
199b- 3p, miR-143, and miR-145 to be commonly downregulated in HPV-positive 
HNSCC and other miRNAs showing decreased expression in at least one of the 
studies. The number of upregulated miRNAs was limited in both studies, and miR- 
320a, miR-222-3p, and miR-93-5p [133] and miR-195 and miR-363 [134] showed 
increased levels in the presence of viral infection. All the studies are helping to 
characterize the differences between HPV-positive and HPV-negative HNSCC, 
although all lack further investigation on the mRNA targets regulated by the aber-
rantly expressed miRNAs.

lncRNAs encompass transcripts of at least 200 nucleotides in length. In contrast 
to miRNAs that directly bind to their targets, lncRNAs regulate gene expression 
through a distinct variety of mechanisms. Among their many functions, lncRNAs 
silence genes by binding to the DNA promoter or enhancer regions and recruiting 
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chromatin modifier or transcriptional regulatory complexes which bind directly to 
DNA binding sites to promote or block transcription factor (TF) activity [135]. The 
role of lncRNAs in HNSCC is poorly understood, with just a few differentially 
expressed lncRNAs associated with this tumor type: GAS5, MEG3, H19, UCA1, 
and PCAT-1. Aberrant expression of MEG3 [136] and UCA1 [137] has been 
observed in tongue SCC, with elevated UCA1 also associated with the presence of 
lymph node metastasis. Using the data from TCGA, Zou et al. found 9681 lncRNAs, 
232 miRNAs, and 61 piRNAs differentially expressed between HNSCC and the 
paired normal tissue [121]. This ncRNA landscape was associated with mutations in 
some relevant genes for HNSCC tumorigenesis (TP53, CASP8, CDKN2A, PRDM9, 
Cyclin E, NOTCH, and FBXW7) and copy number variations (3p, 5p, 7p, and 18q 
deletion and 3q and 7q amplification). This study was also the first one to detect 
aberrant expression of piRNAs in HNSCC. piR-34,736 and piR-36,318 have been 
previously described to be deregulated in breast cancers and were found by Zou 
et al. in HNSCC as well [121].

Despite these early insights, the precise role of ncRNAs in regulating HNSCC 
progression remains to be uncovered. Furthermore, little is known about the differ-
ential role of ncRNA in HNSCC with respect to HPV status. A more detailed under-
standing of the mechanism by which ncRNAs impact tumorigenesis and progression 
in both HPV-positive and HPV-negative HNSCC may unveil more reliable prognos-
tic biomarkers [120] and novel therapeutic targets [138].

11.8  Transcriptional HNSCC Subtypes

Early gene expression profiling of HNSCC tumors found four dominant subtypes 
associated with distinct survival characteristics [139]. However, at the time of dis-
covery, the drivers responsible for the discrepancies between these subtypes were 
unknown. Later, when HPV was established as a driver of HNSCC carcinogenesis, 
the gene expression profiles from HPV-positive HNSCC samples were determined 
to fall into one of the four dominant gene expression subtypes. Walter et al. [140] 
also confirmed that these subtypes are robust in several independent cohorts of sam-
ples. Upon hierarchical clustering of HNSCC tumors, the HPV-positive grouping of 
samples was labeled as “atypical,” relative to the gene expression profiles of “clas-
sical” HPV-negative HNSCC.

Further annotation of the genes defining these groups has further determined 
additional subtypes: one displaying features that resemble basal tumors (the “basal” 
subtype) and another subtype with greater epithelial-mesenchymal transition (EMT) 
activity (“mesenchymal”). Single-cell RNA-sequencing data attributes differences 
between basal and mesenchymal subtypes in oral cavity tumors to differences in the 
composition of cell types within these tumors, and does not infer significant expres-
sion differences between the malignant cells within basal and mesenchymal tumors 
[39]. Transcriptional analysis of larger cohorts of HPV-positive HNSCC in Keck 
et al. [27] found further subclustering among this relatively homogeneous cohort of 
samples (Fig.  11.8). One of the two HPV-positive clusters shares similar gene 
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Fig. 11.8 Molecular subtypes across diverse high-throughput platforms distinguish HPV-negative 
and HPV-positive HNSCC. (a) Gene expression subtypes with Walter et al. [140] and Keck et al. 
[27] subtypes for TCGA samples. Atypical samples from Walter et al. are split between classical 
and mesenchymal subtypes in Keck et al., while the remaining basal, classical, and mesenchymal 
subtypes from Walter et al. are consistent with subtype calls in Keck et al. (b) DNA methylation 
subtypes reflect pervasive hypermethylation, hypomethylation, normal-like methylation, and CpG 
island methylation in HNSCC tumors. The hypermethylation subtype is enriched in the mesenchy-
mal gene expression subtype and CpG island methylation subtype in the basal gene expression 
subtype. (c) Clinical attributes of TCGA samples. HPV status and oropharynx site are both 
enriched in the Walter et al. atypical subtype. HPV integration is associated with the HPV-positive 
mesenchymal Keck et al. gene expression subtype. Tumors in the larynx are split between atypical 
and basal subtypes, while oral cavity tumors occur predominately in basal and classical subtypes. 
HPV-positive tumors are enriched in nonsmoking individuals. (d) Commonly mutated genes dis-
tinguish HPV-negative and HNSCC-positive tumors. (e) Mutations in NSD1 and H3K36M genes 
define a new epigenetic subtype in HPV-negative tumors, uniformly distributed among expression 
and DNA methylation subtypes
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expression changes with the “mesenchymal” subtype. These mesenchymal samples 
are associated with greater immune activity in both HPV-positive and HPV-negative 
mesenchymal samples [27]. The HPV-positive subtypes are confirmed in an inde-
pendent study [141] and associated with tumor-specific chromatin structure in HPV- 
positive HNSCC [142].

As discussed above, DNA methylation also distinguishes HPV status and forms 
distinct clusters within HNSCC samples [21, 77, 78, 143]. Hierarchical clustering 
analysis of DNA methylation subtypes in TCGA found that methylation subtypes 
were highly correlated with transcriptional subtypes. Nonetheless, the methylation 
subtypes predominantly distinguish samples with respect to smoking status, tumor 
subsite, and the presence of NOTCH1 mutations [15]. These subclusters were later 
confirmed with a new algorithm for integrated DNA methylation and gene expres-
sion analysis [79, 143].

Integrative analyses of DNA methylation and gene expression subclusters further 
suggest epigenetic regulation of specific pathways within the subtypes, such as epi-
genetic regulation of the Hedgehog pathway in HPV-negative HNSCC [21]. 
Integrated statistics across gene expression, DNA methylation, and copy number 
performed on gene targets of transcription factors also found that the activity of the 
critical transcription factors STAT3 and NF-κB distinguishes HPV-positive and 
HPV-negative disease, with both more active in HPV-negative samples [22]. TCGA 
also performed bioinformatics analyses that combined gene expression, copy num-
ber, and pathway interaction data found that cell signaling pathways associated with 
cell death, immunity, and oxidative stress distinguish HPV-positive and HPV- 
negative tumors [15]. New integrated analyses that span all these data modalities are 
essential to determine the molecular drivers and potential therapeutic targets spe-
cific to these subtypes.

More recent analysis of high-throughput data with novel computational tools 
revealed a still greater diversity of HNSCC subtypes. Analysis of mutation data sug-
gests that a new subtype of HPV-negative tumors may result from mutations to the 
histone H3 gene that impairs histone modification [78]. Histone modifications are 
associated with differences in chromatin structure. These changes alter genes that 
are accessible for expression and therefore may play a critical functional role in 
HNSCC carcinogenesis. Further collection of datasets resulting from applying rap-
idly emerging technologies such as ChIP-Seq or ATAC-Seq to HNSCC tumors is 
essential to better establish the functional role of chromatin in various disease sub-
types. Figure  11.8 summarizes subtypes across all data modalities in HNSCC 
TCGA data.
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11.9  Genomic Data Distinguishes HPV-Positive HNSCC 
Tumors with and without Viral Integration 
in the Human Genome

Data from next-generation sequencing technologies can reveal differences in the 
molecular landscape of the HPV virus itself in HPV-positive HNSCC tumor sam-
ples, informing the pathological action of the virus. Because sequencing techniques 
are agnostic to the genome, whole genome sequencing and RNA-sequencing of 
HPV-positive HNSCC can simultaneously measure alterations in human and HPV 
genomes. Sequencing reads that span both genomes indicate sites where the HPV 
virus integrates into the human genome, and samples that contain these reads are 
considered to have undergone HPV viral integration. A recent analysis of viral inte-
gration sites in both whole genome sequencing and RNA-sequencing data deter-
mined that a subset of HPV-positive HNSCC in TCGA did not have HPV integration 
in the genome [144]. Prior to this study, HPV was believed to be integrated in the 
genome in all HPV-positive HNSCC tumors. However, only roughly half of HPV- 
positive HNSCC tumors (39–71%) have virus integrated into the host genome [142, 
147–148]. The sequencing-based studies of HPV viral integration are subject to 
false negatives if regions of the genome spanning these integration sites are not 
covered. Nonetheless, there is a wide read coverage of the HPV genome from the 
high-throughput assays in TCGA tumors, and similar phenomena are observed in 
cervical cancer [15, 49]. Using the available TCGA data, independent investigators 
[147, 148] found the presence of HPV-positive samples, where both episomal and 
integrated HPV are most likely present in the same cells, suggesting the presence of 
the chimeric episomes formed upon the secondary excision of the HPV from the 
human genome [148]. Such episomes can carry multiple copies of HPV genome as 
well as pieces of human genome [144, 148] and are a topic of active investigation.

HPV-positive tumors without genomically integrated virus are associated with 
the HPV-positive mesenchymal subtype from Keck et  al. [27] (Fig.  11.8). This 
observation is consistent with identification of gene expression and copy number 
subtypes that distinguish HPV integration and viral E2/E4/E5 expression [141]. A 
study of mutations with HPV-positive HNSCC by Hajek et  al. [149] found that 
alterations in TRAF3 and CYLD are associated with lack of HPV integration. 
Moreover, recent data suggest that samples with episomal and integrated HPV 
genome differ on the chromatin level [142], where genes with tumor-specific 
H3K27ac-associated enrichment are significantly associated with HPV-KRT [141] 
and with the classical subtypes of HPV-positive HNSCC [27] as well as with sites 
of HPV integration [142]. The clinical relevance of HPV-positive HNSCC tumors 
that lack viral integration and their molecular landscapes is a current area of active 
investigation [150].
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11.10  Inter- and Intra-tumor Heterogeneity Are Pervasive 
in HNSCC Subtypes

Carcinogen-induced somatic mutations are randomly distributed throughout the 
genome and across numerous adjacent tumor cells, causing a high degree of genomic 
heterogeneity in HPV-negative HNSCC tumors. Dysregulation of APOBEC in 
HPV-positive HNSCC is another source of mutation, which may also give rise to 
genomic heterogeneity in that disease [55, 60]. Tumor heterogeneity refers to trans-
formed clonal cells that, with tumor progression, have developed distinct novel 
mutations resulting in the rise of multiple clones within a single tumor [151, 152]. 
The diversification of clonal populations in the tumor has been linked to worse 
prognosis [153, 154]. Moreover, specific therapies may eliminate certain clonal 
populations and select for the outgrowth of resistant clones [155]. This mechanism 
of therapeutic resistance occurs particularly commonly for targeted therapies, such 
as cetuximab [156].

Tumor heterogeneity has become an active area of research in cancer overall and 
HNSCC in particular [154, 157]. Tumor heterogeneity can complicate precise diag-
nosis with potential sampling error and may contribute to therapy failure and recur-
rence. New pathway dysregulation algorithms are in development to characterize 
functional implications of inter-tumor heterogeneity [158, 159]. These algorithms 
quantify the dysregulation in a single pathway comparing the variation of gene 
expression in all of the genes associated with that pathway for samples from one 
phenotype relative to the variation of gene expression in the same pathway genes for 
samples from another phenotype. For example, applying expression variation anal-
ysis (EVA) to gene expression data assessed using microarrays confirmed that path-
ways have higher variation in gene expression and are therefore more significantly 
dysregulated in HNSCC tumors relative to normal samples [158]. This observation 
was further confirmed in RNA-sequencing data from TCGA in Fig. 11.9a. These 
algorithms revealed that heterogeneity of pathway dysregulation increases in tumor 
populations with worse prognosis [159]. These methods have not yet been applied 
to compare the relative heterogeneity of pathway dysregulation between HPV- 
negative and HPV-positive tumors.

Mutant allele tumor heterogeneity (MATH) is a scoring system established in 
HNSCC for the measurement of tumor heterogeneity based on sequencing data 
[161]. MATH estimates the mutant-allele fraction (MAF) as the percentage of 
mutated reads versus total reads in next-generation sequencing data. This method 
assumes that wider distributions of MAF values across genes reflect greater genomic 
heterogeneity. Application of the MATH algorithm to sequencing data in TCGA 
identified greater intra-tumor heterogeneity in HPV-negative relative to HPV- 
positive tumors (Fig.  11.9b). Higher MATH scores were also associated with 
increased mortality independent of other clinicopathological measures, including 
HPV status, TNM class, or tumor site. Therefore, estimates of heterogeneity with 
algorithms such as MATH may serve as prognostic factors in HNSCC [156, 159].
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Genetic tumor heterogeneity arises during tumor formation as sequences of 
mutations occur in subpopulations of tumor cells, resulting in heterogeneity within 
the same tumor and across different patients’ tumors. As a result, tumor cell popula-
tions are composed of different subpopulations of cells, with each of the subpopula-
tions – or “subclones” – defined by a unique genome. While MATH estimates the 
degree of heterogeneity in a tumor sample, it does not estimate the composition of 
the subpopulations from which the tumor arose. Single-cell RNA-sequencing is 
emerging as a promising new technology to measure intra-tumor heterogeneity and 
subclones directly and has recently been applied to study both inter- and intra-tumor 
heterogeneities in HNSCC primary tumors [39]. However, technical challenges in 
performing single-cell analysis on archival samples currently limit single-cell 
sequencing of large cohorts of HNSCC tumors. Therefore, new computational algo-
rithms are emerging to estimate tumor subpopulations based on the data generated 
by next-generation sequencing [162, 163]. Analysis of the samples in Hedberg et al. 
[36] with the PyClone algorithm [163] has found that genetic alterations in meta-
static samples present at the time of diagnosis were largely transmitted from pri-
mary tumors, while recurrences were more frequently derived from new 
subclones.

The large number of distinct cell types that comprise a tumor also contributes to 
intra-tumor heterogeneity. Recent advances in computational microdissection tech-
niques enable estimation of cellular composition based on gene expression or DNA 
methylation data [164]. Mandal et al. [165] characterized the immune landscape of 
HNSCC using transcriptomic data from TCGA.  They found that the degree of 
immune infiltration in HPV-negative HNSCC is lower than that of HPV-positive 
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Fig. 11.9 Measures of tumor heterogeneity in HPV-negative and HPV-positive HNSCC. (a) 
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indicated in black, with all remaining pathways colored in gray. (b) Distribution of MATH [154] 
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HNSCC tumors. P-value is reported as a t-test of MATH scores between 36 HPV-positive and 243 
HPV-negative samples in the TCGA freeze set
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malignancies and is associated with poorer clinical outcomes. In a low-throughput 
study, Badoual et al. [166] also observed a higher degree of tumor infiltration by 
regulatory T cells (Treg) in HPV-positive oropharyngeal squamous cell carcinoma, 
suggesting these tumors could benefit from Treg-targeted immunotherapy. Despite 
recent encouraging results from immune checkpoint inhibitor trials in HNSCC 
[167], only a subset of HNSCC patients will benefit from immunotherapy. Emerging 
sequencing technologies, including T cell receptor (TCR)-sequencing, can directly 
measure the repertoire of immune cells in a tumor [168]. Although not yet available 
for HNSCC, these data are essential to characterize differences in the immune sys-
tem in HNSCC subtypes. Therefore, future studies are needed to compare estimates 
of cellular compositions with immunotherapy response. Integrating this data with 
genomic alterations will lay a critical foundation for subsequent clinical investiga-
tion and biomarker discovery of immunotherapy-responsive HNSCC subtypes.

11.11  Discussion

Advances in genome-wide interrogation coupled with large-scale consortium efforts 
have begun to clarify the molecular landscapes of HPV-positive and HPV-negative 
head and neck squamous cell carcinoma. Observations of the clinical behavior and 
epidemiological features have long hinted at the possibility of two distinct HNSCC 
entities based on HPV status [3, 11, 16]. Comprehensive molecular profiling of 
large, multi-institutional datasets firmly establishes that HPV-positive and HPV- 
negative HNSCC are etiologically distinct neoplastic entities with divergent muta-
tional, transcriptional, and epigenomic landscapes [15, 27, 29].

Fundamental differences based on HPV status shed light into the clinical behav-
ior of HNSCC. While TP53 mutations were once thought to be a hallmark of all 
HNSCC, it is now apparent that TP53 mutation occurs primarily in HPV-negative 
tumors and rarely in HPV-positive disease. Further, mechanisms of HPV-driven car-
cinogenesis suggest a plausible explanation for the lack of requirement of TP53 
mutation in HPV-positive HNSCC: the viral oncoprotein E6 induces degradation of 
p53. Such findings provide insight into readily observed differences in the clinical 
behavior of HNSCC with respect to HPV status. For example, HPV-positive HNSCC 
may be more responsive to cytotoxic chemoradiotherapy because these tumors 
remain TP53 wild type.

The recognition of the clinical impact of HPV status has initiated fundamental 
changes in diagnostic and therapeutic paradigms for HNSCC [13, 169]. For exam-
ple, since the advent of platinum-based chemoradiotherapy, cetuximab has been 
identified as a targeted therapeutic [170, 171]. Genome-wide single-nucleotide res-
olution views of HNSCC offer perhaps the most promise toward better understand-
ing the molecular pathophysiology of this disease. These insights hold the potential 
toward more accurate methods to assess prognosis and the development targeted 
treatments. However, the predominance of HNSCC tumors driven by silencing of 
tumor suppressor genes has limited further application of targeted therapies.
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In addition to targeted therapeutics, genomic data have critical implications for 
emerging immunotherapies for HNSCC.  Initial clinical trials demonstrated that 
18% of HNSCC tumors are responsive to PD-1 inhibitors, independent of the HPV 
subtype [172]. Long-term response and optimal immunotherapy strategies in 
HNSCC subtypes are currently an active area of clinical research [173], reviewed 
extensively by Ferris [174] (and see Chap. 14). Genomic data have great potential 
to provide biomarkers for immunotherapy treatment selection. In colorectal can-
cers, total mutational burden is a predictive biomarker of immunotherapy response 
[175]. However, in HNSCC tumors, immunotherapy response is similar among 
HPV- positive and HPV-negative tumors suggesting that the total mutational burden 
will be a less potent biomarker. Rather, increased tumor heterogeneity is associated 
with a more diverse repertoire of immune cells, which is also observed in response 
to immunotherapy in non-small cell lung cancer [176]. Similarly, the mesenchymal 
subtype is also enriched for immune pathways in both HPV-positive and HPV- 
negative HNSCC [27]. Further genomic studies are critical for developing accurate 
biomarkers to enable patient selection for immunotherapy and combination thera-
peutic strategies for nonresponsive HNSCC tumors.

Large public domain datasets of whole-genome microarray and next-generation 
sequencing technologies have enabled unprecedented characterization of genomic 
landscape in HPV-positive and HPV-negative HNSCC. Advances to these technolo-
gies are rapidly evolving and will continue to improve the identification of biomarkers 
and therapeutic targets specific to individual tumors in all disease subtypes. Emerging 
technologies to query the chromatin structure and function, including ChIP-seq, 
ATAC-seq, and Hi-C, are essential to characterize the role that DNA structure plays in 
inducing the molecular landscape of HNSCC. These data will both refine the clinical 
attributes of new epigenetic subtypes of HNSCC and be critical to selecting tumors 
for emerging epigenetic therapies. These epigenetic landscapes will be enhanced 
through sequencing-based profiling of DNA methylation, which has higher resolution 
for genomic local and strand-specific methylation than microarrays used in TCGA.

Similarly, sequencing technologies with long reads will span entire genes, 
enabling far more accurate measurements of gene isoform usage specific to HNSCC 
tumors than bioinformatics analyses of short-read RNA-sequencing data. These 
gene isoforms may provide promising new therapeutic targets to currently untarge-
table tumors. Emerging single-cell DNA and RNA technologies will be essential to 
quantifying intra-tumor heterogeneity and subclones to better improve therapeutic 
response and predict mechanisms of acquired therapeutic resistance for combina-
tion therapeutic strategies at the time of diagnosis. Finally, emerging TCR- 
sequencing technologies will characterize the immune repertoire within tumors to 
serve as personalized biomarkers for immunotherapy. Integrating current high- 
throughput genomic data with data from these emerging sequencing-based tech-
nologies will provide unprecedented molecular characterization of cells that 
comprise individual tumors, ideally improving accuracy of biomarker development 
and precision medicine for future HNSCC patients.
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Epigenetic Changes and Epigenetic 
Targets in Head and Neck Cancer
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Abstract Epigenetic changes are both inheritable and reversible, affecting the spa-
tial conformation of DNA and its transcriptional activity. The most common classes 
of epigenetic regulation include modification of DNA (typically by methylation), or 
modification of the histones that form nucleosomes (typically by methylation, acet-
ylation, or phosphorylation). Epigenetic changes can influence gene expression pat-
terns without making permanent changes in DNA. In this article, we discuss 
characteristic changes in the epigenetic modification of tumor DNA that occurs in 
squamous cell carcinomas of the head and neck (SCCHN), which controls the selec-
tive induction and repression of genes relevant to the disease pathology. We also 
describe key proteins that mediate epigenetic control of gene expression, and emerg-
ing therapeutic approaches to target epigenetic control systems.
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12.1  Introduction

There are two main subclasses of squamous cell carcinomas of the head and neck 
(SCCHN), based on association with human papillomavirus (HPV-positive), versus 
tumors arising in the absence of human papillomavirus (HPV-negative). HPV- positive 
SCCHN commonly arises in the oropharynx, while HPV-negative SCCHN arises in 
the oral cavity, oropharynx, hypopharynx, and larynx. In the past several years, 
genomic analyses have illustrated the genetic heterogeneity of squamous cell head 
and neck cancers (SCCHNs) [1–3]. There is a higher burden of mutations in HPV-
negative SCCHN, because these tumors typically arise in the context of heavy use of 
the mutagens tobacco and alcohol. Genomic analyses have shown a diverse set of 
mutations, particularly in HPV-negative tumors, with the greatest commonality the 
mutation of TP53 [4–6]. The overall diversity of mutations and paucity of driver 
mutations makes it often difficult to identify a therapeutically targetable driver muta-
tion. Other chapters in this volume discuss some candidate driver mutations, such as 
in PI3K. In contrast, analyses of transcriptional profiles of SCCHN tumors indicate a 
greater degree of commonality among tumors, identifying a small number of sub-
classes. These transcriptional patterns reflect characteristic changes in the epigenetic 
modification of tumor DNA that occur in SCCHN and control the selective induction 
and repression of genes relevant to the disease pathology [7–9]. Some of the modifica-
tions, and the enzymes responsible for their introduction, represent promising candi-
dates for therapeutic development. In this chapter, we will review potential epigenetic 
modifications of interest and their relevance in SCCHN. We will focus on two classes 
of modification that influence both transcription and response to DNA-damaging 
therapies: modifications targeting DNA and modifications targeting histones.

12.2  DNA Methylation Controls

Epigenetic changes are inheritable and reversible, affecting the spatial conformation 
of DNA and its transcriptional activity, thus ensuring the maintenance of stability 
and integrity of the DNA. This process leads to changes in the phenotype without 
changing the sequence of DNA bases, allowing the generation of diverse forms of 
gene expression and resulting in different phenotypes. Epigenetic changes occur 
during development of the organism and are reproduced during DNA replication. 
Epigenetic deregulation is a hallmark of several diseases including cancer, where 
epigenetic silencing of tumor suppressors through hypermethylation and hypometh-
ylation of proto-oncogenes is a contributing factor in tumorigenesis[10–13]. 
Furthermore, the posttranslational modification of histones often accompanies DNA 
methylation changes, leading to changes in chromatin state that help achieve and 
sustain exact regulation of gene expression [14].

Earlier studies addressing methylation of small numbers of genes have been 
replaced by more global studies, which have relied on the development of high- 
throughput methods to profile DNA methylation. These technologies, including high-
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density microarrays and sequencing technologies, experimental approaches based on 
enzyme digestion, affinity enrichment, and bisulfite methods that allow comprehen-
sive mapping of methylation profiles with single-base resolution and the establish-
ment of general “rules” for methylation control of gene expression [15, 16]. We note 
that the applicability of these methods was enhanced by the simultaneous develop-
ment of statistical methods for normalization, correction of batch effects, and identifi-
cation of differentially methylated regions (DMR), which allow users to analyze and 
interpret both microarray and sequencing data [17]. Similarly, software tools that 
allow visual inspection and interpretation of methylation data have contributed toward 
comprehensive understanding of methylation profiles in the genome [18–21].

DNA methylation is the most widely studied epigenetic mechanism in mammals. 
The process of methylation involves covalent transfer of a methyl moiety from 
S-adenosylmethionine to the 5th carbon position of cytosine (5-mC) within the CG 
dinucleotides that are commonly found dispersed along the genome, commonly in 
arrays called CpG islands (CGI) (Fig. 12.1a) [22]. These short interspersed groups 
of nucleotides are enriched in gene-rich regions and play a role in the regulation of 
gene transcription. A family of enzymes known as DNA methyltransferases 
(DNMTs) catalyze the methylation of DNA.  Among these, DNMT1 recognizes 
hemimethylated sites and thus predominantly maintains and ensures transmission 
of epigenetic marks during DNA replication. DNMT3a and DNMT3b are de novo 
methyltransferases responsible for establishing DNA methylation patterns during 
early development [23, 24] (Fig. 12.1b). DNMT3L is a catalytically inactive meth-
yltransferase lacking methyltransferase motifs; however, it is required for activity of 
DNMT3a and 3b in various contexts [25, 26].

An unperturbed epigenetic maintenance and regulation of gene expression 
requires systematic balance between methylation and demethylation of DNA during 
various stages of development. Demethylation can happen passively, for example, 
from failure of maintenance by DNMT1 after DNA replication, or actively, through 
replication-independent enzymatic processes. Active DNA demethylation is a mul-
tistep process where enzymatic conversion of 5-mC to 5-hydroxymethylcytosine 
(5-hmC) is catalyzed by the ten-eleven translocation (TET) dioxygenases. 
Subsequently, 5-hmC is converted to 5-formylcytosine (5-fC) and 5- carboxylcytosine 
(5-caC). These are efficiently removed by the thymine DNA glycosylase (TDG) 
leaving an abasic site that is subsequently repaired through the base excision repair 
(BER) pathway [27, 28] (Fig. 12.1a).

Methylation at CpG islands (CGIs) is often associated with inhibition of gene 
expression. Several distinct mechanisms contribute to this inhibition. Gene expres-
sion can be modulated through an indirect mechanism, discussed further below, 
based on chromatin modification. However, direct inhibition of transcription can be 
achieved through recruitment of proteins that bind methylated DNA (such as 
methyl-CpG-binding protein 2, MeCP2) to gene promoters, which then compete for 
binding with transcription factors [29]. Methylation of the insulin 2 (INS2) pro-
moter leads to the binding of MeCP2 and possibly other methylated DNA binding 
proteins, resulting in decreased binding of the transcriptional activators ATF2 and 
CREB, which further suggests a mechanism for silencing of the insulin gene [29]. 
Methylated DNA binding proteins such as MeCP2 contain transcriptional repres-
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sion domains (TRDs) that recruit histone deacetylase complexes, which help rein-
force a suppressed chromatin configuration at the transcription initiation sites, 
ensuring gene quiescence [30] (Fig. 12.1c).

The relationship between DNA methylation in CGIs and target gene expression 
is complex. Genome-wide analyses have also shown extensive methylation in both 
promoter and non-promoter regions, including in gene body and intergenic regions 
[31, 32]. While the promoter CGI methylation typically is associated with repressed 

a

DNMT3A

DNMT3B

DNA 
replication

DNMT1

Passive 
demethylation

b

O

N

N

CH2OH

NH2

N

N
O

CHO

N

N
O

COOH

NH2

N

N
O

CH3

NH2

BER

N

N
O

NH2

TET

NH2

DNMT

TDG and BER

TDG

TET

TET

Cytosine

5-mC
5-hmC

5-fC

5-caC

APOBEC/AID

HN

N
O

CH2OH

O

5-hmU

HN

N
O

CH3

Thymine

O

TET

TDG, MBD4,BER

Fig. 12.1 DNA methylation mechanisms. (a) Various states of cytosine modifications resulting 
from methylation by DNMT and demethylation by TET and TDG demethylases. Activation-
induced deaminase (AID) and AID-Apolipoprotein B RNA-editing catalytic component 
(APOBEC) family of enzymes modify 5-mC and 5-hmC to thymine and 5-hmU respectively. 
5-hmU can be modified to cytosine mediated by TDG, MBD4 and base excision repair (BER) 
pathway (b) Models showing DNA methylation catalyzed by de novo methyltransferases 
DNMT3A/DNMT3B and maintenance methyltransferase DNMT1. De novo methyltransferases 
methylate CpG dinucleotides; in contrast, the maintenance methyltransferase DNMT1 methylates 
hemimethylated CpG sites on newly synthesized DNA after replication. The absence of appropri-
ate methylation maintenance can lead to passive demethylation associated with loss of 5-mC over 
multiple replication cycles. Red and white lollipops indicate methylated and unmethylated CpGs, 
respectively (c) Model showing promoter methylation resulting in restrictive transcription and 
expression of the gene. Methyl-CpG-binding domain (MBD) proteins compete with transcription 
factors (TF) and RNA polymerase II (RNA pol II) that are necessary for active transcription. E1–3 
indicate exons (d) Model showing gene body methylation. Methylation of CpGs in the gene 
body controls spurious transcription initiation by restricting binding by TFs and RNA pol II
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target gene expression, methylation of CGIs in the gene body is positively corre-
lated with gene expression [33, 34]. The relationship between gene body methyla-
tion and gene expression is poorly understood. Several lines of evidence also show 
the role of gene body methylation in regulating transcription from alternative pro-
moters [32]. It has also been shown to affect alternative splicing; for example, DNA 
methylation can prevent binding of the DNA binding protein CTCF to exon 5 of 
CD45, regulating exon inclusion [35–38].

The contrasting effect of methylation in promoter CGI versus in the gene body on 
gene expression has been described as a DNA methylation paradox [36, 39]. Some 
recent evidence suggests that intragenic DNA methylation provides protection from 
spurious transcription initiation through unauthentic RNA polymerase activity and 
cryptic intragenic transcription initiation [40]. In contrast to gene repression by pro-
moter DNA methylation, gene body methylation correlates with transcriptional 
strength, providing an indirect indication that it is associated with transcriptional elon-
gation. Hypermethylation of the gene body is mediated by DNMT3b, which recog-
nizes H3K36me3, a histone mark for RNA pol II transcriptional elongation [41], 
catalyzed by the SETD2 histone methyltransferase [40] (Fig. 12.1c, d).

In addition to promoter CGIs and gene body regions, DNA methylation can also 
occur in low-density CGI “shores” – that is, sequences in flanking regions of CGIs 
(~2 kb). The methylation patterns in these regions are highly conserved and primar-
ily reflect tissue specific modifications, with majority (70%) of these are associated 
with reprogramming in various progenitor cells [42–44]. In normal, untransformed 
cells, nearly 60% of the gene promoters associated with CpG islands exist in an 
unmethylated state: of these, nearly 6% of these are methylated in a tissue-specific 
manner during early development or tissue differentiation [37, 45]. Besides gene 
silencing on a localized level, DNA methylation exerts its function in development 
through genomic imprinting of larger regions of chromosomes. For example, as part 
of the dosage control of the XX chromosomes in females, hypermethylation of one 
X chromosome leads to monoallelic expression [46].
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12.3  DNA Methylation in SCCHN

Tobacco usage is a major risk factor for development of SCCHN [47–49]. Tobacco 
products contain carcinogens and pro-carcinogens that include benzo(A)pyrene, 
nitrosamines, and arylamines. In tumorigenesis, these carcinogens induce both 
genetic and epigenetic changes and induce considerable risk for over a decade after 
cessation of smoking. These changes precede the formation of tumors, are in some 
cases associated with chronic obstructive pulmonary disease (COPD), [50–53] and 
may serve to promote tumorigenesis.

For example, some studies have shown tobacco smoke alters the epigenetic mod-
ification of CpG sites of over 1400 genes (associated with 2623 CpG sites) [54]. 
While risk of many diseases related to tobacco smoke can be reduced and compa-
rable to risk levels for these diseases seen in nonsmokers within 5 years of cessation, 
some epigenetic modifications at CpG sites are long-lasting [54]. It has been shown 
that CpG sites at island shores, gene bodies, DNAse1 hypersensitive sites, and 
enhancers are more susceptible to methylation changes upon environmental expo-
sures to tobacco and other agents than are CpG islands at promoters, which are more 
stable in the context of environmental perturbations [54–56]. A study that evaluated 
the differential methylation status of CpG sites among current and former smokers 
using buccal mucosa samples indicated significant differences in CpG sites of genes 
CYP1B1, involved in the pathway of detoxification for xenobiotic agents, and 
PARVA, an adhesion regulator [57]. In addition to the tobacco usage and alcohol 
consumption that are the most common risk factor for SCCHN, other factors such 
as chewing betel quid (prevalent in Southeast Asian countries) [58, 59] and EBV 
infection, known to induce epigenetic modifications with oncogenic consequences 
[60], are associated with nasopharyngeal cancers and can impact methylation [61].

In tumorigenesis, the cancer epigenome is characterized by increased DNA 
methylation at promoter and regulatory sites [37, 62], while decreased global meth-
ylation is a hallmark event. Increased promoter methylation leads to repressive 
chromatin state and impaired expression of tumor suppressor genes involved in cell 
cycle regulation, DNA repair, apoptosis, differentiation, drug resistance, angiogen-
esis, and metastasis. Promoter methylation is prevalent in many cancers and can 
serve as a robust biomarker for early detection, particularly aberrant methylation of 
p16INK4a in early lung neoplastic lesions [63]. Methylation changes have been identi-
fied in the cancer-associated genes HOXA9, EDNRB, and DCC from the saliva of 
individuals from high-risk populations, suggesting methylation changes accompany 
early stage of tumorigenesis of SCCHN [64].

Epigenetic alterations influence tumorigenesis through both direct and indirect 
interactions with other genetic factors, including mutations and copy number 
changes. Loss of heterozygosity, supporting Knudson’s two-hit theory for cancer 
initiation, is an example of a direct interaction. For example, one of the two alleles 
in CDKN2A/p16 (in colon cancer) and BRCA1 (in breast cancer) is inactivated by 
promoter hypermethylation, accompanied by loss of function of the protein encoded 
by the second allele through somatic or inherited mutation; this is a significant con-
tributing factor to tumorigenesis [65–69]. As an example of indirect interaction, the 
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epigenetic silencing of the DNA repair proteins MLH1 and MGMT results in an 
increased transitional mutation rate in KRAS oncogene and the TP53 tumor suppres-
sor gene [65, 70–72]. In SCCHN, promoter methylation in the tumor suppressor 
genes CDKN2A/p16 and p14ARF is frequent [73, 74] and associated with loss of 
expression of these proteins and the aggressive nature of the disease [73]. The 
CDKN2A encoded p16, a key tumor suppressor protein, critical for HPV-negative 
SCCHN, binds and inhibits CDK4/CDK6 kinases. This inhibitory interaction blocks 
cell cycle progression from G1 to S phase by abrogating CDK-mediated phosphory-
lation of RB protein, blocking oncogenic transcription by the E2F transcription fac-
tor. Subsequent studies have found methylation changes in many genes involved in 
cell cycle regulation (CDKN2A/p16ink4a, p15ink4b, p14ARF), DNA repair (MLH1, 
MGMT), cell adhesion (E-cadherin, H-cadherin, APC), apoptosis (DAPK, TMS1, 
and CASP8), and angiogenesis (THBS-1 and p73) and RARB2 [75]. Promoter meth-
ylation of CHFR, encoding a mitotic checkpoint regulator, is associated with late 
stage disease in SCCHN [64, 75, 76].

Several studies of SCCHN using high-density arrays have shown extensive 
hypomethylation of DNA and hypermethylation at the CpG sites at the regulatory 
regions of genes that may downregulate the transcription of affected genes associ-
ated with risk factors including tobacco usage and alcohol consumption [8, 39]. 
Interestingly, the frequencies of promoter methylation among these genes have been 
reported to differ significantly among SCCHN patients in different regions of the 
world [38, 39]. These differences in part may reflect varying risk factors across dif-
ferent countries, although differences in experimental methods and sample size 
used in the experimental evaluation may be contributing factors to observed differ-
ences. However, studies from multiple series indicate E-cadherin (CDH1), 
CDKN2A/p16, and MGMT are most frequently found to be deregulated epigeneti-
cally (51%, 30%, and 30%, respectively) [75, 77].

Apart from epigenetic changes observed in tumor tissues, the prognostic poten-
tial of epigenetic phenotype has been reported. Studies on saliva samples from 
SCCHN patients versus from healthy nonsmoking individuals show that CpG 
 methylation in promoters of RASSF1A, DAPK1, and p16 genes can be identified 
with very high accuracy in the SCCHN patients, suggesting diagnostic potential 
[78]. Similarly, promoter methyation in genes such as the metalloprotease TIMP3 
and cyclin CCNA1 serve as prediction markers associated with development of 
recurrence and secondary primary tumors, a common feature of SCCHN [79, 80]. 
Such markers may assist in developing patient-specific treatment regimens.

12.4  DNA Methylation Differences in HPV-Positive 
Versus HPV-Negative Disease

Methylation patterns in SCCHN are associated with HPV status [81–87]. Several 
studies have shown differences in methylation signatures between HPV-positive 
and HPV-negative tumors in SCCHN. Unsupervised clustering analyses revealed 
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differences in CpG methylation patterns between HPV-positive and HPV-negative 
tumors, while Gene Set Enrichment Analysis (GSEA) found that HPV-negative 
tumors show enrichment of hypermethylation in CpG sites of genes RASSF1A, 
CHFR, RUNX3, and APC and those involved in cell cycle (p16, CDK10) and the 
JAK-STAT signaling pathway (STAT5A, JAK3, OSM, MPL, and EPO), with these 
CpG sites hypomethylated in HPV-positive tumors. In addition, using high-density 
arrays including the Illumina HumanMethylation 450 bead array platform, Esposti 
et  al. profiled 364 SCCHN cases to identify differentially methylated regions 
(DMRs) between HPV-negative and HPV-positive tumors and found that at least 
60% of the DMRs that are hypermethylated in HPV-negative cases are hypometh-
ylated in HPV-positive tumors [88].

The molecular etiologic differences in SCCHN are also evident in epigenetic pro-
files [83]. High-throughput profiling arrays have made it possible to identify wide-
spread CpG island promoter methylation. This “CpG island methylator phenotype” 
(CIMP), first identified in colon cancer [89], has now been found in many other solid 
tumors and in leukemia [90]. Several groups have shown the importance of CIMP as 
a prognosticator indicative of improved clinical outcomes [91–93]. Although the 
mechanistic underpinnings responsible for CIMP are not fully understood, signifi-
cance of its association with BRAFV600E mutation [94], loss of isocitrate dehydroge-
nase 1 and 2 (IDH1 and IDH2) [92], and mutations in TET2 have been identified [93, 
94]. CIMP was identified as a relevant phenomenon in a study of HPV-negative oral 
cancers, with a CIMP-high phenotype associated with worse prognosis [97].

One hypothesis for the formation of mammalian cytosine methylation machin-
ery is that it evolved as a defense mechanism against endoparasitic sequences 
such as transposon and transposable elements: the idea being that the cell would 
better be able to restrict reactivation of endoparasitic sequences through hyper-
methylation, thus preventing translocations, chromosomal instability, and gene 
disruption [37, 98]. This idea is compatible with the observed common hyper-
methylation of long and short interspersed nuclear elements (LINE and SINE), 
and Alu repeat regions in normal cell, which are transposable elements reversed 
transcribed into genomes [98–100]. In addition to gene-specific CpG islands, 
LINE and Alu repeat hypomethylation is observed in HPV-negative tumors. This 
is associated with mobilization of their transposition due to increased expression 
of L1 reverse transcriptase and leads to genomic instability measured by loss of 
heterozygosity [86, 100].

Among the largest studies of SCCHN methylation profiling, The Cancer Genome 
Atlas (TCGA) project profiled over 279 cases, including 36 HPV-positive cases, and 
found an epigenetic signature specific to HPV-driven cases. Analysis of this dataset 
has helped to identify potential future targets of interest, both as biomarkers of prog-
nosis and of therapeutic modulation. Other studies also have shown the hypermeth-
ylation of clinically relevant polycomb repressive complex 2 (PRC2) target genes 
implicated in tumor progression and metastasis [87, 102]. Studies of other HPV- 
associated cancers, such as cervical cancers, have similarly detected differences in 
methylation of CGIs in these virally associated malignancies [103].
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12.5  Chromatin Modifications

Histones play a critical role in maintaining the epigenetic state of the cell by regulat-
ing access to DNA. This regulation is in part accomplished by the posttranslational 
modification (PTM) of histones. PTMs can alter the accessibility of DNA by alter-
ing the interaction between histone and DNA and by recruiting proteins that bind 
specific patterns of PTMs. The three most common PTMs are methylation, acetyla-
tion, and phosphorylation. As more than 120 amino acids can be modified on a 
single nucleosome, this provides a tremendous amount of information content. 
Monitoring these modifications is typically done with antibodies, but this approach 
may be responsible for some of the discrepancy found in the literature. There is 
significant cross-reactivity between antibodies and multiple PTMs, which compli-
cates many of these studies [104].

Trimethylation of several critical residues within histone H3, such as H3K4, 
H3K9, H3K27, H3K36, and H3K79 (H3K4me3, H3K9me3, H3K36me3, and 
H3K79me3), has been observed in carcinogenesis. H3K4me3 and H3K36me3 are 
typically found on active genes near the promoter and placed there by the Set1 fam-
ily methyltransferases, while H3K9me3 is catalyzed by the Suv39 family of meth-
yltransferases and is active at satellite repeats and telomeres [105–107]. Other 
methylation sites such as H3K79 methylated by Dot1L are found at both active and 
silent promoters and may play a role in heterochromatin [108, 109]. These sites of 
methylation are critical for regulation of gene expression. Increases in H3K4me3 in 
oral cancer have also been observed, but their functional role is less well understood 
[110]. The methylation site with the best understood impact in oral cancer is 
H3K27me3, which regulates homeobox genes in tongue squamous cell carcinoma 
(SCC) cells. Proteomic studies on oral cancer have been limited, but suggest that 
H4K79me2 may correlate with poor survival [111].

Indirect modulation of gene expression by methylation of CpG islands is medi-
ated by recognition and binding of methyl-CpG-binding proteins including MeCP1, 
MeCP2, MBDs, and Kaiso [112, 113]. These methyl-binding proteins, as part of 
larger repressor complexes (NuRD, NoRC, mSin3a, and SWI-SNF), recruit histone 
deacetylases (HDACs) and histone methyltransferases (HMTase). These enzymes 
modify specific lysine residues of histones H3 and H4, resulting in a compact chro-
matin state that reduces access of transcription factors. In contrast, unmethylated 
CpG islands are in an open state, enriched for chromatin with trimethylation of 
histone H3K4 by Cfp1, a component of SETD1 regulatory complex [114].

Histone acetylation is the most common and well-studied modification in cancer. 
Many of the residues on histones that can be acetylated can also be methylated. 
Generally, acetylation is thought to be an activation mark and methylation a repres-
sive mark, but this is not always the case. At any given promoter, residues such as 
H3K9 and H3K27 can be either acetylated or methylated but not both. In esopha-
geal squamous cell carcinoma (ESCC), acetylation is typically decreased and meth-
ylation levels are higher [110]. However, H3K27 acetylation has been reported to 
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increase the expression of colon cancer associated transcript 1 (CCAT1), which can 
function as a binding scaffold for polycomb repressive complex 2 (PRC2) [115].

Histone acetylation is accomplished by enzymes referred to as lysine acetyl-
transferases or KATs, and their removal is accomplished by histone (or pan) deacet-
ylases (HDACs). The majority of these enzymes can act on multiple residues, which 
has complicated their understanding. Given that the majority of cancers have 
aberrant levels of acetylation, HDAC inhibitors have been extensively assessed in 
many cancers, including oral cancers. It has been shown that the transcription of 
HDAC6 (a class IIb HDAC) is increased oral squamous cell carcinoma, compared 
to normal tissue of the same type [116, 117]. This is unusual, as HDAC6 expression 
typically correlates with better survival [117].

Other modifications such as histone phosphorylation may also play an important 
role in gene regulation, but their role in SCCHN is less well understood. While the 
likelihood that these modifications are altered in the disease state is high, the func-
tion of these sites is less well understood. At its core, cancer is a multidimensional 
problem that will require a holistic understanding of changes to both protein and 
DNA. As technology and computational approaches improve, so will our ability to 
describe the complex disease that is cancer.

12.6  Genetic Changes Affecting Expression and Function 
of Epigenetic Regulators in SCCHN

Importantly, comprehensive genome and exome sequencing studies in cancers have 
shown that in addition to several driver genes, mutations in “epigenetic modifiers” 
contribute to tumorigenesis [118]. Comprehensive mapping mutation profiles in 
SCCHN identified genomic alterations and mutations in several DNA and chroma-
tin modifier genes including DNMTs, MLL2, and NSD gene family members. 
Mutation profiling in 512 SCCHN tumors by TCGA identifies several chromatin- 
modifying classes of proteins including histone methyltransferases, demethyltrans-
ferases, and acetyltransferases. Among these, MLL2 (KMT2D) and MLL3 
(KMT2C) are paralogous histone methyltransferases that specifically methylate 
lysine residue 4 located on the tail of histone H3 (H3K4). High-frequency (16%) 
loss of function mutations including protein-altering nonsense, splice site, insertion, 
and deletion variants were identified in the TCGA head and neck cancer sequencing 
project. Similarly, MLL3 was found to be mutated at higher frequency (9%) with 
similar protein function-altering mutations suggesting a tumor-suppressive function 
for both genes. While the loss of MLL2 in human cells leads to genomic instability 
and transcriptional stress, such loss in murine models is associated with impaired 
B-cell differentiation, class switching, and B-cell malignancies [119, 120]. In the 
case of MLL1-rearranged leukemias, MLL2 is required for survival and prolifera-
tion [121].
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In SCCHN, among the histone methyltransferases, NSD1, MLL2, and MLL3 are 
mutated at high frequencies (>12, 16, and 9%, respectively). Of these, the NSD1 
and NSD2 (MMSET) genes, which belong to family of nuclear receptor binding 
SET domain proteins, are mutated with high frequency (> 12%) in SCCHN cases 
[1–3]. NSD1 and NSD2 are histone methyltransferases that catalyze transfer of 
di- or trimethyl groups, depending on context, to lysine at position 36 on histone 
H3 (H3K36). Similar to the subset of renal cell carcinoma tumors with mutations 
in the histone methyltransferase SETD2, associated with hypomethylation [5], 
NSD1 and NSD2 gene mutations are associated with a genome-wide hypomethyl-
ation phenotype in SCCHN tumors [2]. It has been shown that NSD1 is required for 
embryonic development and loss is embryonic lethal [122]. Inherited germline 
mutations in NSD1 cause Sotos syndrome and in the case of NSD2 cause Wolf-
Hirschhorn syndrome [123]. As methyltransferases, NSD1 and NSD2 catalyze 
methylation of histones (H3K36, H4K20) and non-histone targets such as the 
inflammation and survival-regulating factor NFkB [124–126]; altered methylation 
of such additional non-histone targets may contribute to some of their activity in 
SCCHN.

Among histone demethylases, JMJD1C, KDM6A, and KDM5B are mutated at 
lower frequencies (< 5%) and have distinct site specificities for demethylating 
lysine residues on histone tails (H3K9, H3K27, and H3K4, respectively). Similarly, 
among histone acetyltransferases, EP300 and its paralog CBP that are transcrip-
tional co-activators are more frequently mutated in SCCHN (8% and 7%, respec-
tively). Acetylation by p300 results in relaxed chromatin structure and is responsible 
for activation of genes in the vicinity. Depending on the cellular context, p300 can 
act as a transcriptional cofactor for a variety of nuclear proteins with various onco-
genic and tumor suppressor roles, including MYC, BRCA1, SMAD, and p53, and 
thus regulate cellular pathways in a context and cell-type-dependent manner [127].

12.7  Therapeutics Targeting Epigenetic Controls

Targeting epigenetic modifications for developing novel therapeutics offers signifi-
cant advantage. While recovering the function of genes lost due to mutations or 
copy loss is a difficult therapeutic approach, epigenetic modifications can be revers-
ible through small molecule inhibitors. Therapeutic targeting of methylation effec-
tively enables reactivation of tumor suppressor genes that have been silenced due to 
promoter hypermethylation. Earlier studies have shown that complete loss of tran-
scription upon CDKN2A/p16 promoter methylation can be reversed with the DNMT 
inhibitor 5-deoxy-azacytidine [128–130]. These therapeutic inhibitors are not toxic 
to normal cells, and therefore development of inhibitors targeting DNA methylation 
is an attractive therapeutic approach.
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Currently two different classes of epigenetic drugs are used in the clinic. These 
include inhibitors of DNMT and of HDAC, both of which modulate transcriptional 
silencing. Among the DNMT inhibitors are cytidine analogues including 
5- azacytidine and 5-aza-2′-deoxycytidine (decitabine) [131–133]. These are cur-
rently therapeutic options for treating myelodysplastic syndromes (MDS) [134, 
135]. Several HDAC inhibitors are approved for the treatment of various hemato-
logic malignancies, with these drugs including belinostat, panobinostat, vorinostat, 
valproic acid, romidepsin, phenylbutyric acid, and others [136]. The US Food and 
Drug Administration (FDA) approved the HDAC inhibitors suberoylanilide 
hydroxamic acid (vorinostat) and romidepsin for patients with progressive, persis-
tent, or recurrent T-cell lymphomas [137]. Another FDA-approved drug, panobino-
stat, is used in combination with bortezomib and dexamethasone for the treatment 
of patients with multiple myeloma [138] and belinostat for the treatment of patients 
with peripheral T-cell lymphoma [139].

The success of these drugs in hematologic malignancies encouraged investiga-
tors and clinicians to study them for the treatment of solid tumors. In vitro studies 
have shown that decitabine rescues cisplatin resistance in SCCHN [140] and com-
bination therapies using decitabine and carboplatin have been tested in trials [141]. 
In addition, an antitumor effect of 5-azacytidine has been noted to a greater degree 
in HPV-positive cell lines and xenografts versus the HPV-negative counterparts. 
This is associated with a decreased expression of HPV-related genes and increased 
stabilization of p53 [142]. This has provided the rationale for a window of opportu-
nity study with 5-azacytidine, which is currently ongoing (NCT02178072).

In addition, several HDAC inhibitors which target class I and class II HDACs are 
under study for therapeutic management of SCCHN. Mammalian HDACs can be 
classified primarily into four classes that vary in structure, function, expression, and 
subcellular localization. Class I HDACs are ubiquitously expressed nuclear local-
ized proteins that are homologous to yeast Rpd3. Class II HDACs (which can be 
subdivided into classes IIa and IIb) are selectively expressed, localize to both 
nucleus and cytoplasm, and can also deacetylate non-histone proteins [143, 144]. 
Via increased acetylation of histones, these agents are thought to regulate transcrip-
tion of key genes related to tumorigenesis and induce cell cycle arrest [145]. 
However, the exact mechanisms of activity are still under investigation. Among 
these HDAC-targeting drugs, resminostat, romidepsin, and SAHA are under inves-
tigation in phase I and II trials [146–148]. A phase I study of the dual EGFR and 
HDAC inhibitor CUDC- 101, in conjunction with bolus dosing of cisplatin and radi-
ation, was conducted among patients with HPV-negative, locally advanced 
SCCHN.  While pharmacodynamic markers indicated that HDAC inhibition was 
achieved, toxicity resulting in patient discontinuation of the study agent suggested 
that alternative treatment schedules needed to be explored [149].

There is a growing body of literature regarding the potential interactions between 
epigenetic targeting agents and immune checkpoint inhibitors, such as PD-1 inhibi-
tors [150, 151]. Several hypotheses to justify combination therapies include the 
following: (1) upregulation of tumor-related antigens, (2) induction of the interferon 

S. Peri et al.



339

pathway, and (3) upregulation of PD-L1 [151]. Currently, combinations of epigen-
etic and immune modulating agents are under study in several solid tumors, includ-
ing head and neck cancers (Table 12.1).

In addition to DNMT and HDAC inhibitors, a novel class of inhibitors that target 
histone methyltransferases (HMTase) are showing promise in the clinic. The chro-
matin modifier enhancer of zeste homolog 2 (EZH2) is an HMTase which is the 
enzymatic subunit of polycomb repressor complex 2 (PRC2) that methylates lysine 
27 of histone H3 (H3K27) to promote transcriptional silencing [125, 153] and is 
associated with different cancers [154]. Mutations in the PRC2 complex or SWI- 
SNF chromatin remodeling complex that antagonizes polycomb function or muta-
tions in H3K27 sites cause loss of H3K27 epigenetic marks. Currently, the EZH2 
inhibitor tazemetostat is in trials for the treatment of hematologic malignancies and 
select solid tumors including mesothelioma [154, 155]. In SCCHN, the frequent 
mutation of NSD1 and NSD2, and the fact that these mutations are associated with 
favorable prognosis in laryngeal cancer [156], is relevant given their role in the 
H3K36 methylation that regulates gene transcription and DNA repair mechanisms. 
Although currently there are no FDA-approved inhibitors for this class of genes, 
efforts are underway to develop novel compounds directed to these targets [157].

While epigenetic silencing is typically pro-oncogenic, some studies have identi-
fied situations in which specific promoter hypermethylation is beneficial in thera-
peutic management of cancer. For instance, promoter hypermethylation of MGMT, 
a DNA repair gene that inhibits killing of tumor cells by alkylating agents, predicts 
increased disease-free and overall survival after therapy with alkylating agents 
[158]. Hence, therapeutic strategies that rely on broadly modifying the activity of 
methylating or acetylating proteins are likely to induce at least some negative 
consequences.

12.8  Molecular Subtypes Related to Chromatin 
Modifications, and Integrative Analyses  
in SCCHN

Cancer is a multistep process that proceeds through accumulation of genomic 
alterations and subsequent evolutionary selection of phenotypic changes [159]. 
Genomic mutations, copy number changes, and epigenetic changes affecting DNA 

Table 12.1 Current clinical trials of epigenetic treatments in SCCHN

Trial n

A Phase IB/II Study with Azacitidine, Durvalumab, and Tremelimumab in Recurrent 
and/or Metastatic Head and Neck Cancer Patients (NCT03019003)

59

Window Trial 5-aza in SCCHN (NCT02178072) 20
Pre-operative Mocetinostat (MGCD0103) and Durvalumab (MEDI4736) (PRIMED) 
for Squamous Cell Carcinoma of the Oral Cavity (PRIMED-001)

12
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and chromatin impact expression of genes and thereby alter many molecular func-
tions and biochemical processes. Although these genomic profiles differ signifi-
cantly among patients, the functional impact of cumulative changes is more similar 
in ultimate impact on the tumor transcriptome, suggesting that understanding how 
epigenetic reprogramming leads to deregulation of transcriptome will provide criti-
cal insights into essential cancer biology.

Early studies primarily used gene expression data to characterize SCCHN. For 
example, Chung et al. profiled 60 SCCHN tumor samples using cDNA microarrays 
and defined 4 distinct subtypes [160]. Unsupervised hierarchical clustering of the 
expression data led to identification of four subtypes including basal, mesenchymal, 
classical, and atypical that are characterized by significant differences in recurrence- 
free survival, which have been verified by subsequent studies [2, 161] and further 
extended [162]. Multiple investigators have developed expression-based signatures 
to predict specific clinical behaviors of SCCHN, such as lymph node metastasis, 
level of hypoxia, or radiosensitivity [163–167]. Roepman et al. developed a 102- 
gene signature that is predictive of the propensity for lymph node metastasis, which 
theoretically could be used to guide decisions regarding lymph node dissections 
[165]. This predictor, however, was only able to correctly determine lymph node 
status in 61 of 82 patients, and the authors noted that this was of only incremental 
improvement to clinical decision-making. Onken et  al. developed an expression 
signature for nodal metastasis from a mouse model of oral cavity cancer [168]. 
Interestingly, this signature could predict nodal metastasis development for human 
oral cavity cancers in a training set and a small validation set.

Efforts to study the prognostic value of expression signatures in selecting patients 
for strategies to overcome resistance to treatment such as radiotherapy resulted in 
some success [163, 166, 167]. For example, a hypoxic signature was used to retro-
spectively analyze data from the DAHANCA 5 trial, a randomized trial of radio-
therapy ± nimorazole (a hypoxic radiosensitizer) in SCCHN [169]. This group 
found that the benefit of nimorazole on local control and DFS was limited to patients 
whose tumors were deemed to be more hypoxic by their expression signature [170]. 
This suggests that their signature may be predictive and could help select patients 
for future clinical trials using hypoxic sensitizers.

The initial TCGA SCCHN study profiled 279 untreated SCCHN patients including 
36 HPV-related and 243 HPV-negative cases. The large sample size provides strong 
basis for molecular classification. Analyses using gene expression profiles from this 
dataset confirmed previously reported gene expression subtypes (atypical, mesen-
chymal, basal, and classical) [160, 161]. These analyses assist in the identification 
of subtypes and associate specific molecular portraits to the subtypes and help in 
designing novel therapies for patients.

Subsequently, availability of comprehensive molecular data has allowed 
researchers to combine multiple datasets. Integrated analysis of these multiple data-
sets involves classifying the molecular data from different platforms into subtypes 
with prognostic importance and clinical applicability. The complex genomic data 
from cancer genome sequencing efforts motivated the development of novel statisti-
cal methods for integrative genomic data analyses. Using these methods, data from 
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multiple platforms such as sequencing, copy number, gene expression, and DNA 
methylation can be combined simultaneously for clustering to identify novel sub-
types [171–175]. Among these, the iCluster and iClusterPlus algorithms use data 
from different genomic platforms and define a joint latent variable model to identify 
sets of molecular subclasses. Application of these methods to the initial TCGA data-
set of 279 SCCHN cases resulted in identification of several molecular subtypes 
with prognostic and functional significance. For example, using TCGA data and 
integrative methods, Peri et  al. identified 5 novel subtypes that classified 256 
SCCHN tumors by disease site and HPV status. These subtypes are associated with 
differences in overall survival [156]. Among the larger group of SCCHN tumors, 
this work classified the subset of laryngeal cancers into two subtypes associated 
with differences in overall survival. These two novel laryngeal subtypes also differ 
in the methylation profiles, where the better survival group shows a marked genome- 
wide hypomethylation phenotype associated with NSD1 mutations. The association 
between NSD1 mutations and global DNA backbone methylation has been shown 
using germline DNA from Sotos syndrome patients [176]. As noted earlier, the NSD 
family of proteins are HMTases that mediate methylation of H3K36, which has an 
established relationship to activity of DNA methyltransferases [14, 177, 178]. 
Another study showed that decreased dimethylation of lysine in H3 histones 
(H3K36me2) in SCCHN is associated with damaging NSD1 mutations [179]. The 
ability to risk stratify patients based on this signature could be a potential mecha-
nism to identify patients at high risk of recurrence who may benefit from novel 
investigational adjuvant therapies.

12.9  Future Directions

The currently approved DNMT inhibitors are limited in their clinical utility in solid 
tumors due to poor bioavailability and non-specific epigenetic modulation of both 
non-cancerous and malignant cells, resulting in significant toxicities. Other novel or 
second-generation molecules have been developed to overcome some of these 
issues. MG98 is an antisense oligonucleotide to DNMT1 that does not affect 
DNMT3 [180]. In bladder and colon cancer cell lines, it was able to induce p16 
reexpression, and in lung and colon xenograft models in nude mice, it showed tumor 
inhibition. In a phase I study in 33 patients with advanced solid tumors, the drug had 
clinical activity and a tolerable toxicity profile and suppressed DNMT1 expression 
in the majority of patients [181]. RG108 is another small molecule DNMT inhibitor 
which has been studied as a conjugate to procainamide [182]. Procainamide has an 
affinity for the CpG-enriched regions of DNA and was used to concentrate RG108 in 
these regions. In leukemia cell lines, RG108 reactivated the tumor suppressor genes 
p16 and TIMP3 [183]. In comparison with other DNMT inhibitors, RG108 was the 
only one with no genotoxic or cytotoxic effects, lending it a potentially unique 
appeal for further clinical development.
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Another area of active research involves microRNAs (miRNAs), which are a 
class of noncoding RNA molecules that have either tumor suppressor or proto- 
oncogenic effects [184]. These are susceptible to dysfunction which can contribute 
to tumorigenesis via genetic and epigenetic dysregulation [185]. Kozaki et al. stud-
ied 18 oral cancer cell lines and found that in most cases, 4 of the tumor suppressor 
miRNAs located around CpG islands (miR-34b, miR-137, miR-193a, and miR-
203) were silenced via hypermethylation [186]. In contrast, miR-21 is overex-
pressed in most tumor types and is known to enhance nodal metastasis and tumor 
invasiveness in oral cancers [187], functioning as an oncogene. Several of the iden-
tified miRNAs confer a cisplatin-resistant profile HNSCC cell line [188–194]. 
Medina and colleagues generated mice that overexpress miR-21 and found that it 
led them to develop a malignant lymphoid-like phenotype [195]. Interestingly, the 
tumors completely resolved with pharmacologic intervention. This could have 
important therapeutic implications to enhance chemosensitivity in squamous cell 
head and neck cancers, where cisplatin is the mainstay of treatment.

12.10  Conclusions

Epigenetic regulation clearly has a role in the carcinogenesis of head and neck 
cancers. Future work will need to address factors related to recurrence and treatment 
resistance. In addition, with the explosion of immunotherapeutics, there is a role 
for further study of DNA methylation inhibitors in conjunction with immune check-
point inhibition therapies. Due to lack of high-quality predictive biomarkers for 
early detection of SCCHN, epigenetic markers can be used as early diagnostic 
markers as they can be detected with high specificity through cost-effective experi-
mental methods with high sensitivity. In the case of SCCHN screening, DNA 
obtained from saliva or buccal samples for analysis of zinc finger family methyla-
tion has provided proof for detecting carcinoma [196]. The prognostic role of the 
NSD proteins is intriguing and provides a rationale to study tailored treatment 
approaches for laryngeal cancer based on the NSD1/NSD2 mutation profile. It also 
suggests that there is a fundamental difference between laryngeal cancers and other 
types of SCCHN (for instance, affecting the oral cavity or the oropharynx), as 
although NSD mutations occur in these tumor subsites, they are not prognostic. This 
has broad implications for better parsing of the relationship of epigenetic modifica-
tions for different subsites: at present, such distinctions are not typically made, but 
as more tumor samples become available and are genomically profiled, this should 
become possible. The emerging role of epigenetic studies in SCCHN provides a 
tremendous opportunity for basic and translational research toward improving can-
cer burden among head and neck cancer patients.
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Chapter 13
Inflammation and Head and Neck 
Squamous Cell Carcinoma

Paul E. Clavijo, Clint T. Allen, Nicole C. Schmitt, and Carter Van Waes

Abstract Inflammation is a process that is involved in several stages of develop-
ment and malignant progression of head and neck squamous cell carcinoma. 
Tobacco and alcohol, human papillomaviruses (HPV), or Epstein-Barr viruses 
(EBV) can initiate and establish chronic inflammation through a variety of mecha-
nisms. Genomic alterations or viral oncoproteins that induce signaling via phospha-
tidylinositol 3-kinase (PI3K) and transcription factor nuclear factor-kappaB 
(NF-κB) regulate numerous genes that promote survival of cancer cells, while they 
induce inflammatory myeloid-derived suppressor cell (MDSC) and T regulatory 
(Treg) cell responses that interfere with effector T-cell immunity. Molecular thera-
pies targeting signaling in cancer cells and these deleterious inflammatory cells are 
being combined with new PD-L1/PD-1 and CTLA-4 immune checkpoint inhibitors 
to explore better ways to harness the immune system in control of cancer.

Keywords Inflammation · Cytokines · Tumor necrosis factor · PI3K · NF-kappaB 
· T regulatory cells · Myeloid-derived suppressor cells

13.1  Carcinogenesis and Inflammation

Inflammation is a process that is involved in several stages of carcinogenesis and 
cancer development, including initiation, promotion, progression, invasion, and 
metastasis [1]. The hallmarks of inflammation include triggering within affected 
tissue the activation of genes and proteins that promote death or survival and prolif-
eration of resident cells, and recruitment of factors and cellular mediators from the 
innate and adaptive immune system that normally function to combat pathogens and 
restore tissue homeostasis. The role of inflammation in development of head and 
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neck squamous cell carcinomas (HNSCC) and cancers of related etiology has been 
the subject of considerable interest. Tobacco and alcohol, human papillomaviruses 
(HPV), and Epstein-Barr viruses (EBV) are the major etiologic factors involved in 
the development of HNSCC. These agents can initiate innate and establish chronic 
inflammation through a variety of mechanisms. Tobacco smoke and smokeless 
tobacco contain chemical carcinogens such as nitrosamine and polyaromatic hydro-
carbons, and alcohol contains sulfites and formaldehyde. Their electrophilic metab-
olites induce reactive oxygen species (ROS) and reactive nitrogen species (RNS) 
that modify or damage cell membrane lipids and disrupt DNA, leading to chromo-
somal breaks, rearrangements, and mutations [2, 3]. Exposure of cell surface nico-
tinic receptors to nicotine and lipids to reactive chemical carcinogens can induce 
phosphatidylinositol 3-kinase (PI3K) and protein kinase A (PKA) signal activation. 
In parallel, DNA damage triggers activation of the nuclear kinase ataxia telangiec-
tasia mutated (ATM), which together with PI3K induces inhibitor kappaB kinase 
(IKK)- and nuclear factor-kappaB (NF-κB)-dependent transcription and expression 
of inflammatory factors [4–7]. Additionally, metabolites of the altered oral bacterial 
microbiome in tobacco and alcohol users may activate Toll-like receptors (TLRs) 
normally involved in innate immune defenses as a separate means to activate IKK/
NF-κB signaling [8, 9]. Alternatively, HPV and EBV express oncoproteins such as 
E6 and LMP1, respectively, that commandeer IKK signaling [10], providing another 
route to activate NF-κB. The role of NF-κB in summating the response to these 
carcinogenic stimuli is critical. This transcription factor induces numerous genes 
that promote survival of precancerous cells that are attempting to repair accumulat-
ing DNA damage, and cytokines that induce ongoing inflammation that further con-
tributes to prosurvival signaling and DNA damage [10]. Unfortunately, critical 
damage to DNA of oncogenes encoding protein components of these signaling cas-
cades can lead to further aberrant NF-κB activation, inflammatory factor produc-
tion, and infiltration of chronic inflammatory cells producing ROS, thus perpetuating 
DNA damage until cumulative alterations affecting chromosomes and genes lead to 
cancer.

13.2  Genetic Alterations Promoting NF-κB Pathway 
Activation and Inflammation

The Cancer Genome Atlas (TCGA) has catalogued the major genetic alterations in 
tobacco, alcohol, and HPV-related HNSCC and identified genomic alterations, 
many of which provide constitutive signaling changes that can cause activation of 
NF-κB to orchestrate cell survival, inflammation, and angiogenesis [11]. The most 
common of these, found in ~30% of HPV(−) and ~60% of HPV(+) HNSCC, are 
chromosome 3q arm amplifications or mutations affecting the gene encoding PI3K 
catalytic subunit alpha (PIK3CA). PI3K can activate AKT and mTOR kinases to 
activate IKK/NF-κB signaling and gene expression (Fig.  13.1) [12]. This gene 
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expression may also be enhanced by the capability of PI3K to promote expression 
of a shortened N-terminal isoform of the tumor suppressor TP63, ΔNp63, that 
enhances activation of NF-κB genes [13]. Another ~30% of HPV(−) cancers have a 
variety of amplifications of genes encoding growth factor receptors (EGFR, ERBB2, 
EPHA2, IGF1R) that can activate PI3K and NF-κB (Fig.  13.1). The remaining 
~30% of HPV(−) HNSCC display chromosome 11q 13/22 amplifications of genes 
(FADD, BIRC2), or mutations (CASP8), that encode parts of the TLR and tumor 
necrosis factor (TNF) receptor signaling pathways that also contribute to IKK/
NF-κB activation (Fig. 13.1). The elevated expression of these signaling intermedi-
ates can enhance responsiveness of NF-κB to cytokines and factors produced in an 
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Fig. 13.1 Inflammatory signaling, cytokine gene transcription, and deleterious inflammatory cell 
responses suppressing T-cell immunity. Mucosal squamous cells are subject to repeated injury by 
chemical carcinogens or viruses that induce inflammatory factors and cytokines (TNF, tumor 
necrosis factor; IL-6, interleukin-6) and growth factors (e.g., EGF, epidermal growth factor) that 
trigger receptor-mediated signal cascades to activate transcription factors that promote inflamma-
tory cytokine and cell responses. HNSCC tumor cells frequently acquire mutations or copy num-
ber alterations in genes that encode components of these signal pathways, commandeering them to 
establish aberrant transcription and expression of cytokines and chronic inflammatory responses 
(for details, see text). Interleukins (IL-1, IL-6, IL-8, IL-10) and vascular endothelial growth factor 
recruit T regulatory (Treg) and myeloid-derived suppressor cells (MDSCs) to the tumor microen-
vironment. These cells express immune checkpoint molecules (PDL-1, CTLA-4), immunosup-
pressive factors (transforming growth factor-beta, TGFβ; IL-10), and metabolites (arginase-1, 
reactive oxygen species (ROS)) that suppress effector T lymphocyte immunity
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autocrine manner by neoplastic and cancer cells or paracrine signaling by infiltrat-
ing inflammatory cells [10]. Besides PIK3CA alterations, a subset of HPV(+) can-
cers harbor deletions or mutations of tumor necrosis factor receptor-associated 
factor (TRAF3), the loss of which can enhance activation of a noncanonical NF-κB 
pathway [11]. Together, these genetic alterations and affected pathways provide 
potential targets for agents to prevent or inhibit inflammation that contributes to the 
development and malignant progression of HNSCC.

The consequences of such chronic injury-induced and genomic alterations that 
promote signal activation of NF-κB are pathologic. Damage-induced and oncogene-
induced activation of NF-κB promotes expression of interleukin-6 (IL-6) that can 
serve as an autocrine factor to coactivate another transcription factor, STAT3, that 
amplifies its effects. Together, NF-κB and STAT3 can activate proliferation via 
Cyclin D1 (CCND1), and also induce the prosurvival genes BCL-XL and BIRC2/3, 
that promote resistance of HNSCC cells, in the face of cytotoxic inflammatory cells 
and factors [14, 15]. NF-κB also promotes expression of the secreted factors IL-8, 
GRO1/CXCL1, and VEGF [16–18] that recruit and activate monocytic and myeloid 
inflammatory cells and promote angiogenesis [19, 20].

13.3  Inflammatory Myeloid-Derived Suppressor and T 
Regulatory Cells that Suppress Tumor Immunity

Tumor cells with aberrant activation of NF-κB express the aforementioned cyto-
kines IL-6, IL-8, and GRO1 and inflammatory factors such as VEGF [16] that 
induce inflammatory cells that can enable cancer cells to evade or suppress the 
action of the immune system [10, 19–21]. Such mechanisms include the recruitment 
of immunosuppressive cells such as immature myeloid-derived suppressor cells 
(MDSCs) and regulatory T cells (Tregs) (Fig. 13.1). MDSCs were first described in 
patients with HNSCC as a group of immunosuppressive cells expressing CD34 [20, 
21]. MDSCs originate in the bone marrow from common myeloid progenitor cells 
in the presence of cytokines and growth factors such as granulocyte-macrophage 
colony-stimulating factor (GM-CSF) and granulocyte colony-stimulating factor 
(G-CSF) and VEGF, among others [22, 23]. MDSCs move from the bone marrow to 
other lymphoid organs or the tumor microenvironment (TME) in response to a che-
motactic gradient. Tregs were first described by Sakaguchi et al. as a population of 
T cells regulating self-tolerance and autoimmunity [24]. Tregs are a subset of CD4+ 
T cells distinguished by expression of CD25 and the transcription factor forkhead 
box P3 (FOXP3). Tregs have been divided into “natural” and “induced” Tregs. 
Natural Tregs are generated in the thymus and are involved in the process of central 
tolerance against self-antigens. Induced Tregs are generated mainly in the periphery 
and require further antigen stimulation [25]. Tregs are highly immunosuppressive, 
inhibiting CD4+CD25− T cells (T helper cells), CD8+ T cells (cytolytic T cells), 
dendritic (antigen-presenting) cells, natural killer (NK) cells, and B cells. High 
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levels of Tregs infiltrating tumors are associated with poor disease prognosis [26, 
27]. Treg suppression may be mediated by production of inhibitory cytokines IL-10 
and TGF-β and by expression of inhibitory immune checkpoint receptors such as 
CTLA-4, PD-1, and TIM-3.

13.3.1  Myeloid-Derived Suppressor Cells

MDSCs are highly immunosuppressive and have been especially associated with 
suppression of T lymphocyte and natural killer (NK) cell immunity. T helper 
(CD4+) and T cytotoxic (CD8+) lymphocytes and NK cells recognize and promote 
killing of tumor cells bearing mutated protein antigens recognized by T cells, or 
molecular activators of NK cells. MDSCs can suppress activation of T cells by 
expression of a variety of mediators, including arginase 1 (ARG1), the inducible 
nitric oxide synthase (iNOS), reactive oxygen species (ROS), indoleamine dioxy-
genase (IDO), and cytokines such as IL-10 and TGF-β (Fig.  13.1) [28]. ARG1 
expression depletes the amino acid arginine from the tumor environment; as argi-
nine is critical to protein synthesis and expression of the T-cell receptor CD3 ζ chain 
and other proteins necessary for antigen-specific T-cell activation and response, this 
impairs T-cell responses [29]. iNOS inhibits the activation of T lymphocytes by 
inhibiting the phosphorylation and intracellular signal activation of JAK-1, JAK-3, 
and transcription factor STAT-5, required for T-cell activation [30]. Moreover, it has 
been reported that several kinases involved in phosphorylation and activation of T 
cells, including JAK3 and STAT5, are inactivated by NO action [30, 31]. ROS dam-
age cell membranes and intracellular contents, decreasing viability of both T cells 
and NK cells. Increasing levels of IDO induce polarization of the immune response 
to recruitment of T helper type 1 (Th1) cells that induce antibodies rather than cyto-
toxic T cells needed for tumor cell killing or stimulate T-cell apoptosis [32]. 
Conversely, MDSCs also produce cytokines such as IL-10 and TGF-β that induce 
Treg cells, which suppress T helper and cytotoxic T lymphocyte responses [33].

MDSCs are a heterogeneous group of immature myeloid cells that has been 
divided into two main subtypes: granulocytic (gMDSCs; also known as polymor-
phonuclear (PMN-MDSCs)) that share features of neutrophils, and monocytic 
(mMDSCs) that share features of monocytes. gMDSCs are characterized by the 
expression of CD11b+ Ly-6G+ Ly-6Clow in mice and CD11b+CD15+HLA-DR−CD33+ 
in human. gMDSCs also express the chemokine receptor CXCR2, which is acti-
vated by the ligands CXCL1, CXCL5, and CXCL8, produced by tumor and other 
cells in the microenvironment [28]. In contrast, mMDSCs are characterized by the 
expression of CD11b+ Ly-6G− Ly-6Chigh in mice and CD11b+CD14+HLA-DR−CD33+ 
in humans. mMDSCs express the chemokine receptor CCR2 and are recruited to the 
tumor microenvironment by the chemokines CCL2 and CCL5 [28, 34]. gMDSCs 
are highly expressed in most cancers compared to mMDSCs and secrete many of 
the aforementioned mediators that suppress T and NK cells.
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mMDSCs can transform into tumor-associated macrophages (TAMs) which act 
as immunosuppressive macrophages [28]. Youn et al. showed that in patients with 
HNSCC and other types of cancer, 10–20% of mononuclear cells were categorized 
as MDSCs, with a 5:1 ratio gMDSCs/mMDSCs [35]. Another study demonstrated 
that the percentage of CD14+ HLA-DR− mMDSCs and Tregs are also increased in 
peripheral blood from HNSCC patients. mMDSCs suppressed T-cell proliferation 
and interferon (IFN)γ production, which are indicative of suppression of functional 
activation of T lymphocytes. The suppressive activity of mMDSC may be mediated 
by expression of TGF-β and programmed death ligand-1 (PD-L1) [36], which 
inhibit T lymphocyte proliferation and function. Chen et al. demonstrated high lev-
els of CD11b+HLA-DR−CD-14+CD33+ MDSCs in peripheral blood from HNSCC 
patients compared to normal controls (28.6 ± 13.1% vs 7.5 ± 6.3%) [37]. Corzo 
et al. obtained tissue from patients with HNSCC and analyzed the effect of MDSCs 
isolated from tumor or peripheral blood on T-cell proliferation. This study found 
higher inhibition of T-cell proliferation by tumor rather than peripheral blood 
MDSCs [38].

Recent experimental studies have demonstrated the importance of MDSCs in 
pathogenesis of immune evasion during tumor progression, reflected in part by the 
fact that depletion of gMDSCs increases the efficacy of new immune checkpoint 
therapies for HNSCC [39]. Similar to the clinical observations made in human 
HNSCC [35], analysis of a mouse oral carcinoma model during tumor progression 
showed high infiltration of gMDSCs compared to mMDSCs [39]. Moreover, these 
gMDSCs potently suppress CD4+ T helper and CD8+ cytotoxic T-cell proliferation 
and effector functions. MDSCs express high levels of CXCR2, a receptor mediating 
their recruitment by tumor cytokines induced by NF-κB such as CXCL1/2 (also 
known as GRO1/2) and CXCL8 (IL-8), and therefore CXCR2 has potential for 
therapeutically targeting MDSCs. Supporting this, our laboratory showed that these 
cytokines are highly expressed by human HNSCC cell lines as well [40]. Further, 
infiltration of MDSCs, tumor growth, and metastasis of murine tumors overexpress-
ing the CXCL1/GRO1 orthologue Gro1 were inhibited in CXCR2 knockout mice 
[19]. Targeting another inflammatory pathway, Chen et al. demonstrated that inhibi-
tors of cyclooxygenase- 2 (COX2), an enzyme involved in synthesis of prostaglan-
dins expressed by MDSCs, decreased the numbers of CD11b+ MDSCs and 
decreased levels of ARG-1 and ROS produced from these cells that have deleterious 
effects on T-cell immunity [37].

Preclinical and clinical studies have identified another drug that unexpectedly 
inhibits MDSCs and Tregs, and enhances effector T-cell immunity. Tadalafil is a 
phosphodiesterase-5 (PDE5) inhibitor originally investigated for modulation of 
NOS and blood pressure, which was found to inhibit production of NOS and Arg-1 
and reduce numbers of MDSCs [41]. Weed et al. performed a double-blinded, ran-
domized, three-arm phase I study in which patients undergoing definitive surgical 
resection of oral and oropharyngeal HNSCC were treated with tadalafil 10 mg/day, 
20 mg/day, or placebo (3:3:1 ratio) for at least 20 days preoperatively (Clinicaltrials.
gov: NCT00843635) [42]. The primary endpoints were to (i) determine the effect of 
PDE5 inhibition on MDSC and Treg, (ii) evaluate the effect of PDE5 inhibition on 
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tumor T-cell immunity, and (iii) evaluate if these effects were dose dependent. 
Compared to the placebo group, a significant decrease of both m-MDSC and Treg 
was observed in most of the tadalafil-treated patients. Conversely, treatment with 
tadalafil also significantly increased proliferation of T-cell receptor subunit CD3+ T 
cells in response to dendritic cells pulsed with tumor cell lysate. There was no sig-
nificant difference in effect between the dose levels. In a phase II study, the Califano 
group further quantified these results in patients who were treated with tadalafil or 
placebo and undergoing definitive surgical resection of oral and oropharyngeal 
HNSCC (NCT00894413) [42]. ARG-1 and iNOS activity was significantly 
decreased in tadalafil-treated patients. ARG1 showed a mean 0.83-fold change 
(P  =  0.004) in tadalafil-treated patients versus control patients; iNOS showed a 
mean 0.66-fold change (P  =  0.003) compared to a slight increase (1.02-fold) in 
control patients. This was accompanied by a relative reduction in MDSC numbers 
with a mean 0.81 fold change in the treated cohort compared to a 1.28-fold increase 
in control patients (P < 0.0001). The analysis also demonstrated a statistically sig-
nificant reduction in Tregs in the tadalafil-treated patients with a relative increase in 
the placebo group (Treg, mean placebo 1.79, tadalafil 0.84; P = 0.0006). Tadalafil- 
treated patients showed a significant increase in T-cell proliferation stimulated with 
anti-CD3/CD28, with a mean 2.4-fold increase compared with a 1.1-fold increase in 
control patients (P = 0.003). Tadalafil increased T-cell activation on both CD4+ T 
cells, mean 1.6-fold in tadalafil-treated versus 1.3-fold in control treated patients 
(P = 0.042), and CD8 T cells increased 1.4-fold versus no change (P = 0.005) [41].

In a recent experimental study in the murine oral cancer (MOC)-1 model, Davis 
et al. investigated targeting signal kinase isoforms PI3Kδ and PI3Kγ, important in 
activation and function of MDSCs, which can inhibit immune checkpoint antago-
nist facilitated T-cell responses. They examined if IPI-145, a PI3Kδ and PI3Kγ 
inhibitor, could inhibit MDSC function and enhance T-cell responses in combina-
tion with PD-L1 checkpoint blockade in the murine oral carcinoma (MOC) model. 
They demonstrated functional inhibition of MDSC with IPI-145 and combination 
therapy with anti-PD-L1 induced CD8+ T lymphocyte-dependent primary tumor 
growth delay and prolonged survival in T-cell-inflamed MOC tumor models. 
However, higher doses of IPI-145 reversed the observed enhancement of anti-PD-
 L1 efficacy due to off-target suppression of the activity of tumor-infiltrating CD8+ 
cytotoxic T lymphocytes. Together, their results provide preclinical evidence sup-
porting investigation of low-dose use, isoform-specific PI3Kδ/γ inhibitors to sup-
press MDSC to enhance responses to immune checkpoint blockade [43].

13.3.2  T Regulatory Cells

The link between cancer-associated inflammation and tumor-infiltrating Tregs in 
HNSCC is likely multifactorial. This includes chemokine-dependent recruitment of 
these cells into the tumor microenvironment via production of CCL5, CCL17, and 
CCL22, expansion of Tregs producing TGFβ and IL-10, and conversion of 
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non-suppressive CD25−CD4+ T cells into suppressive FoxP3+CD25+CD4+Tregs 
[44, 45]. High levels of Tregs have been found in patients with a number of distinct 
types of cancer. Two groups showed an increase in the levels of Tregs in the periph-
eral circulation of patients with HNSCC compared to normal controls (10.1 ± 4.7 vs 
5.4 ± 2.7% PMBCs) and (4.8 ± 2.3 vs 3.4 ± 1.1% p. <0.01) [46, 47]. Another group 
also showed an increase in the levels of Tregs in nasopharyngeal carcinoma patients 
(13.6 ± 6.7 vs 8.8 ± 3.8%, p. 0.0001) [48]. Levels of the inhibitory receptors CTLA-
4, PD-1, and TIM-3 were highly increased on tumor- infiltrating Tregs compared 
with Tregs in peripheral blood. In T-cell proliferation assays, tumor-infiltrating 
Tregs were shown to suppress T-cell proliferation to a higher degree compared to 
circulating Tregs, possibly due to increased upregulation of immunosuppressive 
markers such as CD39 and LAP in tumor-infiltrating Tregs [49]. On the contrary, 
Shang et  al. performed a meta-analysis of 76 articles addressing the prognostic 
value of tumor-infiltrating Tregs across 17 types of cancer, including head and neck 
cancer. This study found that Treg infiltration in head and neck cancer is linked to 
favorable prognosis and favorable clinical outcome compared to other types of can-
cer (OR 0.69, 95% CI 0.50 to 0.95, p = 0.024), where it is associated with poor 
prognosis. Moreover, infiltration of Tregs in some tumors is associated with the 
presence of macrophages and neutrophils [50]. In other tumors, Venet et al. have 
shown that Tregs decrease macrophage and monocyte survival, decreasing inflam-
mation-induced tumor progression [51]. The basis for these differences is not yet 
known.

The principle of therapeutic targeting of Tregs is quite similar to that of MDSCs 
and involves attempts to selectively target signaling or effector pathways important 
for Treg function or block the terminal suppressive functions themselves. Receptor 
tyrosine kinase signaling through PI3Kδ appears to be critical for the function of T 
cells, including Tregs [52]. Selective inhibition of the δ subunit of PI3K could lead 
to decreased Treg function, but pharmacologic inhibition could also have a narrow 
therapeutic window, given that effector T cells are very likely to be altered as well. 
Most efforts to therapeutically alter Treg presence or function have focused on the 
use of immune checkpoint blockade (ICB). Tregs express immune checkpoint pro-
teins CTLA-4 and PD-L1, which both contribute to their immunosuppressive func-
tion (Fig. 13.1) [53, 54]. CTLA-4 ICB in mice leads to depletion of Tregs, supporting 
a role of CTLA-4 in the therapeutic effect seen with this antibody. CTLA-4 block-
ade of effector T cells also partially increases antitumor activity. Maximal antitumor 
activity is reached when CTLA-4 is blocked in both compartments, effector T cells 
and Tregs, showing that CTLA-4-mediated Treg depletion is essential to increase 
antitumor activity [55]. Whether this happens in patients with HNSCC that receive 
CTLA-4 ICB is yet unknown. In another study, Tregs and MDSCs were evaluated 
after treatment with tremelimumab (anti-CTLA-4) and interferon-α. The data 
showed an increase in the percentage of Tregs at day 29 and 85 that could be associ-
ated with to an increase in the total CD4+ T-cell compartment [56]. Similarly, some 
preclinical evidence in melanoma suggests that receptor PD-1 ICB blocks the sup-
pressive capacity of Tregs [57], but demonstration of this in patients with HNSCC 
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is lacking. There is great interest in understanding how to best deplete or inhibit 
Treg function in HNSCC, particularly given evidence that standard-of-care cispla-
tin-based chemotherapy and ionizing radiation induce Treg accumulation and func-
tion. It is possible that this induction of Tregs contributes to tumor-localized immune 
suppression and recurrence after definitive therapy [58].

13.4  Modulating Cancer-Associated Inflammation 
as Therapeutic Approach to Enhancing Responses 
to Immune Checkpoint Blockade

Given our understanding of the underlying aberrant intracellular signaling that leads 
to expression of cytokines, chemokines and factors that drive inflammation in the 
tumor microenvironment, targeting these pathways would be an attractive means to 
alter the inflamed tumor microenvironment [59]. We now understand that PD-1/
PD-L1-based ICB cannot induce a de novo antitumor immune response but rather 
unleashes existing antitumor immunity that was blocked by PD-1/PD-L1 signaling 
[60]. Clinically, only 15–20% of patients respond to single agent PD-based ICB 
even though >50% of HNSCC tumors are T-cell inflamed (tumors infiltrated with 
increased CD8+ T lymphocytes producing type I interferon expression), indicative 
of an underlying antitumor immune response [61–63]. Immune suppression within 
the tumor microenvironment, mediated by the factors described above, likely 
accounts for this low level of response. As our understanding of the precise mecha-
nisms by which dysregulated signaling within HNSCC cells ultimately leads to 
inflammation and the recruitment of MDSCs and Tregs into tumors increases, com-
bining small-molecule or RNA interference-based inhibitors of these pathways may 
lead to additive or synergistic effects when combined with ICB.

A recent adjunct to direct targeting of inhibitory inflammatory factors and cells 
involves approaches to modulating the activating cytokine milieu of the tumor 
microenvironment. Innate immune activation, culminating in the production of type 
I IFN, is essential to the development of antigen-specific adaptive immunity [64]. 
Recent work has led to understanding the importance of signaling through STING 
(stimulator of interferon genes) in initiating antitumor immunity [65]. STING is an 
intracellular receptor that is activated by cyclic dinucleotides from DNA and induces 
expression of type-I interferons. Moore et al. have demonstrated potent induction of 
antigen-specific T-cell immunity following activation of STING signaling with a 
synthetic STING ligand in syngeneic murine models of oral cavity cancer [66, 67]. 
STING-dependent production of type I IFN further enhanced the T-cell inflamed 
local microenvironment, and antitumor immunity was enhanced with the addition 
of anti-PD-L1 ICB to reverse adaptive immune resistance in this preclinical MOC 
model. Such approaches to directly alter the tumor innate immune cytokine profile 
may be independent of genetic alterations/deregulated signaling within tumor cells 
and be more broadly applicable to tumors with a range of driver mutations.
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Abstract Based on its ability to restore key signaling pathways of the host immune 
system and thus to counteract immune escape by malignant cells, cancer immuno-
therapy is now at the forefront of cancer research in the treatment of head and neck 
squamous cell carcinoma (HNSCC). Understanding how tumors evade immune rec-
ognition and attack, through strategies that include reducing inherent immunogenic-
ity, dysregulating immune checkpoints, and producing an immunosuppressive 
tumor microenvironment, will allow the development of novel therapeutic agents to 
manipulate the immune response. Various forms of immunotherapy are in preclini-
cal trials, including vaccines, oncolytic viruses, and adoptive cell transfer, with the 
most promising clinical results thus far associated with the use of monoclonal anti-
bodies. This chapter will review the mechanisms of immune escape, and will 
describe ongoing preclinical and clinical studies, and their implications for immu-
notherapy in HNSCC.
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14.1  Introduction

Classically, the immune system was thought to exist to thwart invasion by foreign 
microbes, such as bacteria, viruses, and parasites. However, the first conception of 
an immune contribution to carcinogenesis was proposed in the 1900s and has 
recently undergone a renaissance in the study of the role of the immune system in 
cancer development. It is now believed that the immune system also works to pre-
vent growth of malignantly transformed cells. Cellular immunity protects the body 
from foreign and mutated cells (i.e., bacteria, viruses, and malignant cells) through 
activating various lymphocytes aimed at destruction of these cells. Through the 
T-cell receptor (TCR) and the cancer cell-expressed human leukocyte antigen 
(HLA) signals, cytotoxic T cells are able to induce apoptosis in cells that display 
epitopes of foreign antigen on their surface (viral or bacterially infected cells or 
cancer cells displaying tumor antigens). Furthermore, cytokine release leads to the 
recruitment of other immune cells such as macrophages and natural killer cells (NK 
cells), which target these “foreign cells” for destruction. The idea of immunological 
control of malignant cells was first proposed by Ehrlich in 1908 [1], with the idea 
that premalignant cells are destroyed by the immune system before tumor formation 
can occur. Derangements in the immune system in conjunction with, or dependent 
on, alterations in transformed cancer cells may allow immune escape and tumor 
development.

It is now well appreciated that head and neck squamous cell carcinoma (HNSCC) 
is an immunosuppressive disease with an overall lower total lymphocyte number, 
impaired function of NK cells and effector T cells, and an induction of suppressive 
regulatory T cells (Tregs) that secrete suppressive cytokines and express immune 
inhibitory receptors, compared to healthy controls [2–8]. The goal of immunother-
apy is to restore key signaling pathways of the host immune system to counteract 
immune escape by malignant cells. Cancer immunotherapy is now at the forefront 
of cancer research, as it has the potential for durable responses with less adverse 
effects than conventional treatments. This property provides patients with recurrent/
metastatic HNSCC a viable new treatment option, with potent new forms of immu-
notherapeutic agent now entering trials in treatment-naïve patients.

The first anticancer immunotherapeutic agents were the multifunctional cyto-
kines interleukin 2 (IL-2), interferon alpha (IFN-α), and tumor necrosis factor alpha 
(TNF-α) [9–11]. These agents were developed in the 1980s and are still widely used 
in various conditions, such as melanoma, renal cell carcinoma, as well as hemato-
logic cancers such as leukemia and lymphoma. However, these agents have shown 
marginal efficacy, and systemic toxicities significantly limited their use [12, 13]. 
The real breakthrough in immunotherapy came in 2010 with the development of 
immune checkpoint inhibitors. The first to be approved by the Food and Drug 
Administration (FDA) in 2011 was ipilimumab, a cytotoxic T lymphocyte antigen-4 
(CTLA4)-blocking monoclonal antibody (mAb) that was approved for treatment of 
melanoma. The success of ipilimumab has opened new possibilities for anticancer 
immunotherapy agents in other malignancies, including HNSCC.
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Cetuximab, an anti-epidermal growth factor receptor (EGFR) blocking mAb, 
was the first biologic agent approved for HNSCC, although there remains contro-
versy about the relative contribution of immune effects vs the effects of receptor 
tyrosine kinase signaling blockade within the tumor cell (please refer to the chapter 
on the protein/signaling effects of cetuximab, Chap. 2). This agent has a response 
rate of just 10–20% in the HNSCC patient population when used as a monotherapy 
[14]. This low response rate has led to an intense investigation into resistance mech-
anisms, biomarkers of response, and other potential targets for therapeutic interven-
tion. Today, HNSCC immunotherapy encompasses a variety of diverse treatment 
approaches, including tumor-specific monoclonal antibodies [15, 16], immunomod-
ulating antibodies [17], cancer vaccines [18], oncolytic viruses [19], and adoptive 
cell transfer [20]. Evaluations of therapeutic mAbs have led this endeavor in recur-
rent and advanced HNSCC, with recent FDA approval for two agents (pembroli-
zumab and nivolumab) targeting the immune checkpoint programmed cell death 1 
(PD-1). However, many other targets show therapeutic promise and, when used in 
combination regimens, may have potential in improving outcomes for treatment- 
naïve patients.

14.2  Cancer Immune Surveillance and Immunoediting

Normal cells only divide when they receive growth stimulatory signals (i.e., growth 
factors) produced in an autocrine manner or in a paracrine manner from other cells. 
These signals are detected by growth factor receptors such as vascular endothelial 
growth factor (VEGF) or EGFR. When EGFR binds one of its ligands (e.g. EGF), 
either as a homodimer or as a heterodimer with related receptors such as ERBB2/
HER2), certain proliferative or antiapoptotic signal transduction pathways are acti-
vated, such as the Ras/MAPK (rat sarcoma/mitogen-activated protein kinase), Akt/
PKB (protein kinase B), or STAT3 (signal transducer and activator of transcription) 
pathway [21]. However, tumor cells are frequently no longer dependent on exoge-
nous growth factors and can either divide without these signals or produce their own 
mitogenic factors via autocrine signaling that stimulates proliferation. These tumor 
cells are also able to evade inhibitory signals and apoptosis signals through different 
mechanisms including mutations of tumor suppressor genes (i.e., TP53 encoding 
p53) [22]. It was suggested that these premalignant cells arise and begin to clonally 
expand but are quickly identified by immune cells as foreign through clonotype 
T-cell receptors recognizing neoantigens produced as a consequence of transforma-
tion. This allows their eradication by the immune system before an invasive tumor 
can develop, a concept termed immune surveillance [23].

Mounting evidence supports the role of multiple components of the immune 
system in preventing the growth of malignantly transformed cells. For example, 
NK cells provide innate immune protection from tumors through various mecha-
nisms, including the release of perforin and granzyme, leading to cell lysis. 
Interferon- gamma (IFN-γ) has a proapoptotic effect on tumor growth through 

14 Immunotherapy in Head and Neck Squamous Cell Carcinoma (HNSCC)



368

 further activation of NK cells and increases antigen processing along with the 
expression of the MHC molecules required for antigen presentation on antigen-
presenting cells (see Sect. 14.3.1) [24, 25]. There is a clear relationship between 
immunodeficiency and cancer development, as seen with the increased risk of 
cancer in HIV-infected individuals, who lack functional CD4 cells, macrophages, 
and dendritic cells, as well as in organ transplant patients maintained on immune 
suppressive drugs, such as renal and bone marrow transplant patients [26, 27]. 
However, most patients who develop HNSCC are immunocompetent, and it is 
thought that tumors evade the immune response through a process of cancer 
immunoediting [28]. This theory suggests that while the immune system can erad-
icate some transformed cells, other transformed cells have been altered in a way 
that renders them less immunogenic, providing them with a survival advantage 
that allows immune evasion and subsequent tumor formation [25].

Cancer immunoediting proceeds sequentially through three distinct phases 
termed “elimination,” “equilibrium,” and “escape” (Fig. 14.1).

Elimination In this phase, the innate and adaptive immune systems recognize 
developing tumor cells and destroy them before they become a clinically apparent 
tumor. While activation of the immune system at this stage is not fully understood, 
possibilities include “danger signals,” such as IFN and other cytokines that are 
induced early in tumor development, or damage-associated molecular pattern mol-
ecules (DAMPs), which are released from dying tumor cells or damaged tissues 
from the invasive growth of the tumor. These danger signals lead to the activation of 
dendritic cells (DCs) and subsequent adaptive antitumor immune responses. If the 
tumor cells are completely eradicated, the cancer immunoediting process ends at 
this phase.

Equilibrium If a rare cancer cell variant survives the elimination phase, the adap-
tive immune system keeps these residual cells in a state of dormancy (latent tumor 
cells), for up to many years. In this phase, immunity is specifically responsible for 
the prevention of tumor cell outgrowth. The immunogenicity of the tumor cells is 
also sculpted during this stage as the genetically unstable and rapidly mutating 
tumor cells undergo Darwinian selection, providing new variants with increased 
resistance to immune attack. Evidence of an immunologically driven equilibrium 
phase came from primary tumorigenesis experiments showing that while immuno-
competent mice harbored occult cancer cells for a prolonged time period without 
any apparent tumor development, when the immune system was ablated with T-cell 
and IFN-γ depleting monoclonal antibodies (mAbs), tumors rapidly developed in 
the original injection site in half the mice and resembled unedited sarcoma cells. 
Furthermore, adaptive immunity – specifically IL-12, IFN-γ, CD4+, and CD8+ T 
cells – but not innate immunity was responsible for maintaining the occult tumor 
cells in equilibrium. Thus, dormancy is maintained through growth inhibitory and 
cytocidal actions of immunity on the residual tumor cells, providing the selective 
pressure to promote tumor outgrowth in those cells that have acquired the most 
immunoevasive mutations.
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Escape In the final phase, those tumor cells that have acquired the mechanisms to 
thwart immune recognition and destruction are able to grow and develop into visible 
tumors. Progression to immune escape can occur due to immune system deteriora-
tion or changes in the tumor cell population in response to increased cancer-induced 
immunosuppression.
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Fig. 14.1 Cancer immunoediting proceeds sequentially through three distinct phases termed 
“elimination,” “equilibrium,” and “escape”. Elimination: The innate and adaptive immune systems 
recognize developing tumor cells and destroy them before they become a clinically apparent 
tumor. While activation of the immune system at this stage is not fully understood, possibilities 
include “danger signals,” such as interferon (IFN) and other cytokines that are induced early in 
tumor development, or damage-associated molecular pattern molecules (DAMPs), which are 
released from dying tumor cells or damaged tissues from the invasive growth of the tumor. These 
danger signals lead to the activation of dendritic cells (DCs) and subsequent adaptive antitumor 
immune responses. If the tumor cells are completely eradicated, the cancer immunoediting process 
ends at this phase. Equilibrium. If a rare cancer cell variant survives the elimination phase, the 
adaptive immune system keeps these residual cells in a state of dormancy (latent tumor cells), for 
up to many years. The immunogenicity of the tumor cells is also sculpted during this stage as the 
genetically unstable and rapidly mutating tumor cells undergo Darwinian selection, providing new 
variants with increased resistance to immune attack. Dormancy is maintained through growth 
inhibitory and cytocidal actions of immunity on the residual tumor cells, providing the selective 
pressure to promote tumor outgrowth in those cells that have acquired the most immunoevasive 
mutations. Escape. Tumor cells acquire the ability to thwart immune recognition and destruction 
and are able to grow and develop into visible tumors. Progression to immune escape can occur due 
to immune system deterioration or changes in the tumor cell population in response to increased 
cancer-induced immunosuppression
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14.3  Immune Escape

In order to develop effective immunotherapies, it is necessary to understand the dif-
ferent pathways of tumor immune evasion. HNSCC cells can first escape immune 
attack by reducing their inherent immunogenicity (Table 14.1) and actively modu-
late four critical signals required for antitumor response (Fig.  14.2). These four 
signals are discussed at greater length below. In overview, they can be generally 
described as (1) antigen presentation and processing by the tumor cells, which are 
required for interactions between the TCR and the cancer cell-expressed HLA dis-
playing immunogenic peptides; (2) the exchange of co-stimulatory and co- inhibitory 
signals between tumors and T cells, regulated by immune checkpoint signaling, and 
between Langerhans cells and antigen-presenting cells (APCs), which include den-
dritic cells (DCs), macrophages, and B cells; (3) the secretion of pro-inflammatory 
cytokines by immune cells and tumor cells; and (4) cell-extrinsic attracting chemo-
kine signals to recruit cellular immune populations into the tumor microenviron-
ment (TME), which can include immunosuppressive cells, such as regulatory T 
cells (Tregs), myeloid-derived suppressor cells (MDSCs), and tumor-associated 
macrophages (TAMs), dampening the immune response.

14.3.1  Signal 1. Antigen Presentation and Processing

Key signals initiating T-cell activation depend on proteins of the HLA complex, 
which are transmembrane proteins expressed on all somatic cells and form an HLA 
class I heavy chain-β2-microglobulin-antigen peptide ternary complex. Antigen 
peptide selection and loading as well as proper folding of the HLA complex relies 
on the antigen-processing machinery (APM), including transporter associated with 
antigen-processing (TAP) molecules, calnexin, calreticulin, and tapsin [29]. In can-
cer, the HLA class I proteins present captured tumor antigens (TA) to CD8 T cells 
[8], which results in activation of these cytotoxic T cells, leading to tumor cell death. 
Upon cell death or damage, released biomolecules can further perpetuate an inflam-
matory response. These biomolecules are termed damage-associated molecular 

Table 14.1 Mechanisms of reducing immunogenicity and promoting immune escape

1. Development of T-cell tolerance to persistent oncogenes (i.e., HPV infection) or 
overexpressed/mutated antigens
2. Production of low-genome copy numbers in the basal layer of the epithelium
3. Increased immune checkpoint inhibitor receptors/ligands (i.e., PD-1/PD-L1)
4. Downregulation of IFN regulatory factors and activated STAT1
5. Inhibition of inflammatory cytokines and transcription factors
6. Downregulation or mutation of HLA class I and antigen-processing machinery components
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patterns (DAMPs) or, when associated with a pathogen (such as HPV infection), are 
termed pathogen-associated molecular patterns (PAMPs). However, tumor cells can 
reduce T-cell-mediated recognition by altering HLA class I expression. A signifi-
cant proportion (20%) of HNSCC tumors show mutations in specific HLA alleles, 
β2-microglobulin, and genes encoding APM components, resulting in poor TA pro-
cessing and presentation; these alterations are correlated with poor prognosis 
(32 months of disease-free survival vs 53 months in patients without APM altera-
tions) [30–32]. While complete loss of HLA expression triggers NK activation and 
cell lysis, tumor cells have developed mechanisms to evade T-cell recognition while 
avoiding total loss of HLA expression through decreased expression or mutation of 
APM components [8].
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Fig. 14.2 Immune surveillance and targets for evasion. T-cell activation requires three simultane-
ous signals at the “immune synapse” in order to carry out its antitumor effects. Signal 1 comprises 
the T-cell receptor (TCR)-HLA interaction, with presentation of nonself-antigens from the tumor 
cell. Signal 2 is a summation of co-stimulatory and co-inhibitory signals. These signals must occur 
in the presence of signal 3, made up of immune activating cytokines, such as IL-2 or IFN-γ, or 
immunosuppressive cytokines, such as TGF-β, IL-6, or VEGF. Signal 4 is made up of chemokine 
signals to recruit cellular infiltrate, including antigen-presenting cells (APCs) made up of macro-
phages, dendritic cells (DC), and B cells, as well as cytotoxic CD8+ T cells and helper CD4+ T 
cells. Immune evasion can occur at any of these signals, impairing the immune system from effec-
tively eradicating malignant cells
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14.3.2  Signal 2. Immune Co-Inhibitory and Co-Stimulatory 
Signals

In addition to antigen recognition, T-cell activation is functionally determined by 
the summation of many co-stimulatory and co-inhibitory signals, made up of a cell 
surface receptor and its corresponding ligand (Fig. 14.3). Some tumors contain can-
cer cells that express strong antigens and the adequate machinery to mount an 
immune response, yet develop T-cell tolerance to these antigens and escape immune 
activation during chronic antigen exposure [33]. Recent evidence suggests that 
T-cell exhaustion and tolerance are associated with increased expression of immune 
checkpoint proteins. These checkpoints are part of the adaptive immune resistance, 
which has evolved to thwart exaggerated immune responses and thus prevent the 
development of autoimmune diseases. However, these inhibitory checkpoints can 
be dysregulated by tumors as an important mechanism to weaken effector immune 
responses, contributing to tumor-promoting immunosuppression, tolerance, and 
even induction of T-cell apoptosis [34].
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Fig. 14.3 Monoclonal antibody targets. There are multiple pathways, when summated, that can 
trigger either immune recognition and killing or immune tolerance and evasion. The goal of immu-
notherapy is to induce an immune stimulatory signal that activates T effectors and NK cells while 
inhibiting the immunosuppressive Treg. Red = co-inhibitory signals. Green = co-stimulatory sig-
nals. B7 = CD80 or CD86
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Tumors have developed mechanisms to influence adaptive immunity, expressing 
the ligands necessary to activate immune inhibitory signals and upregulating inhibi-
tory checkpoint receptors. The two most well-studied checkpoint receptors are cyto-
toxic T lymphocyte antigen-4 (CTLA4) and programmed cell death 1 (PD-1), both 
of which are the targets of FDA-approved inhibitory antibodies [35]. Additional 
checkpoint inhibitory receptors that contribute to the immune evasion of HNSCC 
include lymphocyte-activation gene 3 (LAG3) [36], T-cell membrane protein 3 
(TIM3) [37], and killer immunoglobulin-like receptor (KIR) [38]. In the presence of 
these co-inhibitory signals, the stimulatory “signal 2” will fail, leading to the induc-
tion of T-cell anergy or apoptosis [39]. Some promising therapeutic approaches that 
seek to target these inhibitory checkpoints are described below.

The classically described co-stimulatory pathway for immune cell activation 
involves interactions between CD28 expressed on T cells and a B7 ligand (CD80 or 
CD86), which are a family of peripheral proteins expressed on APCs that induce a 
series of downstream signals promoting T-cell survival and activation (Figs. 14.2 
and 14.3). However, other co-stimulatory interactions between T-cell receptors and 
their corresponding APC ligands include CD137/CD137-L, OX40/OX40-L, and 
CD40/CD40-L. These co-stimulatory receptors are members of the tumor necrosis 
factor (TNF) receptor superfamily, and a decrease in their expression has been 
observed on T cells of HNSCC specimens, correlating with poor outcomes [40].

Both blocking the co-inhibitory signals and increasing the co-stimulatory signals 
may enhance tumor control through increased cytotoxic activity of T cells. Many 
mAbs targeting these signaling pathways have been developed in attempts to shift 
the immune system toward an antitumor function and are currently entering the 
therapeutic armamentarium for HNSCC. Some of the most important targets for 
therapeutic development are summarized below.

CTLA4 is expressed primarily on T cells in response to T-cell receptor (TCR) 
activation and counteracts CD28-mediated co-stimulatory signals [41, 42]. This 
impairs the activation of T cells, thus limiting an exaggerated immune response 
[43]. Although the transient expression of CTLA4 on CD8+ T cells regulates effec-
tor/memory activity [44, 45, 46], the inhibitory function of CTLA4 appears to be 
more important on CD4+ regulatory T cells (Tregs), where CTLA4 is constitutively 
expressed at high levels [47, 48]. CTLA4 and CD28 share the B7 family ligands 
CD80 and CD86, whose expression is limited to APCs [49]. Compared to CD28, 
CTLA4 binds these ligands with higher affinity and avidity, competitively inhibiting 
“signal 2” in the T-cell activation cascade [49]. Interestingly, activated CTLA4+ T 
cells can deplete acquired B7 ligands from APCs by CTLA4-dependent endocytosis 
and degradation, further impairing the activation of T cells [50, 51].

PD-1 is highly expressed on the surface of activated T cells, B cells, and macro-
phages in the setting of chronic stimulation, with minimal expression on resting 
cells of the immune system [52]. PD-1 binds two distinct ligands, PD-L1 and 
PD-L2, additional members of the B7 family. PD-L1 is expressed constitutively on 
a wide range of hematopoietic cells, inhibiting T-cell cytokine production, as well 
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as on non-hematopoietic cells, including tumor cells [53]. PD-L2 exhibits a much 
more restricted expression profile, largely limited to APCs, and acts to restrain 
effector T-cell function within inflamed sites and lymphoid organs [54, 55]. Both 
ligands are induced by extrinsic pro-inflammatory signals, including IFN-γ, TNF-α, 
granulocyte-macrophage colony-stimulating factor (GM-CSF), and IL-4. These 
data suggest that the inflammatory tumor microenvironment (TME) enhances tumor 
expression of PD-L1/2 in a feedback inhibitory loop similar to that frequently seen 
in chronic viral infection [56–58]. Additionally, tumor-intrinsic signaling pathways 
may lead to PD-L1 overexpression in tumor cells, including the PI3K-AKT path-
way [59] and the EGFR- mediated JAK2/STAT1 pathway [60]. In addition to the 
high expression of PD-1 on CD8+ and CD4+ T cells in HNSCC patients, PD-L1 is 
expressed on 50–60% of HNSCC tumor cells [60, 61].

In the setting of chronic antigenic stimulation during viral infection, increased 
PD-1 expression on CD8+ T cells is a marker for an exhausted phenotype, defined 
as a loss of effector function, coupled with loss of proliferation and cytokine pro-
duction [62]. While PD-L1 expression by APCs has been shown to play a critical 
role in the induction of suppressive PD-1+ Tregs at the tumor periphery [63], the key 
function of tumor-infiltrating Tregs expressing high levels of PD-1 is not clear. In 
malignant glioma, these cells had impaired suppressive function yet maintained 
high secretion of IFN-γ through increased PI3K/AKT activity [64]. Blocking the 
PD-1 pathway with anti-PD-1 mAb drove Treg differentiation toward a more dys-
functional, less suppressive state and increased IFN-γ production to further enhance 
tumor clearance [64]. PD-L1 is expressed in response to IFN-γ within the TME; 
therefore, even an immunogenic tumor with abundant IFN present will express 
PD-L1 and evade T-cell-mediated killing of tumor cells. While overexpression of 
PD-L1 inhibits tumor-directed T-cell cytotoxicity and permits immune evasion and 
tumor growth, the prognostic significance has been variable. In three studies, 
increased PD-L1 expression correlates with HPV positivity, which has better prog-
nosis than HPV-negative cancers [65–67]. However, one study showed increased 
PD-L1 expression has a trend toward increased distant metastasis, yet no associa-
tion with recurrence, overall survival, or disease-specific survival on oropharyngeal 
SCC [66]. More analysis is required.

LAG3 (also known as CD223) is an inhibitory checkpoint receptor that enhances 
the function of Tregs and inhibits CD8+ effector T-cell function [68]. The only 
known LAG3 ligands are MHC class II molecules (also called HLA class II; these 
present antigens to CD4 T cells, leading to their activation), which are upregulated 
on some epithelial cancers in response to IFN-γ but are also expressed on dendritic 
cells (DCs) [69]. PD-1 and LAG3 are often co-expressed on exhausted or anergic T 
cells, and dual blockade of these proteins synergistically reversed the anergy of 
tumor-specific CD8+ T cells [70]. Furthermore, PD-1−/−LAG3−/− double knockout 
mice can completely reject even poorly immunogenic tumors in a T-cell-dependent 
manner [71].
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TIM3 (also known as HAVcr2) is selectively expressed on IFN-γ producing T 
cells, NK cells, and Tregs and is closely involved in tumor-induced immune sup-
pression. TIM3 marks the most exhausted or dysfunctional population of CD8+ T 
cells and NK cells in both solid and hematologic malignancies [72, 73], where 
approximately 30% of patients with advanced melanoma, NSCLC, and follicular 
B-cell non-Hodgkin’s lymphoma express TIM3 [74–76]. Importantly, T-cell exhaus-
tion can be partially reversed with TIM3 blocking antibodies in vitro, restoring up 
to 30–65% of NK cell function [77]. In addition to regulating CD8+ T cell and NK 
cell function, TIM3 is expressed on up to 60% of Tregs in the TME in HNSCC 
patients, compared to less than 20% expression on Tregs among peripheral blood 
lymphocytes [78]. This elevated expression of TIM3 is important as it leads to a 
more tumor-permissive environment, largely due to increased immunosuppressive 
cytokines and molecules (IL-10 which drives T-cell exhaustion, as well as perforin 
and granzymes, which are responsible for effector T-cell apoptosis) [79, 80]. 
Interestingly, TIM3+ CD8+ T cells co-express PD-1 and exhibit greater deficits in 
both effector cytokine production (IL-2, TNF, and IFN-γ) and cell cycle progression 
than are seen with expression of either receptor alone [72].

KIR proteins are expressed on NK cells and interact with HLA molecules on target 
cells, playing a prominent role in modulating NK cell-dependent immune surveil-
lance and cytotoxicity [81]. While most KIRs are inhibitory, there are a limited 
number of activating KIRs (KIR2DL2/3-KIR2DS2, KIR2DL1-KIR2DS1, and 
KIR3DL1-KIR3DS1) that bind HLA molecules with less affinity [82]. Upon bind-
ing an autologous-matched HLA molecule (signaling a “self” cell), the inhibitory 
KIRs recruit SHP-1 and SHP-2 phosphatases, leading to subsequent suppression of 
activation signals and preventing NK attack on “self”-cells [83]. However, when 
binding a “nonself” HLA molecule (i.e., tumor cell, transplant cell, or virus-infected 
cell), or blockade by anti-KIR Ab, the NK cell lyses due to lack of an inhibitory 
signal, leading to a release of its cytolytic granules and subsequent tumor cell death. 
This inhibitory KIR/HLA pathway is overactive in patients with melanoma, breast 
cancer, and chronic leukemia [84]. Higher expression of activating KIRs is associ-
ated with better outcomes in leukemia and lymphoma [85, 86]. While there are 
limited studies in HNSCC, there seems to be an overexpression of KIR on the NK 
cells infiltrating tumors in HNSCC patients [87], suggesting this population is an 
excellent candidate for trials of anti-KIR Ab.

In addition to inhibitory receptors, tumors can manipulate the checkpoint system 
by downregulating co-stimulatory signals, including CD137, OX40, and CD40. 
CD137 (also known as 4-1BB) is a co-stimulatory receptor expressed on the surface 
of activated T cells, DCs, and NK cells [88, 89]. When bound to its ligand (CD137-L), 
activated CD137 promotes antibody-dependent cell-mediated cytotoxicity (ADCC) 
by NK cells, differentiation of effector T cells, and inhibition of immunosuppressive 
Tregs [90]. OX40 is expressed on the T-cell surface and, when activated by its 
ligand, OX40-L, promotes T-cell proliferation, antitumor cytokine secretion (IFN- 
γ), and enhanced memory T-cell function [35]. Thirty percent of activated Tregs 
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isolated from HNSCC patients demonstrate OX40 expression in both tumors and 
tumor-draining lymph node samples, compared to none of the peripheral blood 
mononuclear cells [91]. However, OX40-L expression is low in the tumor and there-
fore fails to activate antitumor immune proliferation and cytokine production [92]. 
CD40 is expressed on APCs, as well as non-immunogenic cells and tumor cells [93, 
94]. Upon binding with its trimeric ligand (CD40-L), the downstream effects are 
multifaceted and depend on the type of cell expressing CD40 and the TME in which 
it is expressed [94]. Ligand binding on activated CD40+ T cells causes the induction 
of adaptive immunity and cytokine release, whereas CD40+ macrophages become 
tumoricidal, and CD40+ tumor cells become apoptotic [93, 95–98]. Expression of 
both CD40 and CD40-L decreases with increasing HNSCC stage, and surgical 
resection results in increased APC expression of CD40 [99].

These immune checkpoint receptors and ligands making up signal 2 are dysregu-
lated on the infiltrated immune cells, favoring anergy and immunosuppression. 
Therefore, their manipulation to favor immune activation through mAbs can lead to 
improved immune-mediated killing of HNSCC cancer cells.

14.4  Signals 3 and 4: Tumor Microenvironment

Immune tolerance can be further enhanced through an immunosuppressive tumor 
environment, and alterations in the tumor microenvironment may prove to be a key 
to immune resistance and low response to therapy. Aerodigestive system tumors 
often arise at sites of chronic inflammation, whether from chronic toxin exposure 
(i.e., tobacco smoke and/or alcohol consumption), chronic infection (i.e., HPV), or 
inflammatory disease (i.e., Barrett’s esophagus). As the uncontrolled growth of 
tumor cells leads to invasion through natural tissue barriers, tissue disruption leads 
to cytokine and chemokine release and the infiltration of inflammatory mediators. 
These include TGF-β, IL-6, IL-10, GM-CSF, IL-1β, IL-23, and TNF-α. Recently, 
evidence suggests a connection between expression of many of these cytokines and 
the formation of suppressive immune cells, including MDSCs, Tregs, and TAMs. 
These cells collaboratively contribute to an immunosuppressive, tumor-promoting 
environment, in part by generating genotoxic stress, supporting cellular prolifera-
tion, increasing angiogenesis, and facilitating tumor cell invasiveness and metasta-
sis [100].

14.4.1  Signal 3. Cytokines

HNSCC cells produce many cytokines that suppress immune function [101]. TGF-β 
blocks the function of NK and T cells and plays a key role in the differentiation of 
suppressive Tregs [102]. IL-6 inhibits DC maturation and activation of NK cells,  
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T cells, neutrophils, and macrophages, whereas IL-10 produces T-cell anergy 
through the downregulation of MHC class II and the inhibition of the CD28 
 co-stimulatory pathway [103]. Prostaglandin E2 (PGE2) is a pro-survival, proangio-
genic molecule and is produced by many cancers, including HNSCC [104–106]. 
Vascular endothelial growth factor (VEGF), an inflammatory cytokine released 
from tumor cells, inhibits the maturation of DC, leading to T-cell dysfunction and 
inactivation: VEGF is overexpressed in 90% of HNSCC tumors [107, 108]. EGFR, 
a tyrosine kinase receptor, also facilitates immunosuppressive effects, including 
downregulation of HLA and APM components and the upregulation of suppressive 
cytokines and ligands on HNSCC cells [109]. Indoleamine-pyrrole 2,3-dioxygenase 
(IDO) is produced by DCs in tumors and tumor-draining lymph nodes, as well as 
from tumor cells themselves, inducing apoptosis in locally activated T cells through 
the catabolism of tryptophan [110]. T-cell proliferation is highly dependent on tryp-
tophan, and with IDO-induced depletion, T cells are arrested in the G1 phase of the 
cell cycle [111]. These immunosuppressive cytokines and receptors are further 
driven by an imbalance of STAT proteins, leading toward increased levels of acti-
vated STAT3, which promotes immunosuppressive pathways and tumor cell prolif-
eration, survival and invasion [112], and decreased levels of STAT1, which impairs 
antigen presentation and T-cell activation [113].

14.4.2  Signal 4. Cellular Infiltrate

The above cytokines and chemokines help to recruit a skewed cellular population of 
tumor-infiltrating leukocytes (TILs), favoring immunosuppression. One of the major 
cellular components of the TME is the immunosuppressive CD4+Foxp3+CD25+ Treg. 
Tregs have emerged as central players in tolerance to tumor antigens and downregu-
lators of the immune response [78]. Through the production of IL-10 and TGF-β and 
the consumption of IL-2, Tregs are responsible for taming immune responses to pre-
vent autoimmunity and systemic inflammatory response syndrome (SIRS)-like reac-
tions by causing anergy, apoptosis, and cell cycle arrest of activated T cells and 
inhibiting the action of DCs, NK cells, and B cells. Tregs are also seen in elevated 
numbers in both the periphery and the tumor infiltrate in HNSCC patients [78, 114], 
and their increased presence is correlated with poor survival [115, 116].

MDSCs are immature myeloid cells that are another cellular component of the 
immunosuppressive tumor environment. Studies in HNSCC show that MDSCs can 
suppress effector T-cell function, through influence on PD-L1 expression, TGF-β 
release, and arginase, and nitric oxide synthase (NOS), through depletion of key amino 
acids and Treg induction, as well as inhibition of the TRC-HLA interaction, signaling, 
and activation [117, 118]. Treatments that diminish MDSCs, such as antibody deple-
tion and retinoic acid, gemcitabine, and STAT3 blockade, restore immune surveil-
lance, increase T-cell activation, and improve the efficacy of immunotherapy [119].

Immature monocytes or macrophages have the ability to differentiate into vari-
ous phenotypes depending on interactions with various growth factors, cytokines, 

14 Immunotherapy in Head and Neck Squamous Cell Carcinoma (HNSCC)



378

and chemokines within their particular environment. Tumor-associated macro-
phages (TAMs) in the HNSCC tumor microenvironment are predominated by the 
tumor-promoting M2 phenotype, which produces tumor-permissive cytokines EGF, 
IL-6, and IL-10; promotes angiogenesis, cell invasiveness, and metastasis; and cor-
relates with worse clinical outcome [120, 121].

Recent work in various solid tumors has shown a clinical correlation with two 
different tumor immunophenotypes: an “inflamed” phenotype characterized by a 
rich T-cell infiltrate, a type 1 interferon signature, and a diverse chemokine profile, 
and a “noninflamed” phenotype that lacks these features [122]. Tumors with an 
inflamed phenotype are more likely to respond to immune checkpoint therapies 
[123]. In HNSCC, many studies have shown improved response to various thera-
pies, including definitive chemoradiation therapy (CRT), surgery with adjuvant 
therapy, and immunotherapies in patients with a higher CD8+ T cell and NK cell 
infiltrate. CD8+ T cells and NK cells were also shown to express higher levels of 
immune checkpoint receptors, including PD-1 and TIM3 [124]. Conversely, the 
noninflamed phonotype is dominated by CD4+ Tregs that co-express CTLA4 and 
PD-1 and is correlated with poor survival. These data suggest that identifying the 
immune phenotype may be a means of identifying patients likely to benefit from 
immunotherapy. Together, these immune/inflammatory cells and mediators induce 
an immunosuppressive, tumor-promoting environment that acts as a barrier to effec-
tive immunotherapy.

14.5  Immunotherapy Targets

14.5.1  Tumor-Targeted Monoclonal Antibodies

The discovery of aberrant expression or overexpression of specific signaling mole-
cules in HNSCC and other cancer types has led to the development of tumor- targeted 
therapies. The most widely studied targeted therapy in HNC is cetuximab, a chime-
ric murine/human IgG1 mAb blocking epidermal growth factor receptor (EGFR) 
signaling. Cetuximab has both immune and nonimmune antitumor functions. The 
nonimmune effects of cetuximab on EGFR signaling are described in Chap. 2, and 
evidence supporting the effects on immune function in HNSCC is discussed here. 
Cetuximab activity depends significantly on the activation of Fc gamma receptor 
(FcγR), leading to antibody-dependent cellular cytotoxicity (ADCC), and subse-
quent antigen processing [125–127]. This leads to DC maturation and activation of 
cytotoxic T lymphocytes (CTLs), linking innate and adaptive tumor immunity [35, 
128, 129]. Cetuximab could therefore overcome the immunosuppressive environ-
ment in HNSCC and increase clinical response to cancer treatment. However, 
patients treated with cetuximab have demonstrated an increase in CTLA4+ suppres-
sive regulatory T cells (Tregs) that impair ADCC, which may contribute to the 
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modest response of just 10–20% when used as a monotherapy; some data suggests 
it may be possible to overcome this cetuximab resistance with the addition of an 
anti-CTLA4 mAb [14, 128, 130].

During cetuximab therapy, patients who responded maintained stable levels of 
circulating and intratumoral CTLA4+ Tregs, in contrast to non-responders, who had 
increased levels of CTLA4+ Tregs in both peripheral blood (p = 0.02) and in tumor- 
infiltrating lymphocytes (TILs) (p  =  0.006). However, when TILs from HNSCC 
patients were incubated with cetuximab, ipilimumab (anti-CTLA4 mAb), and NK 
cells, EGFR antagonism was able to overcome this suppression and showed 
enhanced ADCC by eliminating the suppressive CTLA4+ Tregs, restoring the cyto-
lytic activity of NK cells previously suppressed by intratumoral Tregs [130]. This 
has stressed the need for further investigation into active immunomodulating agents, 
such as the inhibitory and co-stimulatory immune checkpoint receptors and their 
ligands. Many of these agents have been developed and are being studied clinically 
in HNSCC, with targets such as CTLA4, the PD-1/PD-L1 axis, LAG3, TIM3, 
CD137, and OX40, among others.

14.5.2  Immunomodulating Monoclonal Antibodies

In addition to targeting tumor cells to initiate an immune response, activating 
immune cells directly through mAbs has shown promise as anticancer therapy. 
Many immune mediators in the TME, such as CD8+ T cells and NK cells, have 
induced an upregulation of immune checkpoint inhibitory receptors, limiting their 
ability to elicit an effective antitumor response and leading these T cells down a path 
to exhaustion. However, when blocked by mAbs targeting these checkpoint recep-
tors, the T-cell functional capacity is restored, and these effector T cells and NK 
cells can effectively eradicate tumor cells. The agents furthest in development for 
HNSCC are detailed below.

Pembrolizumab is an anti-PD-1 mAb initially tested in patients with recurrent or 
metastatic HNSCC in the KEYNOTE-012 trial [131]. This was an expanded phase 
IB trial that showed many durable responses, a 1-year overall survival of 51%, and 
a tolerable adverse effect profile (n  =  132, ORR  =  19%, 6-month PFS  =  23%). 
Pembrolizumab is currently being studied as a first-line treatment of recurrent or 
metastatic HNSCC in the KEYNOTE-048 phase III trial (NCT02358031).

Nivolumab is another anti-PD-1 mAb, evaluated in the CheckMate 141 phase III 
trial in patients with platinum-refractory recurrent or metastatic HNSCC. This trial 
showed an improved overall survival of 7.5  months for patients treated with 
nivolumab (n = 240), compared to 5.1 months for those treated with an investiga-
tor’s choice (n = 121) among three standard agents (methotrexate, docetaxel, and 
cetuximab) (p = 0.01), and also showed improved objective RR (13% vs 6%) and 
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rate of PFS at 6 months (19.7% vs 9.9%), with reduced toxicity (treatment-related 
adverse events of grade 3 or 4 in 13% vs 35%) [24]. Correlative studies also dem-
onstrated an improved quality of life for those treated with nivolumab [132]. 
Nivolumab is currently being investigated in combination with ipilimumab (anti- 
CTLA4 inhibitor) and as a first-line treatment in the CheckMate 651 and CheckMate 
714 trials (NCT02741570 and NCT 02823574). These data have led to FDA 
approval of pembrolizumab and nivolumab for patients with platinum-refractory 
metastatic/recurrent HNSCC.

Durvalumab is an anti-PD-L1 mAb currently being investigated in a phase III trial 
as a monotherapy in patients with advanced solid tumors, including HNSCC. Thus 
far, survival results are promising, with a median overall survival of 8.9 months with 
grade 3–4 adverse effects in only 8% of patients [133]. Patients had higher response 
with PD-L1-positive tumors (18% vs 8% in PD-L1-negative tumors). There are 
several ongoing trials, including the HAWK trial evaluating durvalumab as a mono-
therapy in platinum-refractory recurrent or metastatic disease in PD-L1-positive 
tumors and in the CONDOR and EAGLE trials in combination with the anti-CTLA4 
antibody tremelimumab in PD-L1-positive and PD-L1-negative platinum-refractory 
recurrent or metastatic HNSCC patients.

14.5.3  Toxicity Profiles

Immunotherapeutic agents have different mechanisms of action than conventional 
therapies, and therefore new specific toxicity profiles have emerged, termed 
“immune-related adverse events” (irAEs). Despite relatively low rates of high-grade 
side effects, there have been life-threatening and lethal events, warranting appropri-
ate identification and management of these toxicities. The most common side effects 
include fatigue and decreased appetite. However, specific irAE profiles most com-
monly include gastrointestinal (GI) reactions (primarily represented by colitis, diar-
rhea, nausea, and vomiting, seen more often in anti-CTLA4 blockade) and skin 
reactions (most commonly papular rashes, vitiligo, and/or pruritus) [134]. Endocrine 
AEs were less frequent and include hypophysitis, hypo−/hyper-thyroiditis, and 
rarely adrenal insufficiency and diabetes mellitus. Pneumonitis, hepatitis, nephritis, 
polyarthritis, ophthalmological, and neurological irAEs were uncommon (<5%) 
[134]. High-grade toxicities occurred in 10–24% of patients [135] and are typically 
managed with systemic steroids and/or discontinuation of checkpoint inhibitor 
therapy.

Treatment-related deaths have occurred in up to 6% of cases in the treatment of 
solid tumors, most frequently occurring in the context of toxicities that include 
severe diarrhea/colitis, pneumonitis, neutropenic fever/sepsis, and acute hepatic 
toxicity [8]. Cardiac toxicity has become an emerging issue with immunotherapy, 
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with several cases of fatal heart failure in melanoma patients treated with check-
point inhibitors [136]. Other rare treatment-related deaths include encephalitis, 
 anaplastic anemia, and neuromuscular disorders (myasthenia gravis, Guillain-Barre 
syndrome) [30, 137].

14.5.4  Vaccines

Vaccines prime the adaptive immune system against pathogens (Fig. 14.4). Vaccines 
have received considerable interest for both cancer prevention and cancer treatment 
as they can induce a robust immune response (defined as antigen-specific tumor- 
reactive cytotoxic T-cell expansion) coupled with a satisfactory safety profile, and 
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Fig. 14.4 Anticancer strategies under clinical evaluation. (a) Adaptive immunity activation by 
vaccine through priming effector T cells against specific tumor antigens and elucidating high titers 
of tumor-specific neutralizing antibodies. (b) Oncolytic viruses invade and replicate in tumor cells, 
leading to tumor cell lysis and release of tumor antigens, DAMPs and PAMPs. This allows recruit-
ment of antigen-presenting cells to T cells. HPV human papilloma virus, APC antigen-presenting 
cell, MHC major histocompatibility complex, Ag antigen, Ig immunoglobulin, DAMPs damage- 
associated molecular patterns, PAMPs pathogen-associated molecular patterns
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they can be prepared at low cost due to ease of production [138]. The viral onco-
genes E6 and E7, important drivers for HPV+ cancers, are ideal targets for vaccine- 
mediated immune strategies (please refer to Chaps. 20 and 21 on HPV-induced 
HNSCC for an in-depth discussion of mechanisms of HPV+ cancer). The primary 
goal of prophylactic vaccination for cancers associated with infectious agents is to 
induce high titers of tumor-specific neutralizing antibodies capable of preventing 
initial infections. In contrast, therapeutic vaccines focus on the generation of CD8+ 
tumor-specific T-cell immune response.

Various vaccination techniques have been developed and are undergoing pre-
clinical investigations and clinical trials for both HPV-related and HPV-unrelated 
cancers. CTLs are an essential component of the host immune response to tumors, 
and the goal of most cancer vaccine strategies is to induce a strong CTL response 
against tumor cells. CTLs target tumors through the recognition of HLA class I 
molecules and an antigenic tumor cell peptide (signal 1) in the context of co- 
stimulatory molecules (signal 2), usually provided by APCs, such as macrophages 
or DCs. There are currently a variety of vaccine approaches, aimed to trigger CTL 
activation and memory against tumor cells to produce long-term survival and main-
tenance of tumor-specific immune cells. DNA vaccines produce nonliving antigens 
able to induce CD4+ and CD8+ T-cell and B-cell immunity against cancer cells. 
Peptide vaccines incorporate amino acid sequences that are synthesized to form an 
immunogenic peptide molecule representing the specific epitope of a tumor antigen 
(TA) that binds HLA, activating CTL [139]. DC vaccines are produced from cultur-
ing ex vivo DCs and loading with tumor-specific antigens, performing in vitro mat-
uration and activation, and subsequently injecting them back into the patient, usually 
via intratumoral or intranodal infiltration [39]. Several different vaccine approaches 
have shown promise in early clinical trials in patients with HNSCC, with evidence 
of induction of antitumor immunity and acceptable safety profiles.

14.5.5  Oncolytic Viral Therapy

Intratumoral oncolytic viral therapy uses naturally occurring or modified viruses to 
infect and kill tumor cells, in parallel with stimulation of a host antitumor immune 
response (Fig. 14.4). Talimogene laherparepvec (T-VEC), the first oncolytic virus to 
be approved for clinical use, is an attenuated herpes simplex virus engineered to 
express GM-CSF. Upon intratumoral injection, the virus replicates in tumor cells and 
thus alters antiviral and tumor signaling pathways. This triggers cell lysis that leads 
to release of tumor-derived antigens, GM-CSF, and new viral particles, leading to 
“infection” of surrounding tumor cells and greater immune response. Through 
increased IFN-γ and TNF-α production, T-VEC-expressing tumor cells can recruit 
effector T cells and reduce Treg-dependent immunosuppression, restoring the immu-
nosuppressive TME [140]. In early clinical trials, viral DNA was detected in 95% of 
patients at the site of intralesional injection and remained through 84 days and was 
also present in many nontarget sites, suggesting a systemic distribution. In metastatic 
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melanoma, responses were seen both locally in injected lesions and systemically, 
with >30% reduction of tumor burden seen in 62% of injected lesions, as well as in 
41% of uninjected non-visceral lesions and 13% of uninjected visceral lesions [101]. 
Clinical trials have now confirmed the efficacy of T-VEC as a monotherapy for the 
treatment of advanced melanoma, with an ORR of 26%. This promising result has 
led to trials of T-VEC in combination with immunotherapies such as pembrolizumab 
in HNSCC (NCT02626000) and with ipilimumab in melanoma (NCT01740297).

14.5.6  Adoptive T-Cell Therapy (ACT)

Another promising strategy to activate the immune system is adoptive T-cell trans-
fer. This technique involves harvesting and in vitro expansion of the patient’s own 
TA-specific T cells and subsequent reintroduction of the expanded cell population 
back into the patient to enhance immunity and improve anticancer responses [141]. 
Early-phase trials are ongoing for ACT in HNSCC with promising results thus far. 
Virally induced cancers are an attractive model for ACT, as they provide virus- 
specific antigen targets. Epstein-Barr virus (EBV) has been strongly linked to naso-
pharyngeal carcinoma (NPC). Found in 95% of cases, it is believed to be important 
for the oncogenic process [142]. ACT can be used to expand preexisting EBV- 
specific CTLs to attack tumor cells presenting EBV-specific antigens. For example, 
a phase II clinical trial in 35 patients with stage IVC NPC who received first-line 
chemotherapy followed by ACT with EBV-specific CTL targeting three EBV anti-
gens (EBNA1, latent membrane protein (LMP) 1, and LMP2) expressed by most 
NPC tumors showed 63% OS at 2 years and 37% at 3 years [102].

14.6  The Rationale for Combination Therapies

14.6.1  Chemotherapy- and Radiotherapy-Induced 
Immunogenic Cell Death and Immunogenic 
Modulation

The traditional dogma of radiobiology states that cytotoxicity results from DNA 
double-strand breaks, leading to cell death. The formative work by Zitvogel and 
Kroemer enhanced the understanding of radiation-induced cell death to include 
roles of the host immune system and the tumor microenvironment [143]. 
Chemotherapy and radiotherapy not only lead to tumor cell death but also induce 
“immunogenic cell death” (ICD) of cancer cells. After exposure to certain cytotoxic 
agents, dying cancer cells release endogenous “danger signals,” or DAMPs, that are 
then recognized by APCs (such as DCs), followed by the activation of T-cell- 
mediated adaptive immunity [144]. Released DAMPs that are hallmarks of ICD 
include adenosine triphosphate (ATP), high mobility group protein B1 (HMGB1), 
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and molecules expressed on the surface of dying cells such as calreticulin (CRT), 
heat shock proteins (HSP90 and HSP70), and endoplasmic reticulum (ER) sessile 
proteins [145]. CRT, released early in cell death, is a potent phagocytosis signal to 
DCs, facilitating their ability to present TAs and activate cytotoxic T cells [143]. 
HMGB1, released during the late stages of cell death, initiates powerful inflamma-
tory response by binding to different surface receptors on APCs, including TLR4, 
and TIM3, stimulating the production of pro-inflammatory cytokines [146]. ATP 
binds the P2Y2 receptor on phagocytes and induces their migration into inflamed 
sites [147]. Furthermore, radiation triggers ATP release through the interaction with 
the P2X7 receptor, leading to the secretion of the pro-inflammatory IL-1β. Cytotoxic 
therapy thus increases antigen presentation from cancer cells as well as amplifies 
cytokine expression [148].

Additionally, accumulating evidence demonstrates that the surviving tumor cells 
recovering from conventional cytotoxic cancer therapies become more amenable to 
immune-mediated killing. This process, termed “immunogenic modulation,” is 
associated with induction of a more immunostimulatory environment [149, 150]. 
Immunogenic modulation encompasses a variety of molecular alterations to tumor 
cells, including the downregulation of antiapoptotic/survival genes, modulation of 
APM components, and upregulating calreticulin expression on the cell surface, 
which acts as a phagocytosis signal to DCs [151]. These phenotypic changes trans-
late into increased tumor sensitivity to T-cell-mediated lysis after low doses of che-
motherapy or radiation [152, 153]. While these antitumor immune responses are 
non-curative in themselves, they can however be used in synergistic regimens with 
immunotherapeutic agents to improve their efficacy.

The immunogenic properties of cytotoxic therapies have been shown in several 
preclinical models to act synergistically with such immune checkpoint receptor 
inhibitors as anti-CTLA4 agents and anti-PD-1 agents [154–157]. Multiple clinical 
trials are now investigating immunotherapy in combination with cytotoxic treat-
ments. In NSCLC, the KEYNOTE-021 study [158] compared the anti-PD-1 mAb 
pembrolizumab plus carboplatin/pemetrexed with chemotherapy alone, and the 
CheckMate 012 trial [159] compared the anti-PD-1 mAb nivolumab plus platinum- 
based chemotherapy vs chemotherapy alone. Both studies showed improved ORRs 
in the combination group (55% and 33–47%, respectively) compared to historical 
rates with PD-1 as a monotherapy (45 and 19%, respectively) [160, 161]. Studies 
are underway that investigate the optimal drug dosage and radiation fractionation 
regimens that induce adaptive immune responses. Additionally, preclinical models 
have shown that PD-L1 expression on tumor cells is increased following radiother-
apy, highlighting a possible resistance mechanism to conventional treatment, and 
adding immunomodulating therapies such as anti-PD-1 mAb to conventional cyto-
toxic regimens may overcome this resistance [162].

While conventional cytotoxic therapies have frequent and significant acute and 
lifelong side effects, immunotherapy has thus far been shown to have less  high- grade 
toxicity than conventional chemotherapy [163] (see Sect. 14.5.3). Therefore, adding 
immunotherapy to the clinical repertoire may be a means to not only reduce the 
cytotoxic load and subsequent side effects but also increase efficacy and durability 
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compared to cytotoxic treatment alone. These findings have translated into promis-
ing clinical benefits for HNSCC patients and are the basis of many clinical trials 
underway as discussed below.

14.6.2  Combination Immunotherapy

Immunotherapy agents have rapidly been entering the oncologic treatment arma-
mentarium, with the documented success of agents such as nivolumab and ipilim-
umab. Currently, there are over 300 active trials using immunotherapy agents for 
carcinoma (clinicaltrials.gov queried January 2, 2017). Despite significant promise, 
clinical benefit of these immunomodulatory agents as monotherapies has been lim-
ited thus far. As tumor cells gain multiple layers of compensatory immune resis-
tance, overcoming one is often not sufficient to eradicate the tumor. However, recent 
evidence suggests that targeted blockade of multiple immunosuppressive pathways 
can induce synergistic and effective antitumor responses. In conceptualizing the 
rationale for combinations, T-cell exhaustion leads to upregulation of multiple 
immune checkpoint inhibitory receptors, including CTLA4, PD-1, TIM3, and many 
more. Blockade with monoclonal antibodies of just one pathway may effectively 
remove this inhibitory signal, only to have a separate but equally powerful inhibi-
tory path unaffected, leaving the T cell just as dysfunctional. However, removal of 
multiple suppressive signals acting on unique resistant pathways may overcome the 
net inhibition and lead to T-cell activation and immune attack.

Many preclinical studies and clinical trials have looked into the combination of 
immunotherapy agents with clear differences in immunotherapeutic mechanism. The 
best-studied combinations are of inhibitors of CTLA4, which influences T-cell acti-
vation and proliferation, with inhibitors of the PD-1/PD-L1 axis, which is responsi-
ble for T-cell function and cytolysis [164]. Indeed, this was translated to a three-arm 
phase III trial in malignant melanoma, studying the combination regimen of anti-
PD-1 antibody nivolumab and anti-CTLA4 antibody ipilimumab versus each agent 
given as monotherapy. Combined therapy had a progression-free survival (PFS) of 
11.5 months, compared to 6.9 months in the nivolumab-only arm and 2.9 months in 
the ipilimumab-only arm, leading to FDA approval of combined nivolumab and ipili-
mumab for the treatment of malignant melanoma [165]. However, PD-L1-positive 
tumors gained no benefit with combination therapy compared to those receiving 
nivolumab alone, suggesting PD-L1 could be used as a biomarker to guide combina-
tion vs monotherapy. As noted above, clinical trials in HNSCC are evaluating this 
combination (NCT02741570) as well as that of the PD-L1-targeted antibody dur-
valumab with a CTLA4-directed antibody tremelimumab (NCT03212469). Other 
combinations with checkpoint inhibitors, such as a PD-1 inhibitor in combination 
with a TIM3 or LAG3 inhibitor, may also provide increased antitumor activity. 
Additionally, improved efficacy is seen in combinations of PD-1 blockade with ago-
nistic antibodies for OX40 or CD137, likely due to alterations in Treg cells and 
changes in the ratio of effector to regulatory T cells [166, 167].
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Cytokine signaling can also lead to resistance mechanisms to circumvent T-cell 
killing that may render monotherapy ineffective. For example, the production of 
IFN-γ by activated T cells in the TME upregulates PD-L1 on tumor cells [168]. The 
various signaling mechanisms and cells within the TME produce a variety of 
changes that might support the combination of immunotherapy agents with inhibi-
tors of proteins such as VEGF and IDO. Tumor vasculature is known to exert immu-
nosuppressive effects through many different mechanisms, including expression of 
immunosuppressive ligands and downregulation of adhesion molecules. Therefore, 
VEGF inhibition could potentially augment the activity of immunomodulatory anti-
bodies. In a clinical trial combining ipilimumab with the VEGF-targeted antibody 
bevacizumab in metastatic melanoma, there were 8 partial responses and 22 
instances of stable disease, with a 67% disease control rate and increased tumor 
lymphocyte infiltration [169]. As another example, IDO is expressed by many can-
cers, inhibits immune responses, promotes Treg differentiation, and may contribute 
to a possible resistance mechanism to anti-CTLA4 immunotherapy [170]. Preclinical 
studies of ipilimumab combined with IDO inhibitors show increased lymphocyte 
infiltration and increased response to therapy [171]. In the ECHO-202/
KEYNOTE-037 phase I/II trial investigating epacadostat, an IDO inhibitor, in com-
bination with pembrolizumab, preliminary results show ORR of 39% and disease 
control rate (DCR) of 65% regardless of PD-L1 expression and HPV status in recur-
rent or metastatic HNSCC patients [105].

While the major focus in immunology today has been on T-cell modulation and 
adaptive immunity, targeting the innate immune system, a population of cells that 
are much less suppressed in the TME, has become an attractive option for antican-
cer therapy. NK cells, a component of the innate immune system, are capable of 
spontaneously destroying cancer cells without prior sensitization in contrast to T 
cells of the adaptive immune system and are garnering more attention as new agents 
are being developed. Targeting multiple lymphocyte populations, as well as tumor- 
targeted agents, can be an effective approach to increase both the innate and adap-
tive immune response. For instance, CD137 stimulates T cells as well as augments 
NK cell activity and is upregulated on NK cells when exposed to cetuximab-coated, 
EGFR-expressing HNSCC cell lines [172]. Therefore, CD137 may be used in com-
bination with cetuximab to target both the tumor and the host immune system to 
enhance NK-mediated ADCC. Additionally, blocking KIR, which is heavily upreg-
ulated on infiltrating NK cells of HNSCC patients, is another approach to improve 
responsiveness to anti-EGFR treatments [69, 173].

14.7  Resistance and Biomarkers

Although immunotherapy causes durable responses in recurrent and metastatic 
patients, a majority of patients do not respond to checkpoint inhibition, and of those 
that do, a minority develops acquired resistance [174]. Evolving evidence shows that 
alterations in several signaling pathways are involved in immediate and/or acquired 
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resistance. For instance, cancer cell-autonomous signals may prevent tumor lympho-
cyte infiltration and reduce the efficacy of immune checkpoint blockade. Activation of 
the oncogenic Wnt/β-catenin pathway reduced T-cell and DC infiltration due to sup-
pression of CCL4 chemokine and induced anti-PD-L1 and anti-CTLA4 mAb treat-
ment resistance [175]. Similarly, loss of PTEN (phosphatase and tensin homolog) 
causing activation of PI3K pathway can also promote checkpoint inhibition resistance 
and increased PD-L1 expression [59, 176]. Additionally, activating mutations 
upstream in the MAPK signaling pathway (e.g., in BRAF) has been implicated in 
reduced TA antigen expression [177] and increased immunosuppressive cytokine and 
VEGF expression [178]. In addition to immediate resistance, long-term follow-up has 
now revealed a late relapse seen in 25% of patients with advanced melanoma who 
initially showed an objective response to PD-1 blockade [179]. Acquired resistance to 
PD-1 blockade in these patients was associated with loss-of-function mutations in the 
JAK1, JAK2, and β2-microglobulin (B2M) genes, leading to immune resistance 
through impaired interferon-receptor signaling and antigen presentation [174].

Recent evidence suggests the quantity and quality of the immune infiltrate into 
the TME dictate clinical response to treatment and outcomes. These immune signa-
tures have been characterized in part by the Cancer Genome Atlas (TCGA), allow-
ing the classification of tumors based on the presence of myeloid or lymphoid 
infiltrates and the expression of immune-related genes [180–182]. “Hot” tumors, or 
those with a robust infiltrate, primarily of CD8+ T cells, have the greatest implica-
tion on the clinical outcome following immunotherapy with checkpoint inhibitors. 
However, there are patients with an effective T-cell infiltrate who still do not respond 
to treatments. Possible mechanisms for immune escape in this situation include the 
loss of TA expression, MHC downregulation, and molecular alterations in cellular 
pathways (most commonly PI3K/AKT/mTOR, MAPK, Wnt/β-catenin, EGFR, Jak, 
and Hippo). Thus, the increased accumulation of T cells within the tumor could be 
a critical event, triggering tumor cell mutations and immune escape [183].

Much effort has focused on defining tumor and/or patient characteristics that 
predict who will and will not respond to particular therapies. In the nivolumab trials, 
there was a correlation of PD-L1 expression in tumors with clinical response to 
PD-1-blocking treatment (36%), with none of the PD-L1-negative tumors display-
ing response to treatment [133, 184–186]. However, since clinical response has 
been observed in PD-L1-negative tumors in other studies [165, 187], investigations 
to identify other biomarkers are ongoing. In the KEYNOTE-012 study evaluating 
pembrolizumab in R/M HNSCC, patients with PD-L2 expression had a trend toward 
higher overall response rate and longer PFS after adjusting for PD-L1 status, 
 suggesting PD-L2 could be predictive of outcomes with pembrolizumab treatment. 
However, these are not perfect biomarkers, as not all PD-L1-/PD-L2-positive tumors 
respond to anti-PD-1 treatment, and conversely, benefit has been seen in some 
PD-L1-/PD-L2-deficient tumors, highlighting a need to develop additional predic-
tive biomarkers. Currently, inquiries into IFN-γ expression, major histocompatibil-
ity complex class II (MHC II) expression, CD8+ T-cell density, and PD-L1 and 
CD8+ T-cell co-localization at the tumor margin are demonstrating potential as pre-
dictive biomarkers for PD-1/PD-L1 blockade response [188, 189].
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In summary, immunotherapy is a new paradigm in the treatment of head and 
neck squamous cell carcinoma, harnessing and manipulating the patient’s own 
immune system to target and destroy tumor cells, which has the potential of produc-
ing a durable immune response. Unfortunately, responses to the various immuno-
therapy options have been less than anticipated. Understanding the mechanisms of 
immediate and acquired resistance to immunotherapy will help identify the patients 
who are unlikely to benefit from particular treatments and help design salvage com-
bination therapies or preventive interventions. In particular, a greater understanding 
of evasion mechanisms of the immune system in the development and progression 
of HNSCC should lead to improved treatment options and outcomes for patients. 
Furthermore, identification of effective biomarkers in predicting response to ther-
apy can assist in personalized treatment.
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Chapter 15
The Clinical Impact of Hypoxia in Head 
and Neck Squamous Cell Carcinoma

Annette M. Lim, Quynh-Thu Le, and Danny Rischin

Abstract Hypoxia commonly occurs in head and neck squamous cell carcinomas 
and is associated with treatment resistance and poor patient outcome. The presence 
of tumor hypoxia can contribute to the protection of cancer cells from DNA damage 
induced by ionizing radiation and chemotherapy, with hypoxia also promoting 
alterations in tumor biology that enhance malignant progression. Significant effort 
has been devoted to abrogating the effects of hypoxia through approaches that 
include the modification of tumor oxygenation and the tumor vasculature. Recent 
approaches to improve therapeutic response have explored agents that can sensitize 
hypoxic cancer cells to chemoradiation or directly cause hypoxic cell death. 
However, these approaches have had limited success. There is significant clinical 
need to identify an appropriate predictive biomarker to select patients with tumor 
hypoxia that will benefit from hypoxia-modifying approaches.

Keywords Head and neck · Squamous cell carcinoma · HNSCC · Hypoxia · 
Radiation resistance · Oxygen enhancement ratio · Nitroimidazole · Nimorazole · 
Tirapazamine · Pimonidazole · FMISO · FAZA · HIF · HIF-1 · Osteopontin

15.1  Introduction

Head and neck squamous cell carcinomas (HNSCC) represent a biologically diverse 
group of tumors, typically referring to squamous cell carcinomas arising from the 
mucosa of the oral cavity, oropharynx, hypopharynx, and larynx. In 2012, more 
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than half a million patients were diagnosed with HNSCC, with the incidence pre-
dicted to increase to more than 856,000 cases by 2035 [1–3]. As most patients pres-
ent with locally advanced disease (AJCC stage III/IV), cure rates are suboptimal 
despite the common use of trimodality treatment, with 2–3-year overall survival 
(OS) rates of approximately 65% [4, 5]. For patients with recurrent or metastatic 
disease, the median survival is less than 5–11 months even with palliative treatment 
[6–8]. Recently, a clinicopathologically and biologically distinct subset of HNSCC – 
oropharyngeal carcinomas induced by human papillomavirus (HPV) – have been 
identified (see Chaps. 20 and 21), which are associated with a significantly improved 
survival regardless of the treatment modality used [4, 9–14]. This discovery 
 highlights the concept that though the HNSCC in individual patients may be histo-
logically similar and with primary tumors arising in close geographical proximity, 
variations in tumor biology and pathogenesis crucially drive patient outcome. As 
HPV-negative HNSCC still accounts for a significant proportion of HNSCC diag-
nosed, many patients still face a high chance of a poor outcome, and therefore 
devising improved treatments for this tumor class represents an area of unmet clini-
cal need.

The identification of biological factors contributing to inferior patient outcome 
facilitates the study of targeted treatment approaches that can improve therapeutic 
efficacy. Hypoxia, the condition of a low oxygen level, is known to be a common 
pathophysiological characteristic of solid tumors including HNSCC, and has been 
found to correlate with treatment resistance and poor patient outcome [15–17]. 
Intra-tumoral hypoxia results from an imbalance between oxygen delivery and oxy-
gen consumption within the tumor. There is abundant evidence that hypoxia induces 
resistance to radiation therapy (XRT), which is one of the most commonly used 
treatment modalities in HNSCC [18, 19]. Hypoxia also contributes to resistance to 
systemic therapy and facilitates molecular events that enhance propensity for nodal 
and distant tumor spread [20–22]. Therefore, significant effort has been devoted to 
targeting hypoxia in combination with radiotherapy to overcome the adverse effects 
of low tumor oxygenation.

Clinical trials have evaluated a number of distinct approaches to increase intra- 
tumoral oxygenation such as the use of hyperbaric oxygen (HBO) during radio-
therapy, or carbogen and nicotinamide which aim to improve perfusion and oxygen 
diffusion into the tumor. More recently, hypoxic cell radiosensitizers and hypoxic 
cell cytotoxins have been investigated [5, 17, 19, 23–25]. Nevertheless, overall, 
most randomized trials of oxygenation approaches have shown limited improve-
ment in disease control and patient survival. This is despite a favorable body of data 
that will be discussed within this chapter that demonstrates that tumors are vulner-
able to hypoxia modification and that hypoxia-targeting agents can be exploited to 
enhance tumor control. However, as for many targeted therapies, the availability of 
an appropriate predictive marker to identify hypoxic tumors and select patients for 
hypoxia-modifying therapy is a key missing factor that has so far hindered the suc-
cess of these approaches. The development of such biomarkers is further compli-
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cated by the evolving understanding of pathology underlying different HNSCC 
subsites represented by the HPV-related and HPV-unrelated subgroups, the impact 
of the tumor microenvironment and host factors such as the immune system on 
patient outcome, and perhaps most pertinently, the inherent heterogeneous nature of 
tumor biology.

This chapter provides an overview of the clinical relevance of hypoxia in 
HNSCC, focusing on the definition of hypoxia and its assessment, and the different 
treatment approaches that have been investigated to alter the impact of hypoxia on 
patient outcome.

15.2  The Definition of Hypoxia in Solid Tumors

One of the biggest challenges to understanding the role of hypoxia in HNSCC is the 
lack of uniform means to define and assess clinically meaningful levels of hypoxia. 
Simply, hypoxia refers to the imbalance between the supply and demand of oxygen. 
The objective definition of hypoxia in solid neoplasms is described as the presence 
of low oxygen tension below normoxic levels of 40–60 mmHg [26, 27], with 
hypoxic tumor pO2 measurements most commonly measuring less than 2.5 mmHg. 
Two main states of hypoxia have been described, perfusional and diffusional 
hypoxia, with likely differential impact on the tumor microenvironment, expression 
of proteins, and response to therapy [15, 28, 29]. Perfusional hypoxia refers to a 
disturbance in the blood and oxygen delivery to a tumor, which usually results either 
from a disruption of the vascular supply or due to significant variations in the deliv-
ery of oxygen-carrying red blood cells to the tumor. Perfusional ischemia can occur 
in tumors in a homogeneous or heterogeneous fashion, when the increased meta-
bolic requirements of a rapidly growing cancer and its supportive microenviron-
ment outweigh the normal supply of oxygen or when neovascularization of the 
tumor does not adequately support the rate of growth. Diffusion-limited hypoxia or 
diffusional hypoxia can also occur, which arises due to large diffusion distances 
between tumor cells and blood vessels, commonly defined as greater than 70 
micrometers. Indeed, both perfusional and diffusional hypoxia can occur in the 
same tumor [29]. Hypoxia is sometimes described according to temporality or chro-
nology, as acute or chronic hypoxia. However the underlying causes of hypoxia 
remain as perfusional and diffusional changes in oxygen delivery. Additionally, 
given the potential for heterogeneous temporal and spatial hypoxia, it may be more 
pertinent to define hypoxia functionally – that is, when tumor hypoxia is sufficient 
to lead to stabilization of hypoxia-inducible factor (HIF) subunits [28]. However, it 
is difficult to assess the expression of these subunits, spatially and temporaneously, 
within tumors. Proteins of the HIF family are key regulators of the hypoxia response 
pathway, and the family is discussed in detail in Sect. 12.6.2.
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15.3  Tumor Hypoxia and Poor Prognosis in HNSCC

As most patients with HNSCC present with locally advanced disease, treatment typi-
cally involves the use of combination therapy. Radiation can be administered alone 
or with chemotherapy, either adjuvantly after surgery or as the primary  treatment 
modality. When chemotherapy is necessary, cisplatin-based chemotherapy is known 
to be the most efficacious radiosensitizer, providing an improved OS  benefit [30].

Given the early conceptual understanding in the 1950s of the ability of hypoxia 
to confer radiation resistance [18], the clinical impact of hypoxia on patient outcome 
in HNSCC has been a matter of interest [23, 31, 32]. Early non-randomized studies 
provided indirect evidence of the negative effects of hypoxia on tumor control and 
also demonstrated the promise that hypoxia-modulating therapy could indeed be 
beneficial for patients. Commencing in 1964, the first prospective randomized con-
trolled trial using HBO to address potential radioresistance due to hypoxia was per-
formed in HNSCC patients treated with definitive XRT [23]. The authors observed 
that patients who were randomized to receive room air rather than HBO with XRT 
experienced a significantly worse 5-year regional control rate of 30% versus 53% (P 
< 0.001) and an increased need for salvage surgery. A similar subsequent study per-
formed which randomized HNSCC patients to a lower XRT dose (10Gy) with HBO 
versus a higher XRT dose (30Gy) and room air again found that patients who 
received room air had both worse rate of locoregional control (P < 0.05) and inferior 
crude overall survival rate (P < 0.02) [24]. These early studies provided an indirect 
observation of the negative impact of oxygenation on tumor control.

A number of seminal studies subsequently confirmed the negative effect of 
hypoxia on patient outcome in HNSCC through the direct measurement of intra- 
tumoral hypoxia [2, 33–35]. Using oxygen electrodes (“polarographically”) to 
examine the levels of oxygenation in involved lymph nodes of locally advanced 
HNSCC patients being treated with conventional radiation, Nordsmark and col-
leagues found that intra-tumoral pO2 levels below 2.5 mmHg were an independent 
predictor of worse locoregional tumor control (P = 0.018) [36]. Brizel and col-
leagues similarly assessed hypoxia polarographically (described in greater detail in 
Sect. 12.6.1) with electrodes placed in primary tumors and pathologically enlarged 
lymph nodes of patients with advanced HNSCC. The authors reported a signifi-
cantly lower 1-year disease-free survival (DFS) rate of 22% for patients with median 
tumor pO2 less than 10 mmHg versus 78% for those with a median tumor pO2 
greater than 10 mmHg (P = 0.009) [33]. Rudat and colleagues pooled pre-treatment 
data from studies using electrode measurements of hypoxia in 194 patients with 
HNSCC treated with greater than 60Gy of XRT and again confirmed the poor prog-
nostic impact of pO2 levels less than 2.5mmHg (P = 0.004) [34]. However, the 
negative and positive predictive values of pre-treatment pO2 did not adequately 
identify patients in need of alternative treatment approaches, with the authors rec-
ognizing the complexity of variables influencing hypoxia assessment, including 
intra-individual variation in hypoxia measurements with electrodes, and other fac-
tors affecting oxygenation such as anemia.
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Beyond the direct intra-tumoral measurement of hypoxia, the relationship 
between tumor oxygenation and poor prognosis has also been confirmed with less 
invasive means. When tumor hypoxia is measured with exogenous detection meth-
ods such as nitroimidazoles, or endogenous hypoxia markers such as carbonic anhy-
drase- 9 (CA-IX), or imaging-based detection methods including PET-based hypoxia 
tracers, in general the presence of hypoxia has been found to correlate with worse 
locoregional control, worse distant control, and worse overall survival regardless of 
treatment provided [37–43].

It should be noted that not all studies have reported a correlation between detec-
tion of tumoral hypoxia and an inferior patient outcome [42]; this highlights the 
heterogeneity of tumor biology and methods to detect tumor hypoxia that undoubt-
edly impact on correlative results. However overall, it is widely accepted that the 
presence of hypoxia confers a negative impact on patient outcome, regardless of 
how it is assessed.

15.4  Theory of Hypoxia-Induced Treatment Resistance

As ionizing radiation is a key treatment in HNSCC, one important mechanism by 
which hypoxia confers an adverse effect on patient survival is due to the necessity 
of oxygen for radiation cytotoxicity. Mechanistically, the therapeutic benefit of ion-
izing radiation reflects its ability to cause cell death by both directly and indirectly 
damaging DNA. DNA can be damaged by radiation by direct photon interaction 
(photo-interaction). Alternatively, indirect DNA damage can be caused by the gen-
eration of secondary radicals. Ionizing radiation-induced water lysis leads to the 
production of H2O2 and hydroxyl radicals which cause double-stranded DNA dam-
age, single-stranded DNA damage, base breaks, and DNA-protein crosslinking. In 
addition, sugar radical production and chemical modification of purine and pyrimi-
dine bases can also occur. Oxygen serves to stabilize these radiation-induced free 
radical species, so that DNA in close proximity to regions of high oxygen sustains 
increased damage [44].

In the early twentieth century, Hanh and Schwartz were the first to propose the 
importance of oxygenation on the efficacy of radiation therapy, based on observa-
tions of altered radiation effect with vascular compression causing relative “ane-
mia” in tissues [29]. Later in vivo work from the 1960s onward using mouse and 
human xenograft tumor models treated with XRT in differing hypoxic conditions 
demonstrated that a fraction of tumor cells were resistant to the effects of radiation 
and remained viable even at high doses of greater than 3000 rad [45, 46]. Using 
survival models, tumor growth models, and tumor control models, a fraction of 
approximately 10–20% hypoxic cells were found to be radioresistant, and impor-
tantly, these hypoxic cells accounted for the radiation response observed. A propor-
tion of radioresistant cells was consistently noted regardless of tumor size and was 
even identified in microscopic foci, with the hypoxic fraction of cells increasing 
proportionally with tumor size [45]. Furthermore, it was observed that tumors could 
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become radioresistant in hypoxic conditions and conversely could be made more 
radiosensitive when oxygenation was improved [29].

In 1953, Gray observed that approximately a three times greater radiation dose 
was required to kill hypoxic cells compared to their well-oxygenated counterparts 
[18]. This phenomenon is quantified as an oxygen enhancement ratio (OER) and 
refers to the ratio of the radiation dose given under hypoxic conditions versus nor-
moxic conditions that would yield the same biological effect. This ratio typically 
falls between 2.7 and 3.0 and can transition from 1.0 to 3.0 when tumor oxygen 
tension is below 5 mm Hg. The OER is also dependent on other factors such as the 
oxygen partial pressure of the hypoxic and normoxic conditions, cell or tissue his-
totype, radiation dose, and linear energy transfer of the radiation applied [47] .

In addition to modifying radiation response, hypoxia is known to contribute to 
chemotherapy resistance [20, 48, 49]. Oxygen levels can directly alter the efficacy 
of some chemotherapy agents such as the alkylating agents, which also require the 
presence of oxygen for maximal efficacy through the generation of free radicals 
[49]. Additionally in hypoxic conditions, the effects of many drugs are reduced due 
to the presence of substrates that directly compete with DNA for alkylation, hinder 
the ability of the chemotherapy to produce DNA damage, or slow cell cycling mak-
ing cells less vulnerable to chemotherapy [20, 50–52]. Additionally, hypoxia itself 
exerts selective pressure biased for cells that can survive and proliferate in other-
wise unviable conditions low in oxygen and nutrients through adaptive processes 
mediated by the hypoxia signaling pathways discussed further in this chapter [53].

A hypoxic environment also drives upregulation of genes that control angiogen-
esis, cell proliferation, survival, glucose metabolism, invasion, and metastasis [54]. 
One of the most extensively studied regulators of the oxygen-responsive pathways 
is the family of hypoxia-inducible transcription factors (HIF; Fig. 15.1) that bind to 
hypoxia response elements (HREs) of hundreds of target genes [55–57]. One of the 
key mechanisms by which hypoxia is thought to contribute to chemoresistance is 
via HIF-1 pathway activation [22, 58–61]. HIF-1 also regulates the transcription of 
members of the ABC-transporter family, which facilitate cancer survival in hypoxic 
conditions. These ABC transporters include members of the multidrug resistance 
(MDR) gene family, which promote chemoresistance to agents including taxanes 
and anthracyclines through overexpression of the P-gp membrane efflux pump and 
related pumps [22, 61–63].

Hypoxia and resultant HIF-1 activation also lead to acidification of the tumor 
microenvironment through facilitation of anaerobic glycolytic metabolism beyond 
the expected aerobic glycolytic metabolism (Warburg effect) in tumors, mainly 
through the induction of the GLUT-1 and GLUT-3 glucose transporters and via 
direct activation of carbonic anhydrases [22, 64, 65, 66]. The relative environmental 
acidity hinders passive diffusion of some chemotherapy agents, such as anthracy-
clines. HIF-1 signaling also promotes other biological mechanisms that enhance 
malignant potential including genomic instability and facilitation of survival of can-
cer stem cells and TP53-mutated tumors which inherently possess greater clono-
genic and metastatic potential that can drive repopulation and relapse after therapy 
[60, 67, 68, 69, 70].
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15.5  Tumor Hypoxia Detection

Due in part to the many different characteristics of hypoxia and variable ways of 
assessing tumoral hypoxia, no global biomarker of hypoxia has yet been identified 
to select appropriate patients for therapeutic strategies. The ability to consistently 
detect and measure biologically significant hypoxia is crucial for the improvement 
of hypoxia-modulating approaches for the treatment of HNSCC.  The well- 
established and extensively studied relationship between low tumor oxygenation 
and poor prognosis has utilized two main detection methods: (1) direct electrode 
measurement of hypoxia, and (2) indirect hypoxia assessment with endogenous and 
exogenous biomarkers or with imaging modalities (Table 15.1) [42, 43]. Importantly, 
the choice of methodology can impact patient comfort but also has the capacity to 

Fig. 15.1 Hypoxic regulation of HIF-1 function. In hypoxic conditions, the HIF1 alpha and beta 
subunits bind to the hypoxic response elements (HRE) in the promotor region of a variety of 
hypoxia response genes including carbonic anhydrase-9 (CA-IX), glucose transporters (GLUT), 
vascular endothelial growth factor (VEGF) proteins, programmed cell-death-1-ligand (PDL1), and 
erythropoietin receptor. This results in activation of downstream signaling pathways which facili-
tate angiogenesis, cellular proliferation, invasion and metastases, and glucose metabolism. In con-
trast, in normoxic conditions HIF1 hydroxylation can occur due to the presence of oxygen which 
facilitates binding to the von Hippel-Lindau protein which then instigates ubiquitination and pro-
teasomal degradation of HIF1
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Table 15.1 Approaches to hypoxia detection

Method Advantages Disadvantages

Direct

Electrode measurement 
(polarographic needle)

Direct in situ assessment of hypoxia
Immediate results

Invasive and anesthetic 
required
Unable to distinguish 
between areas of necrosis 
and viable tumor
Interobserver variability
Limited by tumor 
heterogeneity and dynamic 
changes
Needle placement 
inconsistent

Indirect: Endogenous

HIF and downstream 
signaling pathways (e.g., 
CA-IX, GLUT, VEGF, 
VEGFR)

Easy to assess with 
immunohistochemical techniques
Expression regulated by hypoxia
Meta-analyses confirm relationship 
with expression and poor patient 
prognosis in general

Expression also regulated by 
oxygen-independent 
mechanisms
Tissue sampling limitations 
with tumor heterogeneity 
and dynamic changes

Osteopontin Can be isolated from serum or 
assessed in tissue samples

Controversial marker of 
hypoxia
Tissue sampling limitations 
with tumor heterogeneity 
and dynamic changes

Gene signatures Assesses the complex hypoxia 
signaling pathways
Next-generation sequencing can be 
used

Gene lists do not overlap 
with other reported 
methodology
No clear concordance with 
other endogenous markers
Tissue sampling limitations 
with tumor heterogeneity 
and dynamic changes

Indirect: Exogenous

Nitroimidazoles Combined with imaging can facilitate 
simultaneous tumor hypoxia 
assessment, anatomical imaging, and 
management
Can be used for immunohistochemical 
assessment
Permit real-time assessment of 
hypoxia with imaging
Noninvasive
Permits quantification of hypoxia

Radioactive tracers can be 
slow to accumulate in tumor 
tissue with slow clearance 
kinetics
Role as predictive marker 
for therapy not yet clearly 
established

CA-IX carbonic anhydrase-9, GLUT glucose transporter, HIF hypoxia-inducible factor, IHC 
immunohistochemistry, VEGF vascular endothelial growth factor
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direct clinical management. For example, the merging of positron emission tomog-
raphy (PET)-based hypoxia imaging with computer tomography (CT) anatomical 
information provides greater tumor volume resolution which can facilitate staging, 
XRT planning, and evaluation of tumor response to treatment.

15.5.1  Direct Measurement of Tumor Hypoxia

Previously considered the “gold standard” of tumor hypoxia measurement, direct 
measurement of tissue oxygenation was first conducted using polarographic needle 
electrodes (pO2 histograph; Eppendorf, Hamburg, Germany) in cancers of the head 
and neck, cervix, and breast [35, 71, 72]. Several independent investigators subse-
quently showed that tumor oxygenation measured by these probes was associated 
with treatment outcome in HNSCC, as discussed previously in the chapter [16, 33, 
73]. This method involves the placement of an oxygen sensor at the tip of a needle 
that is positioned and inserted by ultrasound or CT guidance and advanced through 
the tissue by a step motor. Rapid measurements can be made every 1.4 seconds to 
collect 50–80 measurements along five to six tracks which generate a histogram of 
oxygen partial pressure in the tumor or tissue of interest. Notably, this approach has 
been validated by comparison of electrode measurements against exogenous and 
endogenous hypoxia marker staining [74, 75].

Unfortunately, electrode techniques are not without limitations. Invasive by 
nature, probe insertion and probe migration may cause tissue damage. Measurements 
can only be made in superficial regions, rendering many deeply seated tumors dif-
ficult to access for direct evaluation. Significantly, electrode measurements cannot 
distinguish between hypoxia arising in viable tumor or necrotic areas. Variation in 
readings collected by different observers (interobserver variability) is unfortunately 
common, and hypoxia can be heterogeneous within a tumor making the decision of 
where to place the probe within the tumor challenging and the determination of the 
most clinically relevant measure of hypoxia variable (measurement of the most 
hypoxic region, versus the mean level of hypoxia, versus the hypoxic range) [35, 76, 
77]. Finally, dynamic changes in oxygen tension throughout the tumor cannot be 
adequately resolved due to the inability to acquire spatially comprehensive readings 
over time.

15.5.2  Indirect Measurement of Tumor Hypoxia

Indirect measurement of hypoxia represents the most feasible approach for wide-
spread adoption into clinical care, with the benefit that these methods are minimally 
or noninvasive. Indirect hypoxia assessment methods also have the ability to com-
bine hypoxia assessment with other clinical management. Important methods 
include measurement of both endogenous and exogenous biomarkers.
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15.5.2.1  Endogenous Biomarkers

Endogenous hypoxia-related biomarkers generally refer to proteins whose expres-
sion are increased either through upregulation or through decreased degradation in 
the presence of hypoxia. Based on routine pathological techniques such as immuno-
histochemistry, this approach is a convenient and cost-efficient method for assess-
ing tumor oxygenation in both fresh and archival tissue samples. Virtually all 
archived tumor samples are amenable to endogenous marker analysis, unlike exog-
enous markers that must be injected prior to biopsy. Furthermore, if reliable, assess-
ment of hypoxia using endogenous markers can feasibly be performed as part of the 
pathological workup of the tumor and thus guide the selection of patients for further 
management. However overall, regardless of which marker is used, there are issues 
that confound correlative analyses of which the most significant is the fact that the 
expression of most hypoxia-linked proteins is not specific to hypoxia alone.

Hypoxia-Inducible Factors (HIF) and Other HIF-Mediated Signaling Pathways

Of all endogenous markers, the HIF family (and particularly HIF-1) is most well 
studied given its crucial role in initiating and orchestrating downstream biological 
pathways in response to hypoxia (Fig. 15.1) [55, 78–80]. Overall, the pivotal role of 
HIF-1 in the context of tumor hypoxia is to facilitate the shift of metabolism to meet 
the available oxygen supply, while maintaining sufficient energy production through 
glycolysis and decrease of mitochondrial function [81]. HIF-1 was first reported in 
1992 as a nuclear factor that could induce the transcription of erythropoietin in 
response to hypoxia [82]. HIF-1 is a basic-helix-loop-helix heterodimer that con-
sists of two units: the 120-kDa HIF-1alpha subunit which is regulated by oxygen 
levels and a constitutively expressed 91- to 94-kDa HIF-1beta subunit [83]. HIF-1 
function and activity are tightly regulated (Fig.  15.1). In normoxic conditions, 
HIF-1 degradation is initiated by oxygen-dependent hydroxylation that facilitates 
binding of HIF-1 to the von Hippel-Lindau protein (pVHL), which marks it for 
proteasomal degradation through recruitment of an E3 ubiquitin ligase complex. In 
hypoxic conditions, degradation is inhibited through substrate limitation, as hydrox-
ylation is oxygen-dependent. Therefore, this forms the basis for HIF-1alpha activity 
being regulated by hypoxia. In low oxygen states, accumulation and dimerization of 
HIF-1alpha and beta subunits occur; these dimers then bind to the HREs in the pro-
motor region of genes including CA-IX, vascular endothelial growth factor (VEGF), 
and the glucose transporters (GLUTs) [28, 75, 84–89].

However, HIF-1 activity is not regulated only by hypoxia but other oxygen- 
independent mechanisms as well, with a vast array of other triggers including nitric 
oxide [90], cytokines and growth factors such as TGF-beta [91], cholesterol [92], 
other signal transduction pathways such as the phosphatidylinositol 3-kinase/AKT/
mammalian target of rapamycin (PI3K/AKT/mTOR) and mitogen-activated protein 
kinase (MAPK) pathways [55, 93, 94], and those induced by viruses of the HPV 
family [95, 96]. This immediately highlights potential confounding issues for the 
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use of HIF-1 measurement as a reliable endogenous marker of hypoxia, given that 
other factors apart from hypoxia can stimulate its activity.

Unsurprisingly, the literature contains discordant correlative analyses regarding 
the impact of hypoxia measured by HIF assessment [97–100]. Many of the reported 
studies investigate different anatomical HNSCC subsites, vary in study number size 
and are often based on small numbers of patients, and use different criteria for 
reporting of the number of cells or degree of staining of immunohistochemical anal-
yses of HIF. Given these issues, a meta-analysis of 28 studies using the collated data 
from 2293 HNSCC patients has been performed [97]. This meta-analysis reported a 
significant relationship between increased mortality risk and HIF expression 
(HR=2.12; 95% CI 1.52–2.94), which persists regardless of what HIF isoform is 
analyzed [97]. A significant correlation between poor prognosis and HIF expression 
has been confirmed in another meta-analysis focusing only on oral carcinomas 
[101]. In general, other systematic reviews comparing the utility of HIF analyses as 
a hypoxia biomarker compared to other endogenous markers identify HIF-1 as the 
most consistently correlated with poor patient outcome [42].

Other endogenous markers downstream of HIF have been investigated for their 
utility as biomarkers of hypoxia, including CA-IX [85–87, 102]. CA-IX is a trans-
membrane protein and a member of the zinc metalloenzyme family; it is responsible 
for the reversible hydration of carbon dioxide and water produced as a byproduct of 
glycolysis, to bicarbonate and hydrogen (C02 + H20 > HCO3

− + H+). Therefore, 
CA-IX contributes to the regulation of the pH of the cellular microenvironment 
promoting intracellular alkalosis and extracellular acidosis, promoting tumor cell 
survival in hypoxic conditions. The identification of a HIF-1 HRE in the promoter 
region of the CA-IX gene has confirmed the direct regulation of CA-IX expression 
by HIF [87]. However similar to the HIF family, CA-IX expression is not specific to 
hypoxia and is regulated by other signaling pathways such as the PI3K pathway 
[103]. Furthermore, CA-IX expression in hypoxic conditions is not universal for all 
cancer cell lines and also may not be reflective of hypoxia given that overexpression 
of CA-IX can persist despite reoxygenation due to a long protein half-life [104, 
105]. Again, correlative analyses between CA-IX expression and patient prognosis 
are discordant in the literature with studies varying in numbers, reporting methods, 
and cutoffs of significance and with some studies using tissue microarrays. A recent 
meta-analysis of the prognostic significance of CA-IX expression in all cancers 
examined 147 studies and confirmed a significant relationship between poor patient 
outcome and expression of the protein. The subgroup analysis for HNSCC studies 
confirmed a correlation between CA-IX expression and worse overall survival (HR 
1.66, 95% CI 1.29–2.13) and worse locoregional control (HR1.54, 95% CI 1.12–
2.12) [102]. An earlier meta-analysis of HNSCC-specific data from 842 specimens 
with dichotomized reporting of CA-IX also identified  a correlation with signifi-
cantly worse patient survival (P < 0.0001) [85].

Expression of members of the family of transmembrane glucose transporter pro-
teins, which includes GLUT-1, is transcriptionally regulated by HIF, with a HIF1- 
responsive element (HRE) identified in the promoter region of the gene [106, 107]. 
However, not surprisingly, GLUT-1 expression is also not hypoxia-specific and can 

15 The Clinical Impact of Hypoxia in Head and Neck Squamous Cell Carcinoma



408

also be regulated by other factors including insulin and hormones such as estrogen 
[106, 108]. Given the adaption of tumors to primarily glycolytic metabolism in both 
aerobic and anaerobic conditions, glucose transporters play a crucial role in facili-
tating the energy-independent transfer of glucose across cell membranes to meet the 
increased metabolic requirements of cellular proliferation of malignancy [89]. In 
oral cancers and premalignant lesions, overexpression of GLUT-1 has been associ-
ated with the increased risk of malignant transformation [109]. A meta-analysis of 
data from 1301 oral cavity squamous cell carcinoma patients demonstrated a sig-
nificant relationship between GLUT-1 expression and more advanced stage disease 
and shorter survival (HR = 1.88; 95% CI 1.51–2.33, P  <  0.001) [110].

The vascular endothelial growth factor (VEGF) family of secreted ligands, and 
the VEGF receptors (VEGFRs), a group of related transmembrane proteins repre-
sents another hypoxia-responsive signaling pathway triggered by HIF [88, 111, 
112]. VEGF signaling is involved in angiogenesis, cell proliferation, and survival 
[113]. As with the other endogenous markers, literature exists confirming the rela-
tionship of VEGFR expression and poor patient outcome in HNSCC but with 
acknowledgment that this is not a consistent finding [114, 115] (and Chap. 16).

Osteopontin

Osteopontin (OPN), a member of the small integrin-binding ligand N-linked glyco-
protein (SIBLING) family, is a putative biomarker of hypoxia that differs from the 
other proteins discussed above, as its expression is not primarily regulated by HIF 
but is rather mediated by a Ras-activated enhancer [116, 117]. SIBLINGs are 
secreted soluble glycoproteins that have autocrine and paracrine signal transduction 
function and can be detected in plasma or on a variety of cell surfaces including 
epithelial cells and bone and stromal tissues given their ability to bind to multiple 
protein partners (e.g., integrins, matrix metalloproteinase family, and complement 
factor H) [116]. Thus, SIBLINGs are known to contribute to invasion and metasta-
ses through facilitation of cell adhesion and migration and through modulation of 
the immune and inflammatory responses [118–120]. The relationship between OPN 
and poor prognosis in cancer patients has been confirmed in a meta-analysis of more 
than 200 studies [121]. However, the use of OPN as a hypoxia marker is controver-
sial (Table 15.1). Key reports have confirmed an inverse correlation between plasma 
OPN levels and oxygen tension, but this is inconsistently replicated when OPN 
levels are assessed in tumor samples or correlated with other hypoxia markers or 
compared with direct measurements of oxygen tension [74, 75, 122, 123].

A seminal report by the Danish Head and Neck Cancer (DAHANCA) group, 
which investigated the benefit of the hypoxia radiosensitizer nimorazole with XRT 
in 320 HNSCC patients, found that high plasma OPN was able to select patients 
who benefited from the use of this hypoxia-modulating approach (DAHANCA-5) 
[124]. Patients with high OPN levels who received XRT alone had inferior locore-
gional control rates (P = 0.01) and disease-specific survival (P = 0.0004). Thus, it 
was with interest that the subsequent Trans-Tasman Radiation Oncology Group 
(TROG) 02.02 phase III international study of tirapazamine (TPZ; a hypoxic cell 
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cytotoxin), in combination with cisplatin-based chemoXRT, also examined the util-
ity of OPN as a hypoxia biomarker [125]. With larger patient numbers (n=578) and 
the use of samples from younger patients for the analysis, the prognostic signifi-
cance of plasma OPN could not be confirmed and nor were levels found to be pre-
dictive of benefit for hypoxia-modulating therapy. Therefore, the utility of this 
marker is uncertain.

Gene Signatures

Given the complexity of signaling pathways in response to hypoxia, gene expres-
sion or proteomic analyses may represent a more realistic assessment of the network 
of activated pathways (Table 15.1). Through these approaches, HIF-regulated and 
non-HIF-regulated proteins such as connective tissue growth factor (CTGF), 
hypoxia-inducible gene-2 (HIG2), dihydrofolate reductase, and lysyl oxidase 
(LOX) have been examined histologically in HNSCC to identify markers that can 
predict cancer-specific survival, overall survival, and identify HNSCC patients best 
suited for hypoxia-targeted therapies [122]. The most promising hypoxia-related 
gene signature in HNSCC has been reported by the DAHANCA group to be both 
prognostic and predictive for benefit of hypoxia modulation with nimorazole [126, 
127]. The authors first utilized in vivo xenografts to confirm the relevance of a num-
ber of reported hypoxia-related genes and then quantified gene expression in a set 
of 58 HNSCC samples of “more” hypoxic (~greater than 60% hypoxic fraction with 
pO2 less than 2.5mm Hg) and “less” hypoxic (~less than 60% hypoxic fraction with 
pO2 less than 2.5mm Hg) tumors defined by oxygen electrode measurements. A 
final 15 gene expression signature was identified and validated in 323 samples from 
patients treated on the DAHANCA-5 study. Patient tumors were classified by the 
gene signature as less or more hypoxic. For those with a more hypoxic signature 
who received nimorazole plus XRT, the 5-year locoregional failure rates were lower 
compared to those who received XRT alone (46% vs. 79%, P = 0.0001, respec-
tively). The test for interaction was significant for those who received nimorazole (P 
= 0.003). Interestingly, the 15-gene signature (ADM, ALDOA, ANKRD37, BNIP3, 
BNIP3L, C3orf28, EGLN3, KCTD11, LOX, NDRG1, P4HA1, P4HA2, PDK1, 
PFKFB3, and SLC2A1) did not include any of the previously discussed, well- 
studied biomarkers of hypoxia [127]. A more recent report by the German Cancer 
Consortium Radiation Oncology Group (DKTK-ROG) investigating the utility of 
the same hypoxia gene signature in 158 HNSCC patients treated with cisplatin- or 
mitomycin-C-based chemoXRT could not confirm a significant relationship 
between more “hypoxic” tumors and locoregional control rates (P = 0.071) [128]. 
The utility of the 15-gene signature is being further investigated in an international 
phase III trial seeking to validate the benefit of chemotherapy plus accelerated frac-
tionated XRT with or without nimorazole in HPV-negative tumors (EORTC 1219/
TROG 14.03/NCT01880359).

Despite the convenience of the discussed endogenous markers, limitations exist 
for their use in the assessment of tumor hypoxia. As for any method that requires a 
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tissue biopsy, limited sampling of a tumor will not reliably represent the known 
spatial and temporal heterogeneity of hypoxia within a tumor. Additionally, archival 
tissue assessment may not reliably reflect hypoxia of an in situ tumor with varia-
tions in vascular supply and changes that evolve during exposure to treatment. 
Technical issues arise with storage processes, fixation processes, staining methods 
with variability between antibodies and platforms used, and variability in the report-
ing measurement or quantification of protein expression. Furthermore, the staining 
patterns of certain endogenous markers can differ significantly from exogenous 
tracers, making it a challenge to correlate with other methods of hypoxia assess-
ment. Additionally, as discussed above, the expression of hypoxia-induced endog-
enous markers is in general not hypoxia specific.

15.5.2.2  Exogenous Biomarkers

Exogenous biomarkers (Table 15.1) take advantage of the physicochemical proper-
ties of drugs and chemicals that are injected into a patient or tumor, which accumu-
late and only become detectable through bioreduction at levels of oxygen less than 
10mm Hg [43, 99, 129]. Furthermore, an advantage of these compounds is that dead 
cells do not demonstrate a false signal given their inability to metabolize the biore-
ductive probes. Numerous injectable metabolic and bioreductive markers have been 
developed to measure tumor hypoxia. When radiolabeled with PET-compatible iso-
topes, these markers provide a means to image tumors in situ while capturing the 
temporal and spatial heterogeneity of hypoxia that direct probe measurement cannot 
achieve. The merging of PET hypoxia marker imaging with CT anatomical infor-
mation provides greater tumor volume resolution. Therefore, the use of exogenous 
biomarkers coupled with imaging techniques represents a feasible approach to 
hypoxia assessment that can be easily combined with routine clinical management. 
However, although a variety of bioreductive complexes are available to image tumor 
hypoxia, further improvements are required to address the limitations of current 
tracers. There is need for tracers to exhibit faster, more specific localization as well 
as rapid clearance from well-oxygenated tissues which will enhance the signal-to- 
noise ratio. Efforts toward improving hypoxia tracers have yielded compounds 
varying in their lipophilicities and bio-distributions, several of which are still in 
various stages of animal and clinical testing [130–133].

The prototype of bioreductive probes, the antibiotic 2-nitroimidazole, was identi-
fied in the 1950s as effective against bacteria which grew in hypoxic conditions and 
was eventually developed as a more efficient compound with increased electron 
affinity [134–136]. Nitroimidazoles, which were originally created using tritiated 
misonidazole, undergo an enzymatic reduction to a radical anion that is back-oxi-
dized to its starting compound in well-oxygenated conditions. However, in the 
hypoxic environment, the radical anion is further reduced and remains bound to 
macromolecules, causing it to be irreversibly retained in hypoxic cells. Trapped 
nitroimidazole compounds are detected by specific antibodies for immunohistologi-
cal analysis of biopsied tumor samples or radiolabeled for PET imaging in vivo.
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Fluorine 18-fluoromisonidazole (FMISO, [1-(2-nitroimidazolyl)-2-hydroxy- 3-
fluoropropane] is one of the most widely used PET imaging tracers for hypoxia 
detection in cancer, including HNSCC [136, 137]. Regions identified as hypoxic by 
FMISO have been shown to correlate with other biomarkers of hypoxia, including 
correlation with areas staining for both exogenous pimonidazole and endogenous 
CA-IX hypoxia markers [138–140]. FMISO accumulation has been reported to sig-
nificantly correlate with poor response to XRT, confirming its clinical utility to 
identify high-risk hypoxic disease [40, 141–143]. Of clinical interest, in HNSCC 
patients treated in a randomized trial of chemoXRT versus chemoXRT and tira-
pazamine (TPZ), FMISO-PET uptake was shown to identify patients at higher risk 
of locoregional failure and was able to identify patients with hypoxic tumors who 
benefited from the use of TPZ [144]. As quantification of hypoxia is also possible 
with FMISO imaging, a defined value of hypoxia may additionally represent an 
objective metric for assessment that could form a putative prognostic marker in 
HNSCC and other cancers [141, 142, 145]. Another application of FMISO-PET 
imaging in treatment of hypoxic HNSCC has been to guide dose escalations of up 
to 105 Gy to hypoxic areas using intensity-modulated XRT (IMRT), which has been 
shown to be achievable without exceeding normal tissue tolerance [146]. However, 
the lipophilicity of FMISO and slow specific accumulation of the tracer in target 
tumor tissue with slow clearance kinetics from normoxic tissues require delays of 4 
h after administration for the optimal contrast between hypoxic tissue and back-
ground [147, 131]. This delay is clinically cumbersome and has hindered applica-
tion of FMISO imaging. There is obvious need for agents with higher signal-to-noise 
ratio.

Fluoroazomycinarabinofuranoside (FAZA) is another nitroimidazole with a 
sugar addition that generates a better signal-to-noise ratio than FMISO but has a 
similar tracer distribution. It exhibits faster diffusion through cell membranes, faster 
accumulation in target hypoxic tumor cells, and improved clearance from normoxic 
tissues [148–150]. However, in animal models, FAZA-PET concentrations were 
shown to be lower than FMISO indicating inferior sensitivity of the agent for 
 detection of hypoxia. Despite this, the role of FAZA imaging in the clinic is still 
being explored as there is suggestion that it demonstrates potential utility as a pre-
dictive marker for benefit of TPZ treatment with chemoXRT in HNSCC, and signal 
intensity may correlate with patient outcome [151–153].

Pimonidazole ([1-(alpha-methoxymethylethanol)-2-nitroimidazole]), which can 
be administered both intravenously and orally and is commonly used in animal 
models, has shown utility for detection of hypoxia within frozen and fixed tumor 
samples [154, 155]. It may be that pimonidazole and other exogenous markers 
detect chronic diffusion-limited hypoxia due to the observation of maximal uptake 
of the probe at distances greater than 100 μm from vasculature [156]. Kaanders and 
colleagues examined HNSCC samples from patients who were injected with pimo-
nidazole prior to biopsy under general anesthetic, finding higher expression of this 
bioreductive probe correlated with significantly worse locoregional control and 
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DFS after treatment, when expression imaged with fluorescence microscopy was 
defined as a dichotomous variable [41]. Promisingly, the poor prognostic impact of 
the hypoxia detected by pimonidazole was abrogated in patients who were allocated 
treatment with accelerated XRT combined with carbogen and nicotinamide 
(ARCON) versus other therapy, insofar as ARCON has been reported to counteract 
diffusion- and perfusion-mediated hypoxia. Conversely, only weak correlation (R = 
0.36, P = 0.02) was found between pimonidazole detection and the detection of the 
endogenous hypoxia marker CA-IX.  In this study, CA-IX was not found to be a 
prognostic marker for patient outcome [41]. The utility of 18-F-radiolabeled pimo-
nidazole as a radiotracer with PET imaging has been investigated but was proved 
inferior to other more commonly used agents [157]. There are limited further data 
on the usefulness of pimonidazole in HNSCC.

EF5 ([2-(2-nitro-1H-imidazol-yl)-N-(2,2,3,3,3-pentaflouropropyl) acetamine]), a 
fluorinated derivative of the 2-nitroimidazole etanidazole, can be 18-F labeled for 
PET imaging and has been shown to predict radioresistance in individual tumors in 
murine and rat models [158]. A simplified method of EF5 synthesis that meets the 
standards of purity and activity for clinic use has been described and is also ame-
nable to automated synthesis, giving [(18)F] EF5 PET promise for clinic use [159]. 
Comparison can be made between EF5 PET imaging and EF5 fluorescence- based 
immunohistochemical assessment [160].

Finally, beyond the use of bioreductive probes as exogenous markers of hypoxia, 
investigation of other imaging modalities may further improve the imaging resolu-
tion of tumor hypoxia, such as intrinsic-susceptibility magnetic resonance imaging 
(MRI) which detects paramagnetic deoxyhemoglobin [161].

15.6  Hypoxia-Modulating Therapeutic Approaches 
in HNSCC

Great effort has been devoted to targeting hypoxia clinically in order to improve 
treatment response in solid tumors. Means to modify tumor oxygenation such as 
HBO [24, 31, 162, 163], ARCON [164–166], and blood transfusions [167–169] 
have been used to increase oxygen delivery to tumors to render them more sensitive 
to treatment. More recently, the additional benefit of hypoxic cell radiosensitizers 
that sensitize hypoxic cells to cytotoxins and chemoXRT has been tested in 
HNSCC.  Other efforts have been devoted to identifying and targeting hypoxia- 
driven genes or pathways. Some of these efforts have focused on perturbing the HIF 
pathway, tumor metabolism, and immune responses.
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15.6.1  Tumor Oxygen Modifiers

Hyperbaric Oxygen (HBO). The purpose of HBO is to boost oxygen delivery to 
tumors, thereby increasing their sensitivity to radiation. Patients are administered 
100% oxygen under pressure greater than one atmosphere in order to enhance oxy-
gen diffusion into the tumor and circumvent diffusion-limited hypoxia. Studies 
examining the benefit of HBO were among the earliest randomized trials conducted 
to test the benefits of hypoxia modulation and XRT in HNSCC [23, 163]. The earli-
est reported randomized study commenced in the 1960s administered 35 Gy in ten 
fractions over 3 weeks to patients with HNSCC, allocating patients to administra-
tion in air or HBO [22]. The study showed an improvement in the local control rates 
of 53% for patients administered HBO/XRT versus 30% who received XRT alone 
(P < 0.001). However, the improvement in locoregional control was primarily noted 
for smaller tumors and not for larger ones, and no overall survival benefit was 
observed [23]. Another similar study performed in the 1970s that treated HNSCC 
patients with 23–25.30 Gy of XRT with air or HBO to 4 atmosphere administered 
under general anesthetic also reported improved 5-year local control rates in the 
HBO arm compared to room air (29% vs. 16%) [163]. However, improvement in 
other outcome measures including overall survival was not observed. Furthermore, 
although acute toxicities were similar between groups, a trend to worse late toxici-
ties was reported in patients who received HBO.  Adding to the concerns, other 
groups raised queries as to the durability of benefit of HBO with XRT, observing 
that initial benefits were not sustained at 2 years [163, 170, 171]. Thus the role of 
HBO and XRT remained uncertain with other confounding issues between trials 
including differences in hyperbaric pressure, radiation fractionation, and total radia-
tion dose administered.

Cochrane meta-analyses of studies investigating the benefit of HBO and XRT 
eventually confirmed that although a significant reduction in deaths at 5 years was 
found for HNSCC patients receiving HBO, this was at the increased risk of severe 
radiation-related tissue injury (RR 2.35, P < 0.0001, NNH = 8) and seizures (RR 
6.76, P = 0.03, NNH = 22) [162, 172]. Other disadvantages to the use of HBO include 
poor patient tolerance of a pressurized environment due to claustrophobia and the 
cumbersome process of administering HBO and XRT [23, 173]. Largely due to the 
increased risk of adverse events secondary to HBO and the difficulties of administra-
tion, combined HBO and XRT has not been adopted in the clinic [174]. Ultimately, 
HBO studies have contributed more toward highlighting the significance of tumor 
hypoxia in radioresistance rather than improving tumor response to radiation.

Accelerated Radiotherapy with Carbogen and Nicotinamide 
(ARCON) Another approach tested in clinical trials to address tumor hypoxia has 
been the use of carbogen and nicotinamide with XRT (ARCON); this combination 
has been shown to enhance the OER. Carbogen hyperoxic gas breathing consisting 
of 98% oxygen and 2% carbon dioxide aims to combat diffusion-limited hypoxia, 
while the vasoactive agent, nicotinamide, counteracts perfusion-limited hypoxia. 
After promising early studies [165, 166], a phase III randomized trial was per-
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formed to determine the benefit of accelerated XRT with or without ARCON for 
patients with cT2-4 laryngeal squamous cell carcinomas [175]. Of the 345 patients 
treated with 64–68  Gy of XRT randomized on study, no significant difference 
between treatment arms was observed for the primary endpoint of locoregional 
control. DFS and OS also did not improve with ARCON treatment. Interestingly, a 
significant improvement was observed for regional control rates for patients with 
hypoxic tumors versus normoxic tumors defined by pimonidazole staining (100% 
vs. 55%, respectively; P = 0.01) [175]. Thus, in further attempt to identify patients 
who benefited from hypoxia modulation with ARCON, subsequent translational 
research identified that potentially a subgroup of patients with tumors with low 
epidermal growth factor receptor (EGFR) expression or patients with low pre-
treatment hemoglobin levels may benefit from this hypoxia-modulating approach 
[176, 177].

Other approaches. Given the adverse prognostic factor of anemia in HNSCC 
patients [178], other approaches to enhance tumor oxygenation such as the use of 
blood transfusions have also been investigated [167, 168]. However, pooled analysis 
of more than 1100 patient data to assess the benefit of receipt of packed red cells 
prior to treatment failed to demonstrate that this was an effective method of altering 
patient outcome [168]. Furthermore, it may be that that receipt of blood transfusions 
could have an adverse effect on patient outcome [169].

Another approach investigated to combat the poor prognostic effects of anemia 
in HNSCC has been the use of erythropoietin-stimulating agents [179, 180]. 
However concern exists regarding this approach given the knowledge that many 
cancer cells, including head and neck cancer, have been reported to highly express 
the erythropoietin receptor, whether assessed by immunohistochemistry or mRNA 
expression [181–184]. Thus, administration of stimulating agents in this context 
could obviously be oncogenic (Fig. 15.1). Cochrane analyses have been performed 
addressing the impact of erythropoietin-stimulating agents in cancer patients [180, 
185, 186] and also its effects as an adjunct therapy for head and neck cancer patients 
receiving adjuvant XRT or chemoXRT [179]. The most recent review of 91 trials 
including data from more than 20,100 cancer patients significantly demonstrated 
evidence of harm for those receiving stimulating agents, with increased estimated 
mortality rates (HR 1.17, 95% CI 1.06–1.29) and worse OS rates (HR 1.05, 95% 
CI 1.00–1.11) observed [180]. An increased risk of thromboembolic events and 
hypertension was also noted for those who received erythropoietin-stimulating 
agents. This Cochrane review included data of six randomized head and neck can-
cer studies, with over 1,449 participants’ data. A separate meta-analysis of five 
randomized controlled trials investigated the impact of adjuvant erythropoietin in 
nearly 1,400 head and neck cancer patients receiving XRT with or without chemo-
therapy [179]. A significantly worse OS was observed for those who received 
erythropoietin in addition to standard adjuvant therapy (HR 0.73, 95% CI 0.58–
0.91, P = 0.005). Therefore, the use of erythropoietin-stimulating agents is not 
routinely recommended in the management of head and neck cancer patients due 
to the evidence of harm.
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Use of hyperthermia for hypoxia modulation in HNSCC has also being investi-
gated with limited evidence for benefit beyond the potential of improved complete 
response rates [187, 188].

15.6.2  Hypoxic Cell Radiosensitizers and Cytotoxins

Since the mid-1970s, approaches to circumvent hypoxia-induced treatment resis-
tance in HNSCC have focused on utilizing hypoxic cell radiosensitizers in combina-
tion with radiation. These sensitizers were developed as electron-affinic compounds 
that selectively increase radiation-induced cell kill of hypoxic cells by mimicking 
the effects of oxygen. Research conducted with these hypoxia-specific radiosensi-
tizers lead to the development of hypoxic cell cytotoxins, which are directly lethal 
to tumor cells with low oxygen tension. Under hypoxic conditions, hypoxic cell 
cytotoxins are metabolized by intracellular reductases to form reactive radical spe-
cies that induce cell death through formation of single-stranded DNA breaks, 
double- stranded DNA breaks, and chromosomal aberrations (Fig. 15.2) [189].

15.6.2.1  Nitroimidazole Studies

Nitroimidazoles have been the main agent used in the clinic to target tumor 
hypoxia. Multiple clinical trials conducted by the Radiation Therapy Oncology 
Group (RTOG), the European Organization for Research and Treatment of Cancer 
(EORTC), and the DAHANCA group have investigated the benefit of combining a 
variety of 2-nitroimidazole derivatives with radiation.

Between 1979 and 1985, the EORTC investigated a split-course accelerated frac-
tionation regimen with or without misonidazole 1g/m2/day compared to standard 
fractionation alone in patients with locally advanced HNSCC. Unfortunately, miso-
nidazole did not improve 5-year locoregional control rates or OS [190]. The RTOG 
conducted a randomized phase III trial to compare the combination of etanidazole 
2.0g/m2 three times a week for 17 weeks plus conventional XRT (66 Gy in 33 frac-
tions to 74 Gy in 37 fractions) versus radiation therapy alone. The addition of etani-
dazole to radiation therapy failed to demonstrate any benefit [191]. Similarly 
negative results were reported by a European etanidazole trial [192].

In contrast, nimorazole (1-(N-B-theylmorpholine)-5-nitro-imidazole) is of inter-
est due to its reported benefit with XRT, although it is a less potent radiosensitizer 
and less toxic compound compared to etanidazole. Use of nimorazole was reported 
in a seminal randomized double-blind phase III study (DAHANCA-5) in over 400 
patients with supraglottic and pharyngeal squamous cell carcinomas to improve 
both 5-year locoregional control rates (49% for the nimorazole group versus 33% 
for placebo, P = 0.002) and cancer-related deaths (52% for the nimorazole versus 
41% for placebo, P = 0.002) [25]. Patients were randomized to receive conventional 

15 The Clinical Impact of Hypoxia in Head and Neck Squamous Cell Carcinoma



416

XRT alone to a total dose of 62–68 Gy (2 Gy/fraction, five fractions per week) with 
or without nimorazole. However, receipt of nimorazole did not significantly improve 
OS. To date, nimorazole is the only hypoxic cell radiosensitizer that is being used in 
the clinic, albeit its use is limited outside of Denmark. The role of nimorazole 
remains controversial due to the lack of a proven survival benefit and the lack of 
comparative trials using the current international standard of care, being platinum- 
based chemoradiotherapy. Results from a phase III international trial investigating 
the benefit of nimorazole plus chemoXRT in HPV-unrelated tumors are eagerly 
awaited (EORTC 1219/TROG 14.03/ NCT01880359).

15.6.2.2  Tirapazamine Studies

Tirapazamine (TPZ) is an aromatic heterocycle di-N-oxide (3-amino-1,2,4- 
benzotriazine- 1,4 dioxide) that was developed as a hypoxic cell cytotoxin. While 
inert in normoxic conditions, in hypoxic environments, TPZ is reduced to an active 
cytotoxic superoxide state (Fig.  15.2). Preclinical studies showed that TPZ was 
highly active in mammalian cells in vitro when combined with fractionated radia-
tion at doses comparable to those used in clinical practice [193]. In other preclinical 
studies, Dorie and Brown reported that the combination of TPZ and various chemo-
therapy agents had an additive antitumor effect in an implanted fibrosarcoma mouse 
model [194]. 18F-FAZA-PET imaging also predicted benefit of TPZ plus cisplatin- 
based chemotherapy in mouse tumor models [195].

Fig. 15.2 Mechanism of action of tirapazamine (TPZ), a hypoxic cell cytotoxin, in normoxic 
and hypoxic conditions. In normal levels of oxygenation, TPZ exists in its inert form. However, 
in hypoxic conditions, TPZ undergoes one-electron reduction and forms a superoxide radical that 
can elicit DNA damage thus exerting its cytotoxic effect. The radical form of TPZ can be back- 
oxidized to its inert state in the presence of oxygen
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A phase I trial in HNSCC patients was performed that confirmed the feasibility 
of administering TPZ with cisplatin-based chemoXRT and suggested predictive 
benefit of 18F-misonazole-PET imaging to select patients for hypoxia modulating 
therapy [196]. The subsequent randomized phase II trial (TROG 98.02) performed 
was designed to investigate the benefit of two chemoXRT regimens in 122 patients 
with stage III/IV HNSCC – one with TPZ aimed at targeting tumor hypoxia and the 
other cisplatin-/fluorouracil-based regimen targeting repopulation kinetics. The 
study found a nonsignificant difference in 3-year failure-free survival rates for cis-
platin plus TPZ versus cisplatin and 5-fluorouracil (55% versus 44%, log rank P = 
0.16) [197].

Based on these results, the TROG 02.02 (HeadSTART) randomized phase III 
clinical trial was designed to investigate the benefit of adding TPZ to concurrent 
radiation and cisplatin 100mg/m2 in  locally advanced HNSCC. The international 
study involved 88 centers from 13 countries and 861 patients with stage III–IV 
tumors arising from the oral cavity, oropharynx, hypopharynx, and larynx. Patients 
were randomized to receive 70 Gy of radiation over 7 weeks with either cisplatin 
(100mg/m2/d on day 1 of weeks 1, 4, and 7) or cisplatin (75mg/m2/d on day 1 of 
weeks 1, 4, and 7) plus TPZ (290mg/m2/d on day 1 of weeks 1, 4, and 7 and 160mg/
m2 on day 1, 3, and 5 of weeks 2 and 3). Disappointingly, the addition of TPZ did 
not improve 2-year OS rates, failure-free survival, time to locoregional failure, or 
quality of life scores [198]. However, a seminal finding of the study was that 12% 
of patients had radiation deviations that were predicted to have an adverse effect on 
tumor control and indeed had inferior survival [199]. It is possible that poor quality 
radiation administration and the unrecognized emergence and inclusion of HPV- 
related disease may have impacted the overall results. In addition, another factor 
that may limit the efficacy of tirapazamine is the metabolic consumption of the 
prodrug during diffusion, resulting in suboptimal levels reaching the most hypoxic 
areas of the tumor [200]. In exploratory analyses of patients with acceptable 
 radiation plans and in patients with p16-negative (i.e., likely HPV-negative) oropha-
ryngeal cancer, an increased but not statistically significant locoregional control rate 
was observed in the TPZ arm [13, 199]. This is discussed in detail further in the 
chapter.

A number of new hypoxia-activated cytotoxins are under early preclinical inves-
tigation, and research is being performed to identify novel ways of drug delivery 
[201–204]. However, regardless of the promise of new therapies, the key issue hin-
dering the success of any targeted hypoxia-modulating approach is in the lack of a 
robust method to select patients who will benefit.

15.6.3  HIF-Targeted Therapies

As HIF-1 is a key transcriptional regulator of hypoxia-responsive genes, targeting 
HIF-1 and its upstream and downstream pathways has become an attractive 
approach for circumventing hypoxia-mediated tumor aggressiveness and treatment 
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resistance. However, despite numerous therapeutic approaches being available to 
potentially counteract HIF and its pathways, no agent is currently utilized in clinical 
practice specifically for its effect on hypoxia modulation. Given the number of oxy-
gen and oxygen-independent mechanisms known to regulate HIF, there are many 
therapies available that can potentially counteract HIF activity. However, it is 
important to note that antitumor effects may not be directly due to hypoxia modula-
tion or directly due to HIF modulation but are obtained through effect on other 
signaling pathways or mechanisms that may more significantly underpin tumor 
behavior.

Perhaps the most promising means to counteract HIF activity is through the use 
of agents currently in clinical use that target interacting signal transduction path-
ways. For example, as HIF activity can be precipitated via the PI3K/AKT/mTOR 
pathway, use of mTOR inhibitors such as temsirolimus, or PI3K inhibitors such as 
LY294002, may block HIF signaling [205, 206]. However, the benefit of these 
agents has not been proven in HNSCC [207, 208], and these drugs induce some 
adverse effects [209]. HIF-1 induction can also be attenuated upstream through the 
perturbation of EGFR signaling pathways with use of inhibitory monoclonal anti-
bodies such as cetuximab [210–213]. However, the benefit of cetuximab is not 
believed to be due to HIF or hypoxia modulation, nor is resistance to cetuximab 
likely to arise through hypoxia-mediated mechanisms (see Chap. 15) [214, 215]. 
Perhaps one of the most disappointing results for therapies that counteract HIF acti-
vation pathways has been with the use of VEGF inhibitors, which target angiogen-
esis, cellular proliferation, and cell survival [216]. As single agents, VEGF inhibitors 
such as bevacizumab have limited use in HNSCC.  Similarly phase I–III studies 
combining these agents with other therapies in HNSCC have no proven overall 
survival benefit but rather some evidence of harm [217–219].

Rather than interfering with upstream or downstream signaling, novel antisense 
oligonucleotide agents have been tested that directly target HIF-1α mRNA, albeit so 
far with little success [220]. Enhancement of HIF degradation is another means to 
limit the activity of the protein. For example, HIF-1alpha degradation can be 
induced through inhibition of the heat shock protein, Hsp90, with use of agents such 
as 17-N-allylamino-17-demethoxy geldanamycin (17-AAG) or through use of his-
tone deacetylase inhibitors [210, 221–223]. It is unclear whether these early studies 
that predominantly utilize combination therapy are of benefit and, if beneficial, 
whether this is due to hypoxia modification. A derivative of melphalan (PX-478) has 
been reported to inhibit HIF-1a on multiple fronts, blocking its transcription and 
translation and promoting its degradation [224]. No results have as yet been reported 
from a completed phase 1 trial (NCT 00522652). HIF-1a transcriptional activation 
can be abrogated by targeting its co-activator p300 directly with chetomin or by 
disrupting the interaction of these proteins with the proteasome inhibitor, bortezo-
mib [211, 225]. However, the activity of proteasome inhibitors in HNSCC is unclear.

Thus, although knowledge of HIF activation can provide therapeutic avenues for 
modulation, it may be that targeting HIF and its complex network of signaling path-
ways does not represent a means by which hypoxia can be effectively targeted.
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15.7  The Future of Hypoxia Targeting in HNSCC: 
The Importance of Patient Selection

Clinical trials that have evaluated hypoxia and hypoxic cell cytotoxins or radiosen-
sitizers in HNSCC have demonstrated clearly that not all tumors exhibit hypoxia 
detectable by current methods. Therefore, the future of hypoxia targeting in HNSCC 
is dependent on the evaluation of tumor oxygenation to select suitable patients suit-
able for hypoxia modulating therapy.

15.7.1  Predictive Tools for Patient Selection for Hypoxia- 
Modulating Therapy

A number of clinical studies have reported tools that were able to appropriately 
select patients with tumor hypoxia that benefited from hypoxia-modulating 
approaches. As discussed previously, pimonidazole staining from tumor biopsies to 
assess tumor hypoxia in larynx cancers was able to select patients with tumors that 
were responsive to ARCON treatment [175]. The authors reported that patients with 
hypoxic tumors defined by pimonidazole staining (>2.6% positive staining in the 
tumor) responded significantly better to ARCON compared to accelerated XRT 
alone. However, the utility of this approach may be limited due to the requirement 
for a biopsy and concerns about sampling variability within tumors.

Of all the reported approaches to pretreatment hypoxia evaluation, perhaps the 
most feasible is the use of exogenous marker plus imaging combinations. In the 
development of hypoxia cell cytotoxins, Rischin and colleagues were among the first 
to report the predictive capability, clinical feasibility, and prognostic ability of 
FMISO hypoxia imaging in HNSCC [144, 226]. A sub-study of the phase II TROG 
98.02 trial examined the utility of FMISO hypoxia imaging before and during treat-
ment with TPZ and chemoXRT. Patients with high FMISO uptake within the pri-
mary tumor were found to have a worse locoregional failure rates when treated with 
chemoXRT alone compared to those treated with chemoXRT and TPZ [144]. These 
results suggested a possible role for FMISO imaging in identifying patients who 
would benefit from TPZ. However, the number of patients involved in this sub-study 
was small (n=45). The same TROG group presented further data from 63 patients 
treated on the phase I trial, TROG 98.02 phase II trial, and extension cohort of the 
phase II trial, assessing the utility of FMISO-PET imaging for HNSCC patient selec-
tion for TPZ use [227]. Hypoxia was demonstrated in 49/63 (78%) of tumors. 
Importantly, patients with baseline hypoxia detected with FMISO-PET imaging who 
received TPZ-based therapy had superior locoregional control, failure-free survival, 
and control in the primary tumor site compared to those who did not (P < 0.001).

FMISO-PET imaging is also useful in detecting dynamic changes of tumoral 
hypoxia, which could potentially direct adaptive therapy. The optimal time point to 
assess tumor hypoxia is not clear, given the dynamic changes of hypoxia that occur 
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with treatment. Studies conducted investigating the temporal changes in tumor 
hypoxia during XRT to define the optimal timing of assessment have shown that 
earlier time points during radiation (weeks 1 and 2 or receipt of 10–20 Gy) serve as 
stronger indicators of local progression-free survival rather than later time points 
during treatment [39, 145]. In addition, FMISO-PET imaging to assess spatial 
changes in hypoxia within HNSCC tumors evolving during treatment may help 
identify a clonal population at risk of treatment failure [228].

FAZA-PET imaging has also been used in the clinic to select patients who ben-
efit from TPZ therapy, given the improved tumor to muscle ratio of the probe, with 
reports also suggesting that it may be prognostic in HNSCC [151, 153, 195]. In a 
sub-study of the TROG 02.02 trial, 41 patients received pretreatment FAZA-PET 
scans. Interestingly, compared to the TROG FMISO-PET imaging studies, the 
reported hypoxia was less common with FAZA-PET, with 21/38 (55%) patients 
reported with detected hypoxia. Nevertheless, FAZA-PET imaging identified 
patients with hypoxic tumors who benefited from the addition of TPZ relative to 
cisplatin alone. Further research is clearly required to identify and prospectively 
validate methods to select patients for hypoxia-modulating therapy.

15.7.2  Tumor HPV Status in Patient Selection

Given the recognition of a clinicopathologically distinct subset of oropharyngeal 
carcinomas associated with HPV, predominantly the high-risk HPV-16 subtype (see 
Chaps. 20 and 21), the question has been raised as to whether the predictive and 
prognostic role of hypoxia differs in HPV-related and HPV-unrelated tumors. In 
particular, given the known differences in pathogenesis coupled with the improved 
survival of the subgroup of HPV-related oropharyngeal tumors, it was unclear 
whether the presence of hypoxia further stratified patient outcome or whether 
hypoxia-modulating therapy affected these tumors differently [4, 9, 10, 12, 13, 229–
233]. The incidence of HPV-related oropharyngeal carcinomas has been increasing 
and is now the most common cancer overall induced by the HPV family in the USA 
[234]. Epidemiologically, patients with HPV-related oropharyngeal cancers are 
typically younger, have less cigarette or alcohol exposure, and have better perfor-
mance status with less comorbidities compared to patients with HPV-unrelated 
tumors [10]. The mechanisms by which HPV-related tumors are more responsive to 
treatment are not well understood but have been hypothesized to be related to intact 
p53 function, differential genomic aberrations, less overall genomic instability, and 
better immune surveillance to viral-specific antigens compared to HPV-negative 
tumors [235–240].

Preliminary questions were raised about differences between the benefit of 
hypoxia-modulating therapy according to HPV status due to the retrospective analy-
ses of the seminal phase III DAHANCA-5 nimorazole trial and the TROG 02.02 
TPZ trial [13, 229]. Both studies confirmed the improved overall survival of HPV- 
related oropharyngeal cancers but also suggested that HPV-unrelated (p16-negative) 
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tumors may possibly derive greater benefit from hypoxia-directed intervention than 
HPV-related tumors. Lassen and colleagues evaluated 331/414 samples for HPV 
using the surrogate marker of p16 overexpression [229]. Samples with strong dif-
fuse nuclear and cytoplasmic staining in more than 10% of cells were classified as 
HPV-related. The authors reported a significant improvement for tumors of any sub-
site that were HPV-unrelated who had received nimorazole (P = 0.02). A supple-
mental analysis restricted to the oropharynx was performed, of which 90 
oropharyngeal cancers stained negative for p16, while 53 oropharyngeal cancers 
were positive. Five-year locoregional control rates for the 90 HPV-unrelated cases 
suggested a trend for benefit for the group that received nimorazole (37%) versus 
those who received placebo (20%; HR = 0.68, 95% CI 0.40–1.15, P value not 
reported). For the p16 positive cases, outcome was similar between treatment arms 
[229]. Rischin and colleagues evaluated samples from 185 oropharyngeal patients 
on the TROG 02.02 study and defined p16 positivity by the presence of moderate to 
strong (scored as 2 or 3) cytoplasmic and nuclear staining out of a scale of 0–3 (no 
staining to strong staining) [13]. The authors also reported a nonsignificant trend for 
benefit for patients who had HPV-negative oropharyngeal patients that received 
TPZ plus chemoradiotherapy versus those who did not receive TPZ, with a 2-year 
time to locoregional failure rate of 92% versus 81%, respectively (HR, 0.33; 95% 
CI 0.09–1.24; P = 0.13).

When FMISO imaging was used to assess the presence of hypoxia in patients 
treated on the three early-phase TROG studies examining the benefit of TPZ, and 
HPV status was assessed using p16 immunohistochemistry, Trinkaus and colleagues 
found that there were no significant differences in hypoxia between HPV-related 
and HPV-unrelated tumors [227]. Both subgroups of oropharyngeal tumors 
 demonstrated a high prevalence of hypoxia with 14/19 (74%) of HPV-related and 
35/44 (80%) of HPV-unrelated tumors having FMISO-detectable hypoxia. 
Furthermore, the pattern of distribution of hypoxia between the primary site and 
nodes was similar between the HPV-related and HPV-unrelated groups. Indeed, 
other groups have also found no difference between HPV-related and HPV-unrelated 
disease when hypoxia has been assessed by the presence of CA-IX [231], HIF-1α 
expression [241], and the 15-gene hypoxia signature [126]. These studies suggest 
that while hypoxia may be detectable in HPV-related oropharyngeal cancer, its bio-
logic significance may be less than in HPV-negative HNSCC.

Lee and colleagues used FMISO-PET imaging to examine the feasibility of de- 
escalating treatment in HPV-related hypoxic tumors [242], finding that for 48% 
(16/33) HPV-positive patients, pre-treatment hypoxia detected by FMISO-PET 
resolved within 1 week of chemoradiotherapy. Ten eligible patients selected for 
nodal dose de-escalation of 10 Gy had excellent 2-year locoregional control rates 
and OS rates of 100%, with median follow-up of 32 months (range, 21–61 months). 
However, given the expected good outcome for HPV-related disease and the uncer-
tainty about the clinical significance of hypoxia in HPV-related oropharyngeal dis-
ease [13, 153, 227, 229], further work is required to determine whether detection of 
resolution of hypoxia is the most appropriate test to select good responders suitable 
for de-escalated treatment.
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15.7.3  The Role of the Immune System and Patient Selection

It has been with much excitement that new immunotherapy agents targeting immune 
checkpoints have been investigated in HNSCC.  Recent studies demonstrated 
improved and durable OS in a subset of patients with metastatic cancer [243–245]. 
These effective immunotherapy agents have highlighted the importance of the inter-
play between the tumor and host environment on patient outcome [8, 246]. Therapies 
such as those that target programmed cell death-1 (PD-1) receptor and its ligand 
(PD-L1) are able to enhance the presence of an effective antitumoral response in 
HNSCC and are able to improve OS with less toxicity compared to traditional che-
motherapy agents [8]. Furthermore, the immune system represents the only thera-
peutic strategy that has capacity to dynamically evolve its response as tumors 
undergo clonal evolution. Therefore, the effect of hypoxia on the immune response 
will undoubtedly be another crucial factor to take into account when selecting thera-
peutic strategies for HNSCC patients [247, 248].

There are two main mechanisms by which hypoxia is described to promote 
tumor immune escape: (1) hypoxia can directly hinder immune cell function; and 
(2) hypoxia can indirectly hinder immune cell function due to the generation of an 
acidic microenvironment arising through the metabolic reprogramming of the tumor 
to favor glycolytic metabolism and the downstream effects of the HIF activation 
(Fig. 15.3) [249, 250].

The adaptive immune system recognizes specific tumor antigens, and hypoxia 
can directly alter adaptive immunity. Cytotoxic T-lymphocyte development and 
function at levels of oxygenation of 2.5% have been observed to be impaired when 
compared activity at levels of oxygenation of 20%, although lytic activity of cyto-
toxic T cells is surprisingly greater in hypoxia [251]. Furthermore, the generation 
of effector cytokines and proliferative cytokines are reduced in hypoxic condi-
tions. The acidity of the tumor microenvironment has the greatest impact on T cell 
function, where a progressively acidic environment suppresses activation, prolif-
eration, and cytotoxicity and can even cause apoptosis of T-lymphocytes [250, 
252]. As activated T cells are highly dependent on glycolysis for energy, the meta-
bolic competition with highly adaptive tumor cells for the same glucose supply 
represents another mechanism by which hypoxia can blunt an active immune 
response [249]. One fascinating means by which tumor cells may achieve adaptive 
superiority and achieve immune escape in hypoxic conditions is through direct 
cannibalism of live lymphocytes by tumor cells, as a means of obtaining nutrients 
in a state of low nutrient supply [253]. The immunosurveillance performed by 
natural killer (NK) cells, which can be directly lethal to tumor cells, is also 
impaired in hypoxic conditions [254].

Antigen-presenting cells form an important link between the adaptive and innate 
immune responses. Dendritic cell maturation and activity are impaired in reduced 
states of oxygenation, with inhibition of expression of important co-stimulatory 
molecules CD80 (B7-1) and CD86 (B7-2) observed [255]. The CD80/86 proteins, 
expressed on dendritic cells and other activated immune cells, generate an important 
co-stimulatory signal required for T-cell activation. It also represents the ligand for 

A. M. Lim et al.



423

cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) [256]. Hypoxia also drives 
the differential expression of the innate immune response to favor a T-helper type 2 
response, with reduced T-cell stimulation and increased dendritic cell OPN secre-
tion which facilitates tumor cell migration [257]. Myeloid-derived cells, in particu-
lar the tumor-associated macrophages (TAMs), have a fascinating bi-faceted role 
directly promoting tumor progression through stimulation of angiogenesis, inva-
sion, metastases, and tumor cell survival, while also acting as a key negative regulator 
of both the adaptive and innate immune system [248, 250, 258]. These immune cells 
are considered in general to have a pro-tumor effect. Myeloid-derived cells can also 
inhibit T-lymphocyte tumor infiltration and NK cell function. It appears that these 
effects are mediated by the myeloid-derived cells and TAMs through the HIF-1α 
pathway, supported by observations in animal tumor models with targeted deletion 
of the gene [259]. HIF-1α also regulates the maturation of TAMs, which serves to 
further propagate immunosuppression [260]. Furthermore, in hypoxic conditions, 
HIF-1α directly binds to a HRE in the PD-L1 promotor of myeloid- derived cells, 
upregulating the expression of PD-L1, which leads to immunosuppression [261]. 

Fig. 15.3 The impact of the hypoxic on the immune system. A hypoxic microenvironment can 
directly hinder immune cell function or indirectly hinder immune cell function through the genera-
tion of an acidic microenvironment that arises due to the HIF1-mediated hypoxia response path-
way. Tumor cells and T cells compete for glucose in the hypoxic environment which leads to 
substrate limitation. In hypoxic conditions, HIF1 signaling also increases expression of the inhibi-
tory programmed cell death ligand-1 (PD-L1) on myeloid-derived stem cells, which binds to the 
programmed cell death-1 (PD-1) protein expressed on T cells. The interaction between PD-1 and 
PD-L1 results in an exhausted T-cell phenotype. Ultimately hypoxia can result in decreased T cell 
activation, decreased proliferation, apoptosis, and immunosuppression
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Therefore, it is possible that immunotherapy combined with HIF-1 targeting 
approaches may improve patient outcome perhaps through simultaneous immune 
activation and the abrogation of microenvironmental conditions that facilitate 
immunosuppression via hypoxia and its HIF-1-mediated effects.

Due to the complex effects of hypoxia on the immune system and on the tumor, 
it is highly likely that hypoxia interferes with the effects of immunotherapy. It may 
be that combination approaches that concurrently address the immunosuppressive 
effects of hypoxia and pro-tumor effects of hypoxia are required before break-
throughs in this area are observed.

15.8  Conclusion

Perfusional and diffusional hypoxia occurs frequently in HNSCC and confers treat-
ment resistance and poor prognosis. Hypoxia-induced treatment resistance is a 
well-established biological phenomenon that arises via direct interference with 
mechanisms that mediate radiation toxicity and chemotherapeutic cytotoxicity and 
through facilitation of metabolic resistance phenotypes. Hypoxia modulation has 
been a compelling approach to abrogate the adverse impact of hypoxia in 
HNSCC. Despite the knowledge that some tumors are truly amenable to hypoxia 
modification therapies, clinical trials of hypoxia targeting in HNSCC have been 
disappointing. Future investigation of hypoxia modulation will require a reliable, 
sensitive, and non-invasive predictive test to ensure optimal patient selection.
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Chapter 16
Angiogenesis and Anti-angiogenic Therapy 
in Head and Neck Cancer

Lindsay Wilde, Jennifer Johnson, and Athanassios Argiris

Abstract The formation of new blood vessels, or angiogenesis, takes place through 
a variety of different physiologic and unique pathologic processes in tumor tissue. 
While the control mechanisms of some of these processes are not yet understood, as 
in the case of de novo vessel formation or intussusceptive angiogenesis, a closer 
examination of the process of sprouting angiogenesis highlights the complexity of 
the molecular mechanisms of angiogenesis. Through both positive regulation with 
proteins such as vascular endothelial growth factors (VEGFs), fibroblast growth 
factor (FGF), and NOTCH and negative regulation with other signals such as throm-
bospondin, endostatin, and angiostatin, the endothelial cells of an existing vessel 
can reorganize into new functional luminal architecture. As our comprehension of 
the regulatory machinery has improved, so has the desire to create anti-angiogenic 
therapies using targeted monoclonal antibodies, tyrosine kinase inhibitors, and 
other novel targeted small molecular inhibitors directed at interrupting these regula-
tory signals. Drugs directed against vascular endothelial growth factors in particular 
(e.g., bevacizumab or sunitinib) have been studied as antineoplastic agents either 
alone or in combination with cytotoxic chemotherapy or other targeted agents. A 
unique toxicity profile has been seen with anti-angiogenics that may include events 
such as bleeding, hypertension, and proteinuria. The interest in targeting angiogen-
esis continues, and more clinical trials are underway with new targets and evolving 
strategies.
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16.1  Introduction

Angiogenesis plays an integral role in the development and propagation of human 
cancers, including squamous cell carcinoma of the head and neck (HNSCC), mak-
ing it an attractive therapeutic target. However, the use of anti- angiogenic agents in 
HNSCC has proven challenging, showing only modest benefits in clinical trials to 
date. There is continued interest in developing a better understanding of the process 
of angiogenesis in an effort to employ anti-angiogenic treatments more success-
fully. Further clinical trials with anti-angiogenic agents in HNSCC are ongoing, 
seeking to capitalize on these insights. Here, we examine the processes of normal 
physiologic angiogenesis and tumor angiogenesis, discuss the importance of angio-
genesis in HNSCC, and review the status of clinical research on anti-angiogenic 
agents in HNSCC.

16.2  Physiological Angiogenesis

Blood vessels are essential for the delivery of oxygen and nutrients and the removal 
of waste products to and from tissues, respectively. There are several mechanisms 
by which blood vessels are formed. Some of these processes, such as vasculogene-
sis, intussusceptive angiogenesis, and sprouting angiogenesis, occur in both normal 
tissues and tumors. Others, such as co-option of existing vessels, vascular mimicry, 
and tumor cell differentiation into endothelial cells, occur only in tumors [1].

Vasculogenesis, the de novo formation of blood vessels, begins in the developing 
embryo and is marked by the differentiation of angioblasts into endothelial cells 
(ECs) [2, 3]. Through a series of complex steps, the ECs align into a network of 
vessels from which additional vessels can then be formed [2]. Although initially 
thought to be active only during the prenatal period, it is now accepted that vasculo-
genesis occurs throughout life, both in physiologic and pathologic states [2]. The 
molecular regulation of vasculogenesis, which is still being elucidated, shares some 
features with angiogenesis and involves many of the same pathways [4].

Intussusceptive angiogenesis (IA) is the process by which transluminal tissue 
pillars arise from existing vessels, which have previously been created via vasculo-
genesis or sprouting angiogenesis, and fuse to form new or remodeled vessels [5]. 
Although IA is utilized in embryonic development, in physiologic neovasculariza-
tion, and in tumorigenesis, the molecular mechanisms controlling this process are 
yet to be elucidated [6].

Sprouting angiogenesis, the best-understood method of vessel formation 
(Fig.  16.1), will be discussed here in greater detail as a process relevant to 
HNSCC. Under normal physiologic conditions, endothelial cells are rendered qui-
escent by autocrine signals from vascular endothelial growth factor (VEGF), 
NOTCH, and angiopoietin-1 (ANG-1) [1]. These endothelial cells, which are 
ensheathed by, and share a basement membrane with, pericytes, possess the ability 
to sense hypoxic conditions and respond to angiogenic stimuli [7, 8].
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When an angiogenic signal such as VEGF, VEGF-C, or ANG-2 is sensed, proteo-
lytic degradation of the vascular basement membrane occurs, and pericytes detach 
from the vessel wall [1, 9]. As the existing vessel dilates, the permeability of the 
endothelial cell layer is increased, and a temporary extracellular matrix (ECM) is 
produced from extravasated plasma proteins. This ECM acts as a platform upon 
which endothelial cells align themselves in response to integrin signaling. The ECM 
also stores signaling molecules such as VEGF and fibroblast growth factor (FGF), 
which are then released and serve to further stimulate the angiogenic process [10].

When these angiogenic signals are propagated, one endothelial cell, the so-called 
tip cell, becomes the leader for new vessel formation. The tip cell is selected in the 
presence of a variety of factors including VEGF receptors and the NOTCH ligands 
DLL-4 and JAGGED1 and can respond to environmental stimuli for guidance [10, 
11]. Cells adjacent to the tip cell, called stalk cells, are under the influence of 
NOTCH, WNTs, placental growth factor F (PlGF), and FGFs and divide to lengthen 
the stalk and form a lumen. Stalk cells signal adjacent cells about their position 
through the release of molecules such as EGFL7 and, as such, direct elongation of 
the forming vessel [1, 11, 12]. The nascent vessel fuses with a mature vessel with 
the help of myeloid bridge cells, and blood flow begins [13]. Once the new vessel is 
formed, endothelial cells are again covered by pericytes and rendered quiescent. A 
basement membrane is formed through the action of protease inhibitors (TIMPs and 

Fig. 16.1 Sprouting angiogenesis. The process of sprouting angiogenesis begins when hypoxic 
conditions or angiogenic stimuli are sensed, disrupting the normally quiescent cells. (1) Proteolytic 
degradation of the basement membrane (dark blue) and detachment of the pericytes (gold) are fol-
lowed by extrusion of plasma proteins which form a sort of temporary basement membrane. (2) 
One lead endothelial cell, the tip cell (green), will lengthen in response to further angiogenic sig-
naling, and adjacent cells will begin to mobilize as stalk cells. (3) Guided by VEGF gradients, the 
tip cell will align with a target within in the tissue environment. (4) These sprouting cells will 
eventually vacuolize forming a lumen, a basement membrane will again ensheath the endoluminal 
cells, and pericytes will join tightly to complete the new vessel
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PAI-1), and stabilization of the cellular junctions occurs, concluding the process [1] 
(Fig. 16.1).

As expected, the molecular controls of angiogenesis are complex. However, our 
evolving understanding of these mechanisms has provided us with new therapeutic 
targets and improved outcomes for patients with a variety of cancers, including 
HNSCC.

16.3  Molecular Signaling in Angiogenesis

16.3.1  VEGF

The vascular endothelial growth factor (VEGF) family of proteins, which include 
VEGF-A (commonly referred to as VEGF), VEGF-B, VEGF-C, VEGF-D, and 
PlGF, are the primary regulators of angiogenesis. These extracellular proteins signal 
through their associated tyrosine kinase receptors, located at the plasma membrane. 
VEGFs exist as homodimeric polypeptides and can be spliced to generate polypep-
tides of varying sizes and functionalities [14]. The VEGF gene is located on chro-
mosome 6p21.3 and consists of an ~14 kb coding region spanning eight exons [15, 
16]. The VEGF isoforms are created by alternative pre-mRNA splicing of these 
eight exons [17]. The biologic properties of the isoforms vary, particularly with 
respect to their ability to bind heparin or extracellular matrix, rendering some pro- 
angiogenic and some anti-angiogenic [17, 18]. All VEGFs share a common core 
domain that consists of eight fixed cysteine residues, six of which form S-S intramo-
lecular bonds creating three loop structures while the remaining two form intermo-
lecular S-S bonds and influence the homodimeric structure [19, 20]. Many members 
of the VEGF family are upregulated by hypoxia inducible factor (HIF), specifically 
HIF-1α, and are typically induced in times of tissue growth (either normal or aber-
rant) [21, 22]. Other factors that have been shown to upregulate VEGF expression 
include STAT3, PI3K, RAS, and p53 [23, 24]. VEGFs are produced by most paren-
chymal cells and can act in both a paracrine and autocrine manner [25–27].

Three VEGF receptor (VEGFR) tyrosine kinases have been identified thus far 
(Fig. 16.2). Each is comprised of seven extracellular immunoglobulin-like domains 
for ligand binding, a transmembrane domain, and an intracytoplasmic tyrosine 
kinase domain [19, 28]. The VEGFRs are structurally similar to other families of 
tyrosine kinases such as platelet-derived growth factor receptors (PDGFRs) but dif-
fer in the amino acid sequences found in their tyrosine kinase domains, contributing 
to their differing downstream signaling effects [19, 29]. In general, VEGFR1 (also 
known as Flt-1) is expressed in monocytes and macrophages, VEGFR2 (Flk-1 and 
KDR) in vascular endothelial cells, and VEGFR3 (Flt-4) in lymphatic endothelial 
cells, although variation in this pattern does exist [30]. When a VEGF ligand binds 
to its associated receptor, dimerization is induced, which leads to a conformational 
change that exposes the intracellular ATP binding site and activates kinase function 
[14]. This ultimately leads to downstream signaling and regulation of a variety of 

L. Wilde et al.



443

endothelial cell functions including proliferation, vascular permeability, and migra-
tion [14, 30, 31].

In addition to expression on monocytes and macrophages, VEGFR1 is expressed 
widely on the endothelium. Ligands for VEGFR1 include VEGF, VEGF-B, and 
PlGF [14]. It has been shown that although VEGFR1 binds with high affinity to 
VEGF, its tyrosine kinase activity is less than that of VEGFR2, the major receptor 
involved in VEGF signaling and angiogenesis [14, 32]. The role of VEGFR1 has not 

Fig. 16.2 The VEGF family. (a) The VEGF receptors are capable of binding multiple ligands 
including VEGF-A–E and PlGF, thereby activating downstream pathways that effect vasculogen-
esis, angiogenesis, and lymphangiogenesis. (b) Targeted blockade of these signals can be accom-
plished through monoclonal antibodies directed against either the receptor or the ligand, soluble 
receptor fragments that “trap” circulating ligand, or small molecule inhibitors to the pathway com-
ponents. An * denotes agents that have been studied in HNSCC
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fully been elucidated, but it has been suggested that this high-affinity, low-activity 
binding to VEGF may help to regulate the amount of free VEGF available to bind to 
other receptors. This is supported by the observation that loss of VEGFR1 leads to 
the overgrowth of vessels [33].

VEGFR2 is predominantly expressed on the vascular endothelium and, when 
bound to VEGF, is responsible for the majority of pro-angiogenic signaling [19]. 
The potency of VEGFR2 is demonstrated in patients with activating mutations of 
this receptor, who develop vascular tumors [34]. A soluble form of VEGFR2, 
sVEGFR2, is formed from alternative splicing and is found both circulating in the 
plasma and in multiple tissues, where it binds to free VEGF-C and prevents lym-
phatic endothelial cell proliferation [30, 35].

VEGFR3 (Flt-4) is bound by the ligands VEGF-C and VEGF-D and is involved 
primarily in the regulation of the formation of lymphatic vessels, a process called 
lymphangiogenesis [36]. In addition, there is evidence that heterodimerization 
between VEGFR2 and VEGFR3 occurs, leading to the conclusion that VEGFR3 also 
plays a role in angiogenesis [37]. Although the effects of this cross talk are not fully 
understood, the presence of VEGFR3 neutralizing antibodies leads to inhibition of 
heterodimerization and suppression of lymphatic and vascular formation [14, 38].

VEGF binding to VEGFR2, which is thought to be the major mediator of both 
normal and pathologic angiogenesis, leads to downstream signaling through a vari-
ety of intracellular pathways. The terminal effects of these pathways include 
increased cell survival and proliferation and decreased apoptosis. Cellular prolifera-
tion is induced via VEGFR2 activation of the Erk pathway. Activation can occur in 
two ways: VEGFR2 can lead to Ras activation in conjunction with protein kinase C 
(PKC) and sphingosine kinase, or VEGFR2 can bypass Ras and stimulate Raf 
directly through PKC [39–41]. Irrespective of which pathway results in activation, 
activated ERKs translocate to the nucleus where they phosphorylate a variety of 
transcription factors, ultimately leading to the upregulation of gene expression and 
the promotion of cellular growth [42] (Fig. 16.2a).

VEGF stimulation of the PI3K pathway promotes endothelial cell survival, pro-
liferation, and cell cycle progression both in normal angiogenesis and in tumors [35, 
43, 44]. AKT, the downstream target of PI3K, is involved in a multitude of cellular 
functions including cellular metabolism, protein synthesis, cell cycle activation, and 
inhibition of apoptosis and plays a major role in angiogenesis [45]. Additionally, 
activation of the PI3K pathway can lead to increased production of HIF-1α, causing 
increased expression of VEGF and perpetuation of vascular proliferation [35, 46] 
(Fig. 16.2a).

VEGF has a downstream effect on a variety of other proteins that have been 
identified as playing a role in angiogenesis. For example, p38MAPK is involved in 
modulation of the endothelial cytoskeleton and cellular migration, and Rac, a small- 
GTP- binding protein, has been shown to effect vascular permeability [47, 48]. The 
exact mechanisms of these interactions, as well as others, are still being 
elucidated.
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16.3.2  PlGF

Placenta-derived growth factor (PlGF) is also a member of the VEGF subfamily and 
binds to VEGFR1. While it is produced in the placental trophoblasts and has its 
main role in embryogenesis, it is also expressed in normal physiologic conditions in 
other tissues such as the heart, lung, thyroid, adipose tissue, and skeletal muscle. It 
has been implicated as contributing to pathologic but not physiologic angiogenesis 
[49]. The 3D structure of PlGF is extremely similar to that of VEGF-A. Despite this 
similarity, PlGF binds exclusively to VEGFR1, unlike VEGF-A which can also 
directly bind to and activate VEGFR2. It may indirectly activate VEGFR2 by dis-
placing VEGF-A from VEGFR1 and allowing it to bind VEGFR2 or potentially 
through transphosphorylation. PlGF/VEGFR1 is a key element of neo-angiogenesis 
in hypoxic conditions; however, more recently it has also been shown to recruit and 
activate macrophages which, in turn, secrete pro-inflammatory and pro-angiogenic 
cytokines such as IL-1 and TNF-α [49, 50]. Clinically, the presence of PlGF and 
VEGFR1 activation has been associated with the promotion of pulmonary metasta-
ses [51, 52]. Further exploration of the role of this protein in physiologic conditions 
and in pathologic conditions is ongoing.

16.3.3  PDGFs

Complementing the activity of the VEGF proteins, platelet-derived growth factors 
(PDGFs) are involved in vessel maturation and stabilization [1]. Five different 
PDGF isoforms exist, consisting of a combination of disulfide-linked dimers pro-
duced by four different genes. These isoforms are synthesized as precursor mole-
cules and cleaved to form active growth factors [53]. Once active, PDGFs bind to 
their conjugate tyrosine kinase receptors, namely, PDGFRα and PDGFRβ [54]. The 
PDGFRs are similar in structure and consist of extracellular immunoglobulin-like 
domains and intracellular kinase domains. When a ligand is bound, the PDGFR 
dimerizes causing intracellular autophosphorylation and downstream signaling 
[53]. Physiologic signaling via PDGFRs activates many of the same pathways that 
are involved in VEGF signaling. Specifically, ligand binding to PDGFRβ has been 
shown to initiate signaling through the AKT and ERK pathways among others, 
leading to cell migration, proliferation, and angiogenesis [55].

16.3.4  Other Key Pathways in Angiogenesis

A variety of other molecules and pathways have been shown to play key roles in 
angiogenesis. For example, NOTCH and WNT signaling are involved in tip and 
stalk cell control, and TGF-β signaling is active in the modulation of vascular 
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smooth muscle differentiation [1]. Activin receptor-like kinase-1 (ALK1) is a type 
1 receptor in the TGF-β superfamily that is expressed on activated endothelial cells. 
Activation of ALK1 occurs when bound to its ligands BMP9 and BMP10. Once 
activated, ALK1 signaling leads to downstream phosphorylation of members of the 
SMAD family of proteins. SMAD proteins in turn activate cellular programs dis-
tinct from VEGF and involved in blood vessel maturation and stabilization and are 
engaged in cross talk with the VEGF and NOTCH pathways [56, 57]. ALK1 is pres-
ent in the vasculature of multiple tumor types, including SCCHN [58]. Its upregula-
tion in tumor angiogenesis has made it an attractive therapeutic target.

EGFR is a tyrosine kinase receptor and member of the ErbB family with some 
relevance to angiogenesis. It is expressed on most normal tissues, especially those 
of endothelial origin, and is activated by the binding of a variety of ligands includ-
ing epidermal growth factor (EGF) and transforming growth factor-α (TGF-α) [59]. 
As with VEGFR and PDGFR, ligand binding leads to dimerization of the receptor 
and internal signal transduction. Once signaling occurs, the activated receptor is 
endocytosed in a clathrin-coated pit and either recycled to the cell surface or ubiq-
uitinated and degraded [60]. EGFR is involved in a complex network of signaling 
pathways, including PI3K, Ras, and JAK/Stat, and its activation can lead to cell 
cycle progression, cellular proliferation, migration, and angiogenesis [59, 60]. 
Preclinical studies have shown that EGFR activation leads to endothelial cell migra-
tion and tube formation as well as smooth muscle cell recruitment and vessel matu-
ration [61]. EGFR inhibition is a validated therapeutic strategy in HNSCC (see 
Chap. 2).

Fibroblast growth factor-1 (FGF-1), also known as acidic FGF (aFGF), is a mem-
ber of the fibroblast growth factor family. It is involved in physiological processes 
including embryonal development, cell growth, morphogenesis, and tissue repair as 
well as pathological tumor growth and invasion. FGF-1 is thought to be the angio-
genic factor specifically responsible for endothelial cell (EC) migration and prolif-
eration. Stored in the vascular basement membrane, FGF-1 is upregulated during 
active angiogenesis. It binds to the receptor tyrosine kinases FGFR-1 and FGFR-2. 
Binding to FGFR-1 promotes EC migration and capillary morphogenesis and acti-
vates multiple other signaling pathways. Binding to FGFR-2 mediates proteolysis of 
matrix components and induction of the synthesis of collagen, fibronectin, and pro-
teoglycans [62]. FGFRs are often overexpressed in tumors, and mutations in the 
FGFR genes have been noted, making this another potential therapeutic target [63].

A wide array of chemokines and cytokines including prostaglandins, COX-2, 
and IL-6 are also involved in the regulation of angiogenesis and may be viable 
therapeutic targets for control of this process [20, 64, 65]. Hepatocyte growth factor 
(HGF) is a mesenchymal cytokine that is a potent mitogen, pro-motility factor, and 
stimulator of angiogenesis [66]. It has been shown to stimulate angiogenesis both 
through the upregulation of VEGF expression and through the downregulation of 
thrombospondin, an inhibitor of angiogenesis [67].

The integrin family of adhesion receptors is also active in the regulation of angio-
genesis. These molecules are heterodimeric membrane glycoproteins that are pres-
ent on endothelial cells and serve as receptors for various proteins present in the 
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extracellular matrix [68]. While many integrins exist, αvβ3 and αvβ5 have been 
specifically implicated in angiogenesis. Both are expressed on the endothelium of 
blood vessels, and their presence is necessary for angiogenesis induced by FGF, 
VEGF, and other cytokines [69]. Tumor cells have also been shown to express these 
integrins, leading to enhanced angiogenesis and tumor growth [70, 71].

A number of endogenous anti-angiogenic factors have also been identified. Some 
of these inhibitors, such as thrombospondins and endostatin, are matrix-derived, 
while others, such as angiostatin, are present in the circulation [72, 73]. These fac-
tors act to maintain the normal physiologic balance of angiogenesis; however, they 
also play a role in regulating tumor progression and metastasis [73]. The endoge-
nous anti-angiogenics are under investigation in both animal and human studies as 
novel anticancer agents [74].

16.4  Angiogenesis and Tumorigenesis

Tumors rely on neovascularization for nutrient delivery and growth. Early studies 
looking at angiogenesis revealed that tumors are unable to grow larger than a few 
millimeters in size without inducing their own blood supply [75]. This process, 
termed the angiogenic switch, refers to a discrete time in tumorigenesis when pro- 
angiogenic factors outweigh anti-angiogenic factors and vessel growth begins to 
occur [76]. Initially, mouse models confirmed the theory that angiogenesis is initi-
ated early in tumor development and is likely a rate-limiting step in the development 
of multiple different tumor types [75]. Subsequent in vitro studies confirmed these 
findings in human cancer cells, including those derived from the pancreas, cervix, 
breast, dermis, and epidermis [75].

Once the angiogenic switch occurs, tumor cells are able to initiate and perpetuate 
a cascade of events that lead to new vessel formation [77]. The bulk of neovascular-
ization occurs through sprouting angiogenesis, although studies have shown that 
tumors are able to induce other physiologic mechanisms such as vasculogenesis as 
well [76, 77]. Tumor angiogenesis differs from physiologic angiogenesis, however, 
in that it does not result in the formation of stable, organized vessels. Instead, the 
vessels are abnormal in structure and function, lacking the ability to become quies-
cent and often developing leaks or disruptions in blood flow [78].

Some tumors are also able to induce angiogenesis outside of the physiologic 
pathways of sprouting and vasculogenesis. Vessel co-option, for example, is the 
process by which a tumor appropriates a pre-existing vessel for its own use [79]. 
Vascular mimicry, on the other hand, occurs when tumor cells undergo endothelial 
differentiation and organize into a vascular-like network [80, 81]. Tumors form vas-
cular structures without the contribution of host endothelial cells. These structures 
are not true blood vessels bur rather patterned, ECM-rich matrices that mimic the 
function of blood vessels. These channels are capable of transport of both fluids and 
erythrocytes. This process is rare and has been identified in a variety of solid tumors, 
including melanoma, breast, lung, bladder, and sarcoma [82]. The signaling processes 
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involved in vascular mimicry are complex, with contributions from VE-cadherin, 
PI3K, HIF1-α, NOTCH, and others [83, 84]. It has been proposed that these are 
potential mechanisms by which tumors evade anti-angiogenic therapy [85].

VEGF, which is expressed at normal or elevated levels by tumor cells, is the 
major driver of tumor angiogenesis and is induced, at least in part, by the hypoxic 
environment of the tumor and HIF-1α [78, 86]. Animal models have shown that 
VEGF can act in an autocrine manner if the tumor cells express VEGFRs or in a 
paracrine fashion if neighboring endothelial cells express the receptors [86]. The 
ultimate result of increased VEGF expression is activation of the multitude of path-
ways described above as integral in angiogenesis. Together with contributions from 
additional factors including FGF-1, PDGF-B and C, and COX-2 which are also 
upregulated in tumor cells, these signals contribute to neovascularization and tumor 
growth [76].

In HNSCC and other tumors, EGFR signaling indirectly leads to tumor angio-
genesis by causing increased production of VEGF and other pro-angiogenic factors 
[61]. In vitro studies have demonstrated that EGFR regulates the expression of these 
factors through transcriptional and posttranscriptional mechanisms [87]. Evidence 
also suggests that EGF ligands have a direct effect on EGFR-expressing microvas-
cular endothelial cells, which differ from endothelial cells in the microvasculature 
both in structure and molecular composition [87–90]. These microvascular endothe-
lial cells are found in normal human tissue but have also been isolated from various 
tumors and may play a role in tumor growth and response to therapy [91, 92]. 
Blockade of EGFR signaling on these cells has been shown to impede angiogenesis 
[89].

16.5  Angiogenesis and the Immune System

The tumor microenvironment, including specifically components of the immune 
system, are in dialogue with factors involved in angiogenesis. For example, VEGF 
contributes to immune suppression in multiple ways: by binding to VEGFR1 on 
CD34+ hematopoietic progenitor cells and preventing their differentiation into 
mature immune cells, by inducing programmed death-ligand 1 (PD-L1) expression 
on dendritic cells which leads to decreased T cell activation, by decreasing T cell 
adhesion and extravasation through vessel walls, and by increasing Treg differentia-
tion [93–96]. These discoveries have clearly identified VEGF as a link between 
tumor angiogenesis and immune system evasion.

Research has also shown that, in addition to a tumor’s ability to induce neovas-
cularization directly via the secretion of pro-angiogenic factors, tumors also recruit 
immune cells to the microenvironment and induce them to produce additional pro- 
angiogenic molecules [97–99]. The most prominent of these immune cells are the 
tumor-associated macrophages (TAMs) [100]. Now known to be a heterogeneous 
group of myeloid cells, TAMs are involved in a variety of processes including 
immune modulation and induction of the angiogenic switch [101]. Multiple studies 
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have demonstrated that TAMs secrete pro-angiogenic cytokines including VEGF, 
TNF-α, basic fibroblast growth factor, thymidine phosphorylase, and urokinase- 
type plasminogen activator [102, 103]. TAMs also secrete anti-angiogenic factors 
such as thrombospondin indicating that they may also play a role in tumor remodel-
ing [104]. Preclinical models have demonstrated that depletion of TAMs from a 
tumor can lead to decreased angiogenesis and slower tumor growth [105–107].

Early studies attempting to elucidate the role of TAMs in angiogenesis utilized a 
knockout mouse that was null for colony-stimulating factor-1 (CSF-1). It was noted 
that mammary tumors in CSF-1 null mice failed to undergo the angiogenic switch, 
leading to a marked decrease in tumor growth and progression [105]. Subsequent 
studies have shown that TAMs, which express the receptor for CSF-1 (CSF1R), are 
recruited by activation of the CSF1R signaling pathway and help to perpetuate 
angiogenesis in tumors [100]. In addition, TAMs express HIF1-α and are able to 
sense the hypoxic milieu of the tumor and respond by producing VEGF, again con-
tributing to neovascularization [102].

16.6  Angiogenesis in Head and Neck Cancer

Angiogenesis has been extensively investigated in multiple solid tumor types, yield-
ing in many cases therapeutic advances. The remainder of this chapter will focus on 
the role of angiogenesis in HNSCC development and progression and the potential 
of anti-angiogenic agents in this disease.

HNSCCs are a heterogeneous group both anatomically and biologically. 
However, the upregulation of angiogenesis is a common feature among all tumors 
of the head and neck, and the degree to which this occurs can be important in both 
prognosis and treatment. Increased VEGF expression is viewed as the most impor-
tant inducer of angiogenesis and has been linked to poor prognosis in HNSCC; up 
to 90% of HNSCCs express VEGF [108, 109]. A meta-analysis conducted by Kyzas 
et al. addressed 17 studies evaluating the relationship between VEGF expression 
and prognosis in HNSCC [110]. They found that patients whose primary tumors 
overexpressed VEGF, as measured by immunohistochemistry, had a 1.88-fold 
higher mortality. Studies have also attempted to link VEGF overexpression to lymph 
node metastases in HNSCC; however, results have been mixed, and no clear conclu-
sions can be drawn [110–113].

EGFR has also been shown to be upregulated in 70–100% of HNSCCs and cor-
related with poor prognosis [114, 115]. When activated, EGFR stimulates 
 angiogenesis through a variety of pathways including PI3K and Erk. Furthermore, 
in a study by Wang et al., EGFR inhibition in mice led to a rapid decrease in HIF1-α, 
another integral mediator of vessel formation, highlighting the multitude of ways in 
which EGFR plays a role in angiogenesis [116]. VEGF upregulation independent 
of EGFR signaling may contribute to resistance to EGFR inhibition, and combina-
tion strategies have shown potential synergistic interactions between anti-EGFR 
and anti-VEGFR therapies [117, 118]. Plasma levels of EGFR, VEGF, and other 
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pro- angiogenic factors have been studied as biomarkers for both the diagnosis and 
prognosis of HNSCC [119–121]. Results have varied, but higher levels of VEGF in 
the circulation do appear to be correlated to an increased risk of disease progression 
after up-front therapy [122].

Hypoxia is an important mediator of tumor behavior in many cancers, including 
HNSCC. Studies have demonstrated that both hypoxic and normoxic conditions can 
cause HIF1-α upregulation in HNSCC cells, and this is associated with a more 
aggressive tumor phenotype [123, 124]. It has also been reported that HIF1-α over-
expression predicts for a decreased response to local radiation therapy in early-stage 
glottic cancer [125]. Conversely, there have been some studies suggesting that 
HIF1-α expression is actually correlated with positive outcomes in some subtypes 
of HNSCC [126, 127]. Further studies evaluating the prognostic and predictive sig-
nificance of HIF1-α expression are ongoing.

Among the major molecular regulators of angiogenesis, the role of PDGFR in 
HNSCC remains most unclear. Although PDGFR is expressed on HNSCC cells, 
given its widespread distribution in normal tissue, the significance of this is unknown 
[128]. More studies are needed to better understand how PDGFR affects angiogen-
esis in HNSCC.

A variety of other pro-angiogenic cytokines including IL-8, IL-6, GM-CSF, and 
FGF are overexpressed in HNSCC [129]. A study published by Ninck et al. revealed 
that HNSCC cells themselves produce these cytokines in various patterns and quan-
tities and that those tumors that secreted greater amounts had higher microvascular 
density and behaved more aggressively [130]. Expanding on this, Byers et al. retro-
spectively analyzed a number of cytokines and angiogenic factors in tumor samples 
from patients with HNSCC and found that eight markers, including VEGF, Gro-α 
(CXCL1), IL-4, IL-8, osteopontin, eotaxin, G-CSF, and SDF-1α, were expressed at 
higher baseline levels in patients whose disease ultimately progressed after initial 
therapy when compared to those patients whose disease did not progress [122]. This 
suggests that characterizing pro-angiogenic chemical or molecular signatures may 
help to refine prognosis and guide treatment decisions for HNSCC.

Cancer-associated fibroblasts (CAFs), which are fibroblasts that arise and evolve 
within the tumor microenvironment, have also been shown to contribute to the pro- 
angiogenic milieu [131]. This occurs, in part, through the upregulation of cytokines 
such as hepatocyte growth factor (HGF), which has been shown to work synergisti-
cally to stimulate angiogenesis with VEGF, and transforming growth factor beta 
(TGF-β), which contributes to angiogenesis both through its effects on endothelial 
cells and on immune response cells [132–134]. CAFs also produce CXCL12, which 
binds to its receptor, CXCR4, causing the downstream effects of increased HIF-1α 
expression and angiogenesis [132, 135].

Tumor immunity influences angiogenesis in HNSCC [136, 137]. As in other can-
cers such as the breast and lung, TAMs are present in high levels in HNSCC [132, 
138, 139]. Some research has suggested that HNSCC tumors with higher numbers 
of TAMs are associated with more aggressive disease, invasion, and poorer progno-
sis [140–142]. TAMs in HNSCC have been found to produce high levels of TGF-β, 
VEGF, and VEGFRs which exert pro-angiogenic effects on the tumor microenvi-
ronment [143].

L. Wilde et al.



451

Although attempts to develop prognostic or predictive models based on molecu-
lar markers in HNSCC have been made, variations in sampling, laboratory tech-
niques, and tumor heterogeneity have limited their utility up to this point [144, 145]. 
In the future, it is likely that markers of angiogenesis will play an increasingly 
important role in the diagnosis and management of HNSCC.

16.7  Methods of Targeting Angiogenesis

Preclinical models have demonstrated that inhibition of VEGF, EGFR, and other 
pro-angiogenic factors can lead to decreased vascular proliferation and inhibition of 
tumor growth [146–148]. Given the prominent role that angiogenesis plays in 
tumorigenesis, it is understandable that it has been an attractive therapeutic target 
(Fig. 16.2b). Numerous anti-angiogenic drugs have been developed and tested in 
clinical trials (Table 16.1). These drugs generally fall into two classes: monoclonal 
antibodies and tyrosine kinase inhibitors.

The development of therapeutic antibodies for the treatment of cancer and other 
diseases became a possibility in the mid-1970s with the creation of hybridoma tech-
nology [149]. However, it was not until the 1990s that monoclonal antibodies 
entered the clinic for cancer treatment. Monoclonal antibodies function by binding 
to a specific ligand or receptor on a cell surface and blocking signaling via the asso-
ciated pathway or pathways [150]. Since their development, monoclonal antibodies 
targeting angiogenesis have been evaluated in combination with chemotherapy, 
radiation, and other targeted agents in locally advanced, recurrent, and metastatic 
HNSCC.

Table 16.1 Anti-angiogenic agents currently in use for the treatment of solid tumors

Agent Drug class Molecular targets

Bevacizumab Monoclonal 
antibody

VEGF

Ramucirumab Monoclonal 
antibody

VEGFR2

Ziv- 
aflibercept

Monoclonal 
antibody

VEGF, VEGF-B, PlGF

Dalantercept Monoclonal 
antibody

ALK1

Sorafenib TKI RAF/MEK/ERK, VEGFR1–3, PDGFR- β, c-Kit, FLT3, 
RET

Sunitinib TKI VEGFR1 and VEGFR2, PDGFR-α and PDGFR-β, c-Kit, 
RET, CSF1R, FLT3

Vandetanib TKI VEGFR2 and VEGFR3, EGFR, RET
Pazopanib TKI VEGFR1–3, PDGFR-α and PDGFR-β, FGFR-1 and 

FGFR-3, c-Kit
Axitinib TKI VEGFR1–3, PDGFR-α and PDGFR-β, c-Kit
Regorafenib TKI VEGFR1–3

Abbreviations: TKI tyrosine kinase inhibitor
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The prototypical example of an anti-angiogenic monoclonal antibody is beva-
cizumab, a humanized monoclonal anti-VEGF antibody that was developed for 
the treatment of solid tumors. Preclinical studies demonstrated it to be effective 
not only at decreasing tumor growth but also at decreasing tumor vascularity and 
increasing cellular apoptosis [151]. For example, Fujita et al. conducted an in vitro 
study in HNSCC that tested the effects of bevacizumab alone and in combination 
with paclitaxel. They found that while bevacizumab alone was able to inhibit 
tumor growth, bevacizumab in combination with paclitaxel caused a greater 
decrease in vessel density and an increase in apoptosis [152]. However, the mech-
anism for this is not fully understood. Somewhat paradoxically, bevacizumab and 
other anti- VEGF therapies have also been shown to stabilize and mature tumor 
vasculature, leading to lower interstitial fluid pressure and increased tumor blood 
flow [27, 153, 154]. It has been hypothesized that this process, termed vascular 
normalization, occurs because anti-angiogenic agents help to reestablish a balance 
between pro- and anti-angiogenic factors in the tumor [155, 156]. This may reduce 
tumor hypoxia and lead to improved delivery of chemotherapy to tumor tissue, 
providing further explanation of the synergistic effect bevacizumab has with other 
agents. Bevacizumab was first FDA approved in 2004 for the treatment of meta-
static colorectal cancer in combination with chemotherapy (e.g., NCT00394176). 
It has subsequently been FDA approved in other malignancies including non-
small cell lung cancer (NCT00021060), glioblastoma (NCT00345163), renal cell 
carcinoma (NCT00738530), cervical cancer (NCT00803062), and ovarian cancer 
(NCT00976911) and has been widely tested in many other cancers, including 
HNSCC (Table 16.2).

Ziv-aflibercept is another anti-angiogenic monoclonal antibody with a distinct 
mechanism of action. A recombinant protein made up of the Fc portion of a human 
IgG1 molecule fused to portions of the extracellular domains of human VEGFR1 
and VEGFR2, it functions as a soluble receptor that binds to VEGF, VEGF-B, and 
PlGF and inhibits angiogenesis by blocking normal ligand-receptor interactions 
[157]. Currently only approved in combination with chemotherapy for the treatment 
of metastatic colorectal cancer, ziv-aflibercept is actively being investigated in other 
advanced solid tumors (e.g., NCT02298959 and NCT02159989).

Dalantercept is a soluble receptor fusion protein that consists of the extracellular 
domain of ALK1 (type 1 receptor in the TGF-β superfamily) linked to the Fc portion 
of IgG1. Similar to ziv-aflibercept, it binds and sequesters the ligands of cellular 
ALK1 such as BMP9 and BMP10 and thus prevent its activation [158]. Without 
ligands and activation, there is no downstream signaling through SMAD proteins, 
which consequently blocks angiogenesis in a VEGF-independent fashion.

Tyrosine kinase inhibitors (TKIs) function by competitively inhibiting ATP at the 
catalytic binding site of a tyrosine kinase [159]. In contrast to monoclonal  antibodies 
whose localization is restricted to targets on the cell surface or secreted molecules, 
because of the large size of the antibody molecules, TKIs are small molecules that 
can enter a cell and act on intracellular binding domains and signaling pathways 
[160]. While members of this class of drugs all share a similar mechanism of action, 
they differ greatly in their targets, pharmacokinetics, and side effects.
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Anti-angiogenic TKIs, either alone or in combination with other therapies, are 
widely utilized as cancer therapeutics. Many of the TKIs that block angiogenesis are 
multi-kinase inhibitors, targeting several signaling pathways. Examples of these are 
sunitinib, which targets VEGFR1 and VEGFR2, PDGFR-α and PDGFR-β, c-Kit, 
RET, CSF1R, and FLT3; sorafenib, which targets RAF/MEK/ERK, VEGFR1–3, 
PDGFR-β, c-Kit, FLT3, and RET; and pazopanib, which targets VEGFR1–3, 
PDGFR-α and PDGFR-β, FGFR-1 and FGFR-3, and c-Kit [160]. These so-called 
“dirty” TKIs can be more efficacious due to their ability to simultaneously inhibit a 
variety of critical signaling pathways, often at the expense of added toxicity [160]. 
The optimal use of anti-angiogenic TKIs both alone and in combination with other 
therapies is still being elucidated in HNSCC and other cancers.

16.8  Toxicities of Anti-Angiogenic Therapy

As little angiogenesis is occurring in normal adult tissues, it was contrary to expec-
tations that anti-angiogenic therapies were shown to have a wide array of toxicities. 
These toxicities vary, in part, by drug class and mechanism of action and differ from 
those of traditional cytotoxic chemotherapy.

Bleeding complications ranging from minor epistaxis to fatal pulmonary hemor-
rhage have been demonstrated with all of the available anti-VEGF agents [161]. 
This is thought to be due to disruptions in the endothelial cell-platelet interactions 
that help to maintain and repair vascular integrity [161, 162]. The reported inci-
dence of bleeding complications has varied, with bevacizumab showing the highest 
frequency of severe events. A meta-analysis published in 2010 found that bevaci-
zumab use across diverse cancers was associated with a statistically significant 
increased risk of overall bleeding (RR 2.48, 95% CI 1.93–3.18, I2 = 53%; 20 RCTs) 
and fatal hemorrhage (RR 3.56, 95% CI 1.71–7.41; 14 RCTs) [163]. The FDA has 
issued a warning for bevacizumab indicating that severe or fatal hemoptysis, GI 
bleeding, CNS hemorrhage, epistaxis, and vaginal bleeding occur up to fivefold 
more frequently in patients receiving this agent.

Previous experience with bevacizumab in squamous cell lung cancer resulted in 
unacceptable rates of bleeding [164]. Given that tumoral and carotid bleeding are 
recognized complications of HNSCC, there was a concern for the possibility of 
bleeding events with the use of bevacizumab in patients with this disease. A phase II 
trial of the folate antimetabolite pemetrexed and bevacizumab in the first-line treat-
ment of recurrent or metastatic HNSCC reported a rather high incidence of 15% of 
grades 3–5 bleeding events [165]. It was unclear whether some of these events were 
related to the underlying disease versus a treatment effect. On the other hand, use of 
the EGFR-targeted monoclonal antibody cetuximab plus bevacizumab was associ-
ated with only 4% incidence of grades 3–4 hemorrhage in patients with recurrent or 
metastatic HNSCC [166]. Randomized, controlled studies were required to assess 
the toxicity profile of bevacizumab in HNSCC. A phase III randomized trial of plati-
num doublets with or without bevacizumab (E1305), discussed in further detail 
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below, demonstrated that bevacizumab increased the rates of grades 3–4 bleeding as 
well as neutropenia, febrile neutropenia, fatigue, diarrhea, oral mucositis, hyperten-
sion, and thromboembolic events [167]. However, all reported (including those 
deemed not treatment-related) grades 3–5 bleeding adverse events increased from 
3.5% to 7.7%, which was not a statistically significant increase (p  =  0.08). An 
increase in bleeding events by the addition of bevacizumab to a chemoradiotherapy 
regimen was seen in phase II randomized trial in locally advanced HNSCC [168].

Hypertension is also a common side effect of anti-angiogenic therapy. This may 
be related, in part, to decreased endothelial nitric oxide synthase expression, which 
occurs as a result of VEGF inhibition, and perturbation of vasodilation in the setting 
of VEGF inhibition [169–171]. Other mechanisms have been also been implicated, 
including increases in levels of the potent vasoconstrictor endothelin-1, and micro-
vascular rarefaction, defined as a diminished number of perfused capillaries [170, 
172]. Some studies have attempted to correlate the development of hypertension 
with improved treatment outcomes; however, additional studies are needed to vali-
date this as a true biomarker of response [170, 173]. Management of hypertension 
often requires the initiation and titration of antihypertensive medications during the 
treatment period. For dalantercept, toxicities include peripheral edema, fatigue, and 
anemia; the side effect profile of this unique agent may reflect its ALK1-dependent, 
VEGF-independent mechanism of action.

The development of proteinuria frequently occurs during treatment with anti- 
angiogenics. VEGF is highly expressed in glomerular podocytes, and disruption of 
this expression can lead to a breakdown in the glomerular filtration barrier [162, 
174]. The development of hypertension also influences the onset of proteinuria 
[161]. Patients are usually asymptomatic, and proteinuria resolves with cessation of 
therapy; it is rare for this to progress to permanent renal dysfunction [162].

Additional side effects from anti-angiogenic therapy include thrombosis, gastro-
intestinal perforation, cardiac dysfunction, hypothyroidism, and impaired wound 
healing [161]. Although most of these are rare, serious or fatal events can occur. The 
mechanisms that underlie these toxicities highlight the complex and integral role 
that angiogenesis plays both in tumors and in healthy tissues.

16.9  Clinical Trials of Anti-Angiogenics in HNSCC

16.9.1  Targeting VEGF

Given the prominent role that angiogenesis plays in HNSCC, it is unsurprising that 
anti-angiogenics have shown activity in this group of tumors. Bevacizumab, a 
monoclonal antibody inhibitor of VEGF-A, is the most extensively studied of these 
agents and has been tested in combination with chemotherapy, radiation, and other 
targeted therapies. Table 16.2 summarizes the major phase II and phase III studies 
evaluating bevacizumab in HNSCC. Bevacizumab has already been approved for 
use in multiple other tumor types in combination with chemotherapy (e.g., with 
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5-fluorouracil (5FU)-based treatment in metastatic colorectal cancer or with carbo-
platin and paclitaxel for metastatic non-squamous non-small cell lung cancer).

In the setting of recurrent or metastatic HNSCC, bevacizumab has been com-
bined with the antimetabolite pemetrexed. This drug functions by inhibiting several 
enzymes of the folate pathway and has activity in multiple tumor types. As the 
antifolate methotrexate already has known activity in HNSCC, pemetrexed chemo-
therapy was chosen to be tested in a phase II trial in combination with bevacizumab. 
Forty patients with recurrent or metastatic disease were enrolled and treated with a 
combination of the two agents every 21 days. The time to progression for these 
patients was 5 months with a median overall survival of 11.3 months and an overall 
response rate of 30%. This was comparable to the efficacy of the reference plati-
num, 5-FU, and cetuximab regimen, when studied in a similar patient population 
[175]. Bleeding was found to be the major toxicity associated with the combination 
of bevacizumab and pemetrexed, with six patients (15%) experiencing grades 3–5 
bleeding events, including two that were fatal [165].

E1305 was a randomized phase III trial conducted by the ECOG-ACRIN Cancer 
Research Group in patients with recurrent or metastatic HNSCC, testing the combi-
nation of bevacizumab with a platinum-based doublet, using either cisplatin or car-
boplatin plus either docetaxel or 5-fluorouracil. Patients had no prior therapy for 
recurrent or metastatic disease; prior chemotherapy or cetuximab was allowed if 
given in the setting of prior potentially curative treatment and an interval of at least 
4 months had elapsed. Four hundred and three patients were accrued in this study. 
With a median follow-up of 23.1 months, Argiris et al. have preliminarily reported 
a median overall survival of 12.6 months with bevacizumab versus 11 months with-
out bevacizumab, a difference that was not statistically significant (p = 0.13, HR 
0.84, 95% confidence intervals, 0.67–1.05) [167]. Although the primary endpoint of 
a statistically significant OS improvement was not reached, there was a numerical 
survival advantage at 2, 3, and 4 years in the bevacizumab arm (26% vs 18% at 
2 years, 16% vs 8% at 3 years, and 13% vs 6% at 4 years). Moreover, median PFS 
improved from 4.4 months to 6.1 months (HR 0.71; p = 0.0012) and response rate 
increased from 25% to 36% (p = 0.013) with bevacizumab. As mentioned in the 
previous section, there was an increase in the percentage of patients experiencing 
treatment-related toxicities, including grades 3–5 bleeding. While this study 
 provides evidence of improved antitumor activity with the addition of an anti- 
angiogenic agent to chemotherapy with an expected side effect profile, randomized 
data proving their ability to increase overall survival are still lacking. On the other 
hand, based on the interesting results of E1305, further investigation of agents tar-
geting the VEGF pathway in HNSCC is justifiable. The evaluation of molecular 
markers in this context will be very important.

Bevacizumab has also been studied in combination with radiation therapy. VEGF 
can be upregulated by different mechanisms, including by hypoxia-inducing factor 
(HIF-1). Radiation exposure can activate EGFR and in turn the PI3K/AKT and 
STAT3 pathways, upregulating VEGF.  Hypothetically, the addition of an anti- 
angiogenic agent like bevacizumab could help to overcome radioresistance, which 
is associated with upregulation of multiple factors that induce angiogenesis. As 
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summarized in Table 16.2, there are multiple trials that have evaluated the combina-
tion of bevacizumab with concurrent chemoradiation. A phase I trial evaluated the 
combination of bevacizumab with 5-FU, hydroxyurea, and radiation for patients 
with recurrent or poor prognosis HNSCC with a goal of finding the maximum- 
tolerated dose of bevacizumab. Two thirds of the patients had been previously irra-
diated. Investigators determined that the side effect profile was comparable to 
historic re-irradiation controls. With a median overall survival for re-irradiated 

Table 16.2 Clinical trials of bevacizumab in HNSCC

Agents
Study design/
phase

# of 
patients

Primary efficacy 
endpoint Author

Chemotherapy + bevacizumab
Chemotherapy 
+/− bevacizumab
(chemotherapy was 
investigator’s choice:
cisplatin + 5-FU, cisplatin + 
docetaxel,
carboplatin + 5-FU, or 
carboplatin + docetaxel)

Randomized, 
phase III

n = 403 Overall survival 
12.6 months in 
regimen with 
bevacizumab and 
11 months without 
bevacizumab; p = 0.13

Argiris [188] 
and Argiris 
et al. [167]

Pemetrexed + bevacizumab Single arm, 
phase II

n = 47 Median TTP 5 months Argiris et al. 
[165]

Targeted agent + bevacizumab
Cetuximab + bevacizumab Single arm, 

phase II
n = 46 RR 16% Argiris et al. 

[166]
Erlotinib + bevacizumab Single arm, 

phase I/II
Phase I 
n = 10
Phase II 
n = 48

Median PFS 
4.1 months

Cohen et al. 
[65]

RT + chemotherapy + bevacizumab
Docetaxel + 
RT + bevacizumab

Single arm, 
phase II

n = 30 3-year PFS 61.7% Yao et al. 
[189]

Cisplatin+ IMRT + 
bevacizumab

Single arm, 
phase II

n = 42 2-year PFS 75.9% Fury et al. 
[177]

Chemotherapy + RT + targeted agent + bevacizumab
Pemetrexed+ RT + cetuximab 
+/− bevacizumab

Randomized, 
phase II

n = 78 2-year PFS 79% 
(non- bevacizumab 
arm);
75% (bevacizumab 
arm)

Argiris et al. 
[168]

Cisplatin+ IMRT+ cetuximab 
+ bevacizumab

Single arm, 
phase II

n = 30 2-year PFS 88.5% Fury et al. 
[190]

Paclitaxel+ carboplatin+ 
infusional 
5-FU + bevacizumab, 
followed by RT + paclitaxel + 
erlotinib + bevacizumab

Single arm, 
phase II

n = 60 3-year PFS 71% Hainsworth 
et al. [178]

Abbreviations: RT radiotherapy, IMRT intensity-modulated radiation therapy, 5-FU 5-fluorouracil, 
TTP time to progression, PFS progression-free survival, RR response rate
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patients of 10.3 months, the antitumor effect was enough to spur further interest in 
the bevacizumab-radiation combination, and the lack of increased thrombotic or 
bleeding events was enough to provide reassurance that this was a viable combina-
tion [176].

Further trials looking at the combination of bevacizumab and radiation have been 
carried out in the locally advanced setting. In a phase II trial, bevacizumab was 
added to concurrent chemoradiation with high-dose cisplatin given in split doses 
(days 1, 2, 22, 23, 43, and 44) and 70 Gy of IMRT [177]. Forty-two patients with 
previously untreated disease were enrolled and treated. Their overall survival rate at 
2 years was 88%, and their side effect profile did not suggest additive toxicities. 
Another frontline study looked at the addition of bevacizumab to both an induction 
chemotherapy regimen and a concurrent chemoradiotherapy regimen. Patients were 
first given 6 weeks of paclitaxel, carboplatin, 5-FU, and bevacizumab before con-
tinuing with concurrent chemoradiation, this time with weekly paclitaxel, bevaci-
zumab, and erlotinib with 68.4 Gy of radiation [178]. The 2-year overall survival 
was a striking 90%, and no unanticipated toxicities were seen. Further work is being 
done to evaluate strategies of multi-target combinations with radiation.

16.9.2  Targeting VEGF and EGFR in Combination

Cetuximab is FDA approved for the treatment of HNSCC as monotherapy and in 
combination with radiation or chemotherapy [175, 179–181]. Given its success in 
these settings, and since one of the proposed mechanisms of failure of anti-VEGF 
therapy is escape via an alternate angiogenic pathway, cetuximab has also been 
studied in combination with bevacizumab [166, 182]. The combination, which was 
supported by preclinical models and was shown to be tolerable, appeared to be effi-
cacious when compared to historical controls; response rate was 16% and median 
OS 7.5 months [166]. However, a larger randomized trial will be required to evalu-
ate these combination treatments. Argiris et al. evaluated the combination of cetux-
imab and radiation with or without bevacizumab in previously untreated locally 
advanced HNSCC patients. Patients received radiation at 70 Gy with concurrent 
cetuximab and pemetrexed, with or without bevacizumab, followed by bevacizumab 
maintenance for 24 months. The 2-year PFS was not different at 79% without and 
75% with bevacizumab, but the rate of hemorrhage was higher in the group with 
bevacizumab, showing some of the limitations of the combined approach [168].

16.9.3  Other Targeted Agents

Targeted anti-angiogenic agents have yielded varying degrees of success when used 
for the treatment of HNSCC (Table 16.3). Sorafenib, a multi-tyrosine kinase inhibi-
tor that inhibits both VEGFR and EGFR, has been evaluated as a single agent in 
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recurrent and/or metastatic HNSCC. Phase II data from several studies showed a 
low likelihood of response to sorafenib in this setting [183, 184]. Sunitinib, a multi- 
kinase inhibitor with activity against PDGFRs and VEGFRs, showed more promis-
ing response results in a phase II study published in 2010, but other studies have 
failed to duplicate these results [185–187]. Early phase trials with other TKIs, 
including erlotinib, vandetanib, axitinib, and pazopanib, have resulted in mixed 
responses; however, studies with these agents are ongoing. In a phase II multicenter, 
open-label study of dalantercept in recurrent and or metastatic SCCHN, the 40 
patients who were considered eligible for evaluation of response had a progression- 
free survival of 1.4 months and overall survival of 7.1 months. While the drug was 
well tolerated, these results were only modest at best.

Table 16.3 Selected trials of anti-angiogenic tyrosine kinase inhibitors HNSCC

Agents
Study design/
phase

# of 
patients Primary efficacy endpoint Author

Sorafenib monotherapy
Sorafenib 400 mg 
twice daily

Single arm, 
phase II

n = 41 Confirmed response probability 
2%

Williamson 
et al. [184]

Sorafenib 400 mg 
twice daily

Single arm, 
phase II

n = 27 RR 3.7% Elser et al. 
[183]

Sunitinib monotherapy
Sunitinib 37.5 mg 
daily

Single arm, 
phase II

n = 38 Rate of disease control 50% Machiels 
et al. [185]

Sunitinib 50 mg 
daily for 4 weeks 
on, 2 weeks off

Single arm, 
phase II

n = 17 RR 0% Fountzilas 
et al. [187]

Sunitinib 50 mg 
daily for 4 weeks 
on, 2 weeks off

Single arm, 
phase II

n = 22 RR 3–4% Choong et al. 
[186]

Axitinib monotherapy
Axitinib 5 mg 
twice daily (with 
planned dose 
escalation)

Single arm, 
phase II

n = 30 6-month PFS 30% Swiecicki 
et al. [191]

Combination therapy
Cetuximab 
+/− sorafenib

Randomized, 
phase II

n = 55 PFS 3 months (cetuximab arm); 
3.2 months (combination arm) 
(p = 0.87, 95% CI 1.9–5.0 months 
and 1.8–4.2 months, respectively)

Gilbert et al. 
[192]

Docetaxel 
+/− vandetanib

Randomized, 
phase II

n = 29 RR 7% (single arm); 13% 
(combined arm)

Limaye et al. 
[193]

Abbreviations: RR response rate; PFS progression-free survival
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16.9.4  Future Directions

Despite modest success in clinical trials up to this point, targeting angiogenesis in 
HNSCC remains an attractive strategy. A search of clinicaltrials.gov reveals more 
than 30 clinical trials that are ongoing. New anti-angiogenic therapies such as 
foretinib, ficlatuzumab, cilengitide-targeting VEGF, hepatocyte growth factor 
(HGF), and integrins, respectively, are being studied, as are novel therapies such as 
E10A, an injectable gene therapy that upregulates human endostatin, an inhibitor of 
VEGF, and angiogenesis.

The immune checkpoint inhibitors nivolumab and pembrolizumab have both 
been FDA approved for the treatment of metastatic or recurrent HNSCC. The utility 
of combining one of these agents with an anti-angiogenic agent such as bevaci-
zumab is unknown. However, given the role that VEGF has been shown to play in 
tumor immunity, it is possible that they could have a synergistic effect, leading to 
greater responses. Other immunomodulatory agents, such as inhibitors of CSF1R, 
are also being investigated (NCT02452424).

16.10  Conclusion

The induction and sustainment of angiogenesis are some of the hallmarks of all 
solid tumors. Indeed, various pro-angiogenic factors have been found to be upregu-
lated in HNSCC, correlating with more aggressive disease. Anti-angiogenic agents 
with differing mechanisms of action have been tested in the treatment of HNSCC 
with mixed success. Studies evaluating new combinations of therapies as well as 
novel agents are ongoing. In the future, individualized anti-angiogenic treatment 
based on molecular tumor characterization will likely lead to improved outcomes.

References

 1. Carmeliet P, Jain RK.  Molecular mechanisms and clinical applications of angiogenesis. 
Nature. 2011;473(7347):298–307.

 2. Ribatti D, et al. Postnatal vasculogenesis. Mech Dev. 2001;100(2):157–63.
 3. Tang DG, Conti CJ. Endothelial cell development, vasculogenesis, angiogenesis, and tumor 

neovascularization: an update. Semin Thromb Hemost. 2004;30(01):109–17.
 4. Lee S-P, et al. Integrin-linked kinase, a hypoxia-responsive molecule, controls postnatal vas-

culogenesis by recruitment of endothelial progenitor cells to ischemic tissue. Circulation. 
2006;114(2):150–9.

 5. Makanya AN, Hlushchuk R, Djonov VG. Intussusceptive angiogenesis and its role in vascu-
lar morphogenesis, patterning, and remodeling. Angiogenesis. 2009;12(2):113.

 6. Djonov V, Baum O, Burri PH. Vascular remodeling by intussusceptive angiogenesis. Cell 
Tissue Res. 2003;314(1):107–17.

16 Angiogenesis and Anti-angiogenic Therapy in Head and Neck Cancer

http://clinicaltrials.gov


460

 7. Michiels C, Arnould T, Remacle J. Endothelial cell responses to hypoxia: initiation of a cas-
cade of cellular interactions. Biochim Biophys Acta, Mol Cell Res. 2000;1497(1):1–10.

 8. Bergers G, Song S. The role of pericytes in blood-vessel formation and maintenance. Neuro- 
Oncology. 2005;7(4):452–64.

 9. van Hinsbergh VWM, Koolwijk P. Endothelial sprouting and angiogenesis: matrix metal-
loproteinases in the lead. Cardiovasc Res. 2008;78(2):203–12.

 10. Potente M, Gerhardt H, Carmeliet P. Basic and therapeutic aspects of angiogenesis. Cell. 
2011;146(6):873–87.

 11. Siekmann AF, Affolter M, Belting H-G. The tip cell concept 10 years after: new players tune 
in for a common theme. Exp Cell Res. 2013;319(9):1255–63.

 12. Ribatti D, Crivellato E. “Sprouting angiogenesis”, a reappraisal. Dev Biol. 
2012;372(2):157–65.

 13. Schmidt T, Carmeliet P.  Blood-vessel formation: bridges that guide and unite. Nature. 
2010;465(7299):697–9.

 14. Koch S, et al. Signal transduction by vascular endothelial growth factor receptors. Biochem 
J. 2011;437(2):169–83.

 15. Robinson CJ, Stringer SE. The splice variants of vascular endothelial growth factor (VEGF) 
and their receptors. J Cell Sci. 2001;114(5):853–65.

 16. Vincenti V, et al. Assignment of the vascular endothelial growth factor gene to human chro-
mosome 6p21.3. Circulation. 1996;93(8):1493–5.

 17. Ladomery MR, Harper SJ, Bates DO. Alternative splicing in angiogenesis: the vascular endo-
thelial growth factor paradigm. Cancer Lett. 2007;249(2):133–42.

 18. Biselli-Chicote PM, et al. VEGF gene alternative splicing: pro- and anti-angiogenic isoforms 
in cancer. J Cancer Res Clin Oncol. 2012;138(3):363–70.

 19. Shibuya M. Vascular endothelial growth factor (VEGF) and its receptor (VEGFR) signal-
ing in angiogenesis: a crucial target for anti- and pro-angiogenic therapies. Genes Cancer. 
2011;2(12):1097–105.

 20. Hoeben A, et  al. Vascular endothelial growth factor and angiogenesis. Pharmacol Rev. 
2004;56(4):549–80.

 21. Forsythe JA, et  al. Activation of vascular endothelial growth factor gene transcription by 
hypoxia-inducible factor 1. Mol Cell Biol. 1996;16(9):4604–13.

 22. Krock BL, Skuli N, Simon MC. Hypoxia-induced angiogenesis: good and evil. Genes Cancer. 
2011;2(12):1117–33.

 23. Niu G, et al. Constitutive Stat3 activity up-regulates VEGF expression and tumor angiogen-
esis. Oncogene. 2002;21(13):2000–8.

 24. McColl BK, Stacker SA, Achen MG. Molecular regulation of the VEGF family – inducers of 
angiogenesis and lymphangiogenesis. APMIS. 2004;112(7–8):463–80.

 25. Lee S, et  al. Autocrine VEGF signaling is required for vascular homeostasis. Cell. 
2007;130(4):691–703.

 26. Rashdan N, Lloyd P. Autocrine and paracrine effects of VEGF-A on PLGF in an in vitro 
model of the vessel wall. FASEB J. 2015;29(1 Supplement). Abstract number:797.7

 27. Vassilakopoulou M, Psyrri A, Argiris A. Targeting angiogenesis in head and neck cancer. Oral 
Oncol. 2015;51(5):409–15.

 28. Shibuya M. Structure and function of VEGF/VEGF-receptor system involved in angiogen-
esis. Cell Struct Funct. 2001;26(1):25–35.

 29. Cébe-Suarez S, Zehnder-Fjällman A, Ballmer-Hofer K. The role of VEGF receptors in angio-
genesis; complex partnerships. Cell Mol Life Sci. 2006;63(5):601–15.

 30. Smith GA, et al. The cellular response to vascular endothelial growth factors requires co- 
ordinated signal transduction, trafficking and proteolysis. Biosci Rep. 2015;35(5):e00253.

 31. Taimeh Z, et  al. Vascular endothelial growth factor in heart failure. Nat Rev Cardiol. 
2013;10(9):519–30.

 32. Meyer RD, Mohammadi M, Rahimi N. A single amino acid substitution in the activation loop 
defines the decoy characteristic of VEGFR-1/FLT-1. J Biol Chem. 2006;281(2):867–75.

L. Wilde et al.



461

 33. Fischer C, et al. FLT1 and its ligands VEGFB and PlGF: drug targets for anti-angiogenic 
therapy? Nat Rev Cancer. 2008;8(12):942–56.

 34. Miettinen M, et al. Vascular endothelial growth factor receptor 2 (Vegfr2) as a marker for 
malignant vascular tumors and mesothelioma – Immunohistochemical study of 262 vascular 
endothelial and 1640 nonvascular tumors. Am J Surg Pathol. 2012;36(4):629–39.

 35. Karar J, Maity A.  PI3K/AKT/mTOR pathway in angiogenesis. Front Mol Neurosci. 
2011;4:51.

 36. Deng Y, Zhang X, Simons M.  Molecular controls of lymphatic VEGFR3 signaling. 
Arterioscler Thromb Vasc Biol. 2015;35(2):421–9.

 37. Alam A, et  al. Heterodimerization with vascular endothelial growth factor recep-
tor-2 (VEGFR- 2) is necessary for VEGFR-3 activity. Biochem Biophys Res Commun. 
2004;324(2):909–15.

 38. Tvorogov D, et  al. Effective suppression of vascular network formation by combination 
of antibodies blocking VEGFR ligand binding and receptor dimerization. Cancer Cell. 
2010;18(6):630–40.

 39. Meadows KN, Bryant P, Pumiglia K. Vascular endothelial growth factor induction of the 
Angiogenic phenotype requires Ras activation. J Biol Chem. 2001;276(52):49289–98.

 40. Shu X, et al. Sphingosine kinase mediates vascular endothelial growth factor-induced activa-
tion of ras and mitogen-activated protein kinases. Mol Cell Biol. 2002;22(22):7758–68.

 41. Takahashi T, Ueno H, Shibuya M.  VEGF activates protein kinase C-dependent, but Ras- 
independent Raf-MEK-MAP kinase pathway for DNA synthesis in primary endothelial cells. 
Oncogene. 1999;18(13):2221–30.

 42. Roberts PJ, Der CJ. Targeting the Raf-MEK-ERK mitogen-activated protein kinase cascade 
for the treatment of cancer. Oncogene. 2007;26(22):3291–310.

 43. Abid MR, et al. Vascular endothelial growth factor activates PI3K/Akt/Forkhead signaling in 
endothelial cells. Arterioscler Thromb Vasc Biol. 2004;24(2):294–300.

 44. Shiojima I, Walsh K. Role of Akt signaling in vascular homeostasis and angiogenesis. Circ 
Res. 2002;90(12):1243–50.

 45. Jiang BH, Liu LZ. Chapter 2 PI3K/PTEN Signaling in Angiogenesis and Tumorigenesis. Adv 
Cancer Res. 2009., Academic Press;102:19–65.

 46. Zhong H, et al. Modulation of hypoxia-inducible factor 1α expression by the epidermal growth 
factor/phosphatidylinositol 3-kinase/PTEN/AKT/FRAP pathway in human prostate Cancer 
cells: implications for tumor angiogenesis and therapeutics. Cancer Res. 2000;60(6):1541–5.

 47. Rousseau S, et  al. p38 MAP kinase activation by vascular endothelial growth factor 
mediates actin reorganization and cell migration in human endothelial cells. Oncogene. 
1997;15(18):2169–77.

 48. Eriksson A, et al. Small GTP-binding protein Rac is an essential mediator of vascular endo-
thelial growth factor-induced endothelial fenestrations and vascular permeability. Circulation. 
2003;107(11):1532–8.

 49. De Falco S. The discovery of placenta growth factor and its biological activity. Exp Mol Med. 
2012;44:1–9.

 50. Kim K-J, Cho C-S, Kim W-U. Role of placenta growth factor in cancer and inflammation. 
Exp Mol Med. 2012;44(1):10–9.

 51. Hiratsuka S, et  al. MMP9 induction by vascular endothelial growth factor receptor-1 is 
involved in lung-specific metastasis. Cancer Cell. 2002;2(4):289–300.

 52. Zhang W, et al. Placental growth factor promotes metastases of non-small cell lung cancer 
through MMP9. Cell Physiol Biochem. 2015;37(3):1210–8.

 53. Heldin C-H, Lennartsson J. Structural and functional properties of platelet-derived growth 
factor and stem cell factor receptors. Cold Spring Harb Perspect Biol. 2013;5(8):a009100.

 54. Pietras K, et al. PDGF receptors as cancer drug targets. Cancer Cell. 2003;3(5):439–43.
 55. Jastrzębski K, et al. Multiple routes of endocytic internalization of PDGFRβ contribute to 

PDGF-induced STAT3 signaling. J Cell Sci. 2016;130(3):577–589
 56. Seki T, Yun J, Oh SP. Arterial endothelium-specific Activin receptor-like kinase 1 expression 

suggests its role in arterialization and vascular remodeling. Circ Res. 2003;93(7):682–9.

16 Angiogenesis and Anti-angiogenic Therapy in Head and Neck Cancer



462

 57. de Vinuesa AG, et al. Targeting tumour vasculature by inhibiting activin receptor-like kinase 
(ALK)1 function. Biochem Soc Trans. 2016;44(4):1142–9.

 58. Cunha SI, Pietras K.  ALK1 as an emerging target for antiangiogenic therapy of cancer. 
Blood. 2011;117(26):6999–7006.

 59. Ellis LM.  Epidermal growth factor receptor in tumor angiogenesis. Hematol Oncol Clin 
North Am. 2004;18(5):1007–21.

 60. Yarden Y. The EGFR family and its ligands in human cancer: signalling mechanisms and 
therapeutic opportunities. Eur J Cancer. 2001;37(Supplement 4):3–8.

 61. van Cruijsen H, Giaccone G, Hoekman K. Epidermal growth factor receptor and angiogen-
esis: opportunities for combined anticancer strategies. Int J Cancer. 2005;117(6):883–8.

 62. Ucuzian AA, et al. Molecular mediators of angiogenesis. J Burn Care Res. 2010;31(1):158.
 63. Cook KM, Figg WD. Angiogenesis inhibitors – current strategies and future prospects. CA 

Cancer J Clin. 2010;60(4):222–43.
 64. Tamura K, Sakurai T, Kogo H. Relationship between prostaglandin E2 and vascular endo-

thelial growth factor (VEGF) in angiogenesis in human vascular endothelial cells. Vasc 
Pharmacol. 2006;44(6):411–6.

 65. Cohen EE, et al. Erlotinib and bevacizumab in patients with recurrent or metastatic squamous- 
cell carcinoma of the head and neck: a phase I/II study. Lancet Oncol. 2009;10:247–57.

 66. Ren Y, et al. Hepatocyte growth factor promotes cancer cell migration and angiogenic fac-
tors expression: a prognostic marker of human esophageal squamous cell carcinomas. Clin 
Cancer Res. 2005;11(17):6190–7.

 67. Zhang Y-W, et  al. Hepatocyte growth factor/scatter factor mediates angiogenesis 
through positive VEGF and negative thrombospondin 1 regulation. Proc Natl Acad Sci. 
2003;100(22):12718–23. Abstract number: 6000

 68. Avraamides CJ, Garmy-Susini B, Varner JA. Integrins in angiogenesis and lymphangiogen-
esis. Nat Rev Cancer. 2008;8(8):604–17.

 69. Weis SM, Cheresh DA. αv Integrins in angiogenesis and cancer. Cold Spring Harb Perspect 
Med. 2011;1(1):a006478.

 70. De S, et al. VEGF–integrin interplay controls tumor growth and vascularization. Proc Natl 
Acad Sci USA. 2005;102(21):7589–94.

 71. Lorger M, et al. Activation of tumor cell integrin α(v)β(3) controls angiogenesis and meta-
static growth in the brain. Proc Natl Acad Sci USA. 2009;106(26):10666–71.

 72. Huang Z, Bao S-D. Roles of main pro- and anti-angiogenic factors in tumor angiogenesis. 
World J Gastroenterol. 2004;10(4):463–70.

 73. Nyberg P, Xie L, Kalluri R.  Endogenous inhibitors of angiogenesis. Cancer Res. 
2005;65(10):3967–79.

 74. Sund M, Zeisberg M, Kalluri R.  Endogenous stimulators and inhibitors of angiogen-
esis in gastrointestinal cancers: basic science to clinical application. Gastroenterology. 
2005;129(6):2076–91.

 75. Hanahan D, Folkman J. Patterns and emerging mechanisms of the angiogenic switch during 
tumorigenesis. Cell. 1996;86(3):353–64.

 76. Baeriswyl V, Christofori G. The angiogenic switch in carcinogenesis. Semin Cancer Biol. 
2009;19(5):329–37.

 77. Weis SM, Cheresh DA. Tumor angiogenesis: molecular pathways and therapeutic targets. 
Nat Med. 2011;17(11):1359–70.

 78. Bergers G, Benjamin LE.  Tumorigenesis and the angiogenic switch. Nat Rev Cancer. 
2003;3:401–10.

 79. Qian C-N, et  al. Revisiting tumor angiogenesis: vessel co-option, vessel remodeling, and 
cancer cell-derived vasculature formation. Chin J Cancer. 2016;35(1):10.

 80. Folberg R, Hendrix MJC, Maniotis AJ. Vasculogenic mimicry and tumor angiogenesis. Am 
J Pathol. 2000;156(2):361–81.

 81. Seftor REB, et al. Tumor cell vasculogenic mimicry: from controversy to therapeutic prom-
ise. Am J Pathol. 2012;181(4):1115–25.

L. Wilde et al.



463

 82. Delgado-Bellido D, et al. Vasculogenic mimicry signaling revisited: focus on non-vascular 
VE-cadherin. Mol Cancer. 2017;16(1):65.

 83. Hendrix MJ, et al. Expression and functional significance of VE-cadherin in aggressive human 
melanoma cells: role in vasculogenic mimicry. Proc Natl Acad Sci USA. 2001;98:8018–23.

 84. Hendrix MJ, et al. Transendothelial function of human metastatic melanoma cells: role of the 
microenvironment in cell-fate determination. Cancer Res. 2002;62:665–8.

 85. Bergers G, Hanahan D.  Modes of resistance to anti-angiogenic therapy. Nat Rev Cancer. 
2008;8:592–603.

 86. Kerbel RS. Tumor angiogenesis. N Engl J Med. 2008;358(19):2039–49.
 87. De Luca A, et al. The role of the EGFR signaling in tumor microenvironment. J Cell Physiol. 

2008;214(3):559–67.
 88. Baker CH, et  al. Blockade of epidermal growth factor receptor signaling on tumor cells 

and tumor-associated endothelial cells for therapy of human carcinomas. Am J  Pathol. 
2002;161(3):929–38.

 89. Hirata A, et al. ZD1839 (Iressa) induces antiangiogenic effects through inhibition of epider-
mal growth factor receptor tyrosine kinase. Cancer Res. 2002;62(9):2554–60.

 90. Nolan DJ, et al. Molecular signatures of tissue-specific microvascular endothelial cell hetero-
geneity in organ maintenance and regeneration. Dev Cell. 2013;26(2):204–19.

 91. Nör JE, et al. Up-regulation of Bcl-2 in microvascular endothelial cells enhances intratumoral 
angiogenesis and accelerates tumor growth. Cancer Res. 2001;61(5):2183–8.

 92. Garcia-Barros M, et al. Tumor response to radiotherapy regulated by endothelial cell apopto-
sis. Science. 2003;300(5622):1155–9.

 93. Oyama T, et al. Vascular endothelial growth factor affects dendritic cell maturation through 
the inhibition of nuclear factor-κB activation in Hemopoietic progenitor cells. J  Immunol. 
1998;160(3):1224–32.

 94. Pardoll DM.  The blockade of immune checkpoints in cancer immunotherapy. Nat Rev 
Cancer. 2012;12(4):252–64.

 95. Motz GT, Coukos G. The parallel lives of angiogenesis and immunosuppression: cancer and 
other tales. Nat Rev Immunol. 2011;11(10):702–11.

 96. Ziogas AC, et al. VEGF directly suppresses activation of T cells from ovarian cancer patients 
and healthy individuals via VEGF receptor type 2. Int J Cancer. 2012;130(4):857–64.

 97. Du R, et al. HIF1α induces the recruitment of bone marrow-derived vascular modulatory cells 
to regulate tumor angiogenesis and invasion. Cancer Cell. 2008;13(3):206–20.

 98. Shojaei F, et  al. Bv8 regulates myeloid-cell-dependent tumour angiogenesis. Nature. 
2007;450(7171):825–31.

 99. Murdoch C, et al. The role of myeloid cells in the promotion of tumour angiogenesis. Nat Rev 
Cancer. 2008;8(8):618–31.

 100. Rivera LB, Bergers G.  Intertwined regulation of angiogenesis and immunity by myeloid 
cells. Trends Immunol. 2015;36(4):240–9.

 101. Noy R, Pollard JW. Tumor-associated macrophages: from mechanisms to therapy. Immunity. 
2014;41(1):49–61.

 102. Riabov V, et al. Role of tumor associated macrophages in tumor angiogenesis and lymphan-
giogenesis. Front Physiol. 2014;5:75.

 103. Guo C, et al. The role of tumor-associated macrophages in tumor vascularization. Vasc Cell. 
2013;5(1):20.

 104. Ribatti D, et al. Macrophages and tumor angiogenesis. Leukemia. 2007;21(10):2085–9.
 105. Lin EY, et  al. Colony-stimulating factor 1 promotes progression of mammary tumors to 

malignancy. J Exp Med. 2001;193(6):727–40.
 106. Bingle L, et  al. Macrophages promote angiogenesis in human breast tumour spheroids 

in vivo. Br J Cancer. 2005;94(1):101–7.
 107. Kobayashi N, et al. Hyaluronan deficiency in tumor stroma impairs macrophage trafficking 

and tumor neovascularization. Cancer Res. 2010;70(18):7073–83.
 108. Mineta H, et al. Prognostic value of vascular endothelial growth factor (VEGF) in head and 

neck squamous cell carcinomas. Br J Cancer. 2000;83(6):775–81.

16 Angiogenesis and Anti-angiogenic Therapy in Head and Neck Cancer



464

 109. Singhal A, et al. Vascular endothelial growth factor expression in oral cancer and its role as a 
predictive marker: a prospective study. Saudi Surg J. 2016;4(2):52–6.

 110. Kyzas PA, Cunha IW, Ioannidis JPA. Prognostic significance of vascular endothelial growth 
factor Immunohistochemical expression in head and neck squamous cell carcinoma: a meta- 
analysis. Clin Cancer Res. 2005;11(4):1434–40.

 111. Bonhin RG, et  al. Correlation between vascular endothelial growth factor expression and 
presence of lymph node metastasis in advanced squamous cell carcinoma of the larynx. Braz 
J Otorhinolaryngol. 2015;81:58–62.

 112. de Sousa EA, et al. Head and neck squamous cell carcinoma lymphatic spread and survival: 
relevance of vascular endothelial growth factor family for tumor evaluation. Head Neck. 
2015;37(10):1410–6.

 113. Karatzanis AD, et al. Molecular pathways of lymphangiogenesis and lymph node metastasis 
in head and neck cancer. Eur Arch Otorhinolaryngol. 2012;269(3):731–7.

 114. Kalyankrishna S, Grandis JR. Epidermal growth factor receptor biology in head and neck 
Cancer. J Clin Oncol. 2006;24(17):2666–72.

 115. Ang KK, et  al. Impact of epidermal growth factor receptor expression on survival and 
pattern of relapse in patients with advanced head and neck carcinoma. Cancer Res. 
2002;62(24):7350–6.

 116. Wang W-M, et  al. Epidermal growth factor receptor inhibition reduces angiogenesis via 
hypoxia-inducible factor-1α and Notch1 in head neck squamous cell carcinoma. PLoS One. 
2015;10(2):e0119723.

 117. Tabernero J. The role of VEGF and EGFR inhibition: implications for combining anti–VEGF 
and anti–EGFR agents. Mol Cancer Res. 2007;5(3):203–20.

 118. Tonra JR, et al. Synergistic antitumor effects of combined epidermal growth factor recep-
tor and vascular endothelial growth factor receptor-2 targeted therapy. Clin Cancer Res. 
2006;12(7):2197–207.

 119. Polanska H, et al. Evaluation of EGFR as a prognostic and diagnostic marker for head and 
neck squamous cell carcinoma patients. Oncol Lett. 2016;12(3):2127–32.

 120. Brøndum L, et al. Plasma proteins as prognostic biomarkers in radiotherapy treated head and 
neck cancer patients. ClinTransl Radiat Oncol. 2017;2:46–52.

 121. Guerra ENS, et al. Diagnostic accuracy of serum biomarkers for head and neck cancer: a 
systematic review and meta-analysis. Crit Rev Oncog Hematol. 2016;101:93–118.

 122. Byers LA, et  al. Serum signature of hypoxia-regulated factors is associated with progres-
sion after induction therapy in head and neck squamous cell cancer. Mol Cancer Ther. 
2010;9(6):1755–63.

 123. Cohen NA, et al. Dysregulation of hypoxia inducible factor-1α in head and neck squamous cell 
carcinoma cell lines correlates with invasive potential. Laryngoscope. 2004;114(3):418–23.

 124. Jokilehto T, et al. Overexpression and nuclear translocation of hypoxia-inducible factor pro-
lyl hydroxylase PHD2 in head and neck squamous cell carcinoma is associated with tumor 
aggressiveness. Clin Cancer Res. 2006;12(4):1080–7.

 125. Schrijvers ML, et al. Overexpression of intrinsic hypoxia markers HIF1α and CA-IX predict 
for local recurrence in stage T1-T2 Glottic laryngeal carcinoma treated with radiotherapy. Int 
J Radiat Oncol Biol Phys. 2008;72(1):161–9.

 126. Fillies T, et al. HIF1-alpha overexpression indicates a good prognosis in early stage squa-
mous cell carcinomas of the oral floor. BMC Cancer. 2005;5(1):84.

 127. Beasley NJP, et al. Hypoxia-inducible factors HIF-1α and HIF-2α in head and neck cancer. 
Relationship to tumor biology and treatment outcome in surgically resected patients. Cancer 
Res. 2002;62(9):2493–7.

 128. Ongkeko WM, et al. Expression of protein tyrosine kinases in head and neck squamous cell 
carcinomas. Am J Clin Pathol. 2005;124(1):71–6.

 129. Chen Z, et al. Expression of proinflammatory and proangiogenic cytokines in patients with 
head and neck cancer. Clin Cancer Res. 1999;5(6):1369–79.

L. Wilde et al.



465

 130. Ninck S, et al. Expression profiles of angiogenic growth factors in squamous cell carcinomas 
of the head and neck. Int J Cancer. 2003;106(1):34–44.

 131. Wheeler SE, et  al. Tumor associated fibroblasts enhance head and neck squamous cell 
carcinoma proliferation, invasion, and metastasis in preclinical models. Head Neck. 
2014;36(3):385–92.

 132. Curry JM, et al. Tumor microenvironment in head and neck squamous cell carcinoma. Semin 
Oncol. 2014;41(2):217–34.

 133. Xin X, et al. Hepatocyte growth factor enhances vascular endothelial growth factor-induced 
angiogenesis in vitro and in vivo. Am J Pathol. 2001;158(3):1111–20.

 134. Ferrari G, et  al. Transforming growth factor-beta 1 (TGF-β1) induces angiogenesis 
through vascular endothelial growth factor (VEGF)-mediated apoptosis. J  Cell Physiol. 
2009;219(2):449–58.

 135. Ishikawa T, et al. Hypoxia enhances CXCR4 expression by activating HIF-1 in oral squa-
mous cell carcinoma. Oncol Rep. 2009;21(3):707–12.

 136. Ohm JE, Carbone DP. VEGF as a mediator of tumor-associated immunodeficiency. Immunol 
Res. 2001;23:263–72.

 137. Sridharan V, et al. Effects of definitive chemoradiation on circulating immunologic angio-
genic cytokines in head and neck cancer patients. J Immunother Cancer. 2016;4(1):1–10.

 138. Williams CB, Yeh ES, Soloff AC. Tumor-associated macrophages: unwitting accomplices in 
breast cancer malignancy. NPJ Breast Cancer. 2016;2:15025.

 139. Quatromoni JG, Eruslanov E. Tumor-associated macrophages: function, phenotype, and link 
to prognosis in human lung cancer. Am J Transl Res. 2012;4(4):376–89.

 140. Balermpas P, et al. Tumour-infiltrating lymphocytes predict response to definitive chemora-
diotherapy in head and neck cancer. Br J Cancer. 2014;110(2):501–9.

 141. Li C, et al. Infiltration of tumor-associated macrophages in human oral squamous cell carci-
noma. Oncol Rep. 2002;9(6):1219–23.

 142. Mori K, et al. Infiltration of M2 tumor-associated macrophages in oral squamous cell carci-
noma correlates with tumor malignancy. Cancers. 2011;3(4):3726.

 143. Costa NL, et al. Tumor-associated macrophages and the profile of inflammatory cytokines in 
oral squamous cell carcinoma. Oral Oncol. 2013;49(3):216–23.

 144. Dahiya K, Dhankhar R. Updated overview of current biomarkers in head and neck carci-
noma. World J Methodol. 2016;6(1):77–86.

 145. Williams MD. Integration of biomarkers including molecular targeted therapies in head and 
neck cancer. Head Neck Pathol. 2010;4(1):62–9.

 146. Kim KJ, et  al. Inhibition of vascular endothelial growth factor-induced angiogenesis sup-
presses tumour growth in vivo. Nature. 1993;362(6423):841–4.

 147. Perrotte P, et al. Anti-epidermal growth factor receptor antibody C225 inhibits angiogenesis 
in human transitional cell carcinoma growing Orthotopically in nude mice. Clin Cancer Res. 
1999;5(2):257–64.

 148. Smith BD, et al. Prognostic significance of vascular endothelial growth factor protein levels 
in oral and oropharyngeal squamous cell carcinoma. J Clin Oncol. 2000;18(10):2046–52.

 149. Strome SE, Sausville EA, Mann D. A mechanistic perspective of monoclonal antibodies in 
cancer therapy beyond target-related effects. Oncologist. 2007;12(9):1084–95.

 150. Suzuki M, Kato C, Kato A. Therapeutic antibodies: their mechanisms of action and the patho-
logical findings they induce in toxicity studies. J Toxicol Pathol. 2015;28(3):133–9.

 151. Gerber H-P, Ferrara N.  Pharmacology and pharmacodynamics of bevacizumab as mono-
therapy or in combination with cytotoxic therapy in preclinical studies. Cancer Res. 
2005;65(3):671–80.

 152. Fujita K, Sano D, Kimura M, Yamashita Y, Kawakami M, Ishiguro Y, Nishimura G, Matsuda 
H, Tsukuda M. Anti-tumor effects of bevacizumab in combination with paclitaxel on head 
and neck squamous cell carcinoma. Oncol Rep. 2007;18(1):47–51.

16 Angiogenesis and Anti-angiogenic Therapy in Head and Neck Cancer



466

 153. Jain RK. Normalizing tumor microenvironment to treat cancer: bench to bedside to biomark-
ers. J Clin Oncol. 2013;31(17):2205–18.

 154. Batchelor TT, et  al. AZD2171, a pan-VEGF receptor tyrosine kinase inhibitor, nor-
malizes tumor vasculature and alleviates edema in glioblastoma patients. Cancer Cell. 
2007;11(1):83–95.

 155. Goel S, et al. Normalization of the vasculature for treatment of cancer and other diseases. 
Physiol Rev. 2011;91(3):1071–121.

 156. Weißhardt P, et al. Tumor vessel stabilization and remodeling by anti-angiogenic therapy with 
bevacizumab. Histochem Cell Biol. 2012;137(3):391–401.

 157. Patel A, Sun W.  Ziv-aflibercept in metastatic colorectal cancer. Biol: Targets Ther. 
2014;8:13–25.

 158. Jimeno A, et  al. A phase 2 study of dalantercept, an activin receptor-like kinase-1 ligand 
trap, in patients with recurrent or metastatic squamous cell carcinoma of the head and neck. 
Cancer. 2016;122(23):3641–9.

 159. Jorg Thomas H, et al. Tyrosine kinase inhibitors – a review on pharmacology, metabolism and 
side effects. Curr Drug Metab. 2009;10(5):470–81.

 160. Gotink KJ, Verheul HMW. Anti-angiogenic tyrosine kinase inhibitors: what is their mecha-
nism of action? Angiogenesis. 2010;13(1):1–14.

 161. Verheul HMW, Pinedo HM.  Possible molecular mechanisms involved in the toxicity of 
angiogenesis inhibition. Nat Rev Cancer. 2007;7(6):475–85.

 162. Kamba T, McDonald DM. Mechanisms of adverse effects of anti-VEGF therapy for cancer. 
Br J Cancer. 2007;96(12):1788–95.

 163. Hapani S, et al. Increased risk of serious hemorrhage with bevacizumab in cancer patients: a 
meta-analysis. Oncology. 2010;79(1–2):27–38.

 164. Johnson DH, et al. Randomized phase II trial comparing bevacizumab plus carboplatin and 
paclitaxel with carboplatin and paclitaxel alone in previously untreated locally advanced or 
metastatic non-small-cell lung cancer. J Clin Oncol. 2004;22(11):2184–91.

 165. Argiris A, et al. Phase II trial of pemetrexed and bevacizumab in patients with recurrent or 
metastatic head and neck cancer. J Clin Oncol. 2011;29:1140–5.

 166. Argiris A, et al. Cetuximab and bevacizumab: preclinical data and phase II trial in recurrent 
or metastatic squamous cell carcinoma of the head and neck. Ann Oncol. 2013;24:220–5.

 167. Argiris A, Li S, Savvides P, Ohr J, Gilbert J, Levine M, Haigentz M Jr, Saba NF, Chakravarti 
A, Ikpeazu C, Schneider C, Pinto H, Forastiere AA, Burtness B. Phase III randomized trial 
of chemotherapy with or without bevacizumab in patients with recurrent or metastatic squa-
mous cell carcinoma of the head and neck: survival analysis of E1305, an ECOG-ACRIN 
Cancer research group trial. J Clin Oncol. 2017;35(Suppl). Abstract number :6000

 168. Argiris A, et al. Phase II randomized trial of radiation therapy, cetuximab, and pemetrexed 
with or without bevacizumab in patients with locally advanced head and neck cancer. Ann 
Oncol. 2016;27(8):1594–600.

 169. Horowitz JR, et al. Vascular endothelial growth factor/vascular permeability factor produces 
nitric oxide–dependent hypotension. Evidence for a maintenance role in quiescent adult 
endothelium. Arterioscler Thromb Vasc Biol. 1997;17(11):2793–800.

 170. de Jesus-Gonzalez N, et al. Management of antiangiogenic therapy-induced hypertension. 
Hypertension. 2012;60(3):607–15.

 171. PANDE A, et al. Hypertension secondary to anti-angiogenic therapy: experience with beva-
cizumab. Anticancer Res. 2007;27(5B):3465–70.

 172. Wasserstrum Y, et al. Hypertension in cancer patients treated with anti-angiogenic based regi-
mens. Cardio-Oncology. 2015;1(1):6.

 173. Schneider BP, et  al. Association of vascular endothelial growth factor and vascular endo-
thelial growth factor receptor-2 genetic polymorphisms with outcome in a trial of paclitaxel 
compared with paclitaxel plus bevacizumab in advanced breast cancer: ECOG 2100. J Clin 
Oncol. 2008;26(28):4672–8.

 174. Eremina V, et al. Glomerular-specific alterations of VEGF-A expression lead to distinct con-
genital and acquired renal diseases. J Clin Investig. 2003;111(5):707–16.

L. Wilde et al.



467

 175. Vermorken JB, et al. Platinum-based chemotherapy plus cetuximab in head and neck cancer. 
N Engl J Med. 2008;359(11):1116–27.

 176. Seiwert TY, et  al. Phase I study of bevacizumab added to fluorouracil- and hydroxyurea- 
based concomitant chemoradiotherapy for poor-prognosis head and neck Cancer. J  Clin 
Oncol. 2008;26(10):1732–41.

 177. Fury MG, et  al. A phase 2 study of bevacizumab with cisplatin plus intensity- modulated 
radiation therapy for stage III/IVB head and neck squamous cell cancer. Cancer. 
2012;118(20):5008–14.

 178. Hainsworth JD, et al. Combined modality treatment with chemotherapy, radiation therapy, 
bevacizumab, and Erlotinib in patients with locally advanced squamous carcinoma of the 
head and neck: a phase II trial of the Sarah Cannon oncology research consortium. Cancer 
J. 2011;17(5):267–72.

 179. Vermorken JB, et  al. Open-label, uncontrolled, multicenter phase II study to evaluate the 
efficacy and toxicity of cetuximab as a single agent in patients with recurrent and/or meta-
static squamous cell carcinoma of the head and neck who failed to respond to platinum-based 
therapy. J Clin Oncol. 2007;25(16):2171–7.

 180. Bonner JA, et al. Radiotherapy plus cetuximab for squamous-cell carcinoma of the head and 
neck. N Engl J Med. 2006;354(6):567–78.

 181. Bonner JA, et al. Radiotherapy plus cetuximab for locoregionally advanced head and neck 
cancer: 5-year survival data from a phase 3 randomised trial, and relation between cetuximab- 
induced rash and survival. Lancet Oncol. 2010;11(1):21–8.

 182. Dey N, De P, Brian L-J. Evading anti-angiogenic therapy: resistance to anti-angiogenic ther-
apy in solid tumors. Am J Transl Res. 2015;7(10):1675–98.

 183. Elser C, et  al. Phase II trial of sorafenib in patients with recurrent or metastatic squa-
mous cell carcinoma of the head and neck or nasopharyngeal carcinoma. J  Clin Oncol. 
2007;25(24):3766–73.

 184. Williamson SK, et al. Phase II evaluation of sorafenib in advanced and metastatic squamous 
cell carcinoma of the head and neck: southwest oncology group study S0420. J Clin Oncol. 
2010;28(20):3330–5.

 185. Machiels J-PH, et  al. Phase II study of sunitinib in recurrent or metastatic squamous cell 
carcinoma of the head and neck: GORTEC 2006-01. J Clin Oncol. 2010;28(1):21–8.

 186. Choong NW, et al. Phase II study of sunitinib malate in head and neck squamous cell carci-
noma. Investig New Drugs. 2010;28(5):677–83.

 187. Fountzilas G, et al. A phase II study of sunitinib in patients with recurrent and/or metastatic non- 
nasopharyngeal head and neck cancer. Cancer Chemother Pharmacol. 2010;65(4):649–60.

 188. Argiris A. Safety analysis of a phase III randomized trial of chemotherapy with or without 
bevacizumab (B) in recurrent or metastatic squamous cell carcinoma of the head and neck 
(R/M SCCHN). in 2015 ASCO Annual Meeting. 2015. Chicago.

 189. Yao M, et  al. Phase II study of bevacizumab in combination with docetaxel and radia-
tion in  locally advanced squamous cell carcinoma of the head and neck. Head Neck. 
2015;37(11):1665–71.

 190. Fury MG, et  al. Phase II trial of bevacizumab + cetuximab + cisplatin with concurrent 
intensity- modulated radiation therapy for patients with stage III/IVB head and neck squa-
mous cell carcinoma. Head Neck. 2016;38(S1):E566–70.

 191. Swiecicki PL, et al. A phase II study evaluating axitinib in patients with unresectable, recur-
rent or metastatic head and neck cancer. Investig New Drugs. 2015;33(6):1248–56.

 192. Gilbert J, et al. A randomized phase II efficacy and correlative studies of cetuximab with or 
without sorafenib in recurrent and/or metastatic head and neck squamous cell carcinoma. 
Oral Oncol. 2015;51(4):376–82.

 193. Limaye S, et al. A randomized phase II study of docetaxel with or without vandetanib in 
recurrent or metastatic squamous cell carcinoma of head and neck (SCCHN). Oral Oncol. 
2013;49(8):835–41.

16 Angiogenesis and Anti-angiogenic Therapy in Head and Neck Cancer



469© Springer International Publishing AG, part of Springer Nature 2018 
B. Burtness, E. A. Golemis (eds.), Molecular Determinants of Head and Neck  
Cancer, Current Cancer Research, https://doi.org/10.1007/978-3-319-78762-6_17

Chapter 17
FAK as a Target for Therapy in Head 
and Neck Cancer

Nassim Khosravi, Heath Skinner, and John Heymach

Abstract Despite decades of concerted effort, treatments for head and neck 
 squamous cell carcinoma (HNSCC) have remained largely unchanged, with tumors 
typically managed using a combination of surgery, radiotherapy, and cytotoxic che-
motherapy. Suboptimal efficacy and often severe toxicities associated with some of 
these treatments have encouraged development of targeted therapies that may over-
come these limitations. One promising avenue of therapeutic development in 
HNSCC in particular has addressed integrins and integrin-mediated signaling, 
which mediates interactions between the tumor and the extracellular matrix (ECM) 
and can potentially be targeted by inhibition of the integrin-associated focal adhe-
sion kinase (FAK). This chapter summarizes FAK structure-function relationships 
and how FAK impacts multiple cellular processes relevant to HNSCC, including 
survival and invasion. We will discuss the development of targeted FAK inhibitors, 
and combinatorial strategies incorporating FAK inhibition, with comparisons 
between human papillomavirus (HPV)-positive and HPV-negative HNSCC.

Keywords Focal adhesion kinase · Cancer · Chemotherapy · Radiation

17.1  Introduction

Head and neck cancer (head and neck squamous cell carcinoma; HNSCC) was diag-
nosed in close to 60,000 patients in the USA in 2015 [1]. Despite decades of con-
certed effort, treatments for this malignancy have remained largely unchanged, with 
tumors typically managed using a combination of surgery, radiotherapy, and, in 
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patients diagnosed with advanced or recurrent disease, cytotoxic chemotherapy. 
This disease is far less likely to metastasize to distant organs than most other solid 
tumors, and death due to disease occurs primarily due to local or regional failure.

To better establish prognosis for individual patients, a number of biomarkers 
have been investigated in this disease, with the most significant determinant of out-
come currently known being the presence of human papilloma virus (HPV; dis-
cussed in depth in Chaps. 20 and 21). Over the past decade, there has been a dramatic 
increase in HNSCC associated with HPV, primarily in the oropharynx (tonsil and 
base of the tongue). HPV-related HNSCCs have dramatically better outcomes than 
their HPV-negative counterparts, largely due to increased sensitivity to radiation 
and chemotherapy [2, 3]. Indeed, in many ways, HPV-related and HPV-unrelated 
HNSCC represent two distinct diseases, with different mutational and gene expres-
sion profiles and distinct clinical presentations.

There has also been considerable interest in identifying novel targeted therapies 
that may be useful in improving outcome for HNSCC patients, regardless of tumor 
HPV status. One interesting avenue of therapeutic development in solid tumors in 
general and HNSCC in particular has been integrins and integrin-mediated signal-
ing. Integrins are a large family of transmembrane receptors, with each integrin 
receptor a heterodimer composed of 1 α subunit (out of 9 total) and 1 β subunit (out 
of 24 total) [4]. These receptors recognize various components of the extracellular 
matrix (ECM), such as laminin or collagen, and act to promote cell adhesion. 
Following activation of integrins by their binding to extracellular ligands or by other 
means, they undergo clustering and structural rearrangements that lead to recruit-
ment of a number of proteins to their cytoplasmic tails. This leads to activation of a 
number of downstream kinases that provide signals that increase cell survival sig-
nals and affect other processes including cytoskeletal reorganization and cell cycle. 
One of the most critical and potentially targetable of these downstream effectors of 
integrin signaling is focal adhesion kinase (FAK).

FAK (also known as protein tyrosine kinase 2, or PTK2) is a ubiquitously 
expressed non-receptor cytosolic protein tyrosine kinase first isolated from chicken 
embryo fibroblasts transformed by the viral oncogene v-src [5]. Activation of FAK 
can mediate diverse cellular processes, including cell adhesion, motility, metastasis, 
angiogenesis, lymphangiogenesis, survival, and cell cycle progression [6–8]. 
Although primarily associated with activation by integrins and extracellular matrix 
(ECM) signaling, associated with function at focal adhesions, FAK can also be acti-
vated by multiple growth factor receptors, including epidermal growth factor recep-
tor (EGFR) [9], platelet-derived growth factor receptor (PDGFR) [10], vascular 
endothelial growth factor receptor (VEGFR) [11], macrophage stimulating 1 recep-
tor/recepteur d’origine nantais (MST1R/RON) [12], and others. Activated FAK can 
function in multiple cellular compartments [13], with considerable recent effort 
focused on defining the important roles of nuclear FAK in regulating the stability of 
p53 [14] and promoting transcriptional patterns that support immune evasion by 
squamous cancer (e.g., [15]). Significant efforts have been made in generating and 
clinically testing inhibitors of this kinase in a variety of solid tumors.
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In this chapter, we will first describe the physical structure of FAK, as well as 
how this structure impacts FAK activation. We will then discuss the multiple  cellular 
processes impacted by FAK signaling. The chapter will then conclude by  examining 
the role of FAK in cancer broadly and in HNSCC specifically, with attention given 
to combinatorial strategies incorporating FAK inhibition, with comparisons between 
HPV-positive and HPV-negative disease.

17.2  Structure and Activation of FAK

The physical structure of FAK is well characterized and has been reviewed in detail 
previously [6–8]. It is composed of three domains: (i) a large amino-terminal FERM 
(band 4.1/ezrin/radixin/moesin homology) domain with a proline-rich domain and 
a phosphorylation site (Y397), (ii) a central catalytic kinase domain, and (iii) a large 
C-terminal region containing the FAT (focal adhesion targeting) domain and two 
proline-rich motifs [7] (Fig. 17.1).

FAK activation is regulated by phosphorylation, as well as protein-protein bind-
ing with a variety of partners. One element of its activation is disruption of auto- 
inhibitory interactions involving the FAK FERM domain, which binds to the kinase 
domain when the kinase is not activated by interactions with partner proteins. The 
FERM domain is composed of three subdomains (F1, F2, and F3) and a nuclear 
localization sequence (NLS). The F2 subdomain contains the kinase domain-bind-
ing site (KDBS), which is essential in self-regulating the kinase activity of FAK. The 
F3 subdomain enhances p53 turnover by promoting ubiquitination and degradation 
of p53 through direct binding to Mdm-2 [14]. Also located in the N-terminal 
domain are proline-rich regions which serve as a docking site for Src homology 3 
(SH3)-containing proteins. The C-terminal domain of FAK consists of two proline-
rich sequences and a FAT sequence. FAK participates in many protein-protein 
interactions that both contribute to its activation and engage effectors. Specifically, 
the proline-rich domains bind additional SH3 domain-containing proteins such 
p130Cas/BCAR1 [6, 16], HEF1/NEDD9 [17], Rho GTPase-activating protein 26 
(ARHGAP26)/Graf [18], SH3 domain-containing GRB2 like 1/endophilin A2 
(SH3GL1) [19], and others. The FAT sequence determines the subcellular localiza-
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tion of FAK by linking the protein to integrin cytoplasmic tails via paxillin [20] and 
talin [21].

FAK activation is associated with integrin binding to ECM. The heterodimeric 
integrin receptors recognize a variety of ECM components, depending upon the 
specific αβ subunit combinations. This recognition generally occurs at points of 
contact between the cell and the substratum termed focal adhesions. While integrins 
provide a mechanical linkage between the ECM and the cell, they also facilitate 
“inside out” and “outside in” signaling [22]. Although integrins possess no catalytic 
activity themselves, they can undergo conformational changes in response to exter-
nal stimuli, with these changes affecting the ability of their cytoplasmic tails to 
provide a binding site for talin, paxillin, and other proteins [6, 23]. It is generally 
thought that these proteins then lead to recruitment and oligomerization of FAK 
[23]. However, this observation is not without controversy; indeed in some contexts 
it is thought that the exact opposite may be true, namely, that talin is recruited to 
integrins and focal adhesions by FAK [24]. Regardless, upon association with inte-
grins, the FERM-kinase linkage seen in the “closed conformation” of FAK is 
released.

FAK then auto-phosphorylates at the Y397 residue, further disturbing interac-
tions between the FERM and kinase domains. This phosphorylation event allows 
for FAK binding to a variety of proteins including Src family kinases, phospholi-
pase Cγ, and the p85 subunit of PI3 kinase [25–28]. Full activation of FAK requires 
the binding of Src and its subsequent phosphorylation of Y576 and Y577 within the 
FAK kinase domain [29]. Following these phosphorylation events, FAK assumes a 
conformation that prevents the FERM from binding to the kinase domain, and FAK 
remains active. Src-dependent phosphorylation of FAK on Y861 also contributes to 
its activation [30, 31], while phosphorylation of FAK at Y925 in the FAT domain 
allows the protein to interact with GRB2 [32], connecting it to mitogenic signaling 
cascades [33].

In addition to its activation via integrins, FAK is also known to be activated as a 
consequence of the activation of numerous receptor tyrosine kinases, as noted 
above. This phenomenon is likely context-dependent and could be indirect via 
growth factor-mediated Src activation and/or directly in collaboration with integrin 
receptors at focal adhesions. We also note that, although beyond the scope of this 
chapter, humans also have a FAK paralog, known variously as PTK2B/RAFTK/
PYK2 [34]. Like FAK, this protein has many similar (although not equivalent) inter-
actions and has also been implicated in head and neck cancer, for example [35].
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17.3  Cellular Processes Associated with FAK

17.3.1  Survival

FAK activity plays a significant role in pro-survival signaling. Detachment of the 
integrin receptors from the ECM and subsequent FAK deactivation have deleterious 
effects on cell survival. Indeed, in most nonmalignant cell types, this leads to a sub-
class of apoptosis termed “anoikis” [36], defined as cell death initiated by cell 
detachment from the ECM and loss of integrin signaling [37]. It has been shown 
both that constitutive activation of FAK rescues cells from anoikis and that this 
phenomenon is dependent upon FAK phosphorylation at Y397 and active FAK 
kinase activity (i.e., mutation of the essential K454 site in the FAK kinase domain 
eliminates rescue) [38]. Conversely, FAK signaling disturbance can induce cell 
death, after induction of cell rounding and detachment from the ECM [39].

The pro-survival function of FAK is likely due the multiple effects of FAK sig-
naling within the cell. For example, it has been shown that FAK can directly localize 
to the nucleus and interact with p53 to promote cell proliferation and survival by 
degrading p53 [14]. Interestingly, the FAK promoter contains p53 binding sites and 
can be repressed by expression of p53 [40]. Thus, these two proteins appear to par-
ticipate in a negative feedback loop, at least in the context of wild-type p53. As 
many solid tumors harbor mutations in p53, this may lead to unchecked expression 
of FAK. Indeed, an association between p53 mutation and FAK expression has been 
observed in breast cancer [41].

In more direct pro-survival signaling, hyperphosphorylated FAK complexed 
with Src recruits the Grb2 adaptor protein [42]. This, in turn, leads to the recruit-
ment of son of sevenless (SOS) protein and to activation of the Ras/MEK/ERK 
signaling cascade. In addition, the phosphorylated moiety of FAK binds to the p85 
subunit of PI3 kinase, leading to its phosphorylation and subsequent phosphoryla-
tion of the pro-survival kinase Akt [43]. Moreover, FAK can also lead to activation 
of NF-kB-mediated cell survival via interaction with either receptor-interacting pro-
tein (RIP) [44] or Rho/Rac GTPase [45], a phenomenon linked to clinical resistance 
to PI3K kinase inhibitors [46]. Following activation by FAK, NF-kB in turn leads to 
the induction of inhibitors of apoptosis proteins (IAPs) and cellular survival [38].

17.3.2  Motility and Invasion

FAK plays an essential role in cell migration by organizing the leading edge of 
migrating cells via coordinating integrin signaling and regulating focal adhesion 
turnover [6, 47–49]. Activated FAK binds to CAS family proteins, including 
p130Cas and HEF1/NEDD9, via its C-terminal proline-rich domain, which in turn 
can also bind to Src family kinases (Fig. 17.2). The Src kinase then phosphorylates 
the CAS proteins at multiple sites within their “substrate domain,” which consists of 
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>15 tyrosines in the context of motifs that form SH2-binding motifs. This action 
leads to the binding of the SH2 domain-containing protein Crk to the CAS protein 
and the promotion of Rac GTPase activity and lamellipodia formation. In HNSCC, 
VEGF-dependent activation of the FAK partner NEDD9/HEF1 was shown to be 
essential for migratory and invasive tumor behavior, and high HEF1 expression in a 
primary HNSCC tumor was strongly associated with likelihood of tumor metastasis 
[50]. Phosphorylation of another FAK-binding partner, paxillin, can also recruit and 
bind the adaptor protein Crk, providing connections to control of the actin cytoskel-
eton [51]. FAK associations with another cytoskeletal regulator, p190RhoGEF, pro-
vides an additional input into control of focal adhesion assembly [52]. Depending 
on the cellular context, inhibition of any aspect of this signaling cascade can lead to 
decreased turnover of focal adhesions and cell motility.

Focal adhesions can form in the absence of FAK, providing some connection 
between cell and ECM. However, these focal adhesions lack a connection to actin 
stress fibers and consequently cannot mediate contractility [53]. The ability of FAK 
to mediate this latter process is thought to lie largely in the modulation of α-actinin 
(ACTN1, a spectrin-family protein that connects the actin cytoskeleton to the mem-
brane), which is phosphorylated by FAK at Y12. Phosphorylated α-actinin does not 
localize to focal adhesions and has a reduced affinity for actin, ultimately allowing 
for turnover of focal adhesions [54]. FAK also directly binds to the actin-binding 
protein ARP3, and phosphorylates N-WASP (WASL) at Y256, maintaining it within 
the cytoplasm to activate ARP2/3 actin polymerization [55]. FAK can also mediate 
the activation of matrix metalloproteases (MMPs), specifically MMPs 2 and 9, at the 
leading edge of the cell, affecting both focal adhesion turnover and invasion [56, 57]. 
Two of the FAK effectors, p130Cas/BCAR1 and HEF1/NEDD9, localize to and 
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help mature invadopodia/podosomes [50, 58], specialized structures that differenti-
ate from focal adhesions and provide pores for the targeted secretion of MMPs.

17.3.3  Epithelial to Mesenchymal Transition (EMT)

During tumorigenesis malignant cells acquire the ability to infiltrate their surround-
ing stroma and travel to distant sites, a process dubbed epithelial to mesenchymal 
transition (EMT). This process is associated with a decrease in epithelial markers 
(e.g., E-cadherin, cytokeratins) and a subsequent increase in mesenchymal markers 
(e.g., N-cadherin), as well as the secretion of MMPs. As this process involves 
changes in cell polarity and migration, FAK and its effectors play key roles. Indeed, 
FAK-null embryonic cells remain committed to an epithelial status with subsequent 
increased E-cadherin and cytokeratin expression [59]. Transforming growth factor 
beta (TGF-β) is a major inducer of EMT for HNSCC and other tumor types. TGF-β 
induces SRC/FAK interactions, and FAK is important for induction of a mesenchy-
mal transcriptional program mediated by the transcription factor Snail [60]. In a 
mouse model, a null FAK genotype repressed the Snail1-dependent transcription 
program, an effect that is reversed upon re-expression of FAK. Similar phenomena 
are observed in the context of cancer EMT. Inhibition of FAK (or Src) repressed of 
markers of EMT following TGF-β stimulation as well as alterations in E-cadherin 
in several tumor types [61–63]. Similar findings were observed in an IGF-1-
mediated model of EMT, in which FAK expression was required for the expression 
of the EMT-associated biomarkers vimentin and ZEB-1 [64].

In HNSCC, the development of clinical nodal metastasis was associated with 
increased FAK and decreased E-cadherin [65]. Interestingly, this effect may be par-
tially kinase independent, as at least one study using a point mutation primarily 
disrupting the scaffolding function of FAK has shown significant inhibition of the 
expression of EMT biomarkers and of metastasis in a breast cancer mouse model 
[66]. It is also important to note that many solid tumors are not solely dependent on 
EMT for invasion and metastasis. Other means of tumor escape from the primary 
location include collective migration [67] and mesenchymal-amoeboid transition 
(MAT). Given the close involvement of HEF1/NEDD9 [68, 69] and other FAK 
effectors in MAT, further scrutiny of this mechanism in the context of HNSCC is 
warranted.

17.3.4  Angiogenesis

FAK is essential for vasculogenesis and control of tumor angiogenesis. Constitutive 
null FAK genotype is lethal in early embryonal development [70]. However, an 
endothelial cell (EC)-specific knockout of FAK using a Cre-loxP mouse model 
showed that early vasculogenesis was unimpaired, but in late embryogenesis, FAK 
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deletion in EC cells results in abnormalities before day E.13.5, and is lethal in 
mouse embryos by day E~14.5, with dramatically aberrant vessels, loss of superfi-
cial vasculature, and hemorrhage observed [71]. This phenomenon appears to be 
associated with significant apoptosis within the endothelial compartment [72]. 
Interestingly, these effects are not completely dependent upon the kinase function of 
FAK.  A conditional EC-specific knock-in of a kinase-deficient form of FAK, 
although still embryonic lethal (now at day ~15.5), rescues the observed endothelial 
apoptosis through day 13.5. However, increased endothelial cell permeability and 
decreased VE-cadherin phosphorylation were observed in both FAK-null and FAK 
kinase-deficient embryos [72].

Endothelial FAK also has a significant role in tumor-associated angiogenesis. 
Work with a mouse model allowing endothelial FAK deletion in adult mice inhib-
ited tumor growth and reduced tumor angiogenesis, following injection of synge-
neic melanoma and carcinoma cell lines [73]. Indeed, this process is supported by 
FAK signaling both within the tumor as well as within the endothelial cell. Within 
the tumor, activation of FAK by integrins engaged with the tumor-associated 
ECM, as well as by increased growth factor receptor signaling, in turn leads to the 
 activation of MEK/ERK signaling and VEGF secretion by the tumor [74]. Tumor-
secreted VEGF then supports the survival and migration of endothelial cells, in 
part, via the activation of FAK within the endothelium and subsequent downstream 
signaling. Thus, the tumor participates in a positive feedback mechanism involv-
ing VEGF and FAK to support angiogenesis. However, this phenomenon may be 
more complicated than a simple stimulatory cascade, as at least one group has 
observed increased tumor growth and angiogenesis in mice heterozygous for FAK 
deletion [75]. This latter phenomenon appears to be highly dependent upon PI3 
kinase activation and argues for a nonlinear relationship between FAK expression 
and angiogenesis. Importantly, genetic experiments have shown that FAK is not 
required for angiogenesis in adults, in part because loss of FAK activity is com-
pensated for by elevated activity of its paralog PYK2 [76]. This ability of PYK2 
to compensate for FAK deficiency has implications for therapeutic strategies 
based on inhibition of FAK.

17.3.5  Stemness

Cancer stem cells (CSCs) are a rare population of undifferentiated cancer cells with 
the ability to self-renew and are thought to contribute to resistance to conventional 
therapy. Several groups have reported a key role of FAK in maintaining CSCs in 
several different tumor types. In a mouse model of breast cancer, conditional knock-
out of FAK leads to a decreased pool of CSCs as well as a reduced functionality of 
those CSCs that remain [77, 78]. Interestingly, inhibition of the kinase function of 
FAK led to deficiency in luminal mammary SCs, while basal mammary SCs were 
dependent upon the scaffolding function of FAK [79]. Moreover, in this model, only 
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the scaffolding function of FAK was required for the expression of the stem cell- 
associated transcription factors SNAIL, SLUG, and SOX9.

Expression and function of FAK has also been linked to CSCs in an induced 
mouse model of skin cancer, based on treatment with treatment with 
7,12-dimethylbenz[α]anthracene/12-o-tetradecanoylphorbol-13-acetate, which 
generates papillomas that can progress to squamous cell tumors [80]. The ability of 
CSCs to self-renew and cycle in this model was dependent on maintenance of an 
appropriate balance between TGF-β and integrin/FAK signaling.

Finally, FAK is associated with several proteins associated with stemness, as 
drivers and/or biomarkers. In one study, glioblastoma cells forced to express the 
CSC-promoting transcription factors OCT3/4 exhibited high levels of migration 
and invasion, associated with increased levels of FAK expression [81]. Nanog, 
another marker and driver of stemness, was associated with increased FAK in a 
screening proteomics analysis [82]. Interestingly, the FAK promoter contains four 
Nanog-binding sites, to which Nanog can bind and directly increase FAK expres-
sion ( [83]). Additionally, Nanog was shown to bind the N-terminal domain of FAK 
in at least some cancer types, leading to FAK phosphorylation of Nanog [83]. This 
interaction between FAK and Nanog appears to be important for FAK-mediated 
cellular polarization and invasion, as both were inhibited by expression of Nanog 
mutants incapable of binding FAK.

17.4  FAK as a Target in Cancer

FAK itself is not an oncogene and is only mutated in a very small number of tumors 
[84]. However, FAK is highly overexpressed in a variety of human malignancies 
including head and neck, ovarian, bladder, prostate, lung, pancreatic, brain, and 
colorectal cancer [7, 85]. Several studies have shown that FAK expression and/or 
activation is linked to advanced stage at presentation, poorer prognosis, or both [8]. 
For example, in acute myeloid leukemia (AML), elevated FAK expression was 
associated with resistance to daunorubicin in vitro as well as high blast count and 
worse survival in a cohort of 60 patients [86]. Additionally, in a large cohort of 1200 
patients with breast cancer, higher FAK expression was associated poor disease-free 
survival [87]. However, in a separate, smaller study in lymph node-negative breast 
cancer patients, FAK expression was not predictive of outcome [88].

In HNSCC, FAK expression was examined in 211 tissue specimens, including 
147 primary tumors (primarily with supraglottic laryngeal SCC), 56 lymph node 
metastases, 3 benign hyperplasias, and 5 dysplasias, and expression in primary 
tumor was compared with nodal metastasis [89]. In this study, high FAK expression 
levels was seen in 62% of the samples overall, with FAK expression higher in nodal 
disease. However, FAK expression was not prognostic of outcome. This finding of 
elevated FAK in tumors confirmed in a separate study of 95 previously untreated 
men with squamous cell carcinoma of the supraglottic larynx [65, 89]. In the latter 
study, FAK added prognostic value to primary measurement of E-cadherin but was 
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not independently prognostic of outcome. It is important to note that the manage-
ment of these patients was not discussed in the publication nor was the HPV status 
known, potentially confounding the results.

In a more recent analysis of a series of patients with locally advanced HPV- 
negative HNSCC treated uniformly with surgery and postoperative radiotherapy, 
FAK overexpression was associated with gene amplification. In two independent 
patient cohorts, FAK amplification was also highly associated with poorer disease- 
free survival (DFS; P = 0.012 and 0.034), as was overexpression of FAK mRNA 
(P = 0.03) [85]. This finding was validated in a separate cohort of HPV-negative 
patients from The Cancer Genome Atlas (TCGA) in the same study [85]. Moreover, 
in an additional retrospective study of 87 patients with hypopharyngeal cancer (who 
are typically HPV-negative) treated with surgery and selective postoperative 
 radiotherapy, FAK-positive patients had worse disease-specific survival than FAK- 
negative patients (p = 0.001). Based on multivariate analyses, FAK expression was 
independent of extracapsular spread (ECS) as a significant adverse prognostic fac-
tor. FAK positivity also correlated with the number of metastatic lymph nodes 
(p = 0.048) and incidence of distant metastases (p = 0.009) [90].

17.5  Development and Evaluation of FAK Inhibitors

Based on its high expression levels in a variety of solid tumors, including HNSCC, 
as well as its involvement in multiple neoplastic processes, FAK may be an excel-
lent molecule to target using small molecular inhibitors [91]. A number of small- 
molecule kinase inhibitors have been developed, including TAE226 (also designated 
NVP-TAE226) [92, 93], PF-562271 [94], PF-573228 [94], PF-04554878/VS-6063/
defactinib [95, 96], VS-4718 (also designated PND-1186) [97], GSK2256098 [98, 
99], NVP-TAC544 [76], 1,2,4,5-benzenetetraamine tetrahydrochloride (Y15) [100], 
chloropyramine hydrochloride (C4) [101, 102], OXA11 [103], INT2–31 [104, 105], 
M13 inhibitor [106], and Roslin 2 (R2) [107] (Table 17.1); some of these also inhibit 
the FAK paralog PTK2B/PYK2.

However, there are several challenges to this approach, including most notably 
the kinase- independent effects of FAK.  As demonstrated earlier in this chapter, 
FAK has significant effects based largely on its scaffolding ability; thus, any drug 
design targeting FAK must take this function into account. Of the available FAK 
inhibitors in development for clinical use, several affect the protein-protein interac-
tions of FAK (Table 17.1). Additionally, based on the general experience of clinical 
researchers in testing small-molecule inhibitors of unique protein targets in the 
treatment of cancer, inhibition of FAK as monotherapy may not be sufficient to 
induce significant tumor responses. However, multiple groups have generated 
promising data investigating the combination of FAK inhibition with cytotoxic che-
motherapy, targeted therapy, immunotherapy, or radiotherapy.
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17.5.1  FAK Inhibition as a Chemotherapeutic Sensitizer

As noted above, activated FAK can induce multiple effectors classically associated 
with resistance to standard chemotherapeutic agents, including PI3 Kinase and 
ERK. Moreover, in several solid tumor types, ECM signaling to integrin provides 
significant chemotherapeutic resistance, at least partially mediated by FAK [108]. 
Because of this, a variety of chemotherapeutic agents have been combined with 
FAK inhibition to achieve synergistic effect. For example, the FAK kinase inhibitor, 
PF-573228, was found to reverse doxorubicin resistance in lung cancer cell lines 
[109]. In a breast cancer model, concurrent administration of the FAK kinase inhibi-
tors VS-6063 or VS-4718 with paclitaxel and carboplatin led to decreased 

Table 17.1 List of currently available FAK inhibitors

Inhibitor name Targets Phase Trials identifier

TAE 226 ATP-binding site region, 
Pyk2

Preclinical None

IGF-1R
PF-562271 ATP-binding site region, 

PYK2,
Phase I NCT00666926

PF-573228 ATP-binding site region Preclinical None
PF-04554878 ATP-binding inhibitor Phase I/Ib 

and II
NCT01951690,

(VS-6063, defactinib) NCT00787033,
NCT01943292,
NCT02004028 
and
NCT01778803

VS-4718 ATP-binding site region Phase I NCT01849744
VS-5059 ATP-binding site region None
GSK2256098 Phase I NCT01938443,

NCT01138033 
and
NCT00996671

NVP-TAC544 Preclinical None
1,2,4,5-benzenetetraamine 
tetrahydrochloride (Y15)

Targets Y397 and Y418 Preclinical None

Chloropyramine hydrochloride 
(C4)

Disrupts FAK-VEGFR3 
interaction

Preclinical None

OXA11 Targets Y397 and Y861 Preclinical None
INT2-31 Targets FAK and IGFR-1 Preclinical None

Interaction
M13 inhibitor Inhibits the interaction 

between FAK and Mdm2
Preclinical None

Roslin 2 (R2) Inhibits the interaction 
between FAK and p53 
interaction

Preclinical None
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enrichment of CSCs as well as delayed tumor regrowth following the cessation of 
treatment [110]. In ovarian cancer, the FAK kinase inhibitor TAE226 combined 
with docetaxel had a profound effect on several different models – much greater 
than either agent alone – leading to tumor regression and increased animal survival 
[111]. Not only did this combination lead to decreased tumor cell proliferation, but 
also to increased apoptosis in tumor-associated endothelial cells, arguing for the 
importance of FAK in maintaining tumor vasculature.

Another FAK kinase inhibitor, VS-6063, had similar synergistic effects com-
bined with paclitaxel, also in an ovarian cancer model [95]. In a colon cancer pre-
clinical model, the FAK kinase inhibitor 1,2,4,5-benzenetetraamine 
tetrahydrochloride (Y15) exhibited synergy with either 5-FU or oxaliplatin on 
tumor growth and apoptosis [112]. In preclinical models Y15 also demonstrated 
synergy with gemcitabine in pancreatic cancer and temozolomide in glioblastoma 
[39, 113]. An additional FAK-targeted therapy is the agent Roslin 2 (R2). This drug 
targets the interaction between p53 and FAK, relieving the repression of p53 tran-
scriptional function. This agent, in combination with doxorubicin or 5-FU, led to 
significant tumor regression in p53 wild type but not p53 null xenografts [107].

Despite promising data from several solid tumor types for combinatorial therapy 
with FAK inhibition and chemotherapy, as well as several studies showing efficacy 
in preclinical models of FAK inhibitor alone in solid tumors, published data for 
combinations of FAK inhibition and cytotoxic chemotherapy in HNSCC is yet not 
available [114]. In our experience, VS-6063 leads to potent sensitization to cisplatin 
in  vitro in several HNSCC cell lines based on clonogenic assay (Skinner et  al., 
unpublished observation). We would encourage investigators to continue this ave-
nue of exploration in HNSCC, particularly considering that the initial phase I data 
from PF-562271 (NCT00666926) included three patients with HNSCC, two of 
whom had a significant metabolic response [115].

In addition, FAK inhibitors may be promising candidates for combination with 
specific targeted therapies. For example, as discussed above, FAK mediates VEGFR 
growth factor signaling, and FAK plays a role in formation of the vasculature in 
embryogenesis and in tumors. In one recent study [116], combined therapy with a 
FAK inhibitor and an antiangiogenic agent (pazopanib or bevacizumab) reduced 
tumor growth and reduced negative effects after cessation of antiangiogenic therapy 
in a mouse model of ovarian cancer. Other combinations can be envisioned, in 
which a FAK inhibitor is combined with inhibition of EGFR, c-MET, or other 
receptor tyrosine kinases relevant to HNSCC.

17.5.2  Targeting Integrins and FAK for Radiosensitization

Similar to what has been observed with cytotoxic chemotherapy, cancer cells derived 
from multiple different tumor types as well as several different types of nonmalig-
nant lineages exhibit greater radioresistance when bound to the ECM [117]. This 
phenomenon is dubbed cell adhesion-mediated radioresistance (CAM-RR). This 

N. Khosravi et al.



481

process appears to be dependent upon integrin expression generally, if not necessar-
ily the specific constituents of the ECM. The exact mechanism underlying this phe-
nomenon is not clear; however, much research in this sphere has focused on the 
relationship between integrins and FAK, utilizing HNSCC as a model.

Antibody-mediated inhibition of β1-integrin led to the radiosensitization of mul-
tiple HPV-negative HNSCC cell lines maintained in 3D culture, as well as in an 
immunodeficient in vivo model [118, 119]. In this context, β1-integrin inhibition 
impaired repair of double-stranded DNA damage following radiation, primarily via 
effects on nonhomologous end joining (NHEJ) [120]. Moreover, the observed 
radiosensitization was directly dependent upon FAK, such that a similar effect was 
seen following FAK inhibition via siRNA, and was reversed via expression of 
 constitutively active FAK. Interestingly, in a HNSCC cell type resistant to β1-integrin 
inhibition-mediated radiosensitization, no characteristic morphologic change fol-
lowing β1-integrin inhibition was observed. In regard to toxicity profile, the strategy 
of β1-integrin blockade was associated with decreased radiation-associated oral 
mucositis in preclinical mouse models, a toxic side effect which is usually a signifi-
cant limitation to radiotherapy in head and neck cancers [121]. In independent 
 studies, an antibody specific for αv-integrin led to increased sensitization of several 
tumor types, including HPV-negative HNSCC [122, 123]. Combinatorial therapy in 
these models increased apoptosis both within the tumor cells and in tumor- associated 
endothelium. Although not directly assessed in the HNSCC studies, the antibody 
utilized in this study, CNTO 95, is known to profoundly inhibit FAK activity [124]. 
Additional studies of antibodies targeting multiple α-integrins indicate that inhibi-
tion of α3-integrin led to more potent radiosensitization in HPV-negative HNSCC 
compared to α2-, α5-, or α6-integrin [125].

As mentioned above, direct inhibition of FAK itself has also been examined as a 
radiosensitizing strategy. FAK siRNA, or FAK chemical inhibition using TAE226, 
causes in vitro radiosensitization of a variety of HPV-negative HNSCC and several 
other epithelial cell lines, possibly due to downregulation or PI3 kinase and/or 
MEK/ERK signaling [85, 126, 127]. Moreover, inhibition of FAK via siRNA or 
small-molecule inhibitor leads to impaired repair of DNA damage following radia-
tion in both HNSCC and NSCLC [85, 128]. However, in a separate study, complete 
knockout of FAK led to both radioresistance and improved DNA damage repair 
kinetics following radiotherapy in SCC cells both in vitro and following their injec-
tion as xenografts into nude mice [129]. Interestingly, this effect appeared to be 
mediated by functional (wild type) p53. As noted earlier, FAK and p53 participate 
in significant reciprocal regulation, and, as most of the cell line models used to link 
FAK and radiosensitization express mutant p53 with deficient functionality, this 
could account for the observed discrepancy. Moreover, complete knockout of FAK 
versus knockdown via siRNA or chemical inhibition may result in distinct 
phenotypes.

Given these somewhat conflicting data, the question remains as to the clinical 
relevance of FAK to radioresponse in HNSCC.  Recently, our group examined 
expression of a large number of targets in an array of HPV-negative HNSCC cell 
lines using reverse-phase protein array (RPPA) and mRNA expression array [85]. 
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These results were then correlated with in vitro radioresistance. One of the targets 
overexpressed in resistant cell lines using both assays was FAK. Similar to other 
groups, we found that chemical and siRNA-mediated inhibition of FAK led to 
radiosensitization. Moreover, we examined clinical outcomes in a cohort of HPV- 
negative HNSCC patients treated with surgery and postoperative radiotherapy. As 
discussed above, high FAK copy number and mRNA expression were both associ-
ated with significantly poorer disease-free survival in this cohort. These findings 
were replicated in a larger HPV-negative HNSCC cohort from TCGA. Thus, not 
only does targeting FAK appear to be a strategy for radiosensitization, but FAK may 
also play a significant role in baseline clinical radioresistance in HNSCC.

17.6  FAK and HPV in HNSCC

The most relevant biomarker in HNSCC is the presence of human papilloma virus 
(HPV). HPV-associated HNSCC is primarily seen in the oropharynx, specifically the 
tonsil and base of tongue. Its incidence is on the rise, while the incidence of HPV-
negative HNSCC remains flat or is even declining [130]. While HPV-negative HNSCC 
is primarily related to carcinogen exposure, most notably tobacco, HPV- positive 
HNSCC has less of an association with environmental carcinogens. Additionally, out-
comes following a diagnosis of HPV-positive HNSCC are dramatically better than 
those seen in HPV-negative HNSCC [2]. The question of FAK in the context of this 
dichotomy in HNSCCs is relatively unclear, as the majority of studies in HNSCC 
examining integrins and FAK have largely been performed in HPV-negative HNSCC.

It has been shown that p16 (encoded by CDKN2A and which inhibits CDK4/6 
and contributes to RB inactivation in untransformed cells), which is highly overex-
pressed in HPV-associated HNSCC and is a surrogate for HPV infection, is associ-
ated with higher α4β1 integrin expression in a murine cell line-based model for 
HNSCC [131]. Conversely, p16 appears to bind to integrins and inhibit αvβ3- 
mediated cell spreading, in some contexts [132]. Given the functional differences 
between distinct integrin heterodimers in distinct tissue types, it is difficult to draw 
conclusions about the functional significance of the p16/integrin relationship with-
out further study. Immortalization of epithelial cells via overexpression of the 
HPV18 E6 and E7 oncoproteins, which inhibit p53 and RB, leads to increased FAK 
and paxillin activity, possibly via increased production of the ECM component 
fibronectin [133]. Similar results were seen in several cervical SCC lines, which 
also harbor HPV. Moreover, increased levels of both FAK and paxillin were seen in 
HPV-positive HNSCC tumor samples (14 total) compared to their HPV-negative 
counterparts (186 total) following proteomic profiling [134].

Beside its activities in regulating p53, the E6 protein can bind to both paxillin 
and fibrillin 1, although the functional consequences of this binding are unclear 
[135, 136]. However, both E6 and E7 proteins can independently inhibit anoikis 
[137]. The function of E7 in this capacity appears to be related to its binding of the 
cytoplasmic RB-associated protein p600 [138]. Due to the integral nature of both 
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integrins and FAK to anoikis resistance, as well as the upregulation of FAK follow-
ing HPV transformation, it stands to reason that FAK may play a key role in this 
process; however, this has not been definitively shown.

One additional key distinction between these HPV-related and HPV-negative 
malignancies is p53. While in HPV-negative HNSCC, p53 is frequently mutated (in 
up to 80% of tumors in some series), the incidence in HPV-positive tumors is less 
than 10% [139]. However, p53 expression is generally repressed in HPV-positive 
HNSCC via binding to the E6 viral protein and its subsequent degradation. 
Interestingly, the activity of p53  in HPV-positive HNSCC appears to increase to 
some degree following radiotherapy, which is a potential mechanism that partially 
accounts for the enhanced radiosensitivity of these tumors [140]. As p53  participates 
in a reciprocal regulation with FAK, this effect may have some bearing on the 
potential of utilizing FAK as a therapeutic sensitizer in HPV-positive HNSCC.

17.7  Conclusions

FAK and its relationship with both upstream and downstream signaling is quite 
complicated, likely due to the fact that FAK participates in a broad array of cellular 
processes. This kinase provides a unique of opportunity for drug development and 
therapeutic sensitization in HNSCC due not only to its effects on cellular motility, 
invasion, and metastasis but also due to the observation that FAK inhibition can lead 
to sensitization to a wide array of conventional chemotherapeutics as well as radio-
therapy. Both the question of the comparative relevance of FAK to HPV-positive 
versus HPV-negative HNSCC and the ideal therapeutic combination in both dis-
eases remain open areas of investigation.
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Chapter 18
Diversity of Wnt/β-Catenin Signaling 
in Head and Neck Cancer: Cancer Stem 
Cells, Epithelial-to-Mesenchymal 
Transition, and Tumor Microenvironment

Khalid Alamoud and Maria A. Kukuruzinska

Abstract The Wnt/β-catenin signaling pathway is increasingly recognized for its 
roles in head and neck cancer, a devastating malignancy that presents primarily as 
head and neck squamous cell carcinoma (HNSCC). Wnt/β-catenin signaling impacts 
multiple cellular processes that endow cancer cells with the ability to maintain and 
expand immature stemlike phenotypes and proliferate, extend cancer cell survival, 
and promote aggressive characteristics resulting from loss of epithelial features and 
adoption of mesenchymal traits. A central component of the canonical Wnt signal-
ing pathway is β-catenin, which balances a role as a structural component of cad-
herin junctions with function as a transcriptional coactivator of numerous target 
genes. While β-catenin is not frequently mutated in HNSCC, its activity is enhanced 
by some of the more common HNSCC mutations in NOTCH1, FAT1, and 
AJUBA. The impact of β-catenin on a wide range of epigenetic, transcriptional, and 
cellular processes is mediated by its interaction with numerous transcription factors, 
as well as with a multitude of transcriptional coactivators and corepressors, in a cell- 
and tissue-context-dependent manner. In addition, intrinsic β-catenin activity plays 
important roles in the tumor microenvironment and thus regulates extracellular 
matrix remodeling and immune response. Lastly, Wnt/β-catenin signaling collabo-
rates with, and converges on, other signaling and metabolic pathways and cellular 
processes that modulate outputs of its activity. Unraveling the complex circuitries of 
Wnt/β-catenin signaling will facilitate its effective targeting for HNSCC therapy.
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18.1  Introduction

The Wnt signaling pathway is a conserved ancestral pathway with a pivotal role in 
organismal development and adult tissue homeostasis. Wnt signaling regulates 
diverse cellular processes including cell proliferation, patterning, cell fate determi-
nation, survival, and differentiation [1, 2]. Along with a small number of other path-
ways that include Notch, Sonic Hedgehog (Shh), Hippo, and TGF-β, Wnt signaling 
belongs to one of the few master pathways that organize the basic architecture of the 
cellular regulatory network [3]. These master pathways share a number of compo-
nents through which they collaborate, regulate each other, and converge on each 
other’s activities. Not surprisingly, co-opting these pathways is a recognized strat-
egy by which cancer cells extend their lifespan, increase proliferation, acquire stem-
like characteristics, and assume new phenotypes that eventually facilitate their exit 
from the primary tumor to set up residence at distant sites.

The Wnt signaling pathway was recognized more than 40 years ago for its role 
in Drosophila melanogaster embryonic patterning by identification of the segment 
polarity gene wingless (Wg, also known as DWnt1) [4]. The discovery of the Wg 
homolog, the mouse mammary tumor virus (MMTV) int1 oncogene, led to the 
development of the portmanteau term Wnt and provided support for Wnt signaling 
in mammalian cancer [5]. Over the years, numerous genetic and biochemical stud-
ies have elucidated the Wnt signaling cascade, defining the Wnt/β-catenin “canoni-
cal” Wnt signaling pathway, the β-catenin-independent planar cell polarity 
(Wnt-PCP) pathway, and the Wnt-calcium signaling pathway [6, 7]. These studies 
have defined multiple Wnt ligands, Wnt inhibitory factors, Wnt receptors and co- 
receptors, as well as many nuclear partners of β-catenin [6]. Collectively, these stud-
ies identified critical roles for Wnt signaling in tissue development, homeostasis, 
and disease.

Cancer develops through a multistep process driven by mechanisms that promote 
the accumulation of epigenetic, genetic, and cytogenetic changes [8, 9]. While the 
three branches of the Wnt signaling pathway have been recognized for their distinct 
roles in cancer, the Wnt/β-catenin branch is best understood. Mounting evidence 
indicates that Wnt/β-catenin signaling plays important roles in head and neck can-
cer. During the past decade, several excellent reviews described the involvement of 
the Wnt/β-catenin pathway in the pathobiology of head and neck cancer [10–13]. 
This chapter describes seminal findings and recent advances in Wnt/β-catenin sig-
naling and its emerging roles in head and neck cancer stem cells, in epithelial- 
mesenchymal transition, and in modulating the tumor microenvironment. In 
addition, convergence between Wnt/β-catenin and other signaling and metabolic 
pathways is summarized. Lastly, we discuss current strategies to inhibit Wnt/β- -
catenin signaling in cancer along with new promising druggable targets in this 
pathway.
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18.2  Wnt/β-Catenin Signaling in Cancer

The canonical Wnt/β-catenin signaling pathway is highly conserved in the animal 
kingdom, having arisen early in metazoan evolution and acquired increasing com-
plexity during progression from basal metazoans such as sponges (Porifera) to mam-
mals [14–16]. During organismal development, the Wnt/β-catenin pathway regulates 
cell fate determination, cell proliferation, cell survival, and cell differentiation. Under 
normal conditions of epithelial tissue homeostasis in adults, Wnt/β-catenin activity is 
maintained at low levels, and β-catenin is prominently localized to E-cadherin junc-
tional complexes or adherens junctions (AJs) at the basolateral cell surfaces 
(Fig. 18.1). In the absence of Wnt signal, cytoplasmic β-catenin is kept at low levels 
by a complex of proteins that include the scaffold proteins adenomatous polyposis 
coli (APC) and Axin1, glycogen synthase kinase 3β (GSK3β), casein kinase 1α 
(CK1α), protein phosphatase 2A (PP2A), and additional components. These 

Nucleus

Fig. 18.1 Schematic of the Wnt/β-catenin signaling cascade. In the absence of Wnt ligand, cyto-
plasmic β-catenin is maintained at low levels by the destruction complex composed of the scaffold 
protein Axin in complex with APC, GSK3β, and CK1α that phosphorylates the N-terminal region 
of β-catenin and targets it for proteasomal degradation via βTrCP E3 ubiquitin ligase. The binding 
of Wnt ligand to the Fzd receptor-Lrp6/5 co-receptor complex inactivates the destruction complex 
and leads to the accumulation of cytoplasmic β-catenin and its subsequent translocation to the 
nucleus where it interacts with TCF-LEF transcription factor and activates target genes. Additional 
effectors of Wnt/β-catenin signaling include R-spondins and their receptors (LGR54/5) that poten-
tiate Wnt signaling, and RNF43/ZRNF3 E3 ubiquitin ligases that antagonize it. In addition, 
E-cadherin functions as a tumor suppressor that interferes with Wnt/β-catenin activity
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interactions sequester excess cytoplasmic β-catenin and target it for ubiquitination 
and proteasomal degradation via the β-TrCP, an E3 ubiquitin ligase subunit (Fig. 18.1).

The Wnt/β-catenin pathway is activated by the binding of the extracellular Wnt 
ligand to a seven-pass transmembrane Frizzled (Fzd) receptor and its co-receptors, 
the low-density lipoprotein receptor-related protein 6 (Lrp6) and/or Lrp5. The bind-
ing of the Wnt ligand to Fzd-Lrp5/Fzd-Lrp6 leads to a conformational change and 
phosphorylation of Lrp5/Lrp6, causing association with Axin 1 and inactivation of 
the destruction complex. In the absence of the destruction complex, newly synthe-
sized, un-phosphorylated β-catenin accumulates in the cytoplasm and then translo-
cates to the nucleus, where it displaces repressors from the promoters of target 
genes and interacts with transcription factors to drive expression of target genes. 
The most prominent transcriptional partners of nuclear β-catenin are members of 
the T-cell factor (TCF) and lymphoid enhancer-binding factor (LEF1) family of 
DNA-binding proteins. This complex induces the expression of such genes as MYC, 
Cyclin D1, Axin 2, and BIRC, among others.

Wnt/β-catenin signaling is dynamically regulated at several points along its sig-
naling cascade through posttranslational modifications of its components that 
impact their conformation, secretion, stability, and activity. Secretion of Wnt com-
ponents is controlled by the activity of Porcupine, a protein with features of an 
acyltransferase, which promotes their its palmitoylation. Many components of Wnt 
signaling are glycosylated, including the Wnt ligands and the Fzd receptors and co- 
receptors, imposing additional regulatory controls. Wnt secretion is also regulated 
by Wntless, a G-protein-coupled receptor (also known as GPR177) which regulates 
vesicular trafficking, and by Evenness Interrupted (Evi), which associates Wnt 
ligands with exosomes. The binding of Wnts to the Fzd receptor is antagonized by 
proteins including Dickkopf (Dkk), Wnt inhibitory factor (WIF1), and secreted 
Frizzled-related proteins (SFRP), among others [17, 18]. Conversely, R-spondins 
synergize with Wnt to activate β-catenin-mediated signaling [19, 20]. R-spondins 
(RSPO1–RSPO4) and their receptors (LGR4–LGR6) together form a ternary com-
plex that promotes clearance of the E3 ligases, interaction with IQGAP1 to enhance 
MEK1/MEK2 phosphorylation of LRP5/LRP6 and increase in Wnt receptor levels 
to potentiate Wnt signaling. Other regulators of Wnt/β-catenin signaling include the 
RNF43/ZRNF3 E3 ubiquitin ligases, which antagonize Wnt/β-catenin signaling by 
ubiquitination of Wnt receptors, promoting their degradation [21, 22].

The broader Wnt signaling cascade also includes two noncanonical branches, the 
planar cell polarity (PCP) signaling pathway and the Wnt-calcium signaling path-
way, both pathways being β-catenin-independent [6, 7] (Fig. 18.2). The PCP path-
way utilizes different co-receptors including NRH1, Ryk, PTK7, or ROR1/ROR2. 
Binding of Wnt to the Fzd/PCP co-receptor complex activates Dvl and regulates the 
cytoskeleton via Rho-associated kinase (ROCK) and Rac1/JNK activity [23, 24]. In 
the Wnt/calcium pathway, Wnt ligand-activated Fzd receptor interacts with Dvl and 
also with a trimeric G-protein to promote calcium release from the ER by activating 
either phospholipase C (PLC) or phosphodiesterase (PDE). In addition, these inter-
actions activate calcineurin and Ca-calmodulin protein kinase II (CAMKII) to 
induce nuclear factor of activated T cells (NFAT), influencing cell adhesion and 
migration [24].
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Fig. 18.2 Non-canonical Wnt signaling. The Wnt signaling pathway includes two β-catenin-
independent signal transduction mechanisms, the Wnt/PCP pathway and Wnt/Ca2+ signaling. In 
the Wnt/PCP pathway, the binding of Wnt5a to the ROR1/2-Frizzled receptors complex leads to 
the sequestration and activation of DVL. Activated DVL, in turn, induces small GTPAses, Rac1, 
and Rho that activate ROCK and JNK and promote reorganization of the cytoskeleton and tran-
scriptional activities of Jun and ATF2. The Wnt/Ca2+ pathway involves activation of phospholipase 
C which induces intracellular calcium fluxes leading to Ca2+-dependent cytoskeletal rearrange-
ments and activation of transcription factors, such as NFAT
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Mutations affecting the Wnt/β-catenin pathway underlie many human cancers 
[25–28]. The most prominent are mutations of the adenomatous polyposis coli 
(APC) protein that occur in 42% of colorectal cancers, and mutations in the β-catenin 
gene (CTNNB1) that stabilize the β-catenin protein and consequently activate its 
nuclear activity in colorectal cancer. The frequency of mutations in APC or CTNNB1 
is lower in other cancers, although many carcinomas are characterized by increases 
in the levels and transcriptional activity of nuclear β-catenin. Elevated Wnt/β- -
catenin signaling has been recognized to be an underlying cause of leukemia, pan-
creatic ductal adenocarcinoma, melanoma, gastrointestinal cancers, 
cholangiocarcinoma, mammary carcinoma, intestinal adenoma, hepatocellular car-
cinoma, lung cancer, and synovial, ovarian, and renal carcinoma, suggesting that 
additional control mechanisms affect the transcriptional activity of β-catenin. 
Recent genomic and molecular characterization of head and neck cancer has added 
this malignancy to the list of tumors impacted by Wnt/β-catenin signaling [11, 
29–31].

18.3  Wnt/β-Catenin Signaling in Head and Neck Cancer

Head and neck squamous cell carcinoma (HNSCC) is a heterogeneous malignancy 
that comprises diverse epithelial and stromal cell populations whose interplay con-
tributes to disease progression [32]. This tumor heterogeneity stems from combina-
tions of genetic and epigenetic alterations within distinct tumor cell subpopulations, 
accompanied by changes in their metabolism as they adapt to the evolving cues in 
their environment. HNSCCs that are human papilloma virus (HPV)-driven and 
HPV-negative have distinct genomic profiles. Mutations in PIK3CA, loss of BRAF3, 
and amplification of E2F1 are frequent in HPV-related tumors, whereas HPV- 
negative malignancies display loss-of-function TP53 mutations and inactivation of 
CDKN2A. Oral squamous cell carcinomas (OSCC) are often associated with acti-
vating mutations in HRAS or PIK3CA together with inactivating mutations in 
CASP8, NOTCH1, and TP53 [30, 31]. While mutations in CTNNB1 are relatively 
infrequent in HNSCC, alterations in NOTCH1, AJUBA, and FAT1 converge on 
β-catenin, deregulating Wnt/β-catenin signaling [31]. AJUBA and FAT1 mutations 
are almost exclusively found in HPV-negative tumors [30, 31].

Emerging evidence [33–36] suggests that Wnt/β-catenin signaling plays pivotal 
roles in the pathobiology of HNSCC (reviewed in [11, 12, 31, 37–45]). Besides 
genomic alterations impacting Wnt pathway components, Wnt1 expression increases 
in basal cells of the head and neck mucosa [46], and the Wnt pathway is activated in 
OSCC by epigenetic alterations affecting the Wnt inhibitory factors, SRFP, WIF, 
and DKK3 [47, 48]. Accumulation of nuclear β-catenin linked to cyclin D1 overex-
pression has been reported in mucoepidermoid carcinoma of the head and neck 
[49]. Increased tissue levels of β-catenin in OSCC have been aligned with its 
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increased transcriptional activity [33], and inappropriate stabilization of β-catenin 
has been also correlated with dedifferentiation and poor prognosis in HNSCC [50].

The complex nature of the Wnt signaling pathway stems, in part, from the diver-
sity of Wnt receptors, Wnt co-receptors, and Wnt ligands. To date, ten human Wnt 
Frizzled (Fzd) receptors have been identified of four distinct phylogenetic lineages 
that display some differences in tissue-specific expression. Fzd receptors are seven 
transmembrane proteins of 537–706 amino acids (aa) with extracellular N-terminus 
and intercellular C-terminus. The N-terminal region contains a cysteine-rich domain 
that forms an alpha-helix of 130 aa and binds Wnts as well as other Wnt receptors. 
In addition, the N-terminal regions of many Fzd receptors contain potential N-linked 
glycosylation sites and conserved disulfide bonds. Further, the transmembrane 
regions of some Fzd receptors contain a leucine zipper that functions in dimer for-
mation. Typically, Fzd receptors are involved in β-catenin-dependent and β-catenin- 
independent pathways, while Wnt co-receptors define these distinctions. Some Fzd, 
such as Fzd3, can activate Wnt/β-catenin pathway in the absence of the Wnt ligand, 
while others such as Fzd6 can inhibit Wnt/β-catenin signaling. In the Wnt/β-catenin 
pathway, the interaction of Fzd receptors with some co-receptors, such as the low-
density lipoprotein receptor-related proteins 5 and 6 (LRP-5/LRP-6), promotes sig-
naling. On the other hand, some Wnt co-receptors, like LRP-1 and Kremens 1 and 2, 
function as negative regulators of Wnt/β-catenin signaling. Additional inhibitors of 
Wnt/β- catenin signaling include ROR2, a receptor tyrosine kinase-like orphan 
receptor 2, and the Strabismus/Van Gogh-like protein that activate the Wnt/PCP 
pathway. In this process, ROR2 binds Wnt5a and Fzd, while Strabismus interacts 
with Dsh and competes for Fzd binding. Additional Wnt receptors involved in Wnt 
signaling include protein tyrosine kinase 7 (PTK7), receptor tyrosine kinase (RYK), 
and muscle skeletal receptor tyrosine kinase (MUSK), as well as selected members 
of the proteoglycan family, such as glypican and syndecan (reviewed in [51]).

The Wnt ligands belong to a family of 19 secreted proteins 350–400 aa in length 
with 22–24 conserved cysteine residues, and 20–85% identity within the family. 
Some of the Wnt ligands, Wnt1, Wnt3a, and Wnt8, display preference for the Wnt/
β-catenin-dependent pathway, whereas Wnt5a and Wnt 11 are mostly involved in 
the Wnt/PCP pathway. However, the complexity of Fzd receptors and co-receptors 
renders such distinctions difficult. For instance, Wnt1, Wnt3, Wnt3a, Wnt2, and 
Wnt8 are known to function in the Wnt/β-catenin pathway with Fzd1, while Fzd2 
interacts with Wnt5a that has been aligned with Wnt/PCP pathway. Other Fzds 
exhibit a range of specificities for Wnts, with Fzd3 preferentially interacting with 
Wnt1 and Wnt8 and Fzd5 with Wnt2, Wnt5a, Wnt7a, Wnt8, Wnt10b, and Wnt11. 
Furthermore, Fzd7 interacts with Wnt 5a, Wnt8, and Wnt11, Fzd8 with Wnt8, Fxd9 
with Wnt2, and Fzd10 with Wnt8 (reviewed in [52]).
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18.4  β-Catenin as a Central Effector of Wnt Signaling

The ability of β-catenin to regulate diverse cellular events is defined by a protein 
structure that provides a platform for multiple activities [53]. β-catenin encom-
passes 12 repeats of approximately 40 amino acids long, named armadillo (ARM) 
repeats. Together they form a single, rigid protein domain, the ARM domain, char-
acterized by an elongated shape with a convex outer and a concave inner surface. 
Each armadillo repeat is composed of three alpha-helices. The first repeat near the 
N-terminus contains a helix with a kink, formed by the fusion of helices 1 and 2; the 
inner surface serves as a ligand-binding site for the various interaction partners [53, 
54].

The N-terminal region of β-catenin is disordered. When phosphorylated at Ser33 
and Ser37, it binds the β-TrCP E3 ubiquitin ligase that targets β-catenin for degrada-
tion by the proteasome . In contrast, the C-terminal region is not fully disordered but 
rather forms a stable helix (helix C) that interacts with additional binding partners 
[55, 56]. While not required for β-catenin function in cell-cell adhesion, helix C is 
critical for Wnt signaling, and fusion of the C-terminal segment of β-catenin to the 
DNA-binding domain of LEF1 transcription factor can mimic activation of the 
entire Wnt pathway. Cellular abundance of β-catenin may not be always indicative 
of its signaling potential; rather, the magnitude of change in response to external or 
internal signals may be an important determinant [57].

Similar to β-catenin, its homolog γ-catenin (plakoglobin) has the ARM domain 
structure with ligand-binding capacity and conserved N-terminal β-TrCP-binding 
motif. However, γ-catenin lacks motifs in the C-terminal region and thus does not 
have the ability to function as a strong transcriptional coactivator. The role of 
γ-catenin in β-catenin transcriptional activity remains unclear, but it has been sug-
gested that it modulates the Wnt pathway target genes [58–63]. Like β-catenin, 
γ-catenin is also found at the promoter region of the β-catenin target gene, 
DPAGT1, in OSCC, although in vitro studies suggest that its abundance is regulated 
via mechanisms distinct from those controlling β-catenin [33].

Transcriptional regulation Transcriptional activity of β-catenin is determined by 
its interactions with components that regulate nuclear translocation, transcriptional 
co-activation, and epigenetic changes [64]. In addition to binding Tcf/Lef, β-catenin 
directly interacts with other transcription factors with significant impact on tumor 
cell behavior. For instance, interaction with nuclear receptors, like androgen recep-
tor, can either enhance their transcriptional activity or interfere with it [65, 66] 
(reviewed in [67]). Under hypoxic conditions, hypoxia-induced factor 1α (HIF1α) 
is upregulated and competes with Tcf for β-catenin binding [68]. Furthermore, 
increased oxidative stress is accompanied by enhanced levels of reactive oxygen 
species (ROS) leading to upregulation of the forkhead FOXO transcription factors, 
which also compete with Tcf for β-catenin [69].

Among the key nuclear binding partners of β-catenin that enhance its coactivator 
activity is Bcl9, shown to promote early stages of intestinal cancer by inducing a 
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subset of β-catenin target genes with roles in EMT and invasion [70]. β-catenin also 
recruits the homeodomain-interacting protein kinase 2 (HIPK2) that promotes dis-
sociation of Tcf3 from target genes, leading to derepression [71]. FoxM1 and 
β-catenin form a complex with Tcfs at some target gene promoters. Kindlin-2 bind-
ing to β-catenin and Tcf4 promotes Axin2-Snail target gene expression critical for 
EMT, invasion, CSCs, and metastases [72]. One key feature of stem cells is their 
ability to preserve long telomeres by maintaining high TERT gene expression. In 
CSCs, β-catenin interacts with Klf4 and directly binds to the TERT gene promoter 
to enhance telomerase expression [73].

A significant aspect of β-catenin-mediated regulation of gene expression involves 
its central role in the epigenetic modification of chromatin. Whereas epigenetic 
changes in acetylation and methylation play critical roles in regulating gene expres-
sion in normal mammalian development, their deregulation is associated with can-
cer [64, 74, 75]. For instance, in breast cancer cells, the β-catenin-Pygo2 complex 
recruits histone methyltransferase MLL1/MLL2 to promote H3K4me3 tri- 
methylation to enhance stem cell expansion [76]. In human embryonic kidney cells, 
β-catenin participates in SET8-directed mono-methylation of H4K20me1 that facil-
itates the removal of Groucho from Tcfs [77], while methylation at H3K79me3 is 
driven by a Dot1-containing complex of MLL partners [78]. In HNSCC, the 
β-catenin-histone acetyltransferase cAMP-responsive element-binding protein 
(CBP) complex recruits MLL to methylate H3K4me3 and activate stem-cell-related 
genes [34]. In addition to CBP, another co-activating partner of β-catenin is a closely 
related histone acetyltransferase p300, although CBP and p300 exhibit partially dis-
tinct patterns of gene activation [79]. Moreover, nuclear β-catenin interacts with the 
effector of the Hippo pathway YAP1 to regulate expression of target genes associ-
ated with oncogenic features [80–83].

Lastly, recent studies have revealed that nuclear levels of β-catenin can be subject 
to regulation by an E3 ubiquitin ligase, SHPRH (SNF2 histone-linker PHD and 
RING finger domain-containing helicase), independent of the GSK3β/APC com-
plex [84].

Cytoplasmic regulation Cytoplasmic levels of β-catenin are regulated by the APC 
destruction complex, which becomes inactivated when binding of Wnt ligands to 
the Fzd receptors and LRP co-receptors causes phosphorylation and activation of 
Dishevelled, with consequent Ser9 phosphorylation and inactivation of GSK3β 
[85]. In the absence of Wnt stimulation, phosphorylated β-catenin at Ser33 and 
Ser37 interacts with the E3 ubiquitin ligase β-TrCP which targets it for proteasomal 
degradation [86].

Additional regulation of β-catenin may be also imposed by E-cadherin. As 
β-catenin binds to E-cadherin during synthesis in the ER, it is thought to serve as a 
chaperone in effective targeting of E-cadherin to the cell membrane. Whether 
β-catenin can disengage from E-cadherin junctions and enter a soluble pool in the 
cytoplasm that then serves as a source of nuclear β-catenin remains controversial. 
Nonetheless, several studies have shown that the cytoplasmic pool of β-catenin may 
be augmented by increased recycling of E-cadherin-β-catenin complexes from the 
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cell membrane [87, 88]. Notably, β-catenin itself regulates its own levels by impact-
ing the expression of components of the Wnt/β-catenin pathway. For instance, 
β-catenin regulates expression of E3 ubiquitin ligases ZNRF3 and RNF43 that 
induce endocytosis of Wnt receptors in an R-spondin-dependent manner and 
enhance Wnt signaling [21, 22]. Further, β-catenin regulates the expression of the 
Wnt/β-catenin signaling inhibitor, Dkk-1 [17]. Frequently, Dkk-1 is lost in carci-
noma and HNSCC, leading to unchecked β-catenin signaling [33].

18.5  Wnt/β-Catenin Signaling in Cancer Stem Cells

An acknowledged pivotal function of β-catenin is in the control of cell fates [89]. 
Specifically, β-catenin regulates asymmetric cell division by promoting unequal dis-
tribution of Dvl, Fzd, Axin, and APC in the cytoplasm of the mother cell [90]. This 
mechanism generates cells capable of renewing themselves as well as committed 
progenitor cells that differentiate into functionally specified cells [91]. The decision 
to divide or differentiate is controlled by a stem cell niche formed by extrinsic fac-
tors, including Wnt ligands, and by cells that produce them. The niche provides 
signals that promote stem-cell phenotypes in multiple epithelial stem cell compart-
ments. Recent elegant work has revealed the existence of discrete stem cell niches 
at different tissue sites during development [92]. It is likely that similar scenarios 
are at play in cancer, including HNSCC.

The cancer stem cell hypothesis postulates that cancer stem cells (CSCs) give 
rise to tumors with hierarchical organization similar to that during development 
[93]. Thus, some tumor cells are now thought to hijack Wnt/β-catenin signaling to 
promote asymmetric cell division that leads to the expansion of daughter cells with 
stemlike characteristics to drive advanced disease [89, 93]. Increasing evidence sup-
ports the role of Wnt/β-catenin signaling in subpopulations of cancer cells that dis-
play stemlike characteristics [26, 89, 94]. These CSCs can efficiently seed tumors 
and promote aggressive disease, with Wnt/β-catenin signaling playing pivotal roles 
in their maintenance and expansion.

During the past decade, numerous studies have provided evidence that HNSCC 
arises from populations of CSCs that drive tumor development and resistance to 
therapy, and increasingly, the molecular mechanisms underlying the generation and 
expansion of CSCs in this malignancy are being unraveled [95, 96]. First character-
ized by the expression of the CD44 surface marker and the Bmi1 oncogene [95], 
HNSCC CSCs were shown to be marked by high aldehyde dehydrogenase activity 
and by the expression of c-Met and SOX2. Moreover, HNSCC CSCs had the ability 
to efflux vital dyes, to grow under non-adherent conditions as tumor spheres, to seed 
tumors at low numbers in nude mice, and to drive cell expansion [34, 95, 97–99]. In 
addition, these CSCs were characterized by an aberrant activation of Wnt/β-catenin 
activity [42, 99]. Significantly, HNSCC CSCs have been aligned with mesenchymal 
properties and resistance to treatments [100–103].
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Multiple components of Wnt/β-catenin signaling have been associated with 
CSCs. For instance, the R-spondin receptor Lgr5 is a potential CSC marker in intes-
tinal stem cells that can promote tumor growth when APC is deleted [104]. In colon 
adenoma, Lgr5-positive cells can give rise to Lgr5-positive cells and other cell 
types. Further, RAC1 is required for expansion of the Lgr5 population after APC 
loss [105]. RAC1 activation drives ROS production and activates NFκB signaling, 
which then enhances Wnt signaling [105].

Wnt/β-catenin signaling in CSCs is impacted by the tumor environment. For 
instance, myofibroblasts secrete hepatocyte growth factor (HGF) that increases Wnt 
activity and induces stem cell-like features in colorectal cancer cells. Additionally, 
breast tumor cells induce the stromal expression of the extracellular matrix protein 
periostin to form a metastatic niche [106]. Periostin interacts with Wnt1 and Wnt3a, 
thus inducing Wnt signaling and sustaining a CSC phenotype. Further, matrix 
metalloprotease MMP3 secreted by mammary epithelial cells stimulates canonical 
Wnt signaling in mammary stem cells by sequestration of Wnt5b and antagonizing 
the inhibitory effect of the PCP Wnt pathway. Along with local cytokines secreted 
from tumor-associated cells, Wnt/β-catenin signaling promotes CSCs coincident 
with increased metastatic capacity. β-catenin induction of TERT mRNA expression 
helps maintain the long telomeres needed by stem cells [73]. Lastly, emerging evi-
dence has revealed new links between noncoding RNAs, microRNAs (miRs), and 
long noncoding RNAs (lncs) with Wnt/β-catenin signaling in CSCs [107, 108].

As Wnt/β-catenin signaling controls epigenetic changes that define different 
chromatin states, its activity has been associated with pluripotency in part via its 
role in epigenetic modulation of target gene expression [64, 109]. Tri-methylation 
at lysine 4 (H3K4me3) promotes active chromatin structure, while methylation of 
lysine 9 (H3K9me3) supports heterochromatin state, and methylation at lysine 27 
(H3K27me3) correlates with repressed chromatin [110, 111]. As described above, 
β-catenin promotes H3K4me3 by recruitment of CBP [112] and histone methyl-
transferase, MLL, to promote active chromatin [113]. Significantly, increased inter-
action of β-catenin with CBP underlies HNSCC CSCs and disease progression [34, 
79, 114–116]. This ability to promote aggressive properties is specific to CBP, as 
recruitment of the p300 histone acetyltransferase by β-catenin drives cellular dif-
ferentiation [117].

Recent reports have shown that Wnt/β-catenin signaling promotes HNSCC by 
epigenetic regulation [34, 118]. Importantly, inappropriate activation of Wnt/β- -
catenin signaling and concomitant inhibition of Bmp using a genetically engineered 
mouse model with gain-of-function mutation in β-catenin and loss of function in 
BMP led to the development of aggressive salivary gland SCC-derived and HNSCC 
tumors [34]. These tumors were enriched in subpopulations of CD44 + CD24 + CD29+ 
cells, which had the ability to self-renew.

Further, β-catenin/CBP/MLL complexes drive tri-methylation of H3K4 and 
maintain immature cell phenotypes. Specifically, aggressive tumors in mouse xeno-
grafts were shown to arise from the interaction of β-catenin with the histone acetyl-
transferase CREB-binding protein (CBP) and a histone methyltransferase or 
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myeloid/lymphoid or mixed-lineage leukemia 1 (MLL) known to be a positive 
global regulator of gene transcription. MLL belongs to the group of histone- 
modifying enzymes comprising transactivation domain 9aaTAD involved in the epi-
genetic maintenance of transcriptional memory. In HNSCC and salivary gland SCC 
tumors, β-catenin recruits both CBP and MLL onto regulatory elements for genes 
encoding factors implicated in stemness, survival, and proliferation [34]. Inhibition 
of either β-catenin or CBP or MLL inhibits stem cell phenotypes and promotes 
differentiation.

A recent elegant study using lineage tracing in 4NQO-induced oral SCC has 
shown that Bmi1+ cells express AP1 and have high invasive capacity and self- 
renewal properties. Moreover, these cells are the underlying cause of cisplatin resis-
tance and cancer recurrence [102]. Since both Bmi1 and AP1 interact with β-catenin 
and depend on its activity, it is tempting to speculate that these cells also require 
Wnt/β-catenin signaling and its interacting signaling circuitries for the maintenance 
of their stem cell-like phenotypes.

The presence of CSCs has also been associated with poor disease prognosis. 
Perhaps best documented is the connection between intestinal CSCs and colorectal 
cancer [119, 120]. However, some Wnt/β-catenin target genes, such as Axin2 and 
Lgr5, are reduced in expression in patients with poor prognosis [119, 120] due to 
promoter methylation of those genes. Likewise, recent studies have shown that 
methylation of R-spondins contributes to the etiology of gastric cancer [121]. 
Similar to other solid tumors, HNSCC CSCs metastasize, with invasion of cervical 
lymph nodes being the most common feature of HNSCC tumor spread and poor 
prognosis [122, 123].

18.6  Wnt/β-Catenin Signaling in Epithelial-to-Mesenchymal 
Transition (EMT)

EMT is a developmental process regulated by changes in intercellular adhesion that 
promote loss of epithelial characteristics and acquisition of a mesenchymal pheno-
type with important roles in cancer progression and metastasis [124–126]. In devel-
opment, EMT is critical for the spatial and temporal cell sorting and migration that 
accompany normal tissue and organ development. Major changes that occur during 
EMT include the downregulation of epithelial markers, E-cadherin, TJP/ZO-1, and 
occludin, reorganization of the cytoskeleton, loss of intercellular adhesion and 
apical- basal polarity, and acquisition of a mesenchymal phenotype as indicated by 
increased expression of vimentin, N-cadherin, and fibronectin [126]. Many tumors 
co-opt these key developmental pathways and adapt them to execute changes in 
phenotypes that will allow them to survive, expand, and move to distant sites to 
establish new niches [9, 127, 128].

One of the key transcription factors responsible for EMT that is regulated by 
Wnt/β-catenin signaling is SNAI2 [124, 129]. Cytoplasmic SNAI2 concentration is 
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kept in check by GSK3β phosphorylation and subsequent ubiquitination by 
β-TrCP. In breast cancer cells, the activation of canonical Wnt signaling stabilizes 
SNAI2 by inhibiting GSK3β kinase activity and initiates EMT transcriptional pro-
grams. Other key regulators of EMT are the zinc finger E-box-binding homeobox 1 
(ZEB1) protein and a haploinsufficient tumor suppressor, apoptosis-stimulating 
protein of p53 2 (ASPP2), both affecting β-catenin activity by suppressing 
E-cadherin adhesion. ZEB1 is a transcriptional inhibitor of E-cadherin expression 
via SWI/SNF chromatin-remodeling protein, BRG1 [130], while ASPP2 binds to a 
β-catenin in complex with E-cadherin and inhibits N-terminal phosphorylation of 
β-catenin, leading to its stabilization while preventing β-catenin-mediated activa-
tion of ZEB1 [131]. Accordingly, reduced expression of ASPP2 leads to EMT and 
is associated with poor survival in hepatocellular and breast cancer, suggesting its 
important role in regulating cell plasticity [131]. In colon cancer cells with hyperac-
tivated canonical Wnt signaling, pharmacological inhibition of PI3K-Akt signaling 
leads to a nuclear accumulation of β-catenin and FOXO3a that results in increased 
cell scattering and metastasis [132].

EMT has been associated with HNSCC progression to advanced disease [10, 
100, 133, 134]. Among transcription factors associated with EMT in HNSCC is 
TWIST1, shown to mark loss of epithelial morphology and increased mesenchymal 
traits [134, 135]. β-catenin-dependent increased expression of collagen triple helix 
repeat containing 1 (CTHRC1) is associated with the acquisition of mesenchymal 
traits leading to increased cell migration through the Wnt/PCP pathway in several 
carcinomas [136, 137]. Wnt/β-catenin collaborates with protein N-glycosylation to 
induce CTHRC1 in OSCC via distinct transcriptional and posttranslational mecha-
nisms [13]. In human OSCC tumors, CTHRC1 localizes to the tumor front in vivo 
and promotes cell migration by inducing the interaction between ROR2 and Fzd6 
and subsequent activation of Rac1 via the Wnt/PCP pathway [13].

In addition to transcription factors and posttranslational mechanisms, microR-
NAs are critical regulators of the EMT process, and Wnt/β-catenin signaling influ-
ences their expression in cancer [138–141]. MicroRNAs suppress transcription 
factors that directly regulate EMT and downregulate other genes and pathways that 
indirectly impact this process. In HNSCC, the deregulation of miRNA200b and 
miRNA15b has been linked to EMT and advanced disease [142, 143]. Since these 
miRNAs have a strong association with EMT, they may represent effective thera-
peutic targets for HNSCC [144].

The process of metastasis reflects a succession of complex steps leading to the 
macroscopic outgrowth of disseminated tumor cells at the secondary site [145]. 
Metastasis is a hallmark of late-stage cancer and a major challenge to therapy. A 
main adaptive change of tumors during therapy is EMT [94, 127]. Recently, exo-
somes that function in intercellular communication were implicated in metastasis 
through their ability to transport active Wnt ligands or incorporate β-catenin [146, 
147]. Another route by which distant metastasis occurs may involve circulating 
tumor cells (CTCs) that have been linked to Wnt signaling in prostate and pancre-
atic cancers [148]. In pancreatic cancer CTCs, canonical Wnt2 expression promoted 
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anchorage-independent sphere formation and metastatic behavior. In addition, non-
canonical Wnt signaling is upregulated in prostate cancer CTCs resistant to andro-
gen receptor inhibition. Our studies also showed that CTHRC1 promotes HNSCC 
cell migration by activating the noncanonical Wnt/PCP pathway [13]. Collectively, 
increasing evidence implicates both canonical and noncanonical Wnt signaling in 
HNSCC metastases.

18.7  Cross Talk with E-Cadherin-Mediated Adhesion

In addition to its signaling function, β-catenin serves as a major structural compo-
nent of E-cadherin-mediated AJs [149–152] (Fig. 18.1). E-cadherin is a member of 
classic cadherins, single-span transmembrane cell-cell adhesion receptors charac-
terized by their extracellular repeats, ectodomains, a transmembrane region, and a 
short cytoplasmic tail. As a major epithelial adhesion receptor, E-cadherin orga-
nizes AJs that mediate numerous cell functions, including reorganization of the 
actin cytoskeleton and microtubules to promote the formation of tight junctions 
and the establishment of cell polarity. The major components of AJs include mem-
bers of the catenin family, β-catenin, α-catenin, and p120 catenin. E-cadherin 
interacts with β-catenin in the ER where the latter acts as a chaperone and assists 
in the transit of E-cadherin to the membrane [153]. E-cadherin/β-catenin com-
plexes recruit α-catenin through the binding to the β-catenin C-terminal region, 
promoting interaction with the actin cytoskeleton, which is critical for the stabili-
zation of AJs and downregulation of Wnt/β-catenin signaling [154] (reviewed in 
[155]). Indeed, carcinoma progression, including HNSCC, is associated with a 
dramatic loss of E-cadherin-mediated adhesion and EMT [156, 157]. In addition, 
HNSCC is characterized by dysregulated expression of FAT1, a member of the 
cadherin superfamily, and mutations in FAT1 occur in 32% of HPV-negative 
HNSCC tumors and are associated with an unchecked activity of β-catenin [31, 
158]. Lastly, retinal cadherin, CDH4, has been reported to be important for main-
taining cell-cell adhesion in HNSCC epithelia, in part, through a negative regula-
tion of the Wnt/β-catenin/CBP axis (Kartha et  al., unpublished), and its loss 
correlates with the acquisition of malignant traits in carcinomas, including adenoid 
cystic carcinoma [159].

18.8  Interactions Between Wnt/β-Catenin and Other 
Signaling Pathways

As a master regulatory pathway, Wnt/β-catenin signaling receives inputs and con-
verges on and cross talks with other signaling pathways. In epithelial cells, Wnt/β- -
catenin signaling has been shown to collaborate with signaling pathways with 
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central roles in cancer, including the noncanonical branches of Wnt signaling, 
Notch1, TGF-β, Hippo and its effectors, YAP/TAZ, as well as EGFR and PI3K. These 
interactive pathways display multifaceted activities that are highly cell- and tissue- 
context dependent, and, as in the case of TGF-β and Notch, they can be either onco-
genic or tumor suppressive.

Reciprocal interactions with non-canonical Wnt signaling The canonical Wnt/β- -
catenin and noncanonical Wnt pathways affect each other’s activities. The Wnt/PCP 
pathway inhibits Wnt/β-catenin signaling [160] and can also mediate the motility of 
cancer cells during metastasis via exosomes secreted from fibroblasts in the tumor 
microenvironment. Likewise, the upregulation of calcineurin/NFAT activity via the 
Wnt/calcium pathway interferes with the canonical Wnt pathway [161]. On the 
other hand, the Wnt/Ca2+ and Wnt/β-catenin pathways collaborate, in that Ca2+ 
release facilitates β-catenin entry into the nucleus [162]. Further, prostaglandin E2 
is a potent activator of canonical Wnt signaling through cAMP-/PKA-mediated 
phosphorylation and stabilization of β-catenin [163].

β-catenin interactions with TGFβ signaling Similar to Wnt/β-catenin, transform-
ing growth factor (TGF)-β has pivotal roles in cell fate determination and in homeo-
stasis of adult tissues [164]. TGF-β and Wnt/β-catenin collaborate on a transcriptional 
level via direct interaction between Smads and Tcf proteins to generate a novel 
oncogenic transcriptional program that promotes the development of mammary and 
intestinal tumors [165]. Integrity of intercellular adhesion has been shown to be 
critical for the regulation of TGF-β-induced EMT and to depend on β-catenin [166] 
and on the β-catenin/CBP axis in promoting EMT [114]. Further, Wnt/β-catenin 
signaling is essential for the development of fibrosis through a mechanism that 
involves TGF-β-mediated inhibition of Dkk1 expression [167].

NOTCH1 and β-catenin activity Notch signaling regulates stem cell maintenance, 
cell plasticity, proliferation, and differentiation [168]. In addition, through regula-
tion of cell-cell communication, Notch synchronizes the behavior of closely associ-
ated cells [169]. In keratinocytes, Notch is critical for guiding the differentiation 
program and tumor suppression [170]. Likewise, Notch has an important role in the 
homeostasis of oral and esophageal epithelia [171] and functions primarily as a 
tumor suppressor in head and neck epithelia [30, 172–174].

Wnt/β-catenin has been shown to collaborate with Notch in different tissues dur-
ing development and in tumorigenesis. Both pathways control cell fate decisions of 
intestinal progenitor cells where Wnt signaling plays an essential role in the prolif-
eration of both stem cells and transit amplifying cells [175]. On the other hand, in 
cardiac progenitor cells, Notch antagonizes Wnt/β-catenin signaling to determine 
cell fate [176]. Further, Notch and Wnt/β-catenin pathways are crucial for gastric 
CSC development [25], and both pathways are activated in CSCs and associated 
with carcinogenesis, poor prognosis, and chemotherapy resistance [29–31]. 
Additionally, membrane-bound Notch physically associates with β-catenin in stem 
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and colon cancer cells and negatively regulates the accumulation of β-catenin in 
Notch cleavage- and GSK3β-independent ways [177].

The role of Notch1-β-catenin interplay in HNSCC is likely to be complex, in part 
because both Notch and Wnt/β-catenin have roles in proliferation and differentia-
tion. Additionally, substantial heterogeneity of tumors and changes in spatiotempo-
ral oncogenic cues with HNSCC progression to advanced disease are likely to drive 
complicated responses. As some HNSCC tumors harbor inactivating mutations in 
NOTCH1 [30], they are likely to be associated with unchecked β-catenin activity 
[31]. Indeed, activation of Notch has been shown to inhibit Wnt/β-catenin activity 
in OSCC [36].

β-catenin interacts with the Hippo pathway and its downstream effectors YAP/
TAZ The Hippo tumor suppressor pathway regulates adult tissue size primarily via 
inhibition of the oncogenic activities of its downstream effectors, the paralogous 
transcriptional coactivators, YAP and TAZ (YAP/TAZ), via their retention in the 
cytosol [178–181]. Accordingly, hyperactivation of YAP/TAZ has been shown to 
contribute to numerous aggressive carcinomas, including breast, lung, prostate, and 
HNSCC [182, 183]. YAP/TAZ respond to multiple and complex cues, including 
changes in the mechanical properties of the extracellular matrix, cell size, and den-
sity, as well as in cell polarity and organization of the cytoskeleton [184], and their 
nuclear activity drives cell proliferation, stemlike properties, migration, invasion, 
and drug resistance [185–187]. Recently, upregulated YAP levels were reported in 
premalignant oral tissues, and YAP/TAZ gene signatures were shown to track with 
advanced OSCC, suggesting their involvement in the pathobiology of HNSCC on 
multiple levels [183].

Several studies have shown that the Wnt/β-catenin and Hippo pathways interact 
[80, 188]. A kinase in the Hippo signaling cascade, LATS2, inhibits Wnt/β-catenin- 
mediated transcription via TCF by interfering in the interaction between β-catenin 
and BCL9, independent of LATS2 kinase activity [189]. Notably, YAP/TAZ have 
been shown to interact with nuclear β-catenin and to either restrain its activity or 
collaborate in oncogenic signaling by activating SOX2, SNAI2, BCL2L1, and 
BIRC5 [83, 190]. In addition to nuclear interactions, under conditions of low Wnt/
β-catenin signaling, YAP and TAZ are recruited to the APC complex and inacti-
vated, while stimulation with Wnt ligands promotes their nuclear activity [81]. An 
additional link between YAP/TAZ and Wnt/β-catenin signaling has been shown to 
involve YAP/TAZ in “alternative” Wnt signaling. This alternative Wnt activity is 
induced by Wnt ligands, Wnt5a/b and Wnt3a, to activate the Fzd/ROR1/2-Gα12/13- 
Rho axis that suppresses Lats1/2 activity and promotes nuclear YAP/TAZ-TEAD 
signaling. The latter drives the upregulation of genes, including WNT5A/B, CTGF, 
BMP4, CYR61, and DKK1, among others [191].

Convergence of epidermal growth factor receptor (EGFR) signaling with β-catenin 
activity While somatic mutations in EGFR are relatively infrequent in HNSCC, the 
activity of EGFR is aberrantly upregulated in >90% of tumors, and these increases 
in RTK activity are frequently not reflected in transcript levels [192]. Thus, it is 
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likely that posttranscriptional, translational, and posttranslational changes are 
responsible for EGFR activation in this malignancy. Increasing evidence indicates 
that the Wnt/β-catenin and EGFR signaling pathways cross talk [193]. These path-
ways have the ability to transactivate one another in development and cancer at 
several convergence points: Wnt ligands can activate EGFR signaling through Fzd 
receptors, while EGFR can activate β-catenin via PI3K/Akt or ERK pathway activa-
tion [193, 194]. Further, EGFR can form a complex with β-catenin and increase the 
invasion and metastasis of cancer cells. EGFR regulates the localization and stabil-
ity of β-catenin [195]. Lastly, EGFR impacts the activities of the Src family kinases 
that also regulate the stability of E-cadherin/β-catenin complexes by phosphorylat-
ing tyrosine residues of β-catenin and either driving destabilization of AJs and 
enhanced pool of cytoplasmic β-catenin or promoting collective cell migration 
[196], a feature common in carcinoma spread [197].

PI3K and β-catenin signaling Phosphoinositide 3-kinase (PI3K) is one of the most 
important effectors of RTK signaling in cancer [198], as documented by key roles 
in cell survival, growth, metabolism, motility, and tumor progression [199, 200]. 
Activating mutations in the PI3K pathway are frequent in different cancer types, 
with a loss of its negative regulator, phosphatase and tensin homolog (PTEN) rank-
ing among the most common events in cancer, including HNSCC, resembling TP53 
mutations. In HNSCC, PIK3CA is frequently either amplified or harbors activating 
mutations [30, 31, 201]. β-catenin/Tcf contributes to the transcriptional regulation 
of the AKT1, a key PI3K effector [202]. Furthermore, the PI3K and Wnt/β-catenin 
pathways converge at the level of the Akt substrate FOXO3a, where downregulation 
of the AKT activity induces apoptosis driven by nuclear FOXO3a. However, high 
nuclear β-catenin collaborates with nuclear FOXO3a to induce IQ motif-containing 
GTPase-activating protein (IQGAP2) to downregulate E-cadherin junctions, lead-
ing to increased cell migration and increased metastatic potential [132]. OSCC is 
associated with increased IQGAP1 levels, with prominently enhanced localization 
to AJs [203], suggesting a broader involvement of IQGAP family members in 
HNSCC.

18.9  Cross Talk of Wnt/β-Catenin with Cellular Metabolism

Cancer cells undergo dramatic changes in their metabolism that depend, in part, on 
β-catenin transcriptional activity. Alterations in cellular metabolism support exten-
sive biosynthetic needs for rapid tumor growth, coupled with a demand for ATP and 
availability of oxygen. While normal cells generate ATP from oxidative phosphory-
lation (OXPHOS), many cancer cells use aerobic glycolysis [204, 205]. With dis-
ease progression, oxygen gradients become limiting, and β-catenin is diverted from 
its interaction with Tcf to enhance transcriptional activity of HIF1α to upregulate 
glucose transporters and glycolytic enzymes to drive glycolysis and advanced dis-
ease [53, 68, 206, 207].
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Wnt/β-catenin cross-regulation with protein N-glycosylation Increased reliance on 
glycolysis also drives the glucose flux into the hexosamine and N-glycosylation 
pathways to assure adequate glycosylation of oncogenic glycoproteins, such as 
RTKs, as well as glycoprotein components of the Wnt pathway, including Wnt 
ligands, receptors, and co-receptors [208]. The N-glycosylation pathway, in particu-
lar, has been recognized for its key roles in cancer, although its complexity is only 
beginning to be unraveled [209].

The N-glycosylation pathway links Wnt/β-catenin signaling and E-cadherin 
adhesion to glucose metabolism. Cancer cells utilize more glucose by increasing 
aerobic glycolysis, known as the Warburg effect [163, 210]. One consequence of 
increased glucose levels entering into the glycolysis pathway in cancer cells is the 
elevation of UDP-GlcNAc production via the hexosamine pathway. The last enzyme 
in the pathway, the UDP-N-acetylhexosamine pyrophosphorylase, encoded by the 
UAP1 gene, is aberrantly upregulated in prostate cancer and maintains 
N-glycosylation in the presence of its inhibitors [211]. The UAP1-dependent pro-
duction of UDP-GlcNAc drives N-glycosylation as UDP-GlcNAc is a substrate for 
the GPT enzyme that initiates protein N-glycosylation in the ER [156]. Indeed, the 
hexosamine pathway and protein N-glycosylation have been implicated in mediat-
ing the effects of increased glucose levels on the induction of canonical Wnt signal-
ing in macrophage cell lines [212]. Thus, both pathways may collaborate to drive 
aerobic glycolysis and contribute to the Warburg effect.

N-glycosylation regulates Wnt/β-catenin signaling as Wnts are both 
N-glycosylated and lipid modified in the ER [213]. In addition, N-glycosylation is 
positively regulated by Wnt/β-catenin signaling through inducing expression of the 
DPAGT1 gene that functions at the first committed step in the lipid-linked assembly 
pathway in the ER, impacting the balance between proliferation and adhesion in 
homeostatic tissues [154, 214]. N-glycosylation also modifies E-cadherin ectodo-
mains and thus impacts its adhesive activity as well as the assembly and paracellular 
permeability of tight junctions [203]. Thus, aberrant induction of DPAGT1 pro-
motes a positive feedback network with Wnt/β-catenin that represses E-cadherin-
based adhesion and drives tumorigenic phenotypes. Further, modification of 
receptor tyrosine kinases (RTKs) with N-glycans is known to control their surface 
presentation via the galectin lattice, and thus increased DPAGT1 expression likely 
contributes to the activation of RTKs in oral cancer [215]. These studies suggest that 
dysregulation of the DPAGT1/Wnt/E-cadherin network underlies the etiology and 
pathogenesis of HNSCC.

Further, N-glycosylation is likely to impact Wnt/β-catenin signaling by modulat-
ing the N-glycosylation status and activity of EGFR [215]. As a high-multiplicity 
N-glycoprotein receptor, EGFR requires proper modification with N-glycans for 
dimerization, as well as targeting to and retention at the membrane [216]. 
Modification of EGFR terminal N-glycans with galactose residues promotes the 
interaction between EGFR and members of the lectin family, galectins, in the stroma 
that forms a lattice which, in turn, enhances membrane retention of EGFR and its 
pro-tumorigenic signaling [215], predicted to activate β-catenin signaling as 

K. Alamoud and M. A. Kukuruzinska



509

 discussed above. Such diminished recycling of RTKs has been shown to promote 
chemoresistance [217].

18.10  Wnt/β-Catenin Signaling in the Tumor 
Microenvironment

The plasticity of cancer cells endows them with the ability to adapt to changes in 
their environment and to undergo phenotypic switches that accompany cellular dis-
cohesion, cell migration, and metastasis. Similar dynamic changes in cellular fea-
tures apply to the tumor microenvironment (TME) that undergoes alterations with 
cancer progression to advanced disease and contributes to cancer cell plasticity. For 
instance, recent studies identified 28 TME cytokines and growth factors that pro-
mote EMT and acquisition of CSC properties [218]. An increasing number of stud-
ies highlight contributions of distinct components of the TME to HNSCC 
tumorigenesis [219, 220].

The TME includes the extracellular matrix (ECM), a noncellular structure that 
provides physical support and elasticity to tissues. The ECM transmits signals to 
epithelia by providing ligands for receptors and regulating the availability of growth 
factors and morphogens, such as Wnts, TGF-β, and amphiregulin. In addition, the 
TME includes the stroma with cellular components such as fibroblasts and cells of 
the innate and adaptive immune systems. Indeed, cancer-associated fibroblasts 
(CAFs) are major components of the stroma that acquire their phenotypes from 
signals derived from tumor cells. Biochemical cross talk between tumor epithelia 
and CAFs and mechanical remodeling of the stromal ECM by CAFs are important 
contributors to tumor cell migration and invasion, which are critical for cancer pro-
gression from a primary tumor to metastatic disease. In addition, changes in the 
mechanical properties of the ECM induced by CAFs facilitate migration and inva-
sion of cancer cells [221]. CAFs produce different tumor components at distinct 
stages of cancer progression, thus remodeling the ECM and promoting metabolic 
and immune reprogramming of the tumor microenvironment, which impacts 
immune response to therapy. The pleiotropic actions of CAFs on tumor cells are 
probably reflective of them being a heterogeneous and plastic population with 
context- dependent influence on cancer [222].

β-catenin in ECM remodeling The ECM is a dynamic structure that undergoes con-
trolled remodeling during homeostasis and whose deregulation is associated with 
cancer. The ECM comprises ~ 300 proteins that form a collective structure referred 
to as the “core matrisome” composed of collagen, proteoglycans, and glycopro-
teins. Many downstream targets of β-catenin are components of the ECM, such as 
laminin, a key protein in the basement membrane, and lysyl oxidase and fibronectin, 
that reside in the interstitial matrix [223, 224]. The β-catenin target genes also 
include invasion-associated genes such as MMP-74 and CD44 [225], suggesting a 
direct involvement of nuclear β-catenin in tumor spread and metastasis. CAFs 
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 organize the ECM fibronectin assembly, promoting directed tumor cell migration of 
human prostate and pancreatic carcinoma cells [226]. Also, β-catenin indirectly 
controls the abundance of lysyl oxidase. The latter has been shown to be aberrantly 
activated in HNSCC [227], and inhibition of its activity using genetic and pharma-
cological perturbation effectively reverted pro-tumorigenic effects in cellular and 
nude mouse models. Further, a major contributor to ECM remodeling is MMP-9, a 
target of Wnt/β-catenin signaling, with important roles in cell migration [228].

β-catenin in Immune Response in HNSCC Wnt/β-catenin signaling regulates both 
the adaptive and innate immune systems in cancer, and its activity has been inversely 
correlated with CD8+ T-cell infiltration of tumors [229–231]. β-catenin signaling 
has been aligned with non-T-cell-inflamed tumors by promoting Treg persistence, 
activity, and survival [231]. Tregs suppress adaptive responses by reducing CD8+ 
T-cell proliferation, activation, and effector functions. Further, β-catenin controls 
innate immunity by regulating dendritic cells [230] via activation of the ATF3 
repressor activity to downregulate the CCL4 chemokine required for the recruit-
ment of CD103+ dendritic cells to the tumor with coincident diminished activation 
of CD8+ T cells. Lastly, β-catenin mediates interactions between tumor cells and 
tumor-associated macrophages. The inhibitory effects of β-catenin signaling on 
adaptive and innate immune systems have been associated with immune tolerance, 
a major mechanism underlying failed host antitumor immune responses 
[232–234].

Thus, inhibiting aberrantly active β-catenin signaling represents a promising 
therapeutic approach likely to overcome immune evasion by cancer cells. Indeed, 
immune checkpoint blockade has been shown to be highly effective in the treatment 
of melanoma and other tumor types, although its success in the treatment of HNSCC 
has been limited. Recent studies reveal complexities linked to changes in β-catenin 
activity. For instance, increased β-catenin signaling in melanoma leads to upregula-
tion of IL-12 and consequent impaired maturation of dendritic cells. On the other 
hand, autocrine inhibition of Wnt/β-catenin signaling by DKK1 in lung and breast 
cancers leads to the evasion of innate immune response. To date, single agent 
responses have been limited as multiple inhibitory checkpoint receptors play com-
pensatory roles in the suppression of cellular immunity. Future studies focused on 
the interplay between intrinsic β-catenin signaling in the tumor epithelia and the 
microenvironment will provide more insights about the complex interactions that 
define cellular and innate immune responses mediated by changes in β-catenin 
activity.

Because of their inherent heterogeneity [30, 95, 235], HNSCC cells express a 
wide variety of antigens including tumor-specific or tumor-associated antigens, dif-
ferentiation antigens, and lectin-binding sites. These antigens are unevenly distrib-
uted in tumor subpopulations and induce different immune responses to the same 
determinant. Such tumor heterogeneity has important implications for diagnosis, 
treatment efficacy, and the identification of potential treatment targets [236]. As 
tumor heterogeneity and CSCs play pivotal roles in tumor growth, tumor 
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 development and survival involve the interplay between these heterogeneous popu-
lations of cancer cells, stromal cells, and host defense mechanisms [237]. Although 
cells of the immune system can inhibit tumor growth and progression through the 
recognition and rejection of malignant cells, tumors exploit several immunological 
processes for survival [238]. Tumors, including HNSCC, can evade immune sur-
veillance by interfering with cytotoxic CD8+ T-cell function via production of 
immune suppressive cytokines either by the cancer cells or by the stromal cells in 
the tumor microenvironment and by expression of inhibitory receptors [235, 239].

18.11  Wnt/β-Catenin Signaling as a Therapeutic Target 
for HNSCC

HNSCC remains fraught with poor survival rates largely due to the late stage of dis-
ease at diagnosis, reliance on surgery as a treatment modality, and resistance to radia-
tion therapy (RT), chemoradiotherapy (CRT), and current targeted therapies. Despite 
advances in the understanding of genomic alterations in HNSCC, there has been only 
modest improvement in therapeutic strategies. Therefore, identifying novel molecu-
lar events that contribute to the development and progression of the disease will 
advance effective prevention, detection, and durable therapeutic strategies.

Due to the important roles of β-catenin as a structural component of AJs and as a 
regulator of CSCs in cell renewal during homeostasis, the benefits of targeting of 
Wnt/β-catenin signaling have been controversial [240]. To date, a number of Wnt 
inhibitors have been identified and tested for antitumor properties in preclinical 
models, but only a few moved on to clinical trials. Nonetheless, increased insights 
into the mechanisms of β-catenin function in the nucleus have provided substantial 
support for its potential to serve as a druggable target [241]. Inhibitors of Wnt sig-
naling have been developed to target different components of the Wnt/β-catenin 
pathway, including the secreted factors, as well as those that function in the cyto-
plasm and in the nucleus.

Inhibition of Wnt/β-catenin signaling in the cytoplasm A key component of the 
Wnt/β-catenin cascade is the acyltransferase Porcupine, and its small molecule 
inhibitor, LGK974 (WNT974), was shown to inhibit lung adenocarcinoma in mice 
[242]. Recently, LGK974 was shown to inhibit the growth of HNSCC cell line- 
derived chicken chorioallantoic membrane xenografts containing 
CD44 + ALDH + CSCs [243]. A phase I/II trial of LGK974 for patients with meta-
static colorectal cancer harboring mutations of RNF43 or R-spondin fusions is 
underway. In addition, a novel orally active Porcupine inhibitor, ETC-1922159 
(ETC-159), has been shown to prevent the growth of R-spondin translocation- 
bearing colorectal cancer patient-derived xenografts [244]. Although therapeutics 
targeting Wnt secretion appear promising, the number and impact of potential side 
effects are currently unclear. In general, genetically defined cancers displaying Wnt 
addiction are likely to benefit from these inhibitors.
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In addition to drugs targeting Wnt secretion, compounds targeting extracellular 
Wnt ligands and their receptors are under development (reviewed in [245]). They 
include OMP-54F28, a fusion Fzd8-Fc decoy receptor, shown to reduce the number 
of CSCs and tumor xenograft growth in preclinical studies of ovarian cancer and 
hepatocellular carcinoma [245]. Furthermore, an antibody against R-spondin 3, 
OMP131R10, is being tested in phase I clinical studies with colorectal cancer 
patients. Lastly, anti-Fzd7 antibody, OMP-18R5, and Wnt5A mimetic, Foxy5, are 
currently being evaluated in phase I/II clinical trials with breast cancer, colorectal 
cancer, and prostate cancer patients.

Targeting β-catenin in the nucleus In addition to approaches targeting Wnt secre-
tion and ligands, recent efforts have focused on the discovery of small molecule 
inhibitors interfering with the downstream components of the Wnt pathway. The 
general consensus is that targeting β-catenin activity in the nucleus is likely to be 
less damaging to the cellular architecture while inhibiting undesired transcriptional 
outcomes [240]. Indeed, recently a small molecule inhibitor, axitinib, has been 
shown to block Wnt/β-catenin signaling by targeting E3 ubiquitin ligase SHPRH 
(SNF2, histone-linker, PHD, and RING finger domain-containing helicase) by pro-
moting asymmetric cell division and destabilizing nuclear β-catenin [84].

Studies with other cancers and ongoing investigations with HNSCC have shown 
that a small molecule inhibitor of the interaction between the CREB-binding protein 
(CBP) and β-catenin in the nucleus, ICG-001, suppresses tumor growth in preclini-
cal models [246]. Based on our functional and genomic analyses, a third-generation 
derivative of ICG-001, E7386, is currently in phase I clinical trials with HNSCC 
patients. PRI-724, a compound closely related to ICG-001 but with increased affin-
ity, inhibits the self-renewing downstream effects of the β-catenin/CBP axis. 
Significantly, an active metabolite of PRI-724, C-82, interferes with fibrotic skin 
phenotypes of scleroderma patients [247]. Since activation of the tumor stroma 
accompanies HNSCC progression to advanced disease, inhibitors of the β-catenin/
CBP axis are likely to target not only tumor epithelia but also to intercept the fibro-
sis that accompanies HNSCC [248].

Lastly, inhibiting interacting pathways in combination with β-catenin signaling 
offers improvement over current monotherapies or standard RT/chemotherapy for 
the treatment of HNSCC. Indeed, recent studies provide evidence that dual inhibi-
tion of Notch and Wnt/β-catenin pathways using γ-secretase inhibitor, GSI, repre-
sents a promising new treatment. This strategy targets CD44+ cells co-expressing 
Hes1+, where CD44+ Hes1+ signature tracks with poor overall patient survival 
[249]. Also, combination therapies linking dual targeting of homeostatic pathways 
in tumor epithelia with components of the tumor microenvironment increasingly 
present an appealing approach to intercept the cross talk between these two tumor 
compartments. Here, a mixture of targeted therapy for epithelial homeostatic onco-
genes with immune checkpoint blockade may enhance the deletion of aggressive 
tumor cells along with increased anticancer immune cell function. Dual targeting of 
immune checkpoint receptors is likely to enhance antitumor response.
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18.12  Conclusion

Although recent years have witnessed extraordinary progress in the deciphering of 
the molecular mechanisms underlying cancer biology and therapy, there remain 
many gaps in our understanding of HNSCC pathobiology, including factors driving 
its initiation, progression to advanced disease, recurrence, and response to treat-
ment. HNSCC is a complex malignancy involving multiple tissue sites with distinct 
biology, extensive heterogeneity, and poorly understood intercellular communica-
tion, as well as dynamic changes in the cellular metabolism and the tumor microen-
vironment. Here, the Wnt/β-catenin signaling pathway is at the nexus of both tumor 
epithelial and stromal deregulation, including immune dysfunction, which collec-
tively contribute to this malignancy. As a central homeostatic pathway, Wnt/β- -
catenin cross regulates other major homeostatic pathways in tumor epithelia, 
including Hippo-TAZ/YAP signaling, Notch, and TGF-β, and converges on key pro- 
tumorigenic pathways, such as EGFR and PI3K signaling. Through the interaction 
with different co-transcriptional and transcriptional partners, β-catenin directs both 
the induction of oncogenic activities and the inhibition of tumor-suppressive func-
tions of its downstream targets, whose number in the catalog of its downstream 
effectors continues to expand. One pivotal activity of β-catenin includes collabora-
tion with YAP/TAZ to regulate CSC maintenance and expansion, and to organize 
distinct CSC niches. At the same time, Wnt/β-catenin inhibits E-cadherin-mediated 
intercellular adhesion via a number of mechanisms that involve both transcriptional 
repression and regulation of E-cadherin junctional stability, thus promoting cellular 
motility and EMT. These diverse interactions support β-catenin’s ability to direct 
the adaptation of tumor cells to metabolic changes dictated by available nutrients 
and physiological cues and to regulate alterations in the ECM and the stroma to 
further promote tumor growth and eventual spread. Lastly, deregulated β-catenin 
activity is associated with non-inflamed tumor stroma and T-cell exclusion, further 
contributing to disease progression.

Clearly, decoding such dynamic changes in cellular signaling regulated by 
β-catenin and designing therapeutic strategies that target oncogenic functions of 
β-catenin while not impacting its structural contributions to cellular architecture 
represent a daunting challenge. Nonetheless, rapid progress in biomedicine coupled 
with advances in technologies and molecular tools has highlighted key areas that are 
likely to elucidate HNSCC biology and translation of these findings to the clinic. 
These include decoding the biology of stem cells, their lineages and evolving niches, 
control of pluripotency and epigenetic regulation, and understanding of how cellu-
lar context and metabolic plasticity dictate the interpretation of signals in diverse 
Wnt/β-catenin activities. Such studies will likely rely on the application of single- 
cell transcriptomics and organoid-based tumor modeling coupled with biomedical 
engineering of tumors to simulate β-catenin functions in this malignancy. Indeed, 
recent single-cell transcriptomic analyses of HNSCC have defined a complex and 
heterogeneous ecosystem along with a subpopulation of cells likely to promote 
metastasis [32]. Future studies will continue to leverage computational methodolo-
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gies with emerging technologies in genome and epigenome editing tools to eluci-
date causal relationships between chromatin features, gene expression, and cancer 
cell behavior and how chromatin organization and regulatory processes across the 
genome are deregulated by β-catenin and its colluding partners in HNSCC. Also, 
comprehensive characterization of gene expression changes at the protein level, 
including changes in posttranslational modifications (i.e., lipidation, glycosylation), 
and their impact on cancer cell signaling, resistance to therapy, tumor recurrence, 
and dynamics of epithelial-stromal cross talk in driving advanced disease and 
immune evasion are paramount. Lastly, insights from emerging research fields 
where progress currently occurs at a rapid pace will greatly benefit our understand-
ing of how to interfere with unchecked Wnt/β-catenin transcriptional signals to 
improve HNSCC therapy.
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Chapter 19
Hyaluronan-Mediated CD44 Signaling 
Activates Cancer Stem Cells in Head 
and Neck Cancer

Lilly Y. W. Bourguignon

Abstract Head and neck squamous cell carcinoma (HNSCC) is an aggressive dis-
ease associated with high morbidity and mortality. Hyaluronan (HA), a major com-
ponent in the extracellular matrix (ECM) of most mammalian tissues, is accumulated 
in many types of tumors including HNSCC and is also highly concentrated in stem 
cell niches. The unique HA-enriched microenvironment appears to be involved in 
both the self-renewal and differentiation of human cancer stem cells (CSCs). HA 
binds to a ubiquitous, abundant, and functionally important family of cell surface 
receptors, defined by CD44. This article reviews the current evidence for the exis-
tence of a subpopulation of CD44-expressing cancer stem cells (CSCs) in HNSCC. A 
special emphasis is placed on HA/CD44-dependent expression of stem cell tran-
scription factors (Nanog, OCT4, and SOX2), cell signaling, and oncogenic 
microRNA activation, and how the action of these factors supports CSC functions 
including formation of spheroid cells, self-renewal, clone formation, and chemo-
therapeutic drug resistance. All of these events are known to contribute to CSC- 
associated tumor initiation and HNSCC progression in head and neck cancer. HA/
CD44-mediated CSC signaling pathways are emerging as important structural and 
functional tumor markers. In addition, these proteins may be valuable as drug tar-
gets in strategies to inhibit tumor cell growth, survival, and invasion/metastasis as 
well as to overcome chemoresistance in HNSCC.
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19.1  Introduction

Head and neck squamous cell carcinoma (HNSCC) represents the sixth most com-
mon cancer worldwide [1]. The 3-year survival rate for patients with advanced- 
stage HNSCC and treated with standard therapy is only 30–50% [1–4]. Resistance 
to standard therapy continues to be a limiting factor in the treatment of HNSCC. Thus, 
there is currently a great need to clarify the key mechanisms of tumor initiation and 
progression underlying the clinical behavior of HNSCC. Human HNSCC tumors 
have been shown to contain a subpopulation of cancer stem cells (CSCs) character-
ized by high expression of aldehyde dehydrogenase-1 (ALDH1), and of variant 
isoforms of CD44, and with functional properties including capacity for self- 
renewal, multipotency, and efficiency in tumor initiation [5–11]. CSCs demonstrate 
innate chemoresistance and are associated with metastatic progression and tumor 
recurrence [5–11]. A better understanding of the cellular and molecular mecha-
nisms involved in CSC-derived pathobiology of HNSCC would profoundly impact 
the treatment paradigms for this malignancy.

While the functional impact of CSC markers such as ALDH1, an intracellular 
enzyme known to convert retinol to retinoic acid [12], in supporting the CSC phe-
notype is not well understood, the gene CD44 encodes cell surface glycoproteins 
that are expressed in a variety of cells and tissues including HNSCC cells and car-
cinoma tissues and contribute actively to CSC properties [13–16]. Multiple CD44 
isoforms (derived by alternative splicing) are variants of the standard form, CD44s 
[17, 18] (Fig. 19.1). The presence of high levels of CD44 variant (CD44v) isoforms 
is emerging as an important metastatic tumor marker in a number of cancers includ-

CD44 Gene

Exon No.
TM

1 2 3 4 5 6 7 8 9 1 0 1 11 2 1 3 1 4 1 5 1 6 1 91 81 7

v2v1 v3 v4 v5 v6 v7 v8 v9 v1 0
HA Binding Sites Cytoplasmic

Domain
CD44s

CD44v6

CD44v3

High expression of  CD44v3 is associated with CSCs in HNSCC.

Fig. 19.1 Illustration of CD44 gene, CD44s (the standard form), and alternative spliced variants 
(CD44v6 and CD44v3 isoforms). High expression of CD44v3 isoform is associated with head and 
neck cancer stem cells (CSCs). The HA-binding domain is located at the external (in particular, 
N-terminal) region of all CD44 isoforms, and the signaling regulators’ binding sites are located at 
the cytoplasmic domain of CD44 isoforms. All isoforms contain a transmembrane domain (TM)
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ing HNSCC [13–16], and CD44 has been proposed to be one of the important sur-
face markers for CSCs [19]. All stem cells are thought to exist in specialized 
microenvironments known as “niches” [20, 21]. Components present in these niches 
can regulate stem cell behavior through direct binding to stem cell surface receptors 
or via indirect activation of paracrine signaling [20, 21]. Extracellular matrix (ECM) 
components including hyaluronan (HA) are present in some of the stem cell niches 
[22, 23]. All CD44 isoforms contain a matrix HA-binding site in their extracellular 
domain and thereby serve as a major cell surface receptor for HA [24]. Both CD44v 
isoforms and HA are overexpressed at sites of tumor attachment to the extracellular 
matrix [25]. This review focuses first on matrix HA interaction with CD44 in regu-
lating HNSCC stem cell signaling pathways and then describes downstream target 
functions of this signaling that contribute to tumor initiation, chemoresistance, and 
HNSCC progression. These data suggest that development of new therapeutic 
agents that effectively target HA/CD44-activated signaling events in CSCs could 
constitute effective HNSCC therapy.

19.2  Matrix Hyaluronan (mHA) as a Component of the CSC 
Niche in HNSCC

CSC interaction with their immediate microenvironment or niche is important for 
their survival, self-renewal, and other functions [20]. The cellular and noncellular 
components of the niche provide cues that regulate proliferative and self-renewal 
signals, thereby helping CSCs maintain their undifferentiated state [21]. Prior stud-
ies have identified specific adhesion molecule(s) expressed in HNSCCs that corre-
late with tumor cell invasive behavior(s). Among such candidate molecules, HA is 
a linear, high-molecular-weight (mega-Dalton) polymer comprised of repeating 
disaccharide units of (β1 → 3) D-glucuronate (β1 → 4) N-acetyl-D-glucosamine 
[26, 27], produced by both normal and tumor cells (Fig. 19.2). HA is detected in the 
extracellular matrix (ECM) of most mammalian tissues. Most importantly, HA 
accumulates at tumor cell attachment sites and appears to play an important role in 
promoting HNSCC tumor phenotypes [28]. HA is enriched in stem cell niches, 
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Fig. 19.2 Illustration of matrix hyaluronan (HA) structure
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where the unique HA-enriched microenvironment is involved in both self-renewal 
and differentiation of normal and cancer human stem cells [22, 23].

HA is produced by three isozymes of transmembrane HA synthase enzymes 
(HAS1, HAS2, and HAS3) that link the two precursor molecules in an alternating 
manner and extrude the growing HA strand from normal and tumor cells. While 
HAS1 and HAS2 produce large HA polymers (up to 10 MDa), HAS3 generates 
smaller-size HA with apparent molecular weight in the range of 100 KDa [29]. 
Dysregulation of HAS1, HAS2, and HAS3 by oncogenic signaling events often 
results in abnormal production of HA and directly contributes to aberrant cellular 
processes such as transformation and metastasis [30, 31].

In addition to functions in supporting HA production in the stem cell niche, 
HAS2 was shown to be expressed in at least two oral cancer cell lines, HSC-3 and 
SCC-4 [32]. Suppression of HAS2 expression in these cells resulted in decreased 
CD44-dependent migration, decreased growth, and increased cisplatin sensitivity, 
suggesting the importance of autocrine tumor cell HA production to promote 
in vitro tumor progression and treatment resistance in oral cancer cells. Increased 
HAS2 expression in oral cavity carcinoma clinical specimens was associated with 
poor clinicopathologic characteristics and worse disease-free survival [32]. These 
findings suggest that tumor-intrinsic HAS expression is closely associated with 
HNSCC progression.

During tumorigenesis, matrix HA can also be digested into a variety of biologi-
cally active smaller-sized fragments by hyaluronidases [9, 33]. Currently, at least 
six hyaluronidase-like proteins [e.g., Hyal-1, Hyal-2, Hyal-3, Hyal-4, PHYAL-1, 
and PH20 (or Spam1)] have been reported as expressed in both tumor and stromal 
cells. HNSCC patients have been shown to have elevated hyaluronidase levels in 
their saliva, with Hyal-1 reported as the major hyaluronidase that is expressed in 
HNSCC tumor tissues [34]. In another study, RT-PCR analysis indicated PH20 was 
also expressed in HNSCC, especially in laryngeal carcinomas [35, 36]. Since Hyal-1 
is one of the major tumor-derived hyaluronidases expressed in HNSCC, the fact that 
it is detectable in saliva may make it useful as a specific marker for noninvasive 
detection of primary HNSCC and monitoring its recurrence.

19.3  CD44 Isoform Expression in HNSCC CSCs

Since CD44 is an HA receptor, it provides a physical linkage between matrix HA 
and various transcription factors that regulate tumor cell functions through distinct 
signaling pathways [11, 37, 38]. Both HA and CD44 have been shown to be involved 
in self-renewal and differentiation of human embryonic stem cells (hESC) [39, 40]. 
There is some evidence that some CD44 isoforms have specific functions in these 
processes. Several hundred CD44 isoforms have been reported, with those studied 
in HNSCC shown in Fig.  19.1. All isoforms encode an N-terminal extracellular 
HA-binding domain (135 amino acids, encoded by exons 1–5), an additional 83 
amino acids encoded by exons 15 and 16, and a C-terminal transmembrane domain 
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followed by a short (72 amino acids) cytoplasmic region (Fig.  19.1) [17, 18]. 
Between the exons encoding the HA-binding domain and exon 15 are 10 variant 
exons expressed in distinct variant isoforms. Previous study indicated that the 
expression of two CD44 isoforms (i.e., CD44s and CD44v6) is found in the major-
ity of the cells in head and neck tissue and that this type of marker by itself was not 
able to distinguish normal from benign or malignant epithelial cells from the head 
and neck region [37]. The expression of CD44s was not significantly different in 
metastatic lymph nodes and primary tumors. However, overexpression of at least 
one CD44 variant isoform has been associated with HNSCC progression [13–16], 
suggesting that these CD44 isoforms may have unique signaling properties. The 
expression of CD44v3 appears to be closely associated with advanced T stage and 
regional metastasis [15]. The role of the CD44v3 isoforms in HNSCC progression 
is highlighted by studies showing a close correlation between the expression of 
v3-containing isoforms with HNSCC growth, migration, and MMP expression [14]. 
Transfection of a CD44v3 isoform into the FaDu HNSCC cell line, which typically 
expresses a low level of this variant, resulted in significantly increased tumor cell 
migration but not proliferation [41]. Treatment of a CD44v3 isoform-expressing 
HNSCC cell line with antibody specifically binding CD44v3 decreased in vitro pro-
liferation and increased cisplatin sensitivity [14, 15]. Using the same anti-CD44v3 
antibody, immunohistochemical tissue analysis revealed that CD44v3 isoforms 
were preferentially expressed in metastatic lymph nodes. In addition, there are sev-
eral in vitro and histopathological studies suggesting that CD44 v3 isoforms are 
involved in HNSCC progression behaviors [14, 15].

Tumor cells with CD44highALDH1high (and to a much lesser extent, 
CD44lowALDH11ow cells) form tumors starting with a low number of tumor cells 
injected into animals [42, 43]. Recent studies indicate that HNSCC tumors also 
contain a cell subpopulation characterized by high levels of CD44v3 and ALDH1 
expression (CD44v3highALDH1high cells) (Fig.  19.3) [8, 9]. Purified 
CD44v3highALDH1high cells injected into immunodeficient mice can generate mul-
tiple classes of phenotypically distinct cells, resulting in heterogeneous tumors 
[8–10]. Specifically, 5-week female NOD/SCID were injected subcutaneously 
with sorted CD44v3highALDH1high cells or CD44v3lowALDH11ow or unsorted 
HNSCC cells (50, 500, or 5000 cells).  The results revealed that CD44v3highALDH1high 
cells (and to a lesser extent CD44v3lowALDH11ow cells or unsorted cells) were 
capable of forming tumors with high efficiency in mice injected with as few as 50 
CD44v3highALDH1high cells [8–10]. These findings indicate that 
CD44v3highALDH1high cells (but not CD44v3lowALDH11ow cells or unsorted cells) 
are very tumorigenic. Further analysis showed that CD44v3highALDH1high cells dis-
play a significantly higher levels of stem cell marker (e.g., Nanog, OCT4, and 
SOX2) expression, self-renewal/growth, and clone formation capacity compared to 
CD44v3lowALDH11ow cells or unsorted cells [8–10]. These findings clearly indicate 
that CD44v3highALDH1high cells display the hallmark CSC characteristics and sup-
port the contention that HA-CD44 signaling is directly involved in the regulation 
of CSC-like properties.
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Fig. 19.3 A proposed model for HA-CD44-mediated Nanog signaling via PKCϵ activation and/or 
STAT3 binding in the regulation of miRNA-21 production, oncogenesis, and chemoresistance in 
tumor cells. The binding of HA to CD44 (step 1) promotes PKCϵ activity (step 2) which, in turn, 
causes phosphorylation of Nanog (step 3a and 3b). Phosphorylated Nanog then translocates from 
the cytosol to the nucleus and interacts with the microprocessor complex containing the RNase III 
(DROSHA) and the RNA helicase (p68) (step 4a), resulting in miR-21 production (step 5). Nuclear 
translocated phospho-Nanog (step 3b) can also bind to STAT3 and the miR-21 promoter (step 4b) 
resulting in miR-21 gene expression and miR-21 production (step 5). The resultant miR-21 then 
functions to downregulate the tumor suppressor protein (PDCD4) (step 6) and promotes oncogen-
esis (step 7), leading to upregulation of IAP (survivin and XIAP)/MDR1 (p-gp) expression, tumor 
cell anti-apoptosis/survival, and chemoresistance (step 8)
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Although most of the examples described above derive from oral cancers, accu-
mulating evidence has suggested that CSCs also are present and hence reasonably 
contribute to disease aggressiveness and treatment resistance in laryngeal squamous 
cell carcinoma (LSCC) [44–46] and HPV-positive tumors originating in the oro-
pharynx [47–49]. Thus, investigation of HA/CD44 signaling-induced CSC proper-
ties could help elucidate pathogenesis of all forms of head and neck cancer (e.g., 
oral cancer, LSCC, and HPV-positive oropharynx tumors) and the development of 
targeted therapies.

19.4  HA/CD44 Targeting Therapies

Because of these important roles in CSC function, a number of therapies have been 
devised to target CD44. In designing anti-CD44 therapies, anti-CD44v6 antibodies 
were used in clinical trials for patients suffering from HNSCC. Although phase I 
clinical trials looked promising, the studies were abruptly ended after the death of a 
patient [50]. Despite the termination of the trials, CD44 certainly remains a valid 
target for anticancer therapy. Recent studies indicate that negatively charged and 
biocompatible HA-based nanoparticles may be used as a therapeutic system for 
targeting CD44-positive cancer cells [51–53]. For example, a study indicated that 
HA-based nanoparticles encapsulated with epigallocatechin-3-gallate can inhibit 
cell cycle progression and prostate cancer growth [51]. Another study also showed 
that HA-based nanoparticles containing doxorubicin display therapeutic effects on 
CD44-positive human breast cancer by accurately delivering doxorubicin into 
breast tumor xenografts and greatly enhancing chemosensitivities of cancer treat-
ment [52]. Although very little information regarding HA/CD44v3-related targeting 
therapies is available in HNSCC, these newly developed HA-based nanoparticles 
coupled with different drugs could be used to target CD44v3-expressing CSCs in 
HNSCC in the future.

19.5  HA/CD44-Induced Head and Neck Cancer Stem Cell 
Signaling Pathways

There is compelling evidence showing the master stem cell transcription factors 
(e.g., Nanog, OCT4, and SOX2) often form a self-organized core of transcription 
factors that maintain pluripotency and self-renewal of human embryonic stem cells 
[54, 55]. Expression of Nanog, OCT4, and SOX2 is crucial for progression of many 
human malignancies, including HNSCC [56, 57]. High expression of OCT4 and 
Nanog (and to a lesser extent, SOX2) has been shown to be associated with worse 
survival and strongly independent prognostic effects on HNSCC progression [56, 
57]. Both mRNA and protein expression of OCT4, SOX2, and Nanog have also 
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been shown to be significantly elevated in CSCs isolated from HNSCC cells [8]. In 
addition, expression of the OCT4, SOX2, and Nanog proteins can be detected in 
tumor tissue samples from human HNSCC patient specimens [8, 56, 57]. These 
findings clearly demonstrate that the master stem cell transcription factors such as 
Nanog, OCT4, and SOX2 are closely associated with each other during HNSCC 
progression. Despite intense research into the role of Nanog, OCT4, and SOX2 in 
normal stem cell biology in recent years, understanding of the regulatory role of 
these master stem cell transcription factors in tumor initiation and the pathogenesis 
of HNSCC is still quite limited.

19.5.1  Nanog

Several studies indicate that Nanog is an important transcription factor involved in 
the self-renewal and maintenance of pluripotency in the inner cell mass (ICM) of 
mammalian embryos and embryonic stem (ES) cells [58, 59]. Nanog signaling 
involves interactions with various pluripotent stem cell regulators (e.g., OCT4 and 
SOX2) which together control the expression of a set of target genes required for ES 
cell pluripotency [60, 61]. Several tumor cell types have also been shown to express 
Nanog and other ES markers [62–64]. The Nanog family of proteins was found to 
act as growth-promoting regulators in many types of tumor cell [65]. HA binding to 
CD44-expressing tumor cells promotes Nanog upregulation and physical associa-
tion with CD44 at the plasma membrane, followed by Nanog nuclear translocation 
and expression of stemness biomarkers [8]. Importantly, the HA-induced CD44 
interaction with Nanog plays a pivotal role in miR-21 production leading to pro-
grammed cell death 4 (PDCD4) reduction, IAP upregulation, and chemoresistance 
in CSC isolated from HNSCC cells [8, 62].

19.5.1.1  HA/CD44 Signaling Through PKCƐ and STAT3 Activates Nanog, 
Inducing miRNA-21 Production During Oncogenesis

HA-CD44 signaling to promote CSC characteristics may partially result from con-
trol of microRNAs (miRNAs). These evolutionarily conserved negative regulators 
of gene expression work by inhibiting translation of mRNAs that contain comple-
mentary target sites, referred to as “seed regions” [60]. Accumulating evidence indi-
cates that noncoding miRNAs are involved in both cancer development and 
multidrug resistance [66]. Several transcription factors, including Nanog, partici-
pate in regulation of the expression of some miRNAs during development [67]. 
During the production of human miRNAs, capped and polyadenylated longer tran-
scripts are precursors to mature miRNAs [61]. In mammalian miRNA biogenesis, 
primary transcripts of miRNA genes (pri-mRNAs) are subsequently cleaved to pro-
duce an intermediate molecule containing a stem loop of ~70 nucleotides (pre- 
mRNAs) by the nuclear RNase III enzyme DROSHA and exported from the nucleus 
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by Exportin 5 [60]. A second RNase III enzyme Dicer then generates mature 
miRNA, which is loaded into the RNA-induced silencing complex (RISC) in asso-
ciation with the argonaute protein (Ago) that induces silencing via the RNA inter-
ference pathway [68]. Although Dicer has an important role in the silencing action 
of miRNAs, recent studies have shown that silencing can still occur in cells that lack 
Dicer. In addition, the nuclear p68-RNA helicase appears to be required in the 
uptake of certain miRNAs into the silencing complex [69]. The p68 protein belongs 
to a family of proteins that are involved in RNA metabolism processes such as trans-
lation and RNA degradation [70].

HA-CD44 control of miRNA expression is thought to proceed in part through 
regulation of protein kinase CƐ (PKCƐ), a member of a family of serine-threonine 
kinases that plays a pivotal role in signal transduction and has a number of cellular 
functions [71]. PKCƐ exists as at least 11 different isoforms, some of which have 
distinct functionality [72]. HA-CD44 binding promotes PKCƐ activation and Nanog 
phosphorylation, leading to miRNA biogenesis as described above. Most impor-
tantly, this process leads to microRNA-21 (miR-21) production; miR-21  in turn 
reduces expression of the tumor suppressor protein PDCD4 and elevates expression 
of proteins that promote tumor cell survival and chemoresistance (survivin, IAP & 
MDR/Pgp-1) (Fig. 19.3).

Beyond activity in upregulating Nanog and miR-21, PKCϵ supports tumorigen-
esis in other ways. For example, PKCϵ activity is required for the function of the 
anti-apoptotic Bcl-2 family of proteins [73]. PKC also functions to prevent apopto-
sis in a number of cells by upregulating inhibitors of apoptosis (IAP) proteins (e.g., 
X-linked IAP (XIAP) and survivin) and by inhibiting caspases [73, 74]. 
Downregulation of PKCϵ by treating cells with PKC inhibitors sensitizes tumor 
necrosis factor-α (TNFα)-mediated cell death in breast tumor cells [75]. Thus, 
PKCϵ has multiple functional linkages to anti-apoptotic effects and survival path-
ways in CSCs. It seems likely that HA-mediated CD44 signaling stimulates PKCϵ 
activities leading to Nanog-regulated miR-21 production and upregulation of sur-
vival proteins in HNSCC cells. However, we cannot preclude the possibility that 
other as yet unknown signaling pathways may activate PKCϵ in HNSCC.

HA-CD44 control of miRNA expression also involves activation of signal trans-
ducer and activator of transcription protein 3 (STAT3). The transcription factor 
STAT3 was initially identified as APRF (acute phase response factor), an inducible 
DNA-binding protein that binds to the IL-6-responsive element within the promot-
ers of hepatic acute phase genes [76, 77]. Accumulating evidence indicates that 
STAT3 also plays an important role in regulating cell growth, differentiation, and 
survival [78]. Nanog and STAT3 also appear to be functionally coupled in HA/CD44 
signaling during epithelial tumor cell activation [63]. HA induces CD44 interac-
tion with Nanog and STAT3 in HNSCC cells (HSC-3 cells) [62]. Specifically, HA 
binding to CD44 promotes Nanog interaction with STAT3 and tyrosine phosphory-
lated STAT3, followed by their nuclear translocation and transcriptional activation. 
Detailed analysis of the miR-21 promoter indicates the presence of STAT3 binding 
site(s), while chromatin immunoprecipitation (ChIP) assays demonstrate that stim-
ulation of miR-21 expression by HA/CD44 signaling is Nanog/STAT3- dependent 
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in HNSCC cells. The processes involved in miR-21 production by Nanog/Stat-3 
signaling also result in a decrease of the tumor suppressor protein PDCD4 and an 
upregulation of inhibitors of the apoptosis family of proteins (IAPs) as well as che-
moresistance in HNSCC cells [62].

Treatment of HNSCC cells with Nanog- and/or STAT3-specific (or PKCϵ- 
specific) small interfering RNAs (siRNAs) effectively blocks HA-mediated Nanog- 
STAT3 and PKCϵ-Nanog signaling events, abrogates miR-21 production, increases 
PDCD4 expression, downregulates IAP expression, and enhances chemosensitivity. 
HNSCC cells were also transfected with a specific anti-miR-21 inhibitor [62] to 
silence miR-21 expression. This resulted in upregulated PDCD4 expression, 
decreased IAP expression, and enhanced chemosensitivity in HA-treated HNSCC 
cells [62]. These novel Nanog/STAT3 and the PKCϵ/Nanog signaling mechanisms 
involved in miR-21 production may suggest future intervention strategies in the 
treatment of HA/CD44-activated HNSCC CSCs (Fig. 19.3).

19.5.2  HA/CD44 Activates OCT4/SOX2/Nanog Signaling 
and HNSCC Function in CSCs

19.5.2.1  Oct 4

Previous reports showed that Oct 4 (encoded by POU5f, also known as Oct3 or 
Oct3/4) belongs to the POU transcription factor family, in which the members regu-
late their target gene expression by binding to an octameric sequence motif contain-
ing the AGTCAAAT consensus sequence [79, 80]. The OCT4 protein contains three 
functional domains including a POU (pit-Oct-Unc) DNA-binding domain, an 
N-terminal transactivation domain, and a C-terminal cell type-specific transactiva-
tion domain [79, 80]. OCT4 was first identified as a stem cell-specific and germline- 
specific transcription factor in mice [81]. In humans, OCT4 is the product of the 
OTF3 gene and has been shown to maintain “stemness” in pluripotent stem cells 
[82]. Functionally, OCT4 is essential for early embryonic development and func-
tions as a master regulator of the initiation and maintenance of pluripotent cells 
during embryonic development. It also interacts with other embryonic regulators, 
such as Nanog and SOX2, to oversee a vast regulatory network that maintains plu-
ripotency and inhibits differentiation [83, 84]. HA binding to CD44-expressing epi-
thelial tumor cells promotes OCT4 upregulation and association with CD44, 
followed by nuclear translocation and transcriptional activation [8–10]. Most 
importantly, both HA/CD44 signaling and OCT4 function appear to be closely 
linked to stemness, anti-apoptosis, cell survival, and chemoresistance in HNSCC 
CSC [8–10].
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19.5.2.2  SOX2

The Sox (short for sex-determining region Y-box2) gene family encodes a group of 
transcription factors that are characterized by a highly conserved high-mobility 
group (HMG) domain [85]. These genes play an important role in stem cell func-
tions, organogenesis, and animal development [86, 87]. Sox proteins including 
SOX2 bind to specific DNA sequences (C(T/A)TTG(T/A)(T/A)) by means of their 
HMG domains and promote transcription of their target genes [85]. Since SOX2 by 
itself lacks strong affinity for DNA binding, it relies on the formation of a complex 
with other transcription factors to exert influence on DNA [85]. Recently, several 
studies have linked SOX2 overexpression with human cancers including HNSCC 
[88]. HA binding to CD44-expressing epithelial tumor cells promotes SOX2 protein 
association with CD44, followed by SOX2 activation and the expression of pluripo-
tent stem cell regulators [8–10]. The exact nature of CD44-Sox2 binding has not yet 
been established. From studies in breast cancer models, it is known that matrix HA 
interaction with tumor cells triggers the cytoplasmic domain of CD44 to bind unique 
downstream effectors (which include the cytoskeletal protein ankyrin and the onco-
genic signaling molecules  – Tiam1, RhoA-activated ROK, c-Src kinase, and 
p185HER2). These binding events are important to coordinate activation of intra-
cellular signaling pathways involving the GTPases Rho and Ras, and both receptor- 
linked and non-receptor-linked tyrosine kinase pathways, leading to tumor cell 
growth, migration and invasion, and tumor progression [89, 90]. It is possible that 
Sox2 association with CD44 is also regulated by the cytoskeleton and additional 
kinase pathways during HA signaling.

19.5.2.3  HA Binding to CSCs Activates CD44 Association with Nanog/
OCT4/SOX2 Leading to miRNA-302 Production and Stemness 
Properties (e.g., Spheroids, Self-Renewal, and Clone Formation)

Genetic studies using mouse models revealed that OCT4, SOX2, and Nanog have 
distinct roles but use overlapping signaling pathways to maintain stemness func-
tions during development [91]. Another MicroRNA, miR-302, has been identified 
as an important target of this signaling relevant to HNSCC.  Mir-302 encodes a 
cluster of eight miRNAs that are expressed specifically in pluripotent embryonic 
stem cells (ESCs) and/or embryonic carcinoma cells (ECCs) [92, 93]. Most impor-
tantly, the miR-302 family is involved in maintaining “stemness” of human embryo-
nal carcinoma cells [94] and reprogramming human skin cancer cells to a pluripotent 
ESC-like state [95]. These findings strongly suggest that miR-302 plays an impor-
tant role in the pluripotency of ESCs and ECCs. Some studies have also indicated 
that OCT4, SOX2, and Nanog co-occupy the promoter of miR-302, which has been 
shown to target genes required for development and oncogenesis [8, 92–94]. At the 
transcriptional level, OCT4, SOX2, and Nanog form a positive autoregulatory loop 
that is important for the maintenance of the undifferentiated state. At the 
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Fig. 19.4 HA-CD44 interaction promotes miRNA-302 expression and chemoresistance: HA 
binding to CD44 (step 1) promotes an association between CD44v3 and OCT4/SOX2/Nanog (step 
2). Subsequently, OCT4/SOX2/Nanog translocates from the cytosol to the nucleus and interacts 
with the promoter region (containing OCT4-, SOX2-, and Nanog-binding sites) of the miR-302 
cluster (step 3) resulting in miR-302 cluster gene expression (step 4) and mature miR-302a and 
miR-302b production (step 5). The resultant miR-302a/miR-302b then functions to downregulate 
the lysine-specific histone demethylases (namely, AOF1 and AOF2) and DNA (cytosine-5)-meth-
yltransferase 1 (DNMT1) (step 6) and induce global DNA demethylation (step 7) leading to IAP 
(cIAP-1, cIAP-2, and XIAP) expression, self-renewal, clonal formation, anti-apoptosis/survival, 
and chemoresistance (step 8) in head and neck cancer stem cells. Taken together, these findings 
strongly suggest that targeting HA-CD44-mediated OCT4-SOX2-Nanog signaling pathways and 
miR-302 cluster function may provide important new drug targets to induce CSC apoptosis/death 
and overcome chemotherapy resistance in head and neck cancer cells
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posttranslational level, miR-302 family is emerging as a key player in the control of 
cell proliferation and cell fate determination during differentiation.

HA-CD44 binding has also been shown to upregulate the expression of Nanog, 
OCT4, and SOX2 [8–10]. Moreover, the miR-302 cluster appears to be controlled 
by a promoter containing OCT4-SOX2-Nanog-binding sites in these cells, whereas 
ChIP assays demonstrate that stimulation of miR-302a and miR-302b production 
by HA is OCT4/SOX2 and Nanog complex-dependent in CSC (Fig.  19.4) [8]. 
Importantly, overexpression of OCT4/SOX2/Nanog and miR-302a/miR-302b 
occurs in both mouse tumors induced by CSC and human HNSCC patient samples 
[8]. These findings clearly established the existence of a close association between 
OCT4/SOX2/Nanog-regulated miR-302 clusters (e.g., miR-302a and miR-302b) 
and HNSCC development.

HA-CD44-activated miR-302 in CSCs has been shown to affect expression of 
epigenetic regulators such as the histone demethylase KDM1B and the DNA meth-
yltransferase DNMT1, resulting in DNA global demethylation [8]. Activation of 
miR-302 in CSCs treated with HA also promotes overexpression of several survival 
proteins leading to self-renewal, clonal formation, and cisplatin resistance [8]. 
Inhibition of miR-302 expression/function (using anti-miR-302 inhibitor) not only 
results in KDM1B/DNMT1 upregulation and DNA demethylation downregulation 
but also causes epigenetic changes leading to a reduction of survival protein (cIAP-1/
cIAP-2 and XIAP) expression and inhibition of CSC functions (e.g., self-renewal, 
clonal formation, and cisplatin resistance) (Fig. 19.4) [8]. These findings strongly 
suggest the existence of a novel linkage between OCT4/SOX2/Nanog signaling and 
miR-302 expression that regulate CSC functions in HA/CD44-activated HNSCC.

19.6  Additional Factors Affecting CSCs in HNSCC

Additional HA/CD44 receptors may be relevant to control of HNSCC CSCs. For 
example, HA also binds to RHAMM (receptor of HA-mediated motility), an extra-
cellular protein that lacks a transmembrane domain but is GPI-anchored to the cell 
membrane. RHAMM interacts with CD44 and contributes to many of its cell func-
tions, including cell motility, wound healing, and modification of signal transduc-
tion of the Ras signaling cascade [95–97]. The expression of RHAMM has been 
detected in HNSCC [98]. Downregulation by lentiviral shRNA of RHAMM but not 
CD44 inhibited proliferation and migration in tumor cells [99]. Since RHAMM 
bind to HA, targeting against RHAMM may be an additional option for the treat-
ment of HNSCC.

In addition to matrix HA, osteopontin (OPN), a multifunctional glycosylated 
phosphoprotein that is secreted by tumor-associated macrophages (TAMs) [100], is 
also found in HNSCC [101]. Plasma OPN levels appeared to correlate with tumor 
hypoxia in HNSCC patients and may serve as noninvasive tests to identify patients 
at high risk for tumor recurrence [102]. Importantly, OPN binds to CD44v isoforms 
(but not CD44s) and promotes cellular signaling events leading to cell migration 
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and stemlike properties [103, 104]. Currently, the application of RNAi, including 
both siRNA and shRNA targeting OPN production, appears to be a potential thera-
peutic strategy [105].

Although this chapter has focused on HA/CD44, the aberrant expression of other 
CSC markers such as the transmembrane glycoprotein CD133 and the RNA-binding 
protein and translational regulator Musashi 1 (MSI1) has been linked to stemness 
properties such as Nanog/Oct4/Sox2 expression, spheroid formation, epithelial-to- 
mesenchymal transition (EMT), and tumor cell migration in different tumor sub-
populations during oral cancer progression [106–108]. Most importantly, 
anti-CD133 antibody conjugated to a genetically modified cytolethal distending 
toxin (Cdt) [isolated from the periodontal pathogen Aggregatibacter actinomy-
cetemcomitans] has been shown to inhibit the proliferation of CD133+ cells in cul-
tures of established cell lines derived from HNSCC [109]. Thus, the discovery of 
different CSC markers could be very useful for designing anticancer therapies for 
the treatment of HNSCC patients.

19.7  Conclusion and Future Directions

The discovery of matrix hyaluronan (HA)/CD44v3-mediated signaling pathways in 
a subpopulation of HNSCC cells that displays cancer stem cell (CSC) properties, 
high tumorigenic potential, and chemoresistance could provide important novel 
target(s) for HNSCC therapy. It is possible to develop new cancer stem cell-based 
therapies targeting CD44v3 using anti-CD44v3-specific antibody and antisense 
strategies. An alternative approach would be to target stem cell transcription factors 
(using Nanog/OCT4/SOX2-specific siRNA and shRNA vector approaches) and/or 
miR-302/miR-21 (using anti-miR-302 inhibitor/anti-miR-21 inhibitor) to specifi-
cally block HA/CD44v3-mediated Nanog/OCT4/SOX2 signaling and miR-302/
miR-21 expression and function. These approaches would be anticipated to reduce 
chemoresistance and HNSCC progression. If the proposed approaches are success-
ful, these novel signaling perturbation techniques could synergistically cause apop-
totic responses and indicate that chemotherapy combined with the suppression of 
HA/CD44v3-activated signaling, stemness, and miR-302/miR-21 is more effective 
than chemotherapy alone. Furthermore, HA-based nanoparticles containing thera-
peutic drugs (e.g., cisplatin or doxorubicin) may be used to accurately deliver thera-
peutic drugs into CD44v3 and RHAMM-expressing HNSCC cells to enhance 
chemosensitivity and downregulate CD44v3-mediated oncogenic signaling. The 
use of RNAi to limit OPN production may be a potential therapeutic strategy to 
reduce oncogenic signaling in HNSCC cells. Finally, it is also feasible to develop 
CSC-based therapies by targeting other tumor subpopulation expressing CD133 or 
MSI1 using anti-CD133-specific antibody and/or antisense strategies to downregu-
late Nanog/OCT4/SOX2 expression and stemness properties. The knowledge 
obtained from these studies on CSCs can provide the groundwork necessary for 
developing important tumor biomarkers and potentially yield novel drugs targeted 
against HNSCC progression, improving patient care.
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Chapter 20
Biology and Epidemiology of Human 
Papillomavirus-Related Head and Neck 
Cancer
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Abstract Human papillomavirus (HPV) infection is now established as a major 
causative agent for development of the head and neck cancers. HPV-initiated tumors 
of the oropharynx have better survival rates than HPV-negative cancers, and this 
appears likely to be associated with differences in the biology underlying these two 
diseases. We will discuss the role of HPV-encoded proteins in host infection and 
carcinogenesis; will review the emerging biology of intratypic variants of HPV, 
with numerous variants possessing different potential for malignancy; and will sug-
gest areas for the  further study. Finally, we will highlight global trends in HPV-
associated oropharyngeal head and neck cancer incidence and prevalence rates, 
with recent data showing a dramatic increase of infection worldwide and differing 
infection rates in developed and developing nations.
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20.1  Introduction

20.1.1  Human Papillomavirus (HPV)

Human papillomaviruses (HPVs) are a family of 8 kb, circular DNA viruses with 
tropism to basal cells of the epithelial mucosa [1]. To date, over 150 discrete geno-
typic variants have been described among the human papillomaviridae. These fall 
into broad subcategories that reflect the type of epithelial cells they are able to 
infect, e.g., cutaneous versus mucosal cells. HPVs are also classified according to 
their ability to transform epithelial cells. High-risk HPV genotypes such as HPV16, 
18, 31, 45 and others are capable of transforming mucosal epithelial cells and induc-
ing malignant lesions, while low-risk HPV genotypes such as HPV6, 11 and others 
are associated with benign lesions such as warts or condylomata. Benign lesions in 
the oral cavity are common and most often involve HPV6 and 11. These HPV geno-
types are also often associated with uncommon benign conditions in the larynx such 
as laryngeal papillomatosis and laryngeal polyps.

The involvement of HPV in head and neck carcinogenesis was first proposed in 
1983 by Syrjanen et al. [2] based on morphological and immunohistochemical eval-
uation of oral squamous cell carcinomas, which showed features typical of HPV 
lesions and were positive for immunoperoxidase staining with anti-HPV serum. 
This evidence was further corroborated in epidemiological studies reported by 
Gillison et al. [3, 4], in which HPV genomes were detected in tumors from patients 
diagnosed with new and recurrent head and neck squamous cell carcinomas. In head 
and neck cancers of the oral cavity, oropharynx, larynx, and hypopharynx, high-risk 
HPV infections account for approximately 20–25% of these lesions. Among these 
sites, the tumors that arise in the oropharynx carry the largest burden of HPV infec-
tions (estimated at 36%) [5], and HPV16 is the most common genotype isolated 
[6–18]. Oropharyngeal cancer sites include the tonsil, base of tongue, soft palate, 
uvula, and vallecula, as well as the lateral and posterior walls of the oropharynx.

20.2  HPV Proteins and Functions (E1, E2, E4, E5, E6, E7, 
L1, L2)

The HPV genome encodes seven early (E) genes (E1, E2, E4, E5, E6, E7, E8) and 
two late (L) genes (L1 and L2). Together with a noncoding upstream regulatory 
region (URR), these play important roles in viral replication and transcription. 
Phylogenetic analysis of the open-reading frames of early genes from various HPV 
genotypes shows that proteins from viruses associated with cancer cluster into a 
single group, suggesting that the genetic basis for oncogenicity is dependent upon 
the DNA sequences in the early region of the viral genomes [19, 20]. Among high- 
risk HPV genotypes, only the early genes E5, E6, and E7 play important roles in 
viral carcinogenicity (Fig. 20.1a). The differences in oncogenic potential between 
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high-risk and low-risk HPVs are related to differences in the biochemical activities 
of the early viral gene products.

During the HPV life cycle (Fig. 20.1b), the virus invades damaged areas of strati-
fied epithelium and targets the basal cells by binding to a cellular receptor. Heparan 
sulfate proteoglycan, a linear polysaccharide found in human and animal tissues, 
has been suggested to be the primary cellular receptor for initial attachment of the 
HPV virus and facilitates binding to an unidentified secondary receptor prior to 
entry [21, 22]. Once internalized, the virus uncoats and the viral DNA is transported 
to the nucleus. Infections can be nonproductive (i.e., the HPV genome is maintained 
in episomal form within the cell at low copy numbers) or productive (i.e., viral HPV 
DNA is replicated and packaged into intact infectious viral particles). Since the 
HPV genome does not encode key proteins required for viral DNA replication (such 
as DNA polymerase and other enzymes), the virus must rely on the infected cell’s 
DNA replication machinery to induce viral replication. During the nonproductive 
phase of infection, the HPV genome is established as an extrachromosome (or epi-
some) and remains tethered to the host chromosome so that it is maintained and 
segregated into daughter cells after cell division [23].

The switch between nonproductive and productive infections is dependent upon 
the host cell differentiation state. During productive infection, the transcription of 
HPV gene products is tightly regulated by the differentiation-specific gene expres-
sion profile of the infected cell. Upon activation of HPV DNA replication, amplifi-
cation, and packaging of intact viral particles [24], infectious virions egress from 
terminally differentiated epithelial cells that comprise the cornified (outer surface) 
epithelium. HPV-associated carcinogenicity is not a normal event that occurs as 
integral part of the productive viral life cycle, which predominantly relies on the 
extrachromosomal viral genome. During carcinogenesis, the circular viral genome 
typically linearizes and integrates itself into the host chromosome, losing coding 
sequences for key regulatory genes during the linearization process. However, one 
recent study has suggested the distinction is not absolute, reporting an alternative 
mechanism of HPV tumorigenesis in a subset of HNSCC that involves activation of 
nuclear factor κB signaling and maintenance of episomal HPV in tumors, either 
without viral DNA integration or with a mix of integrated and episomal viral DNA 
[25]. A more detailed description of the roles of specific HPV-encoded proteins in 
the HPV life cycle, including chromosomal integration and viral carcinogenicity, is 
provided below.

20.2.1  HPV L1 and L2

The L1 and L2 proteins encode the structural components of the virus and are only 
transcribed in productively infected cells. These structural proteins assemble to 
form the viral capsid, which comprises 72 “capsomeres.” Each capsomere includes 
a pentamer of the L1 protein and an L2 protein monomer, which docks into the 
center of each L1 pentamer. The L1 capsid protein is capable of self-assembling into 
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Fig. 20.1 (a) Cartoon of the HPV16 genome (black). The upstream regulatory region (URR) 
contains the enhancer elements for cell transcription factors and E1 and E2 binding sites. The open 
reading frames for each early (E) and late (L) gene are depicted as colored lines outside of the 
circular genome. The dotted lines depict the splice variants E1∧E4 and E8∧E2 which are derived 
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virus-like particles (VLPs), even in vitro. As the virion binds to its receptor, a con-
formational change occurs that exposes the N-terminus of the L2 protein, allowing 
it to be cleaved by the protease furin [26]. This leads to the exposure of additional 
regions of the L2 protein, which subsequently binds to an unidentified secondary 
receptor, followed by internalization of the viral particle via clathrin- or caveolin- 
mediated endocytosis [27]. For establishment of the infection, binding of the L2 
protein to the HPV viral DNA enables its transport into the nucleus. The expression 
of the L2 protein later in the course of HPV infection is also important for the pack-
aging of progeny viral genomes during viral particle assembly.

While essential structural elements of the sequence of the L1 protein are well 
conserved, a number of surface loops are distinct for different HPV genotypes. 
Exploiting these features, researchers have used HPV L1 VLPs to generate genotype- 
specific vaccines including a recombinant quadrivalent vaccine, targeting genotypes 
6, 11, 16, and 18 (Gardasil, Merck & Co. Inc.), another recombinant HPV vaccine 
targeting genotypes 16 and 18 (Cervarix, Glaxo Smith Kline, provided as an adju-
vanted, adsorbed form), and more recently a second-generation multivalent HPV L1 
VLP vaccine that is active against the nine genotypes 6, 11, 16, 18, 31, 33, 45, 52, 
and 58 (Gardasil 9, Merck & Co., Inc.). These vaccines have received licenses from 
the FDA, and their efficacy has been demonstrated against anogenital cancers and 
genital warts. In addition, experimental vaccines such as chimeric L2-based VLP 
[28] are also evolving as promising tools for protection against cutaneous HPV 
infections.

20.2.2  HPV E1, E2, E4, and E8

The early proteins E1 and E2 are among the first viral proteins expressed in an 
infected cell. Both are DNA-binding proteins that regulate viral replication and 
gene expression [29]. E1 is a DNA helicase/ATPase that is responsible for bidirec-
tional unwinding of viral DNA to facilitate viral genome replication. The E2 protein 
is a transcriptional regulator that binds at viral transcription factor binding sites 
within the URR to activate or repress transcription of HPV genes, with the viral 
oncogenes E6 and E7 particularly dependent on E2 activity. The URR is upstream 
of the early promoter and contains enhancer elements that are responsive to the 
binding of host transcription factors such as AP1, Oct-1, SP1, and YY1 and are 
adjacent to binding sites for the viral transcription factors E1 and E2. The activation 

Fig. 20.1 (continued) from fused transcripts from the E1 and E4 or E8 and E2 open reading 
frames. The gray lines depict the regions of the viral genome that are preserved during integration, 
regions where breakpoints occur during integration, and region that is lost during integration. (b) 
Schematic of HPV life cycle. Colored captions for different viral proteins match colored dots, 
representing their appearance during the viral life cycle. (c) Interaction of high-risk HPV onco-
genes E5, E6, and E7 with multiple host cellular proteins including p53 and pRb. These interac-
tions result in a series of events leading to the inhibition of apoptosis, altered cell proliferation, and 
ultimately genomic instability which leads to cancer development
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and repression of the early promoter are tightly regulated by E2 binding. A low level 
of E2 binding activates the early promoter, while a high level of E2 blocks the bind-
ing of host transcription factors and therefore represses the early promoter [30]. E2 
is also responsible for maintaining the viral genome as an extrachromosomal repli-
con by recruiting the E1 protein to the replication origins and tethering HPV 
genomes to the host chromosome. E1 and E2 proteins were shown to be involved in 
several host intracellular signaling pathways. Thus, a recent study demonstrated that 
in W12 human keratinocyte cell line E2 protein indirectly maintains ERBB3 expres-
sion levels via interaction with the ubiquitin ligase neuregulin receptor degradation 
protein 1 (Nrdp-1) that is involved in the regulation of ERBB3 receptor, via ubiqui-
tination and degradation. E2 loss showed no or low ERBB3 positivity in clinical 
samples [31]. The HPV E1 protein has been shown to bind to a number of host 
proteins such as cyclin-CDK2 [32, 33], Hsp40/Hsp70 [34], SW1/SNF5 [35], his-
tone H1 [36], and Ubc9 [37, 38], but the significance of all of these interactions is 
not fully understood.

Heat shock protein (Hsp40) stimulates viral replication by facilitating the forma-
tion of E1:hsp40 dihexameric complexes which associate initially with the viral 
replication origin and remain associated with the replication elongation complex 
[34, 39]. The E2 gene also produces an alternatively spliced transcript that encodes 
E8 fused to a partial sequence of E2 (E8^E2). This splice variant is thought to nega-
tively regulate HPV replication [40, 41]. Functional studies show that the E8^E2 
proteins of high-risk HPV16, 18, and 31 inhibit the promoter that drives the expres-
sion of the HPV E6 and E7 oncoproteins [40, 42, 43]. In parallel to repression of E6 
and E7 promoters, the E8^E2C protein negatively regulates host genome replication 
via interaction with NCoR/SMRT corepressor complex components (HDAC3, 
GPS2, NCoR, SMRT, TBL1, and TBLR1) as identified by proteomic analyses in 
293T cell lines [43]. Therefore, the E8^E2 fusion protein exhibits long-distance 
transcriptional-repression activities (i.e., represses viral transcription by binding to 
E2 binding sites distal to the early promoter) [44] and has been shown to inhibit the 
growth of the cervical cancer cell line HeLa. Consistent with the role of E8^E2 in 
repression of the viral oncogenes E6 and E7, the expression of E8^E2 results in a 
rapid increase in cellular p53 and p21, which negatively regulate cell growth [45]. 
Among the other early proteins, E4 (expressed as an E1^E4 fusion protein) interacts 
with cytokeratin filaments. This E1^E4 fusion protein is cleaved by calpain, a mem-
ber of calcium-dependent, non-lysosomal cysteine protease family. This cleavage 
results in accumulation of E1^E4 protein and amyloid fibers, leading to disruption 
of normal keratin networks. Disruptions to the keratin networks in differentiating 
epithelium are hypothesized to be involved in the release of new virus particles at 
late stages of the virus life cycle, but further work is needed to confirm this 
[46–48].
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20.2.3  HPV Oncogenes E5, E6, and E7

Three oncogenes are encoded by the early open reading frames of high-risk HPV 
genotypes (E5, E6, and E7) (Fig. 20.1c). In general, HPV oncoproteins E5, E6, and 
E7 promote carcinogenicity by interfering with the regulation of cell growth by host 
cellular proteins, thus inducing genomic instability. The HPV16 E5 protein is the 
most commonly studied genotype of oncogenic E5 [49]. This protein is 90 amino 
acids in length and localizes in intracellular membranes such as the Golgi apparatus, 
endoplasmic reticulum, and nuclear membrane [50–52]. While the biochemical 
mechanisms related to HPV16 E5 carcinogenesis remain elusive, the oncoprotein is 
thought to promote carcinogenesis during early stages of the established viral infec-
tion, since the gene is often deleted when the HPV genome becomes integrated in the 
host chromosome [53–55]. E5 gene product leads to activation of the epidermal 
growth factor receptor (EGFR) to stimulate viral gene expression and cell prolifera-
tion [56]. Another molecular mechanism specific to HPV16-mediated neoplastic 
transformation is shown in HPV16-infected cervical cancers and cell lines, where 
E5-dependent reduction of miR196a expression leads to upregulation of the direct 
miR196a target gene, HoxB8. This process may also occur in head and neck cancers, 
but needs further validation [57]. The E5 protein co-localizes with the Bcl-2 anti-
apoptotic protein on intracellular membranes, supporting survival of infected cells 
[58]. E5 also interferes with the recycling of major histocompatibility complex 
(MHC) Class I and II molecules as well as other receptors to the cell surface and 
reduces gap-junction-mediated intercellular communication via dephosphorylation 
of connexin 43 [59–61]. The inhibition of MHC Class I and II expression is a com-
mon immune evasion tactic used by many viruses, while the limitation of gap- 
junction- mediated intercellular communication results in a deficiency in tissue 
homeostatic feedback, promoting carcinogenesis. Finally, in a recent study of 
HPV31, A4 endoplasmic reticulum protein (a lipoprotein that is localized in the 
endoplasmic reticulum and reported to interact with Bap31) was identified as an E5 
binding partner. This protein co-localizes with E5 in basal cells of the epithelium and 
mediates E5-induced cell proliferation in differentiated cells [62]. Importantly, high-
risk HPV E5 proteins cooperate with E6/E7 oncogenes to promote hyper- proliferation 
of infected cells during the early stages of the virus replication cycle [63].

The E6 protein interacts with a number of host proteins responsible for cell pro-
liferation, with the interaction inducing the degradation of critical cellular partners 
that limit cell growth. Proliferation is induced when E6 is phosphorylated by protein 
kinase PKN, as shown in 293T cells. At present, the role of E6-PKN interaction 
remains speculative; however, authors suggest that phosphorylation of E6 may play 
a role either in E6-induced immortalization or in the regulation of viral life cycle 
[64]. Mechanistically, E6 targets partner proteins for degradation via its ability to 
recruit E6AP (UBE3A), a ubiquitin ligase, which targets interactive partners for 
destruction; many proteins degraded by E6AP contain PDZ domains. A particularly 
critical target of E6 in head and neck cancer is the tumor suppressor protein p53 
[65–67]. In addition, high-risk HPV E6 proteins promote degradation of NFX1-91, 
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a transcriptional repressor that regulates telomerase expression, contributing to cell 
immortalization [68, 69]; target IFN regulatory factor 3 (IRF3) to abrogate host 
interferon response [70]; and degrade the focal adhesion protein paxillin to disrupt 
the actin cytoskeleton (a characteristic of transformed cells) [71, 72]. In a study 
performed in E6/E7-expressing human foreskin keratinocytes (HFK), both E6 and 
E7 proteins contributed to cytoskeleton reorganization and invasion by upregulating 
p63, which induced transcription factors that promoted oncogenic Src-FAK signal-
ing [73]. Overall, E6 interactions lead to inhibition of p53-mediated apoptosis, inef-
ficient G1/S checkpoints, and deficient repair of DNA damage and eventually to 
chromosomal instability.

The high-risk HPV E7 protein separately contributes to cellular proliferation 
based on interactions with a large number of host cellular proteins. Most impor-
tantly, its interaction with the tumor suppressor protein pRb results in hyperphos-
phorylation and ubiquitin-mediated degradation [74] of pRb. This leads to the 
release of E2F from pRb/E2F complexes, thus promoting transactivation of S-phase 
gene expression. The inactivation of pRb leads to histone acetylation and upregula-
tion of p16/CDKN2A, which is vital for cell cycle progression and is a common 
surrogate biomarker for HPV carcinogenesis [75, 76]. Furthermore, E7-mediated 
Rb gene inactivation leads to upregulation of serine/threonine kinase AKT, which 
contributes to tumor progression by promoting survival signaling [77]. E7 cellular 
targets also include growth inhibitory pocket proteins related to pRb (p107 and 
p130), cell cycle checkpoints cyclin E, cyclin A, and cyclin-dependent kinase inhib-
itors p21 and p27, the transcription factor JUN, as well as the TATA box-binding 
proteins [78–82]. Cumulatively, these activities, in combination with those of other 
HPV oncoproteins, lead to genomic instability including chromosome segregation 
defects such as structural and numerical chromosomal abnormalities [53, 54], cell 
transformation, and carcinogenesis.

20.2.4  HPV Carcinogenesis

The model of HPV carcinogenicity in head and neck cancer was developed based 
on earlier studies of cervical cancers, which demonstrated that persistence of high- 
risk HPV infection increased the likelihood of viral integration into the host chro-
mosome [83–85]. HPV DNA integration into the human genome is speculated to be 
an important step in oropharyngeal carcinogenesis [86]. While HPV integration 
occurs randomly throughout the human genome, it is thought to occur as a late event 
with a predilection for DNA fragile sites (regions of the genome that are late repli-
cating and with loose chromatin structures) [87, 88]. These regions are hot spots for 
DNA breaks. Integration loci are located predominantly in the intergenic region, 
with a significant enrichment of the microhomologous sequences between the 
human and HPV16 genomes at the integration breakpoints. Levels of methylation 
within the integrated HPV genome at the integration breakpoints vary. A recent 
study analyzing allele-specific methylation suggests that the HPV16 integrants 
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remain hypo- or hypermethylated accordingly to the state of flanking host genome 
[89]. In cervical cancer [90], the linearization of the circular HPV genome prior to 
integration usually occurs with a disruption in the viral E2 sequence, resulting in a 
defective virus. Importantly, the loss of E2 expression removes repression of the 
promoter for expression of the E6 and E7 oncogenes, resulting in their induction. 
For head and neck cancer, the relationship between physical state and integration of 
HPV may be more complex, since variations in HPV integration status in tumors 
have been reported in independent studies. HPV-positive oropharyngeal cancers 
have been found to carry HPV genomes primarily in episomal form, yet viral onco-
genes are still expressed [91], while evidence of integrated or episomal forms only 
or a combination of both has also been reported in the presence of viral oncogene 
expression [6, 92, 93]. Tumors with episomal HPV, regardless of the presence or 
absence of integration sites, overexpress the HPV E2, E4, and E5 genes [94]. 
Subsets of these tumors present with mutations in genes TRAF3 (tumor necrosis 
factor receptor-associated factor 3) and CYLD (cylindromatosis lysine 63 deubiqui-
tinase). These alterations correlate not only with episomal status of the tumors but 
also with improved patient survival [25]. This is currently an area of active study.

20.2.5  Genetic Features of HPV-Positive Cancers

HPV-related oropharyngeal cancers have some chromosomal alterations in common 
with squamous cell carcinomas of the cervix, such as loss at 13q and gain at 20q [95]. 
In contrast, the genetic profile of HPV-initiated oropharyngeal cancers is distinct 
from that characterizing HPV-negative tobacco-related head and neck malignancies. 
HPV-initiated tumors are less likely to carry damaging mutations in TP53 and 
CDKN2A [96–99] and have differing combinations of allelic losses and gains, such 
as helical domain mutations of the oncogene PIK3CA, loss of TRAF3, and amplifica-
tion of the cell cycle gene E2F1 [98–100]. HPV-related tumors typically have unique 
transcription profiles with downregulated expression of interferon- induced proteins 
such as IFIT1, IFITM1-3, IFI6-16, IFI44 L, and OAS2 and upregulated expression of 
transcription factors such as RPA2, TAF7 L, RFC4, and TFDP2 as well as cell divi-
sion/cycle regulators such as p18, CDC7, and p16 [101, 102].

20.3  HPV Variants: Functional Differences and Implications 
for Risk and Treatment

20.3.1  HPV Intratypic Variants

Within the differing genotypes of HPV, intratypic variants have been reported that 
may affect the ability of the virus to induce cancer. The nomenclature for HPV has 
been established by the International Committee on Taxonomy of Viruses (ICTV) 
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and is based on recommendations from the Study Group of Papillomavirus [103–
105]. While definitions for genera and species have been defined, there are no set 
standards defined below the species level. Currently, a distinct HPV genotype is 
defined as having > 10% nucleotide sequence variation within the L1 gene; in con-
trast, the nucleotide sequences of intratypic variants typically differ between 2% 
and 5%. Since there are no defined standards, phylogenetic investigations of HPV16 
and HPV18 variants have been limited initially to partial URR and E6 sequences, 
with this more recently augmented with studies of complete HPV genomes. This 
variability in the classification of HPV variants has resulted in limitations in the 
ability to compare results from independent studies, since different regions of the 
viral genomes have been evaluated. Nevertheless, extensive studies have been con-
ducted on HPV16 and to a lesser extent on HPVs 18, 39, 45, 59, 68, and 70 [106–
111] which have provided some insight into HPV variant lineages and sublineages 
[112]. For any given HPV genotype, related variants tend to cluster geographically 
as well as within ethnic groups. Global epidemiological trends for all major HPV 
genotypes are highlighted in Sect. 20.6; in the current section, we will address geo-
graphical distribution of HPV variants only.

There are five distinct phylogenetic branches of HPV16 variants possessing 
additional sublineages: AA with sublineages AA1 and AA2; Af1 with sublineages 
Af1a and Af1b; Af2 with sublineages Af2a and Af2b; As; and E. Three branches of 
HPV18 variants are also described: A, AA, and E [112, 113] (Fig. 20.2). All HPV16 
variants are detected in different populations worldwide but at different frequencies 
depending on geography and ethnicity. The prototype HPV16 virus was first iso-
lated and sequenced from a German cervical cancer patient [114] and belongs to the 
European (E) variant lineage. HPV16 E variants are predominantly detected in 
European and to a lesser degree in Western Asian, African, and American popula-
tions, including African-Americans, possibly due to extensive migration. There are 
two African variants (Af1 and Af2) detected primarily in African populations. In 
particular, Af1a, Af2a, and Af2b are predominantly described in sub-Saharan Africa 
and Af1b, Af2a, and to a lesser extent Af2b in North Africa. Asian American (AA) 

AA1

AA2

Af1b

Af2b

Af2a

Af1a

AA
Af

As
E

E

Fig. 20.2 Distinct branches of HPV16 and HPV18 evolution. Schematic representation of major 
variants of HPV16 (left) possessing additional sublineages: AA (Asian American), with sublin-
eages AA1 and AA2; African Af1 with sublineages Af1a and Af1b; African Af2 with sublineages 
Af2a and Af2b; As (East Asian) and E (European). Three branches of HPV18 variants (right) are 
also described: A, African; AA, Asian Amerindian; and E, European
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variants are primarily detected in Asian and indigenous populations in America. In 
contrast the East Asian (As) variants are predominant in Chinese and Japanese pop-
ulations [109, 111, 113]. Similarly for HPV18, the frequencies of these variants also 
occur according to geography and ethnicity [106, 110, 115]. The prototype HPV18 
virus belongs to the Asian Amerindian (AA) phylogenetic branch and although 
identified and sequenced in Germany was isolated from a cervical cancer patient 
from Northeast Brazil [116]. Unlike HPV16, HPV18 AA variants are found primar-
ily in East Asians and American Indians. African populations tend to carry the A 
variants and Europeans the E variants.

A mixture of HPV16 and HPV18 variants is often observed in North, Central, and 
South American populations and is reflective of both the multiethnic groups arising 
from immigration and the predilection to maintain distinct ethnic groups well after 
immigration [109, 110]. Longitudinal studies of cervical HPV infection have shown 
that women of European descent are more likely to be persistently infected with E 
variants, while African-American women are more likely to be persistently infected 
with Af variants [117]. Pathogenic differences have also been noted between vari-
ants. Naturally occurring single nucleotide polymorphisms (SNPs) in the HPV16 E6 
oncogene may lead to significant changes in the outcome of HPV infections and 
subsequent differences in viral and host transcriptomes that drive carcinogenesis 
[118]. A study conducted in 2016 used a Capt-HPV sequencing approach to demon-
strate that AA and E variants differ by three non-synonymous SNPs in the E6 onco-
gene responsible for generating high-risk AA-E6 and low-risk E-E6. The high-risk 
variant was primarily integrated into host DNA, whereas the low-risk variant was 
likely to remain episomal [119]. Other studies have documented that non-European 
variants are more frequently persistent compared to European variants, and the risk 
of cancer progression in the cervix and anal mucosa is higher in non-European com-
pared to European variants [120–125]. Specific risks of high-grade cervical intraepi-
thelial neoplasia (CIN) were associated with different HPV variants [125–127], with 
the risk of developing high-grade CIN being threefold greater for women infected 
with non-European HPV16 variants compared to European HPV16 variants (Af2, 
RR = 2.7, 95% CI, 1.0–7.0, and AA, RR = 3.1, 95% CI, 1.6–6.0). Similar observa-
tions have been shown for anal carcinoma in situ [124] in HIV-positive men (HPV16 
non-European HPV variants: RR  =  3.2, 95% CI, 1.0–10.3). HPV18 oncogenic 
potential in CIN also varies among different variants due to their genomic diversity. 
Similarly to HPV16, non-European HPV18 variants were reported to persist more 
frequently and were more associated with preinvasive lesions [128].

20.3.2  Functional and Medical Implications of HPV Variants 
in Cancer

The genomic diversity within the viral coding sequences and regulatory regions of 
HPV16 and HPV18 variants may result in 1) functional differences in the viral pro-
teins and 2) differences in the level of viral replication and transcription. Current 
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studies have evaluated genetic variations in the HPV16, HPV18 E6, and E7 genes 
with primary focus on the effects on gene expression and the ability to interact with 
host proteins.

Variant genomes of HPV16 have been shown to be associated with different 
activities in degrading the p53 tumor suppressor [129]. For example, the Af2 variant 
(z84) shows lower activity for p53 degradation compared to the AA variant (512). It 
has been suggested that an R10I substitution might contribute to the lower activity 
observed in Af2 z84 variant and the Q14H and/or S138C substitution(s) might con-
tribute to the higher activity of AA 512 variant. A lower ability to degrade p53 was 
observed among E E6, As E6, E E6 (L83 V), and As E6 (E113D) variants. A rare 
variation, E E6 (R10G), was reported to degrade p53 more efficiently than the other 
variations [130]. However, since multiple amino acid changes characterize each 
intratypic variant, it is not sufficient to assume that functional differences between 
variants might be attributed to a single amino acid change, as specific combinations 
of amino acid changes may be important.

Variant E6 genomes of HPV18 have also been shown to affect the degradation of 
p53 protein, in some cases due to differences in differential splicing in the E6 gene 
[131] that reduce expression of functional E6 protein. The European variant was 
reported to have higher functional E6 protein expression and thus less alternative 
splicing in the E6 gene [131]. Another study assessed the role of E6 gene variants of 
HPV18 on downregulation of p14(ARF), an important tumor suppressor downstream 
of p53 [132]. In MCF-7 cells infected with E6 gene variants AA variant induced low 
p53 and high p14(ARF) expression, whereas an E variant induced high p53 and low 
p14(ARF) expression [132]. This study suggests that each E6 variant distinctively 
affects p53 levels and consequently p14(ARF) expression, resulting in the differ-
ences in oncogenic potential. Other genetic variations in HPV E6 and E7 have been 
shown to have differential effects on cell protein interactions involving mitogen-
activated protein kinase (MAPK) signaling [133] and protein kinase B/phosphati-
dylinositol 3-kinase (AKT/PI3K) signaling [134] which are involved in cell 
proliferation and survival. Genetic variations in the E2 gene as well as the URR have 
also been shown to affect E6 expression [135–139] and thus viral oncogenicity. In 
addition, sequence variations in the URR which affect the binding sites for the host-
encoded transcription factors AP-1, NFI, Oct-1, TEF-1, and YY1 have been docu-
mented and shown to result in differences in HPV replication rates [140] as well as 
transcriptional activation of the E6/E7 promoter [135–138]. A 2015 study reported 
that the As variant of E6 HPV16 protein induces miR-21 in C33A cervix carcinoma 
cells to a greater extent than does the E variant [141]. miR-21 plays a significant role 
in cancer biology by promoting cell proliferation, migration, and invasion; therefore, 
the ability of the As HPV variant to upregulate this micro-RNA might contribute to 
its major role in cervical cancer development in Asian populations.

To date, there is little that is known about the clinical impact and carcinogenic 
relevance of HPV variants in oropharyngeal cancer. A recent study compared 
European HPV16 variants between 108 tonsillar squamous cell carcinoma and 52 
cervical cancer samples collected from patients diagnosed between 2000 and 2008 
[142]. One European HPV16 variant has an R10G change in the E6 gene, and a 
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higher frequency of this variant was reported in tonsillar cancers compared to cervi-
cal cancer samples (19 vs. 4%) [142]. Another study of squamous cell carcinomas 
arising in the upper aerodigestive tract shows the predominance of the HPV16 
L83 V variant (i.e., 5/8, 63% HPV-positive cases), but the prognostic significance is 
yet to be determined [143]. While the relevance of this difference is not currently 
apparent, future studies of HPV intratypic variants and their functional significance 
as well as their impact on the natural history and treatment for oropharyngeal can-
cers are warranted. In summary, HPV-positive oropharyngeal tumors represent a 
distinct clinicopathological profile, but there are still many unanswered questions. 
The mechanisms surrounding the survival advantage for patients with these tumors 
need further study. In addition, the significance of and mechanism related to high- 
risk HPV variants and disease development as well as prognosis are currently poorly 
understood. Further studies should address the biology of intratypic HPV variants 
in oropharyngeal cancers and identify additional useful clinical markers to enable 
appropriate risk stratification, with the goal of optimizing patient treatment.

20.4  HPV Infections in Normal Oral Mucosa

HPV infection is not a rare event, with many HPV infections not leading to cancer 
either because individuals are infected with non-oncogenic strains, or because an 
effective immune response prevents establishment of a chronic infection. Moreover, 
data from oral rinse studies suggest that not everyone with chronic infection devel-
ops cancer. The 2003–2004 National Health and Nutrition Examination Survey 
(NHANES) evaluated the serum prevalence of antibodies to HPV6, 11, 16, and 18 
among 4303 persons aged 14–59 years, living in the USA. The study was conducted 
prior to the introduction of HPV vaccination and represents an estimate of natural 
HPV exposure in the USA. The overall seroprevalence of any of the four HPV geno-
types was 22.4%, with significant differences between males (12.2%) and females 
(32.5%) [144]. The seroprevalence of HPV16 or HPV18 infection among females 
was also higher than males (females, HPV16 (15.6%), HPV18 (6.5%); males, 
HPV16 (5.1%), HPV18 (1.5%)). A much smaller percentage had serum antibodies 
for both HPV6 and 11 (females, 3.3%; males, 1.0%), or both HPV16 and 18 
(females, 2.4%; males, 0.3%) [144].

In a subsequent NHANES study, in 2005–2006, the seroprevalence of nine HPV 
types was reported for 4943 persons aged 14–59 years. The overall prevalence for 
any of the 9 types in females was 40.5%, with seroprevalence for HPV16 and 
HPV18 14% and 6.7%, respectively. In males, overall seropositivity was signifi-
cantly lower than in females (19.4%, p < 0.001) [145]. A separate study made the 
interesting observation that HPV16 E6 seropositivity (but not seropositivity for 
other HPV16 antigens—7.5% vs. 0.7%; p = 0.005) was significantly more common 
in males (87.5%) who were HIV positive (75.0%), with a median CD4 cell count of 
840, than in males not infected with HIV. E6 seroprevalence was associated with 
reduced oral HPV16 clearance, but was not statistically significant (HR = 0.65, 95% 
CI, 0.16–2.70) [146].
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A NHANES study conducted from 2009 to 2012 examined HPV in oral rinse 
samples collected from 9480 participants aged 14–69 years old. This study reported 
a higher prevalence of oral HPV infections among men compared to women. The 
overall oral HPV infection rate for any HPV was 6.8%, and the prevalence of overall 
oral HPV infection was higher among males (10.5%), compared to 3.1% among 
females. Comparing 2009–2010 and 2011–2012, the HPV prevalence for any high- 
risk infections (males, 6.0% vs. 7.2%, respectively, and females, 1.7% vs. 1.3%, 
respectively) or low-risk infections (males, 5.3% vs. 5.2%, respectively, and 
females, 1.8% vs. 1.9%, respectively) was similar. The most prevalent HPV type 
detected was HPV16, and males continued to have a higher prevalence of oral 
HPV16 infection (1.6%) compared to females (0.3%) [147, 148]. In this study, the 
potential risk factors for oral HPV infection were sexual behavior (i.e., higher num-
ber of lifetime sexual partners) and current smoking. Oral HPV infection was also 
more commonly detected among persons who were sexually experienced but did 
not report practicing oral sex, suggesting that transmission was likely to be related 
to sexual contact other than oral sex [147, 148].

Overall, the NHANES studies indicated differences in seroprevalence and oral 
HPV infection between males and females. Females tended to have higher serop-
revalence rates from HPV infection and had lower prevalence of oral HPV infec-
tion, with the opposite pattern observed in males. It has been postulated that the 
higher HPV seroprevalence in females might be related to higher rates of genital 
HPV infection [144], which might result in a greater protection from subsequent 
oral HPV infections [149, 150]. A 2013 study assessing incidence and clearance of 
HPV infections in 1626 men residing in the USA, Brazil, and Mexico by Kreimer 
et al. reported that newly acquired oral oncogenic HPV infections in healthy men 
are rare, with most cleared within 1 year [151].

With respect to racial differences, the NHANES studies conducted in 2003–2004 
revealed that US non-Hispanic blacks appear to have higher overall HPV seropreva-
lence rates compared to non-Hispanic whites and Hispanics (46.8%, 31.9%, and 
22.6%, respectively) [144]. However, among males HPV16 seroprevalence appears 
to be similar between non-Hispanic blacks and non-Hispanic whites (7.0% vs. 
5.6%), while lower rates were reported among Hispanics (1.5%) [144]. Together, 
these gender and racial disparities may underlie the differing frequencies in HPV- 
positive versus HPV-negative head and neck cancers in different populations.

20.5  Global Trends in Head and Neck Cancer Incidence 
and Mortality

Globally, the incidence of head and neck cancer varies by geography and gender. 
The overall age-adjusted incidence of head and neck cancer worldwide is 8.0 per 
100,000. By geographic region, the highest rate is observed in Europe and Oceania 
(ASW Incidence: 10.8 per 100,000) while Western Africa has the lowest (ASW 
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Incidence: 2.6 per 100,000) [152]. The Caribbean Islands, North and South America, 
South Africa, and Australia and New Zealand have reported estimates that are 
higher than the worldwide rates, while the rates throughout other regions in Africa, 
Central America, and Asia are lower than the worldwide estimates (Fig. 20.3).

Head and neck cancer diagnoses worldwide are approximately threefold higher 
in males (12.7 per 100,000) compared to females (3.7 per 100,000), and similar 
trends are reported for the USA and other countries around the world (Fig. 20.3) 
[152, 153]. While males continue to bear the major burden of disease, for both 
males and females, the predicted number of new head and neck cancer cases is 
higher in less developed countries compared to more developed countries irrespec-
tive of age at diagnosis (Fig. 20.4). For younger persons (<65 years), it is predicted 
that through 2035, the number of new head and neck cancer diagnoses will increase 
approximately 1.4-fold for males and also 1.4-fold for females in the developing 
world but remain constant for males and females in developed countries. In contrast, 
for older persons (≥65 years), a predicted increasing trend for new cancer diagnoses 
is observed in both developing and developed countries.

Tremendous inequalities are seen in cancer incidence based on socioeconomic 
status and racial/ethnic groups. At least part of this variance is attributable to differ-

Fig. 20.3 Incidence of head and neck cancer varies by geographic regions and gender. Incidence 
rates in males (blue) are typically two- to fivefold higher than incidence rates in females (red). 
Graph reflects an age standardized rate per 100,000
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ences in the prevalence of tobacco and alcohol use in different populations. Globally, 
there are overall trends of decrease in incidence of HPV-associated cancers, except 
for oropharynx [154]. Increases in incidence for HPV-initiated oropharyngeal can-
cers, in contrast to declines in HPV-negative oral cavity cancers, were demonstrated 
in several studies [155]. A twofold increasing trend of new cancer diagnoses is 
predicted for both males and females in developing countries and 1.4-fold increase 
for males and females in developed countries. These trends may be explained by a 
number of factors including increasing tobacco use and/or poor oral health in devel-
oping countries compared to developed countries [155, 156].

The mortality rate from head and neck cancer worldwide is 4.3 per 100,000. 
Overall, death rates are highest in the Caribbean Islands. Asia, Europe, South 
America, and Southern Africa also have rates that are higher than the worldwide 
rate (Fig. 20.5). In contrast, North and Central America, Oceania, Australia, New 
Zealand, and other regions of Africa have death rates lower than worldwide rates. 
Mortality from head and neck cancer appears to be declining in Europe as well as 
the USA [153], which may be attributed to improvements in treatment and manage-
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ment of head and neck cancer as well as the rising incidence of HPV-related cancers 
that are more responsive to therapy [157]. Notably, the death rate is almost fourfold 
lower for females compared to males (1.9 per 100,000 vs. 6.9 per 100,000) [152], 
and the reason for this disparity is still unclear. A recent matched analysis reported 
that 286 female and 286 male head and neck cancer patients with similar clinical 
and demographic characteristics, diagnosed and treated from a single institution, 
exhibited no survival disparity [158]. While this study should not be generalized to 
the general population, it has been speculated that the gender differences in head 
and neck cancer mortality might be associated with differences in incidence based 
on higher tobacco and alcohol exposure in males compared to females. This hypoth-
esis needs further investigation. Males in developing countries are predicted to carry 
the highest burden of deaths from head and neck cancer compared to persons in 
developed nations, while a slight increase in deaths from this disease is also pro-
jected for females in developing countries (Fig. 20.4).

Fig. 20.5 Mortality rates of head and neck cancer according to geographic regions: age standard-
ized rate per 100,000. Mortality rates for males and females combined (green) are highest in the 
Caribbean and lowest in Central America. Mortality rates for males (blue) are two to eight times 
greater than the mortality rates for females (red)
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20.6  Global Trends and Risk Factors in HPV-Related Head 
and Neck Cancers

HPV-related head and neck cancers arise primarily in oropharyngeal subsites. There 
is strength and consistency of association of HPV DNA present in oropharyngeal 
cancers [155] as well as evidence that the HPV infection is specific to the oropha-
ryngeal cells [3]. Strong epidemiological evidence supports the causal association 
of HPV with cancers in the oropharynx and also supports the idea that patients with 
HPV-initiated oropharyngeal cancers have a survival advantage versus HPV- 
negative head and neck cancer patients. Site-specific analyses show that patients 
with HPV-related oropharyngeal tumors had a 28% reduced absolute risk of death 
in comparison to patients with HPV-negative oropharyngeal tumors [159]. While 
there is also evidence of HPV association with viral infection in nonoropharyngeal 
subsites such as the oral cavity and larynx, there is insufficient evidence to suggest 
a causal relationship, and there does not appear to be a survival advantage for these 
patients.

Among the distinctive risk factors for HPV16-positive head and neck cancers are 
certain risks of sexual behavior and exposure to marijuana, but not of cumulative 
alcohol consumption, tobacco smoking, or poor oral hygiene, which are risk factors 
for HPV-negative cancers [160]. Racial disparities are among another risks for 
HPV-positive head and neck cancers. Several studies assessed factors contributing 
for HPV infection and survival in African settings. Mbulawa et al. [161] for the first 
time reported oral HPV prevalence and factors associated with oral HPV infection 
in South African heterosexually active couples. HPV55 and 72 were the most com-
mon oral HPV types. However, HPV16 was not reported to be common in this study 
despite the fact that it accounts for the majority of head and neck cancers. Infection 
risk decreased with age. The risk of oral infection with a specific HPV type was 
increased when the same type was detected in the mouth of the study partner. 
Women and men who whose partner had a genital HPV infection were at increased 
risk of oral infection of the same HPV type. Interestingly, HIV status and CD4 
count did not influence oral HPV risk significantly in this study, but the genital HPV 
risk cohort was found to be significantly influenced by HIV status. Another study in 
the South African setting specifically assessed oral-genital HPV transmission and 
yielded similar findings [162]. For oral HPV, the most common viral subtypes 
detected were HPV62 (prevalence 7.4%); 72 (5.9%); 35, 52, 33, and 58 (each 2.9%); 
and 16, 74, and 66 (each 1.5%), with similar infection rates in women and men. 
HIV-positive status resulted in a nonstatistically significant increase in oral HPV 
prevalence among HIV-infected versus HIV-uninfected individuals.

Several studies have investigated correlations between HPV and HIV infection 
[163, 164]; these include the Multicenter AIDS Cohort Study (MACS; men) and 
Women Interagency HIV Study (WIHS; women) cohorts. HIV-positive individuals 
had increased odds of prevalent oral HPV infection compared with HIV-negative 
individuals. Risk factors also differed among these two groups: HIV-negative indi-
viduals with HPV infection had a higher number of recent oral sex partners, while 

A. Y. Deneka et al.



563

in contrast, individuals positive for both HIV and HPV individuals had a lower CD4 
T-cell count and higher number of lifetime sexual partners [164]. In a subsequent 
study [163], HIV infection (adjusted hazard ratio = 2.3, 95% CI, 1.7, 3.2), reduced 
CD4 cell count, and increased numbers of oral sex partners were associated with an 
elevated risk of oral HPV infection incidence, whereas male sex, older age, and 
smoking were correlated with an increased risk of oral HPV prevalence.

Increasingly, lack of vaccination might be considered an important risk factor for 
HPV prevalence; furthermore, it may also be implicated in the continuing increase 
in incidence of tonsillar cancers with shifting demographic patterns. Steinau et al. 
reported that 2.9% of the case patients were positive for a high-risk-type HPV infec-
tion which would not have been covered [165]. A study conducted by Gillison et al. 
suggested that currently available HPV vaccines targeting HPV16 and 18 may be 
highly effective against oropharyngeal squamous cell carcinomas [166]. A  candidate 
9-valent vaccine (in clinical trials as of 2017) could have the potential to prevent 
virtually all HPV-associated oropharyngeal cancers.

20.6.1  HPV-Induced Oropharyngeal Cancer

While the majority of head and neck cancers are caused by tobacco and alcohol use, 
more recently, over the past 10 years, HPV has been demonstrated to be the primary 
cause of most oropharyngeal cancers, with the remaining proportion of oropharyn-
geal tumors still attributed to habitual tobacco and/or alcohol use [167]. HPV-related 
oropharyngeal cancer is frequently characterized as a disease of never-smokers due 
to higher HPV prevalence in oropharyngeal cancers among never-smokers than 
ever-smokers [168]. However, a 2016 study by Chaturvedi et al. suggested that a 
higher HPV-attributable fraction among never-smoker oropharyngeal cancer 
patients is offset by lower overall incidence of oropharyngeal cancers among never- 
smokers. After analyzing data in SEER cancer registries, NHANES 2007/2008, 
NIH-AARP, and RTOG0129 studies, the authors concluded that the burden (includ-
ing annual incidence rates and case counts) of HPV-positive oropharyngeal cancers 
during 2007/2008 in the USA was significantly higher among ever-smokers when 
compared to never-smokers, for both men and women [169].

The HPV virus appears to have an affinity for the epithelial cells of Waldeyer’s 
tonsillar ring [2] and therefore is more commonly detected in tumors that arise in 
the tonsils and other oropharyngeal subsites. It is unclear whether persistent infec-
tion is more common in these tissues. Only a subset of HPV DNA-positive oropha-
ryngeal cancers has been shown to actively transcribe viral genes [170]. Since HPV 
carcinogenicity relies on the overexpression of HPV oncogenes E6 and E7, these 
tumors may not be attributable to HPV [96, 97, 170, 171]. In developed countries, 
an increasing trend of oropharyngeal cancers versus head and neck cancers arising 
from other subsites has been observed for several decades, particularly in younger 
patients [172–176]. It has been suggested that HPV is the driver of this increased 
incidence since the virus (primarily HPV16) has consistently been detected in these 
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tumors. In Europe, the prevalence of HPV in cancer affecting the base of the tongue 
increased from 58% in 1998–2001 to 81% in 2004–2007 [177, 178], and similar 
increases in HPV-positive tonsillar cancers have also been reported (from 23% in 
1970–1979 to 93% in 2006–2007) [157]. In the USA, for over three decades, the 
prevalence of HPV-positive oropharyngeal cancers has also reportedly increased 
from 33% in the 1980s to 63–92% in the 2000s [179–183].

Geographic variability can be stratified as an independent risk factor in HPV- 
related oropharyngeal cancer prevalence, with higher prevalence in Western Europe 
as reported by a recent study [184]. A meta-analysis published in 2012 confirms this 
increasing trend of HPV-associated oropharyngeal cancers in many regions of the 
world (with no recent data available for Asia, Africa, the Caribbean, and South 
America) [185]. Various HPV detection methods have been used among these stud-
ies, from low-sensitivity assays such as Southern blotting or immunohistochemistry 
for HPV antigens to more sensitive methods such as in situ hybridization (ISH) or 
polymerase chain reaction (PCR). After adjusting for the time period during which 
the studies were conducted, the increasing trend did not appear to be attributed to 
improved sensitivity or performance of the HPV detection methods. In addition, a 
systematic review of published articles shows that prior to 2000, North American 
studies reported the highest prevalence of HPV-associated oropharyngeal cancers 
(North America, 50.5%; Europe, 35.3%; other countries, 32.2%). Despite the 
increasing trend for all geographic regions, after 2005, the pooled prevalence of 
HPV-positive oropharyngeal cancers was comparable in North American studies 
(69.7%) compared to European studies (73.1%) [185]. This suggests that the preva-
lence of HPV-positive oropharyngeal cancers diagnosed in Europe appears to be 
increasing at a faster rate compared to the USA [185]. As an example, a study con-
ducted in Spain reported that HPV had low involvement rate, however, increasing 
from 1.8% in 1990–1999 to 6.1% of cases of oropharyngeal cancers in 2000–2009 
[186]. It is unclear whether this may be due to competing trends such as a greater 
change in tobacco-related oropharynx cancers in the USA versus Europe. The 
increase in incidence of HPV-related oropharyngeal cancers has been observed pri-
marily among white males. In contrast, in white women and other race groups, rates 
have remained unchanged or are decreasing [18, 187, 188]. The reason for the 
greater predilection for HPV-related oropharyngeal cancer in white males is still 
unclear.

While numerous studies have been conducted on the prevalence of oral HPV 
infection in cancer-free individuals, it is important to note that the association of 
oral HPV infection with disease is different from that of HPV in the oropharynx; 
therefore, one should be careful about correlating the prevalence of HPV infection 
in the oral cavity mucosa with prevalence of HPV infection in the oropharyngeal 
mucosa. Several studies have investigated the presence of HPV in normal oropha-
ryngeal tissue, reporting that in normal and benign oropharyngeal tissues, the preva-
lence of HPV ranges from 0% to 14% [7, 189–200]. One study conducted in 
Belgium evaluating 80 tumor-free tonsils from cancer-free adults and children who 
underwent tonsillectomy due to sleep apnea or recurrent tonsillitis found that 12.5% 
were positive for high-risk HPV genotypes [192]. Similarly, another study reported 
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that 14% of 50 cancer-free women from Brazil were positive for high-risk HPV in 
normal oropharyngeal tissues [191]. In contrast, a US study evaluating 226 archived 
palatine tonsils (tonsils located on the left and right sides at the back of the throat) 
with benign histologic findings that were surgically removed between 1975 and 
2001 from adults >21 years of age did not detect HPV infections in these tissues 
[193]. In patients with oropharyngeal dysplasia, the prevalence of HPV was reported 
in one study at 9.4% [201].

Currently there is insufficient information on the prevalence of HPV in precan-
cerous tissues in the oropharynx, and virtually no information on the prevalence 
rates by gender or race. Some insight has been provided by a few studies that have 
compared genital HPV infection with HPV status in the oropharynx and suggested 
the association with sexual behavior. The link between female genital HPV infec-
tion and HPV-positive oropharyngeal cancer has been demonstrated, and both male 
and female cancer patients appear to have increased susceptibility [202–204]. 
Another study in men confirmed that HPV may be transmitted through either oral- 
oral or oral-genital routes. Study data suggested that prevalence increased with fre-
quency of oral sex among men whose partner had a genital infection with the same 
HPV type [205]. A study of 100 women with abnormal cervical cytology reported a 
high prevalence of high-risk HPV in the oropharynx [206]. This is not surprising 
since analysis of the National Cancer Institute’s Surveillance, Epidemiology, and 
End Results (SEER) data (1973–2002) shows that women with cervical cancer 
diagnoses had an increased risk of developing second primary tumors in the tonsil 
(standardized incidence ratio (SIR), 3.1), a risk exceeding that of women diagnosed 
with cancers other than cervical cancer [203, 207].

A similar study of SEER data from 1973 to 1994 involving both males and 
females diagnosed with a HPV-associated anogenital cancer (i.e., cervical, vulvar, 
and anal cancers) also reported an increased risk of second primary cancers in the 
tonsils for female cervical cancer patients (relative risk (RR), 65.2, 95% confidence 
interval (CI), 2.4–10.0) as well as male anal cancer patients (RR, 6.1, 95% CI, 
1.2–17.9) [202]. Furthermore, husbands of patients with invasive or in situ cervical 
cancers also have an excess risk of developing tonsillar cancers (SIR, 2.4, if wife 
had in situ cervical cancer; SIR, 2.7, if wife had invasive cervical cancer) [208]. A 
bidirectional association between oropharyngeal cancer and anogenital cancer has 
also been reported and supports the association of sexual behavior with the develop-
ment of HPV-associated cancers [204]. The study shows that the risk of developing 
tonsillar cancer subsequent to anogenital cancer among men who were never mar-
ried (SIR, 13.0) was much higher compared to men who were married (SIR, 3.8). 
The acquisition of genital HPV infection is associated with behaviors such as early 
age of sexual intercourse and multiple sexual partners; and epidemiological studies 
have suggested that these behaviors are associated with the transmission of HPV to 
the oral mucosa [209–211], as well. In addition, the association of these behaviors 
with the development of HPV-positive oropharyngeal cancers has also been demon-
strated [212, 213]. Taking these findings altogether, it is likely that the incidence of 
HPV-positive oropharyngeal cancer might be related to increased intra- and/or 
interindividual exposures to genital high-risk HPV infections (sexual and nonsex-
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ual); nevertheless, the rising incidence of HPV-positive oropharyngeal cancer 
among white men still remains to be explained epidemiologically.

20.6.2  Therapeutic Responses in Patients with HPV-Positive 
Oropharyngeal Cancer

Patients with HPV-initiated oropharyngeal cancers have improved overall and 
disease- free survival compared to patients diagnosed with HPV-negative oropha-
ryngeal cancers as well as cancers in nonoropharyngeal sites [182]. The distinct 
genetic features of HPV-related cancers (see Sect. 20.2.5) and  tobacco-/alcohol-
related malignancies are commonly correlated with the observed difference in 
patient response to therapy. It is possible that the genetic or epigenetic alterations 
associated with tobacco-associated carcinogens weigh in more heavily and nega-
tively on the patient’s response to therapy.

Importantly, in a study assessing HPV-associated p16 expression and response to 
radiotherapy, with and without hypoxic modification, patients with positive expres-
sion of p16 had significantly improved outcome after radiotherapy as compared to 
patients with p16-negative tumors [214, 215]. A retrospective study by Bossi 
assessed response to therapy and smoking habits, tumor p16 expression/HPV status, 
and T and N stage. The authors concluded that patients with oropharyngeal cancer 
from low- and intermediate-risk groups had a better survival when treated with che-
motherapy compared with open surgery followed by radiation therapy [216].

The Radiation Therapy Oncology Group (RTOG) clinical trial (0129) used 
recursive partitioning analysis for 266 patients diagnosed with advanced stage oro-
pharyngeal cancer who were treated with radiotherapy combined with platinum 
therapy. The risk of death depended primarily upon the HPV status of the tumor, 
followed by the number of pack-years of tobacco smoking, then tumor stage, and 
nodal stage [217]. The 3-year overall survival was 93% for nonsmokers with low 
nodal tumor stage, 70.8% for intermediate-risk patients, and 46.2% for HPV- 
negative smokers diagnosed with tumors at high tumor stage [217]. A clinical trial 
conducted in 2011  in an independent cohort reported similar results for patients 
treated with induction chemotherapy followed by chemoradiation or radiation only. 
In this study, the 3-year overall survival for low-risk patients was 100%, for 
intermediate- risk patients 79.6%, and for high-risk patients 70% [218]. These find-
ings suggest that this type of risk stratification may help to define clinical decision 
for appropriate treatment [219, 220]. Early trials of reduced treatment intensity in 
HPV-related disease appear to confirm tobacco history and tumor stage as stratifica-
tion factors which relate to treatment outcome [221, 222].

There is racial disparity in survival for patients diagnosed with oropharyngeal 
cancer. Black patients have significantly worse survival rates compared to whites. 
Despite the numerous studies of the impact of HPV on oropharyngeal cancer sur-
vival, investigations according to race have been limited. Nevertheless, from the few 
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studies that have been conducted, findings suggest that blacks appear to have a 
lower prevalence of HPV-positive oropharyngeal cancers. In a multicenter phase III 
clinical trial of induction chemotherapy followed by concurrent chemoradiation, the 
overall and disease-free survival of patients diagnosed with stage III/IV head and 
neck cancer was improved as expected for patients diagnosed with HPV-positive 
tumors. The subset analysis of 124 oropharyngeal cancer patients (54 black, 70 
white) also documented poor median overall survival for blacks compared to whites 
(25.2 vs. 69.4 months, p = 0.0006). There were no noted differences in outcome 
between blacks and whites diagnosed with nonoropharyngeal cancers. Further anal-
ysis of 224 head and neck tumors from 196 white and 28 black patients revealed a 
significant difference in the prevalence of HPV according to race. Black patients 
had a significantly lower prevalence of HPV-positive cancers compared to whites 
(4% vs. 34%). This study suggests that at least a portion of the racial disparity in 
oropharyngeal cancer may be attributed to differences in the prevalence of HPV- 
positive oropharyngeal tumors according to race [223].

In additional studies, Chernock et al. reported that the poorer disease-free sur-
vival among African-Americans may be attributed to lower HPV prevalence, the 
types of treatment, and higher tumor stage at diagnoses [224, 225]. Another report 
by Worsham et al. [226] compared the survival of 118 patients diagnosed with oro-
pharyngeal cancer and found that 51/118 (43.2%) were HPV positive and 86 
(56.8%) were HPV negative. A lower prevalence of HPV was observed for African- 
Americans compared to white Americans (29% vs. 71%, p  =  0.024). The HPV- 
negative African-American patients had poorer survival compared to the 
HPV-positive African-American patients (p  =  0.0012) and HPV-positive white 
Americans (p = 0.0496). There was no survival difference between HPV-positive 
African-Americans and HPV-positive white Americans. These findings were con-
firmed in subsequent studies [227] assessing racial disparities between African- 
American and white patients with oropharyngeal carcinomas. African-Americans 
were significantly more likely than whites to present with high T-stage disease, and 
silenced p16, and therefore receive nonsurgical treatment; outcome was poorer for 
African-American patients [228]. However, these various studies used different 
methods of HPV identification and small cohorts, with not all reporting both p16 
status and HPV status, leading to difficulties in drawing conclusions. Some recent 
studies examined larger cohorts of African-American patients for both p16 and 
HPV status [229, 230]. These studies suggest that the majority of African-American 
patients with HPV-positive oropharyngeal carcinomas are p16 negative, with other 
hallmarks of HPV-induced cancer present, such as non-keratinizing histology, high 
HPV viral load, and loss of p53 and Rb expression, leading to poorer outcomes. 
However, more study is needed to understand the pathogenesis, epidemiology, and 
outcomes of p16 in HPV-positive tumors.

These findings not only support the important role that HPV plays in oropharyn-
geal cancer outcome but also suggest that additional factors might be contributing 
to the poor survival of blacks; therefore, further epidemiological studies addressing 
racial disparities in oropharyngeal cancer are still needed.
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20.6.3  HPV-Positive Nonoropharyngeal Cancer

The role of HPV has also been extensively investigated in studies of head and neck 
cancers in nonoropharyngeal subsites. The pooled prevalence of HPV-positive non-
oropharyngeal cancers for all regions of the world is reported to be approximately 
21.8% and is higher in Europe (23.7%) than in North America (12.8%) [185]. A 
recent meta-analysis assessing the prevalence of HPV in HNC patients of African 
ancestry reported a 14.5% prevalence of HPV16-positive nonoropharyngeal cancers 
[227]. In contrast to the increasing prevalence of HPV-positive oropharyngeal can-
cers, HPV-positive nonoropharyngeal cancers do not appear to be increasing, but 
rather decreasing over time. For studies published prior to 2000, the prevalence of 
HPV-positive nonoropharyngeal cancers was 22.2% and decreased to 17.2% (2000–
2004) and decreased to an even greater extent after 2004 [185, 227]. The sensitivity 
of the detection methods used (PCR, ISH, or both, Southern blotting or IHC) as well 
as the type of tissue evaluated (paraffin embedded, fresh frozen, or both) did not 
appear to affect the decreasing trend in HPV prevalence. However, the reason for 
declining HPV prevalence in nonoropharyngeal cancers is still unclear. The identi-
fication of robust fingerprints of HPV-driven carcinogenesis and the accurate exclu-
sion of the oropharynx as the site of tumor origin are significant future challenges in 
the estimation of HPV-attributable nonoropharyngeal head and neck cancers [231].

Nevertheless, studies involving nonoropharyngeal subsites in the oral cavity do 
suggest a potential association with HPV. In oral cavity dysplasia, 12 studies con-
ducted between 1985 and 2010 show that HPV16 and/or 18 was detected in 25.3% 
of dysplastic tissues, with very wide variability between studies indicating preva-
lence rates 0–100% [232]. The oral cavity dysplasia sites included in these studies 
were from the tongue, floor of the mouth/ventral tongue, buccal gingiva/vestibule, 
hard palate, oral commissure/lip, and other unspecified sites in the oral cavity. While 
DNA presence alone quantifies prevalence, it does not necessarily correlate with 
viral transformation. However, in 2011, Syrjanen et  al. performed a systematic 
review of case-control studies published from 1966 to 2010 that had investigated the 
association of HPV with potentially malignant disorders such as oral lichen planus, 
leukoplakia, erythroplakia, and oral proliferative verrucous leukoplakia (956 cases 
and 675 controls) [233]. Case-control studies investigating HPV’s association with 
oral squamous cell carcinoma (involving the oral cavity only) were also reviewed 
and summarized (1885 cases and 2248 controls). Based on this report, HPV16 
appears to be associated with the development of dysplastic oral lesions (oral lichen 
planus, odds ratio = 5.61; 95% CI, 2.42–5.99, and leukoplakia, odds ratio = 4.47; 
95% CI, 2.22–8.98) as well as oral cavity cancers (odds ratio = 3.86; 95% CI, 2.16–
6.86) [233]. A similar but weaker association was also reported in an earlier study 
conducted in 2006 (odds ratio = 2.1; 95% CI, 1.2–3.4) [234]. In contrast, a 2016 
study assessed the etiologic fraction for HPV in larynx squamous cell carcinomas 
and revealed that it is low (1.7%) in a geographic region with high prevalence for 
oropharyngeal squamous cell carcinomas [235]. Overall, this suggests that HPV 
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may be associated with at least a subset of oral cavity tumors, but unlike HPV- 
positive oropharyngeal cancers, a causal association between HPV and survival 
advantage for patients with HPV-positive oral cavity cancers has not been clearly 
delineated.

Several studies documented a steady decline in the overall cumulative incidence 
of nonoropharyngeal head and neck cancers in the USA and worldwide for all 
racial/ethnic groups and genders and proposed this reflects the declining preva-
lence of tobacco and alcohol consumption [236–240]. In contrast, more focused 
studies reported an increase in the incidence of oral tongue cancers in younger 
adults despite the overall decline in tobacco use [241–243]. In the USA, examina-
tion of data from the NCI SEER database revealed that the incidence of oral tongue 
cancer was not significantly different between 1973 and 2006 among white males, 
but has significantly, although modestly, increased among white females and 
declined among African-American males and females [244]. Possible suggestions 
for the increasing incidence of tongue cancer among white females might be 
related to the recent trend of increased smoking prevalence among women in par-
ticular, or other unknown environmental factors, which may include HPV. Some 
evidence supports HPV involvement in at least a subset of tongue cancers, since 
immunostaining assays revealed a correlation between HPV16 E6 expression and 
p53 loss as well as HPV16 E7 expression and pRb loss [245]. However, as reported 
in a recent retrospective, multi-institutional study for nonoropharyngeal head and 
neck squamous cell carcinomas, HPV status and the p16 status are not of prognos-
tic significance [246].

A substantial number of studies have investigated the carcinogenic role of HPV 
in laryngeal cancer, and recent evidence suggests that HPV16 might be associated 
with approximately 20% of these tumors, as suggested by results of PCR assays. 
Among 12 studies conducted through 2012, an association of HPV16 rather than 
HPV18 was observed (HPV16 pooled odds ratio, 6.07, 95% CI, 3.44–10.70, vs. 
HPV18 pooled odds ratio, 4.16, 95% CI, 0.87–20.04). These findings are supported 
by recent studies, reporting that prior infection with HPV16 may play a role in the 
etiology of some laryngeal cancers. A study conducted by Chen et al. reported that 
in 300 patients with laryngeal squamous cell carcinomas, the prevalence of HPV16 
was higher in cases than healthy controls (6.7% vs. 2.7%). The risk of cancer, asso-
ciated with HPV16 DNA positivity, was even higher in patients aged 55 years or 
younger, males, never-smokers, and never-drinkers [247].

In summary, both cutaneous and mucosal HPVs have been detected in the oral 
cavity and the larynx. The presence of mucosal HPVs and particularly HPV16 DNA 
correlated with the presence of viral transcripts and enhanced CDKN2A (P16) 
detected in some studies are compatible with a possible etiologic role in a small 
subset of oral cavity and laryngeal tumors [248–250]. However, unlike HPV-positive 
oropharyngeal cancers, there has been no documented positive impact on treatment 
outcomes [248, 249, 251–253].
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Chapter 21
Treatment Paradigms in HPV-Associated 
SCCHN

Christien A. Kluwe and Anthony J. Cmelak

Abstract The primary risk factor for development of HPV-related (HPV+) oropha-
ryngeal squamous cell carcinoma (OPSCC) is oral HPV infection, most frequently 
by HPV type 16. The most clinically relevant features of HPV+ disease is the sig-
nificantly increased incidence worldwide, improved response to chemotherapy and 
radiation and overall prognosis, as well as distinct patterns of failure in comparison 
to their HPVnegative brethren. As a result, the AJCC Cancer Staging Manual 8th 
edition has introduced significant changes from the seventh edition, recognizing the 
prognostic power of newly validated pathologic features of some primary tumors 
and of cervical lymph node metastases and differentiating high-risk human papil-
loma virus (HR-HPV)-associated oropharyngeal cancer from OPSCC with other 
causes. In addition, considerable thought has been directed toward reevaluating his-
toric treatment paradigms. Recent efforts pursue treatment deintensification to 
reduce long-term toxicities in this relatively younger patient cohort. This also 
includes minimally invasive surgery techniques and the substitution or elimination 
of standard cytotoxic chemotherapy with biologic agents and immunotherapies. 
Overall, HPV-related cancers are now recognized as a distinct entity. This has 
resulted in a reexamination of the core principles of head and neck cancer treatment 
developed decades ago, with the goals of obtaining high cure rates simultaneously 
with meanigful reductions in long-term toxicity and improved quality of life.
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21.1  Introduction

The World Health Organization (WHO) has established that human papillomavirus 
(HPV) is an increasingly important cause of oropharyngeal squamous cell carci-
noma (OPSCC) worldwide [1]. This understanding, as well as differences in prog-
nosis, treatment response, and failure patterns, has led to a paradigm shift in our 
management of patients diagnosed with HPV-related (HPV+) OPSCC. The large 
increase in HPV+ HNSCC, associated with an improved response to treatment and 
overall survival (OS), has brought into question the validity of applying current 
staging systems to these patients, as well as historical results from clinical trials that 
enrolled individuals with heterogeneous tumor sites in an era when the importance 
of HPV was not yet understood. Thus, a number of new efforts are underway to 
stratify patients based on HPV status, using multiple strategies to ameliorate 
treatment- related toxicities for HPV+ disease.

Traditionally arising in a population with significant alcohol and tobacco expo-
sure, squamous cell carcinoma of the head and neck (HNSCC) has been notoriously 
difficult to cure. Characteristically, 60% of patients have locally advanced disease at 
the time of diagnosis and current therapies with concurrent cisplatin yield 3-year 
progression-free survival (PFS) rates of 30–50% and OS of 60%, respectively [2]. 
Unfortunately, survival for patients with high-risk HPV-negative HNSCC has 
improved only marginally within the last 20 years due to the incorporation of con-
current cisplatin in curative-intent paradigms. Although locoregional control and 
OS are improved with concurrent cisplatin over radiation therapy (RT) alone, a 
meta-analysis indicated disappointing local and distant failure rates of 50% and 
15%, respectively, and an absolute survival benefit of only 6.5% with the addition 
of chemotherapy [3]. This has led to the development of intensified treatment regi-
mens combining cytotoxic agents, both prior to and concurrent with high-dose radi-
ation, accelerated or hyperfractionated radiation regimens, trimodality therapies, 
extensive prophylactic irradiation of lymph nodes, and the addition/substitution of 
monoclonal antibodies (MoAbs) targeting the epidermal growth factor receptor 
(EGFR) [4–6]. Severe toxicities have been noted and quantified for some of these 
aggressive treatments, but have largely attracted less attention in treatment design 
than has tumor control to improve survival. Reducing such toxicities for HPV+ 
patients would yield a significant health benefit.

Epidemiologic data show increasing rates of OPSCC in the United States and 
around the world over the past several decades (see also Chap. 20) [7–9]. 
Simultaneously, traditional alcohol and smoking- related HNSCC has declined by 
50%. Molecular analyses from patients over this period have shown a key driver to 
be infection with human papillomavirus (HPV) – more commonly associated with 
anogenital cancers but recently recognized as an important cause of OPSCC [10, 
11]. A recent meta-analysis of 2099 OPSCC cases from the US literature showed an 
increase in the prevalence of HPV-OPSCC from 20.9% before 1990 to 51.4% 
between 1900 and 1999 with further increase to 65.4% for 2000 to present [12]. 
Other series suggest 72% or more of OPSCC cases occurring in the United States 
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after the year 2000 are attributable to HPV infection [13, 14]. As the vast majority 
of oral HPV infections are sexually acquired, sexual behavior has now been estab-
lished as a risk factor for OPSCC. Men have a significantly higher prevalence of 
overall HPV infection (10.1% vs. 3.6%) and oral HPV type 16 infection (1.6% vs. 
0.3%) than women, mimicking the gender inequality of OPSCC incidence 
(Table 21.1) [15]. The reasons for these differences are multifactorial; men have a 
higher number of sexual partners than women, have a higher per-partner increase in 
risk of high-risk oral HPV infection, and are less likely to seroconvert after genital 
HPV infection to provide protection against subsequent oral HPV infection [16]. In 
the United States, a bimodal distribution of HPV infection exists with peaks between 
25 and 30 years and the second at 55 to 60 years [17]. Uncertainty exists regarding 
which of the two peaks plays the greater role in HPV- related oncogenesis.

21.2  HPV-Associated Oropharynx Cancer Biology

The primary risk factor for development of HPV+ OPSCC is oral HPV infection, 
most frequently by HPV type 16 [18]. Human papillomaviruses immortalize kerati-
nocytes via the actions of two dominantly acting oncoproteins, E6 and E7, on host 
gene products. E6 promotes degradation of the tumor suppressor p53 in an ATP- 
dependent fashion operating through ubiquitination [19]. Similarly, the E7 oncopro-
tein segregates the tumor suppressor Rb, and efficiency of E7-Rb binding is 
correlated with oncogenicity of differing HPV types [20]. For transformation by the 
high-risk HPV type 16, the HPV type responsible for more than 85% of HPV-driven 
oropharynx cancers in the United States, both E6 and E7 are required [21, 22]. Head 
and neck tumors are associated with inflammation and markers of immune exhaus-
tion. Profiling of the tumor immune microenvironment demonstrates significantly 
greater numbers of CD4-, CD8-, FOXP3-, and CD68-positive cells in HPV- 
associated compared with HPV-negative cancers [23]. Though the field of immuno- 
oncology is relatively in its infancy, this may have implications for future trials 
examining immunomodulatory therapy (see Chap. 14).

Table 21.1 Population level incidence of HPV-associated OPSCC was shown to increase by 
225% from 1988 to 2004

Prevalence of HPV in OPSCC in the United States
Time 
period

Number of 
studies

Total number of OPSCCs 
analyzed

Mean HPV(+) OPSCC prevalence 
(95% CI)

Pre-1990 5 82 20.9 (11.8, 37.0)
1990–1999 15 684 51.4 (45.4, 58.2)
2000–
present

18 1333 65.4 (60.5, 70.7)

From: Stein et al. [87]
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21.3  HPV and OPSCC: Prognostic Implications

The most clinically relevant feature of HPV+ OPSCC is the significantly improved 
prognosis versus HPV-negative OPSCC.  Retrospective analyses indicate an 
improved prognosis in HPV-related tumors, a finding that was later confirmed in the 
prospective Eastern Cooperative Oncology Group (ECOG) 2399 and Radiation 
Therapy Oncology Group (RTOG) 0129 trials, even when controlling for positive 
prognostic indicators such as age, performance status, and smoking [24, 25]. 
Stenmark and colleagues reported a systematic review of multiple studies in over 
8000 patients and showed advanced primary tumor stage was associated with HPV- 
negative disease (P < 0.001), whereas increasing nodal burden was associated with 
HPV-associated disease (P  < 0.001). Despite less-advanced nodal disease, HPV- 
negative tumors were associated with a higher likelihood of metastasis at presenta-
tion (P < 0.001) [26].

Bonner and colleagues performed a phase III randomized study of 424 patients 
with locally advanced HNSCC comparing radiotherapy alone with radiotherapy 
plus the EGFR-targeting MoAb cetuximab, with updated 5-year results confirming 
improved locoregional control (LRC), PFS, and OS in the combined modality group 
[6, 27]. A retrospective analysis of 182 patients from the trial with OPSCC and HPV 
status evaluable via IHC confirmed these improved outcomes in both the HPV+ and 
HPV− OPSCC patient subsets suggesting no predictive ability of HPV status for 
response to cetuximab [28]. Additionally, improvements in LRC, PFS, and OS were 
noted in the HPV+ versus HPV− OPSCC patient populations, again confirming the 
prognostic role of HPV.

The Radiation Therapy Oncology Group (RTOG) 0129 trial included a total of 
743 patients with stage III/IV HNSCC randomized to concurrent cisplatin plus 
accelerated fractionation radiation with a concomitant boost versus standard frac-
tionation radiation [29]. With 8  years of follow-up, no OS difference was seen 
between the two radiation fractionation regimens. However, the study did confirm a 
survival difference between HPV+ and HPV− OPSCC regardless of treatment 
modality at 8 years (71% vs. 30%, respectively). A retrospective analysis performed 
by Ang et al. identified the dominant prognostic factors predictive of OS in the 323 
OPSCC patients on trial tested for HPV which included HPV status, pack-years of 
tobacco smoking, tumor stage, and nodal stage [25]. Smoking history was shown to 
abrogate the beneficial effects of HPV status as the risks of cancer death or relapse 
were increased by 1% for each additional year of tobacco smoking in both HPV− 
and HPV+ cohorts. A cutoff point of 10 pack-years was found to be the best predic-
tor of survival related to smoking status. Using a recursive partitioning analysis 
(RPA), patients were classified as having a low, intermediate, or high risk of death 
based on these four factors with 3-year survival rates of 93%, 71%, and 46%, 
respectively (Fig. 21.1).

A retrospective analysis of 505 patients with OPSCC and evaluable HPV status 
treated with definitive radiation (RT) or CRT between 2001 and 2009 was per-
formed by O’Sullivan et al. in order to identify subgroups of patients suitable for 
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Fig. 21.1 Classification of the study patients into risk-of-death categories and Kaplan-Meier esti-
mates of overall survival according to those categories. (From: Ang et al. [25])
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treatment deintensification based on low risk of distant metastasis [30]. HPV+ 
patients were noted to have improved local (94% vs. 80%) and regional (95% vs. 
82%) control versus HPV− patients, though similar distant control (90% vs. 86%) 
was found. Smoking pack-years >10 was confirmed to be associated with reduced 
OS. RPA was performed to segregate patients into low-risk (T1-3, N0-2c) and high- 
risk (T4 or N3) groups for distant metastasis with distant control of 93% and 76%, 
respectively. Notably, distant control rates were similar for HPV+, low-risk N0-2a 
patients or less than 10 pack-year N2b patients, regardless of treatment with RT or 
CRT. However, control rates were worse for HPV+ N2c patients managed with RT 
alone versus CRT (73% vs. 92%, respectively), indicating that this patient subset is 
not ideally suited for chemotherapy deintensification.

As the number of HPV-OPSCC has risen, it was recognized that site, histology, 
and staging poorly differentiated prognosis of HPV-OPSCC as it historically had for 
non-HPV OPSCC. As a result, the American Joint Committee on Cancer (AJCC) 
7th edition staging for oropharynx cancer was skewed toward stages III and IV, 
reducing the predictive features of any specific stage, and particularly for HPV-
related tumors [31]. Therefore, a new staging system has been developed for 
HR-HPV OPSCC (HR-HPV referring to HPV serotypes recognized as high risk for 
causing dysplasia). The AJCC Cancer Staging Manual 8th edition has introduced 
significant changes from the seventh edition, recognizing the prognostic power of 
newly validated pathologic features of some primary tumors and of cervical lymph 
node metastases and differentiating high-risk human papilloma virus (HR-HPV)-
associated oropharyngeal cancer from OPSCC with other causes [32]. T categories 
in both p16-positive, HR-HPV-associated OPSCC and p16-negative, non-HR-HPV- 
associated OPSCC were equally valid from a prognostic standpoint and thus remain 
the same with several exceptions. First, the p16-positive classification now includes 
no carcinoma in situ (Tis) because of the nonaggressive pattern of invasive of 
p16-positive OPSCC and the lack of a distinct basement membrane in the epithe-
lium of Waldeyer’s ring. Second, the T4b category has been removed from p16- 
positive OPSCC, because the curves of the T4a and T4b categories proved 
indistinguishable. Third, p16-negative cancers of the oropharynx, like other 
 non- HR- HPV-associated cancers in the head and neck, such as those of the oral cav-
ity, larynx, hypopharynx, and paranasal sinus, will no longer include a T0 
category.

cTNM employs information from physical examination and whatever imaging 
is performed prior to treatment. Clinically involved lymph nodes, whether one or 
multiple, as long as they were ipsilateral and less than 6 cm in size, had similar 
impact on survival (similar hazard consistency) and thus are included in the same 
N category: N1. Survival with clinically palpable and/or radiographically evident, 
bilateral, or contralateral lymph nodes was distinguishable with worse outcome 
than N1. Therefore, contralateral or bilateral lymph nodes are classified as N2. 
Lymph nodes greater than 6 cm foretold the worst survival from regional disease 
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and thus warranted the highest N category: N3. This represents a significant change 
from the non-HR-HPV-associated (p16-negative) OPSCC N category (Tables 
21.2, 21.3, and 21.4). Pathologically staged patients, likewise, have new staging 
(Tables 21.5 and 21.6).

Table 21.2 Clinical and Pathologic T Category for Non-Human Papillomavirus-Associated (p16- 
Negative) Oropharyngeal Cancer, 8th Edition Staging Manual

T 
category T criteria

Tx Primary tumor cannot be assessed
Tis Carcinoma in situ
T1 Tumor 2 cm or smaller in greatest dimension
T2 Tumor larger than 2 cm but not larger than 4 cm in greatest dimension
T3 Tumor larger than 4 cm in greatest dimension or extension to lingual surface of 

epiglottis
T4 Moderately advanced or very advanced local disease
T4a Moderately advanced local disease: tumor invades the larynx, extrinsic muscle of 

tongue, medial pterygoid, hard palate, or mandible
T4b Very advanced local disease: tumor invades lateral pterygoid muscle, pterygoid 

plates, lateral nasopharynx, or skull base or encases carotid artery

Used with the permission of the American Joint Committee on Cancer (AJCC), Chicago, Illinois. 
The original source for this material is the AJCC Cancer Staging Manual, Eighth Edition (2017) 
published by Springer Science and Business Media LLC (springer.com) [86]
Mucosal extension to lingual surface of epiglottis from primary tumors of the base of the tongue 
and vallecula does not constitute invasion of the larynx

Table 21.3 Clinical N 
Category Human 
Papillomavirus-Associated 
(p16-Positive) Oropharyngeal 
Cancer, 8th Edition Staging 
Manual

N category N criteria

NX Regional lymph nodes cannot be 
assessed

N0 No regional lymph node metastasis
N1 One or more ipsilateral lymph 

nodes, none larger than 6 cm
N2 Contralateral or bilateral lymph 

nodes, none larger than 6 cm
N3 Lymph node(s) larger than 6 cm

Used with the permission of the American Joint 
Committee on Cancer (AJCC), Chicago, Illinois. 
The original source for this material is the AJCC 
Cancer Staging Manual, Eighth Edition (2017) 
published by Springer Science and Business Media 
LLC (springer.com) [86]
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Table 21.6 Anatomic Stage and Prognostic Groups for Pathologic TNM Grouping of Human 
Papillomavirus-Associated (p16-Positive) Oropharyngeal Cancer, 8th Edition Staging Manual

N category
T category N0 N1 N2

Any M1 is stage IV
T0 NA I II
T1 I I II
T2 I I II
T3 II II III
T4 II II III

Used with the permission of the American Joint Committee on Cancer (AJCC), Chicago, Illinois. 
The original source for this material is the AJCC Cancer Staging Manual, Eighth Edition (2017) 
published by Springer Science and Business Media LLC (springer.com) [86]

Table 21.4 Anatomic Stage and Prognostic Groups for Clinical TNM Grouping of Human 
Papillomavirus-Associated (p16-Positive) Oropharyngeal Cancer, 8th Edition Staging Manual

N category
T category N0 N1 N2 N3

Any M1 is stage IV
T0 NA I II III
T1 I I II III
T2 I I II III
T3 II II II III
T4 III III III III

Used with the permission of the American Joint Committee on Cancer (AJCC), Chicago, Illinois. 
The original source for this material is the AJCC Cancer Staging Manual, Eighth Edition (2017) 
published by Springer Science and Business Media LLC (springer.com) [86]

Table 21.5 Pathologic N 
Category Human 
Papillomavirus-Associated 
(p16-Positive) Oropharyngeal 
Cancer, 8th Edition Staging 
Manual

N category N criteria

NX Regional lymph nodes cannot be 
assessed

pN0 No regional lymph node metastasis
pN1 Metastasis in 4 or fewer lymph nodes
pN2 Metastasis in more than 4 lymph nodes

Used with the permission of the American Joint 
Committee on Cancer (AJCC), Chicago, Illinois. The 
original source for this material is the AJCC Cancer 
Staging Manual, Eighth Edition (2017) published by 
Springer Science and Business Media LLC (springer.
com) [86]
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21.4  Determination of HPV Status

Direct HR-HPV detection can be performed on tissue samples by in situ hybridiza-
tion (ISH), but it is expensive and is not universally available, rendering ISH subop-
timal for worldwide adoption. Immunohistochemistry for overexpression of the 
tumor suppressor protein p16 (cyclin-dependent kinase 2A) is an established, robust 
surrogate biomarker for HPV-mediated carcinogenesis; it is also an independent 
positive prognosticator in the context of OPSCC [33]. Immunohistochemical stain-
ing for p16 is inexpensive, has near universal availability, and is relatively straight-
forward to interpret. Hence, OPSCCs are now staged according to two distinct 
systems, depending on whether or not they overexpress p16. Staging by the 
HR-HPV-associated OPSCC system should only be assigned when p16 overexpres-
sion is determined using established criteria [34]. Specifically, the cutoff point for 
p16 overexpression is diffuse (≥75%) tumor expression, with at least moderate 
(+2/3) staining intensity. This coincides with the usual staining pattern seen in 
HR-HPV-associated OPSCC. Overexpression of p16 is usually localized to tumor 
cell nuclei and cytoplasm, and p16 staining localized only to the cytoplasm is con-
sidered nonspecific and thus not diagnostic (negative) [35, 36].

21.5  Patient Selection for Deintensification Strategies

Given the improved treatment response and outcomes of patients with HPV+ 
OPSCCs, considerable thought has been directed toward reevaluating historic treat-
ment paradigms. Recent efforts pursue treatment deintensification to reduce long- 
term toxicities associated with chemotherapy, radiation, and radical surgery while 
maintaining or improving cure rates. In addition, methods of early detection and 
surveillance after treatment are under reexamination.

An important step in studying treatment de-escalation is identification of patients 
who are suitable for each strategy under evaluation. This begins with sensitive and 
specific determination that a particular cancer is driven by HPV, with many compet-
ing methodologies having been proposed since the first demonstration of HPV 11 
and 16 in head and neck carcinoma by zur Hausen in 1985 [37, 38]. The most widely 
used assay in current generation cooperative group head and neck cancer trials is 
immunohistochemical staining for p16. This is seen as a surrogate for transcription 
of E7, because p16 is regulated by the tumor suppressor Rb and p16 levels rise when 
Rb levels are low [39]. Specificity for HPV-driven cancer is increased when p16 
positive cancers are also tested for HPV DNA with PCR [38].

Accuracy in predicting patterns of failure, treatment responsiveness, and prog-
nosis are required to conduct valid studies of novel treatment paradigms. For exam-
ple, a group of patients in whom distant disease is the predominant mode of failure 
may not be appropriate for trials of radiation alone. In contrast, those with lesser 
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treatment responsiveness may not be suitable for trials which explore the use of 
chemotherapy to reduce tumor burden, but may do well with minimally invasive 
surgery. Clinical characteristics of favorable outcome identified in a recursive par-
titioning analysis in R0129 – a randomized phase III trial of chemoradiation – were 
minimal smoking history (defined as ≤10 pack-years) and lower N stage [25]. 
Subsequently these data were extended in a joint analysis of the data from R0129 
and an earlier trial, RTOG 9003. The risk of progression and death were both 
increased in a linear fashion as pack-year and years of smoking increased. In the 
older trial, which enrolled a higher proportion of active smokers, the risk of death 
doubled among those who smoked during radiotherapy after controlling for pack-
years. Similar data have been reported by investigators at the University of 
Michigan, who observed that ever-tobacco users with HPV-related oropharynx can-
cer had a 35% risk of recurrence compared with a 6% risk in never smokers. Among 
those with HPV-related cancers, current smokers were at fivefold higher risk of 
disease recurrence than never smokers (P = 0.038) [40]. Retrospective analysis at 
the Princess Margaret Hospital of heterogeneously treated patients with HPV-
related oropharynx cancer also identified advanced T stage (T4) as a predictor of 
worse outcome [30].

Using a separate cohort of 662 HPV+ OPSCC patients treated at MD Anderson 
between 2003 and 2012, Dhalstrom et al. were unable to validate the stage and prog-
nostic groups proposed by Huang et al. [41]. They proposed their own staging system 
using nasopharyngeal (NPC) N categories rather than the traditional OPSCC regional 
LN categories citing the similarity between NPC and HPV-related OPSCC in regard 
to their viral causation and different natural history versus other HNSCC subsites. 
RPA stratified patients into the following stages: stage IA (T1, N0-2), stage IB (T2, 
N0-2), stage III (T1-3, N3), and stage IV (T4, Any N). Five-year OS for the risk 
groups were 94%, 87%, 76%, and 69%, respectively. Though smoking history (<10 
vs. >10 pack-years) was predictive for OS for the whole cohort of patients, it was not 
able to stratify patient outcomes within each stage group. Though the two models 
differ significantly, they do share tumor volume as measured by T stage as an 
 important prognostic variable. This finding confirms observations made by others 
regarding the prognostic importance of T stage versus N stage in HPV+ OPSCC 
[42–44].

Ideally, correlation of biomolecular signatures to treatment outcome will lead to 
biomarker-based characterization of tumors at diagnosis into groups suitable or 
unsuitable for deintensification and will identify the optimal strategy to achieve cure 
and minimize long-term sequelae. An understanding of the biology of HPV-related 
squamous cell cancer and of treatment responsiveness will be necessary in refining 
such patient selection strategies.
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21.6  Radiation Dose De-escalation

High-dose radiation is considered the most notorious cause of both acute and long- 
term toxicity for patients with locally advanced head and neck cancer. Mucositis 
and dermatitis are extremely common and can translate into late sequelae of taste 
alterations, problems with xerostomia and deglutition, fibrosis, and muscle atrophy. 
The current treatment approach to smoking-related HNSCC is the result of a multi-
tude of rigorous prospective trials, ultimately determining that concurrent cisplatin- 
based chemoradiation with a dose approaching 70  Gy demonstrates the best 
therapeutic ratio between locoregional control and toxicity [45, 46]. Unfortunately, 
this treatment paradigm is notable for its significant short- and long-term toxicities 
and has been advocated as a “one-size fits all” regimen for stage III–IVb disease. In 
the acute phase fatigue, dermatitis dysgeusia/ageusia and dysphagia (with concomi-
tant risk of malnutrition) are common. Long-term sequelae include skin fibrosis, 
hypothyroidism, xerostomia, increased risk of stroke, and esophageal strictures. 
Radiation-induced microvascular changes can inhibit future wound healing as well, 
a particular concern in patients with poor dentition. In a historically elderly popula-
tion with medical comorbidities driving patients’ lifespans, toxicity concerns have 
taken a back seat. As HPV+ OPSCC is more common in younger populations, how-
ever, the morbidity and longevity of chronic toxicities are particularly burdensome 
and noteworthy.

The first prospective trial to evaluate the treatment responsiveness and outcome of 
111 patients with HPV+ OPSCC was ECOG 2399 [47]. This large phase II study was 
designed as an organ-function preservation trial in resectable patients with both laryn-
geal and oropharyngeal primary tumors. Using induction chemotherapy with pacli-
taxel and carboplatin to evaluate tumor sensitivity, patients who obtained a partial 
clinical response (based on endoscopic exam) to two cycles then went on to concur-
rent 70 Gy with weekly paclitaxel. Tumor specimens were evaluated for HPV 16, 33, 
and 35 by in situ hybridization and PCR. Thirty-eight of 60 (63%, 95% CI = 50–75%) 
oropharyngeal vs. 0 of 34 (0%, 95% CI = 0–10%) laryngeal cancers were HPV posi-
tive (P < 0.001). Compared with patients with HPV-negative tumors, patients with 
HPV-associated tumors had higher response rates after induction chemotherapy (82% 
vs. 55%, difference = 27%, 95% CI = 9.3–44.7%, P = 0.01) and after chemoradiation 
(84% vs. 57%, difference = 27%, 95% CI = 9.7–44.3%, P = 0.007). After a median 
follow-up of 39.1 months, patients with HPV-associated tumors had improved OS 
(2-year OS  =  95% [95% CI  =  87–100%] vs. 62% [95% CI  =  49–74%], differ-
ence = 33%, 95% CI = 18.6–47.4%, P = 0.005, log-rank test) and, after adjustment for 
age, tumor stage, and ECOG performance status, lower risks of progression (hazard 
ratio [HR] = 0.27, 95% CI = 0.10–0.75) and death from any cause (HR = 0.36, 95% 
CI = 0.15–0.85) than those with HPV-negative tumors (Fig. 21.2).

A follow-up prospective phase II trial of dose deintensification assessed whether 
a triplet induction regimen could be used to cytoreduce stage III–IVb patients with 
HPV-OPSCC in order to effectively treat them with reduced-dose IMRT to 54 Gy 
(ECOG 1308). Patients received three cycles of cisplatin 75 mg/m2 day 1; paclitaxel 
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90 mg/m2 days 1, 8, and 15; and cetuximab 400 mg/m2 day 1, cycle 1, followed by 
cetuximab 250 mg/m2 weekly. Cycles were repeated every 21 days for three cycles. 
If cisplatin was not tolerated, substitution with carboplatin AUC 5 was allowed after 
the first cycle. Patients were evaluated for clinical response by endoscopy and 
scored as a clinically complete response (cCR) or not (<cCR) before proceeding to 
IMRT-based radiation with concurrent weekly cetuximab 250 mg/m2.

Of the 90 patients enrolled in the trial, 70% achieved a cCR. Of those, 78% then 
went on to receive reduced-dose IMRT; the incomplete responders received 69.3 Gy. 
After a median follow-up of 35.4 months, 2-year PFS and OS rates were 80% and 
94%, respectively, for patients with primary-site cCR treated with 54 Gy of radia-
tion (n = 51), and 96% and 96%, respectively, for patients with <T4, <N2c, and <10 
pack-year smoking history who were treated with ≤54 Gy of radiation (n = 27). 
Patient-reported symptoms were evaluated with a battery of instruments, including 
the Vanderbilt Head and Neck Symptom Survey Version 2 [48]. At 12 months, sig-
nificantly fewer patients treated with a radiation dose ≤54 Gy had difficulty swal-
lowing solids (40% vs. 89%; p = 0.011) or had impaired nutrition (10% vs. 44%; 
p = 0.025). Only one late grade 3 toxicity was reported as an episode of hypomag-
nesemia, almost 3 years out from treatment [49].

Critics of this approach state that induction chemotherapy (IC) is not a necessary 
component in the successful treatment of this disease, particularly in good- prognosis 
patients with a low risk of developing metastatic disease, and treatment is prolonged 
by 6–10 weeks. IC might contribute to long-term toxicities, and the time of overall 
treatment and expense are downsides [50, 51]. To rebut these valid criticisms, study 
coordinators noted induction chemotherapy was not employed as a means to 
improve cure through control of distant metastases, as has been hypothesized for 
prior studies of induction chemotherapy (although it is recognized that distant 
metastasis is a significant cause of failure in locally advanced HPV-associated oro-
pharynx cancer). Rather, IC was used to identify treatment-responsive patients and 
to reduce the tumor burden to a subclinical one comparable to that successfully 
treated with lower radiation doses in the postoperative setting. In addition, the 
extensive use of longitudinal data on acute and late toxicities was recorded prospec-
tively with a battery of PROs at baseline, posttreatment, and every 6 months after 
treatment [52, 53].

NRG oncology study HN002 (NCT02254278) is a randomized trial of 296 
patients asking whether accelerated radiation of 60 Gy in 5 weeks given 6 fractions 
each week or 60 Gy given over 6 weeks with concurrent weekly cisplatin 40 mg/m2 
in p16+ OPSCC can obtain an 85% 2-year progression-free survival. P16 status is 
centrally reviewed and smoking is strictly defined as ≤10 pack-years. This study 
also allows target volume reduction via specified elimination of distant nodal sites 
or even ipsilateral nodal radiation only for well lateralized tonsil primaries with low 
nodal burden [54].

In another deintensification phase II trial, Chera and colleagues enrolled 43 
patients with favorable prognosis HPV+ OPSCC or HNSCC of unknown primary 
(T0-T3, N0-N2c, M0 disease with limited or remote smoking history defined as 
≤10 pack-years or ≤30 pack-years with abstinence in the last 5 years). This proto-
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col delivered weekly cisplatin and 60 Gy to the primary and gross nodal disease 
with 54 Gy delivered to regions at risk for subclinical disease as indicated, and post-
treatment clinical and surgical investigation was performed to determine tumor 
response [55]. Patients were evaluated clinically by CT scan, fiber-optic laryngos-
copy, and physical exam 4–8  weeks following completion of treatment, and all 
patients underwent a further surgical evaluation for pathologic response by resec-
tion or biopsy with neck dissection based on their primary disease state and clinical 
response 6–14 weeks.

Overall clinical complete tumor response rate was 64%, with 98% in the primary 
site and 60% in the lymph nodes of the neck. At subsequent surgical evaluation, the 
pathologic complete response (pCR) rate was 86%, with 98% in the primary site 
and 84% in the neck. For reference, the historic three-year locoregional control for 
HPV+ OPSCC patients with standard more intensive therapy was 87% [25]. 
Thorough toxicity and quality of life assessments are notable in this trial. Importantly, 
study patients demonstrated a low rate of progression feeding tube dependence of 
39% (versus 85% in standard treatment regimens per PARADIGM trial) and none 
required a permanent feeding tube [56, 57]. It should be noted that the study could 
be critiqued, given the trimodality approach used, and it is reasonable to question 
whether this approach truly represents de-escalation. It does provide useful infor-
mation that reduced CRT results in high pathologic complete response rates, and 
this could be used as a surrogate for future de-escalation studies.

21.7  Response-Adapted Volume De-escalation

In conjunction with reduction in overall radiation dose, efforts have been directed to 
reduce the overall radiation volume. Conventional approaches for OPSCC involve 
extensive coverage of the bilateral cervical levels II–IV with 50–60 Gy for clinically- 
negative regions, based on risk of involvement. Villaflor and colleagues incorpo-
rated a “response-adapted volume de-escalation” (RAVD) approach in a phase I/II 
trial in 94 patients examining the use of everolimus during induction chemotherapy 
(IC) [58]. Stage IVa/b HNSCC patients were enrolled to receive IC +/− everolimus. 
Radiographic response was determined in 89 patients completing induction therapy 
as “good” responder (GR, defined as ≥50% reduction in the sum of tumor diame-
ters) or non-responder (NR). Patients with a GR to induction therapy were treated 
with IMRT to a single volume encompassing the gross disease (75 Gy in 1.5 Gy 
twice daily fractions given every other week). NR patients received additional radia-
tion to the first uninvolved ipsilateral nodal bed (45 Gy to prophylactic volume). 
Both groups received concurrent multi-agent chemotherapy (Fig. 21.3).

Of the HPV+ OPSCC subset (59 total patients), 30 had GR to IC and underwent 
limited volume irradiation. The 2-year PFS and OS for this group were 93.1% and 
92.1%, respectively. In comparison, NR patients had 2-year rates of 74.0% PFS and 
95.2% OS. Though not statistically significant (p = 0.10 for PFS, too few deaths for 
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OS), volume de-escalation did not appear to negatively impact disease outcomes. 
For all HNSCC patients in the trial, a total of 13 patients failed locally within 
2 years; 12 of these 13 (92.3%) occurred infield, 11 of these in the high-dose treat-
ment volume. The most common severe toxicities across all patients were ≥ Grade 
3 mucositis and dermatitis. There was no significant difference between the treat-
ment groups in these respects: 59.5% GR vs. 59.6% NR, 27.0% GR vs. 25.0% NR, 
respectively. NR patients with enlarged treatment volume however were more likely 
to undergo feeding tube placement during treatment (73.5% vs. 50.0% for GR) and 
remain dependent at 3-month (57.1% vs. 22.9%) and 6-month follow-ups (32.6% 
vs. 5.7%). At 1 year posttreatment, 8.6% of NR patients retained a feeding tube, 
whereas no GR patients remained dependent. This is in comparison to historical 
rates of approximately 25%. Although the addition of everolimus to IC was not 
beneficial, the elimination of elective nodal coverage in patients with GR to IC did 
not appear to compromise outcomes and resulted in significantly decreased late 
toxicity [29].

Additional studies evaluating the feasibility and safety of volume-reduced radio-
therapy in HPV-OPSCC have been reported at the 2017 American Society of 
Clinical Oncology (ASCO) meeting. Riaz and colleagues from MSKCC reported a 
small study in 19 patients with stage III/IV p16+ OPSCC who had undergone surgi-
cal excision of the primary tumor only (the lymph nodes were not removed). They 
utilized dynamic 18F-FMISO (fluoromisonidazole) PET prior to chemoRT to deter-

Fig. 21.3 Digitally reconstructed radiographs illustrating treatment volumes for a patient with 
oropharynx cancer and left level II adenopathy who experiences (a) good response versus (b) non- 
response to induction chemotherapy. The gross tumor volume (GTV) is shown in orange. PTV1 is 
shown in red and was treated to a dose of 75 Gy. PTV2 is shown in blue and was treated to a dose 
of 45  Gy. (From: Villaflor et  al. [58]. Published by Oxford University Press on behalf of the 
European Society for Medical Oncology. Used by permission

21 Treatment Paradigms in HPV-Associated SCCHN
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mine tumor hypoxia in involved lymph node(s) and again after 10 Gy with one dose 
of cisplatin. Patients with no significant hypoxia (defined as >1.2 tumor to muscle 
SUV ratio in cervical lymph nodes) went on to receive one additional cycle of che-
motherapy and an additional 20 Gy (30 Gy total), and those who had tumor hypoxia 
after 10 Gy received an additional 60–70 Gy with further high-dose cisplatin or 
carboplatin. Neck dissection was performed 3–5 months after completion of treat-
ment. Of the 16 patients with known primary site, 5 had a positive margin. Of 19 
pretreatment FMISO scans, 13 were positive in lymph nodes. Of 12 intra-treatment 
FMISO scans, 3 were positive. Ultimately, 15 patients were de-escalated (14 per 
protocol). With median follow-up of 10  months (range 6–18  months), 11 of 14 
patients treated per protocol had a complete pathologic node response and 3 had a 
partial pathologic response. One patient had tumor progression before neck dissec-
tion, and 18 of 19 patients had no evidence of relapse. All patients are presently free 
of disease. They conclude that patient-specific imaging base treatment response if 
feasible in HPV-OPSCC and 30 Gy appears with short follow-up to be safe and 
efficacious. Correlative studies with DNA repair profiling of the primary tumor 
using ex vivo IR-induced RAD51 assay, and RNA sequencing and whole exome 
and weekly diffusion-weighted MRIs will be reported in the future [59].

Melotek and colleagues used IC with carboplatin AUC 6 with nab-paclitaxel 
100 mg/m2 d1/d18/15 for 3 cycles in 62 HPV-OPSCC patients, both low-risk (≤T3, 
≤N2b, and ≤10 pack-years smoking) and high-risk, and performed radiographic 
assessment of response. IMRT volumes in all patients were limited to initial gross 
tumor and the first echelon of uninvolved nodes. Concurrent chemotherapy con-
sisted of paclitaxel, 5-FU, hydroxyurea, and 1.5 Gy twice daily, given every other 
week. Primary site biopsy and neck dissection were performed after CRT. For low- 
risk patients with IC radiographic responses of ≥50%, patients received 50 Gy with 
no chemotherapy, 30–50% received 45 Gy to gross disease and 30 Gy to first ech-
elon uninvolved nodal areas, and for <30% response to IC 75 Gy with 45 Gy to first 
echelon nodes. For high-risk patients, ≥50% response on IC went on to get 45 Gy 
to gross disease and 30 Gy to next echelon and for <50% response received 75 Gy 
to gross disease and 45 Gy to next echelon nodes. With short follow-up (median of 
15.2 months (range 5.3–29.6 months)), pathologic compete response was noted in 
94.7% (18/19) in the low-dose (no chemotherapy) patients and in 25 of 28 patients 
who received low-dose radiation with chemotherapy (6/6 low risk and 19/22 with 
high-risk disease). Only 15% of low-dose IMRT alone patients developed ≥grade 3 
mucositis compared to 46.7% who received low-dose IMRT with concurrent 
 chemotherapy and 63.6 Gy in the standard-dose (75 Gy) IMRT with concurrent che-
motherapy (p = 0.002). PEG dependency was lower during treatment (p = 0.001) 
and at 6 and 12 months. The conclusion was that a favorable response to IC appeared 
to be a powerful biomarker for dose and volume de-escalation with 50 Gy IMRT or 
45 Gy chemoIMRT [60].
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21.8  Chemotherapy De-escalation

Randomized clinical trials and meta-analyses have shown a significant clinical ben-
efit of combining chemotherapy with definitive radiation in  locally advanced 
patients. An exhaustive review of OPSCC patients (n = 5878) from the meta- analysis 
of chemotherapy in head and neck cancer (MACH-NC) demonstrated an overall 
8.1% improvement in OS at 5 years for concurrent chemotherapy [61]. The standard 
chemotherapeutic regimen is platinum-based and notorious for toxicities including 
emesis, nephrotoxicity, ototoxicity, mucositis, and cytopenias [62]. The substitution 
of a more tolerable agent such as cetuximab with radiotherapy was associated in 
retrospective studies with worse locoregional control, failure-free survival, and OS 
[63]. These reports were, as noted, retrospective and plagued by significant differ-
ences in patient selection, as cetuximab is often favored in elderly patients or those 
with poor performance status. A study from Memorial Sloan Kettering Cancer 
Center retrospectively compared 174 consecutively treated patients with HNSCC 
treated definitively between 2006 and 2008 with concurrent single agent cisplatin or 
cetuximab. Although HPV status was not reported, 76% had OPSCC. At a median 
follow-up of 22.5 months, patients treated with concurrent cisplatin, compared to 
those treated with cetuximab, had lower 2-year locoregional failure (5.7% versus 
39.9%, respectively) and OS (92.8% versus 66.6%, respectively). Treatment with 
cisplatin, as compared to cetuximab, was associated with improved failure-free sur-
vival and OS on multivariate analysis. Late grade 3 or 4 toxicity or feeding tube 
dependence was similar between groups [64].

A retrospective analysis was performed of 168 HPV-associated patients with 
OPSCC treated both postoperatively (n = 23) and definitively (n = 145) at the Ohio 
State University Wexner Medical Center between 2010 and 2013. Forty-two of this 
group of patients received concurrent cetuximab, whereas the remainder (n = 126) 
were given concurrent platinum-based therapy. For patients receiving cetuximab 
compared with platinum chemotherapy, multivariable analysis revealed inferior 
2-year OS (80% vs. 96%, respectively), local relapse-free survival (74% vs. 91%, 
respectively), and distant metastasis-free survival (74% vs. 90%, respectively) [65].

A prospective randomized phase III trial by Magrini et al. directly compared the 
two therapeutic options of cetuximab with cisplatin in 70 patients. One-hundred 
thirty patients were planned to be enrolled but slow accrual mandated stopping the 
trial early. All patients had stage II, IVA, or IVB HNSCC and received 70 Gy. No 
HPV testing was performed. No significant differences were found in LRC, OS, or 
metastasis-free survival in all enrolled patients; however, it should be noted that 
subset analysis of OPSCC (n = 43), LRC, and OS favored concurrent cisplatin over 
cetuximab [66]. Interestingly, radiation discontinuation for more than 10 days was 
more frequent in the cetuximab arm (13% versus 0%). Additionally, three patients 
were noted to have cetuximab infusion reactions requiring removal from the trial. 
Toxicity profiles differed; more hematologic, GI, and renal toxicity was seen with 
cisplatin, whereas more cutaneous toxicity and nutritional support requirements 
were seen with cetuximab. The discordant results of retrospective trials coupled 
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with the conclusions of Magnani et al. would suggest that carefully selected patients 
may be safely treated with non-platinum-based therapies in order to reduce acute 
and long-term toxicities.

Rosenthal et  al. retrospectively evaluated 182 patients randomized on the 
IMCL- 9815 study to receive definitive radiation alone or combined with weekly 
cetuximab. Forty-one percent were HPV-related [6, 28]. HPV status was found to 
be strongly prognostic for patients with OPSCC. In addition, data suggested that 
the addition of cetuximab to RT improved clinical outcomes regardless of p16 or 
HPV status versus RT alone. The study was not powered for the comparison of 
treatments in HPV-related or negative subgroups, but of note, the hazard ratio for 
death with the addition of cetuximab was 0.38 among p16(+) and 0.72 among 
p16(−) cases. Nolan et al. also examined this relationship in a small retrospective 
review of HPV+ OPSCC patients at the Ohio State Wexner Medical Center. Of 
168 eligible patients including those treated postoperatively and definitively, 42 
(25%) received concurrent cetuximab, whereas 126 received concurrent cisplatin 
or carboplatin (n = 109, n = 17, respectively). The 2-year OS for cetuximab was 
80% compared to 96% for platinum-based therapy; local relapse-free survival 
was 74% vs. 91%; distant metastasis-free survival was 74% vs. 90% [65]. A 
focused clinical trial comparing the two treatments in a prospective, randomized 
fashion has completed accrual in July 2014, with results anticipated in the near 
future (RTOG 1016) [29].

The Canadian Cancer Trials Group conducted a phase III randomized trial HN6 
comparing standard chemoradiotherapy (70  Gy in 7  weeks/cisplatin 100  mg/m2 
every 3  weeks) versus accelerated radiotherapy (70  Gy in 6  weeks with EGFR 
inhibitor panitumumab 9 mg/kg ×3) in 320 locally advanced HNC patients. Quality 
of life was the primary endpoint with the Functional Assessment of Cancer Therapy 
Head and Neck (FACT-HN), MD Anderson Dysphagia Index (MDADI), and the  
SWAL-QOL instruments utilized. Although the study was underpowered for out-
come, no clinically important differences in QOL were seen posttreatment between 
treatment regimens [67].

RTOG 1016 tested bolus cisplatin (100  mg/m2 for 2  cycles) against weekly 
cetuximab, with accelerated radiation to 70 Gy in both arms over 6 weeks. It is the 
first non-inferiority trial ever conducted in head and neck cancer and as such requires 
a large sample size (more than 800). Accrual was completed in 2014, and data anal-
ysis is expected in 2018. Importantly, this study contains more than a dozen QOL 
and translational endpoints designed for this young and comparatively healthy pop-
ulation of patients.

Three-weekly high-dose cisplatin (100  mg/m2) is considered the standard 
 systemic regimen given concurrently with postoperative or definitive radiotherapy 
in locally advanced squamous cell carcinoma of the head and neck (LA-SCCHN). 
However, due to unsatisfactory patient tolerance, various weekly low-dose sched-
ules have been increasingly used in clinical practice. A meta-analysis was conducted 
to compare the efficacy, safety, and compliance between these two approaches. 
Platinum schedules with both definitive RT and in the high-risk postoperative set-
ting were analyzed with the primary endpoint being OS. Secondary outcomes com-
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prised response rate, acute and late adverse events, and treatment compliance. 
Fifty-two studies with 4209 patients were included in two separate meta-analyses 
according to the two clinical settings. There was no difference in treatment efficacy 
as measured by overall survival or response rate between the chemoradiation set-
tings with low-dose weekly and high-dose three-weekly cisplatin regimens. In the 
definitive treatment setting, the weekly regimen was more compliant and signifi-
cantly less toxic with respect to severe (grade 3–4) myelosuppression (leukopenia 
p = 0.0083; neutropenia p = 0.0024), severe nausea and/or vomiting (p < 0.0001), 
and severe nephrotoxicity (p = 0.0099). Although in the postoperative setting the 
two approaches were more equal in compliance and with clearly less differences in 
the cisplatin-induced toxicities, the weekly approach induced more grade 3–4 dys-
phagia (p = 0.0026) and weight loss (p < 0.0001). The authors concluded that cur-
rent evidence is insufficient to demonstrate a meaningful survival difference 
between the two dosing regimens. However, prior to its adoption into routine clini-
cal practice, the low-dose weekly approach needs to be prospectively compared 
with the standard three-weekly high-dose schedule [68].

21.9  Current Practice Guidelines Based on Evidence

The American Society for Radiation Oncology convened the OPSCC Guideline 
Panel to perform a systematic review of the literature to investigate the following 
four questions: (1) When is it appropriate to add systemic therapy to definitive 
RT? (2) When is it appropriate to deliver postoperative RT with and without che-
motherapy following surgery for OPSCC? (3) When is it appropriate to use induc-
tion chemotherapy in OPSCC? (4) What are the appropriate dose, fractionation, 
and volume regimens with and without systemic therapy in the treatment of 
OPSCC? [69].

The Panel concluded that patients with stage IV and stage T3 N0-1 OPSCC 
treated with definitive RT should receive concurrent high-dose intermittent cispla-
tin. Patients receiving adjuvant RT following surgical resection for positive surgical 
margins or extracapsular extension should be treated with concurrent high-dose 
intermittent cisplatin, and individuals with these risk factors who are intolerant of 
cisplatin should not routinely receive adjuvant concurrent systemic therapy. 
Induction chemotherapy should not be routinely delivered to patients with 
OPSCC.  For patients with stage IV and stage T3 N0-1 OPSCC ineligible for 
 concurrent chemoradiation therapy, altered fractionation RT should be used. The 
Panel also strongly recommended ipsilateral-only RT for T1/T2 tonsil with minimal 
soft palate or tongue involvement, given the significant volume of (mostly retro-
spective) data showing very rare contralateral nodal recurrences. For patients with 
N2a status and T1/T2 disease with limited soft palate involvement, the Panel found 
sufficiently encouraging data to conditionally support ipsilateral RT, given the ben-
efits expected in QOL versus the uncertain risk of contralateral recurrence, provided 
patient preferences are considered. Due to the paucity of data showing low rates of 
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contralateral node recurrence in small-volume N2b disease, the Panel did not 
include this group in conditional recommendation for the use of ipsilateral RT [69].

21.10  Minimally Invasive Surgery

Retrospective data reporting on locoregional control and survival rates in early 
stage OPSCC have shown equivalent efficacy, although no prospective randomized 
trials are available to confirm these results [70]. Given the assumed comparable 
oncologic results in both groups, complication rates and functional outcomes asso-
ciated with each modality play a major role when making treatment decisions. 
Radiotherapy is used preferentially in many centers because a few trials have 
reported higher complication rates in surgical patients. However, these adverse 
effects were mainly due to traditional invasive open surgical approaches used for 
access to the oropharynx. In order to decrease the morbidity of these techniques, 
transoral surgical (TOS) approaches have been developed progressively. They 
include transoral laser microsurgery (TLM), transoral robotic surgery (TORS), and 
conventional transoral techniques.

A meta-analysis comparing TORS (12 studies, 772 patients) with IMRT (8 stud-
ies, 1287 patients) showed equivalent efficacy in terms of oncologic results [71]. 
Patients receiving definitive IMRT also received chemotherapy (43%) or neck dis-
sections for persistent disease (30%), whereas patients receiving TORS required 
adjuvant radiotherapy (26%) or chemoradiotherapy (41%). Two-year overall sur-
vival estimates ranged from 84% to 96% for IMRT and from 82% to 94% for 
TORS. Furthermore, studies reporting on functional outcomes in patients undergo-
ing TOS for OPSCC has shown low rates of major long-term functional impairment 
following treatment, including hemorrhage (2.4%), fistula (2.5%), and gastrostomy 
tubes at the time of surgery (1.4%) or during adjuvant treatment (30%), and trache-
ostomy tubes in 12% of patients at the time of surgery, but most were decannulated 
prior to discharge.

The Eastern Cooperative Oncology Group-American College of Radiology 
Imaging Network (ECOG-ACRIN) is currently conducting a multicenter random-
ized trial of radiation deintensification in patients amenable to transoral resection 
[E3311, NCT01898494]. Patients are eligible who have p16(+) T1 or T2 oropharyn-
geal squamous cell carcinoma and in whom radiographic and clinical assessment 
specifically note the absence of matted nodes. Patients undergo transoral resection 
of the primary and surgical neck dissection. Those with clear margins and either N0 
or N1 disease are observed. Those with involved margins, evidence for extranodal 
extension, or involvement of five or more nodes receive postoperative radiation with 
weekly cisplatin. The remainder enter randomization between 50 and 60 Gy of post-
operative radiation. Accrual was completed by the end of 2017.

Until further high-level evidence is available, it is generally accepted practice to 
treat early stage OPSCC with a single modality treatment if feasible (T1-2 and 
N0-1). Minimally invasive resection of the primary tumor associated with selective 
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neck dissection, as indicated, offers the advantage of stratifying the risk of disease 
recurrence based on the pathological tumor features, and adjuvant treatment can be 
chosen for higher-risk patients. For tumors without adverse features, no adjuvant 
allows prevention of potential radiation-induced late complications while keeping 
radiotherapy as an option for any second primary lesions whenever needed. 
Definitive radiotherapy is generally reserved for selected patients with specific ana-
tomical location associated with poor functional outcome following surgery, such as 
tumor of the soft palate, or for patients with severe comorbidities that do not allow 
surgical treatment.

21.11  Utilization of Biologic Agents and Immunotherapy

HPV+ OPSCC patients are typically younger and healthier than HPV- patients. 
With the notion that surgical and radiation effects are lifelong in this population, 
some have postulated that escalating chemotherapy may produce better long-term 
control with good tolerability.

A phase II randomized trial was recently published where patients were assigned 
to cetuximab-enhanced chemotherapy protocols with comparison to historical con-
trols [72]. A total of 110 patients with stage III or IV nonmetastatic HNSCC were 
enrolled and received induction therapy with carboplatin, paclitaxel, and cetuximab. 
Patients were then treated on chemoradiation regimens including cetuximab, 5-FU, 
and hydroxyurea (“Cetux-FHX”, n = 57) or cetuximab and cisplatin (“Cetux-PX”, 
n = 53). All patients were assessed at the completion of induction chemotherapy 
with an overall response rate of 91%; no significant differences were noted between 
the two arms prior to chemoradiation. At follow-up, the 2-year PFS for the entire 
cohort was 83.6%, a significant improvement over the historical control rate of 
50%. A subgroup analysis was performed for outcomes according to HPV status 
(n = 47) with 5-year PFS and OS rates of 84.4% and 91.3%, versus the entire cohort 
rates of 74.1% and 80.3%. Although this is a limited dataset, the evidence indicates 
that properly selected patient populations such as those with HPV+ tumors may 
benefit from combination chemotherapy and biologic agent regimens. Although no 
toxicity data were included, these results suggest that intensification may yield bet-
ter outcomes, with properly selected patient populations such as those with HPV+ 
tumors receiving an even greater benefit.

Recognition of the immune system’s role in contributing to cancer development 
was an important advancement in our original understanding of cancer immunology 
from the early twentieth century [73, 74]. As noted previously, HNSCC exhibit 
evidence of inflammation, as well as increases in markers of immune exhaustion 
and increased numbers of T regulatory cells, with these changes most marked in 
HPV-driven cancers. A substantial percentage of patients with HNSCC have under-
lying immunophenotypic changes that would predict a response to immune check-
point modulation, and tumor immunophenotype has been shown to be prognostic in 
both HPV-associated and HPV-negative patients [75–77]. Early trials of the PD-1 
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directed antibodies pembrolizumab and nivolumab have demonstrated activity in 
metastatic/recurrent HNSCC, offering a significant benefit over traditional 
chemotherapy.

The initial cohort of the phase Ib study of pembrolizumab in participants with 
advanced solid tumors (KEYNOTE-012) trial included 60 patients with advanced 
HNSCC enriched for PD ligand-1 (PD-L1) expression who were administered 
fixed-dose biweekly pembrolizumab, an moAb targeting PD-1 [78]. Tumor RNA 
expression levels for interferon-γ–related genes associated with clinical outcomes in 
the melanoma cohort of the KEYNOTE-001 study were also collected to calculate 
a composite expression score. Of the 60 patients, 23 (38%) were HPV positive. Ten 
patients (17%) treated with pembrolizumab experienced grade 3 or 4 drug- related 
adverse events. No drug-related deaths were noted. The overall response rate (ORR) 
for the entire population was 18% per central imaging review, compared with 21% 
per investigator review. Importantly, HPV-associated patients had a 25% ORR, 
whereas the ORR was only 14% for HPV-negative patients. The median OS for the 
entire cohort was 13 months. Interestingly, analysis revealed that PD-L1 expression 
levels and presence of stromal staining were significant predictors for best overall 
response and PFS, as was interferon-γ–related gene composite expression score.

Subsequently, an expansion cohort of 132 patients unselected for PD-L1 expres-
sion was accrued. These patients received pembrolizumab every 3  weeks for 
24 months or until disease progression or intolerable toxicity. These patients were 
heavily pretreated (59% had received two or more previous therapies). The ORR per 
Response Evaluation Criteria in Solid Tumors (RECIST) was 23.7%, with two CRs, 
39 partial responses (PRs), and 25.4% of patients with stable disease. Improved 
ORR was seen in patients who received two or fewer prior therapies (31 of 97 
patients; ORR, 32.0%; two CRs and 29 PRs) compared with patients who received 
more than two prior therapies (10 of 63 patients; ORR, 16%; 10 PRs). ORR was 
comparable between HPV-associated and HPV-negative patients (23.6% vs. 25.0%, 
respectively) [78].

Preliminary results from the CheckMate-141 phase III trial recently reported at 
the American Association for Cancer Research and ASCO annual meetings also 
show significant promise for PD-1 pathway blockade in HNSCC [79]. A total of 361 
patients with platinum-refractory recurrent or metastatic HNSCC were randomly 
assigned 2:1 to nivolumab, an moAb PD-1 inhibitor, versus investigator’s choice 
(ICh) chemotherapy with docetaxel, methotrexate, or cetuximab. Planned interim 
analysis after 218 patient deaths revealed a 30% reduction in risk of death (HR, 
0.70) with nivolumab versus ICh. Median OS for all patients was 7.5 months with 
nivolumab compared with 5.1  months with ICh. At 1  year, OS was 36% in the 
nivolumab arm compared with 17% in the ICh arm. Importantly, the survival benefit 
for nivolumab was seen in both HPV-associated and HPV-negative patients 
(Table 21.7). The ORR for nivolumab in patients with PD-L1 expression>1%, >5%, 
and >10% was 18.2%, 25.9%, and 32.6%, respectively, compared with ORRs of 
3.3%, 2.3%, and 2.9%, respectively, for ICh. Grade 3 or 4 treatment-related adverse 
effects occurred in 13.6% of patients in the nivolumab arm compared with 35.1% of 
patients receiving ICh.
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These demonstrations of proof of principle for immunotherapy in HNSCC have 
led to numerous subsequent HNSCC trials exploring inhibition of the PD-1 immu-
noregulatory pathway with PD-1 or PD-L1 inhibitors alone, combined with CTLA-4 
antagonists, or in combination with chemotherapy in the first-line treatment of met-
astatic/recurrent disease, as well as in combination with definitive chemoradiation, 
postoperatively, or as maintenance following definitive chemoradiation. Additional 
early phase trials are exploring the combination of PD-1 pathway directed therapy 
with HPV-specific therapeutic vaccines, oncolytic tumor virus, or other immune 
regulators such as IDO (indoleamine 2,3-dioxygenase). These approaches are not 
sufficiently mature for incorporation into deintensification schemes at this time, but 
as biomolecular and clinical patient selection criteria are developed to identify 
patients with outstanding and durable responses to immunotherapy, as well as to 
exclude patients at high risk of serious autoimmune complications, appropriate 
incorporation of immunotherapy may permit substantial reductions in radiation and 
chemotherapy exposure.

21.12  Surveillance Following Treatment in HPV Disease

Retrospective analysis of OPSCC patients suggests that HPV+ patients have a 
 distinct pattern of failure in comparison to their HPV-negative brethren. A review of 
the failure patterns of RTOG 0129 patients by Ang et al. showed a significant differ-
ence in the 3-year OS, PFS, and local-regional relapse rate (HPV+ vs. HPV-, 82.4% 
vs. 57.1%, 37.7% vs. 43.4%, 13.6% vs. 35.1%); distant failure at 3  years was 
improved but did not achieve statistical significance, 8.7% vs. 14.6%, p  =  0.23, 
albeit the study was not powered for this endpoint [25]. Trosman et al. evaluated 291 
OPSCC patients with stage III–IVB disease treated with definitive chemoradiation 
at the Cleveland Clinic with known HPV status: 252 HPV-related and 39 

Table 21.7 Checkmate-141: overall survival summary

Nivolumab
Investigator’s 
choice

Comparison of nivolumab to 
investigator’s choice

n
Median, 
months n

Median, 
months HR (95% CI)

All patients 240 7.5 121 5.1 0.70 (0.51–0.96)a

PD- 
L1 ≥ 1%

88 8.7 61 4.6 0.55 (0.36–0.83)

PD- 
L1 < 1%

73 5.7 38 5.8 0.89 (0.54–1.45)

p16- 
positive

63 9.1 29 4.4 0.56 (0.32–0.99)

p16- 
negative

50 7.5 36 5.8 0.73 (0.42–1.25)

Adapted from Gillison et al. presented at AACR 2016
aHazard ratio (HR) and 97.73% CI
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HPV- negative. The 3-year distant control rate was significantly higher in HPV+ 
patients (88% vs. 74%) with a longer time to distant failure as well (median 16.4 vs. 
7.2 months). In addition, HPV-related patients who failed distantly had a longer 
overall survival (median 25.6 vs. 11.1 months). Interestingly, HPV+ patients had a 
more diverse set of failure sites. While OPSCC has typically been associated with 
lung and brain metastases, the HPV+ patients demonstrated metastases to sites 
including non-regional lymph nodes (axillary and intra-abdominal), kidney, skin, 
and skeletal muscle. This is in line with what Huang et al. have termed a “dissemi-
nating” phenotype [80].

Retrospective analysis of trials for recurrent or metastatic HNC conducted in the 
Eastern Cooperative Oncology Group demonstrated longer median survival for 
HPV-associated disease treated with systemic therapy, and a retrospective analysis 
of Radiation Therapy Oncology Group trials demonstrated longer survival for 
HPV- associated than for HPV-negative disease whether patients were candidates 
for local or systemic therapy [81]. These unique characteristics call into question 
the most appropriate form of surveillance and whether patients should be managed 
according to the historically accepted paradigm of planned neck dissections or CT 
imaging of the neck.

A retrospective review by Frakes et al. examined the posttreatment imaging of 
246 patients with HPV-related OPSCC treated with definitive radiation or chemora-
diation at Moffitt Cancer Center [82]. All patients underwent a PET/CT scan 
3 months after completing therapy as well as close follow-up with clinical exams. 
At 3 years, local control was achieved in 239 of 245 patients (97.8%). All six local 
failures were identified on exam by direct visualization or flexible laryngoscopy. 
Nine patients failed regionally, with all but one identified by symptom progression 
or on PET/CT. Of the 21 patients who developed distant metastasis, 15 (71%) were 
identified by symptoms or on imaging. Overall, symptoms and/or 3-month follow-
 up PET/CT identified 92% of local-regional failures and 71% of distant failures. 
Thus, the authors suggest a 3-month PET/CT with close clinical follow-up would 
provide adequate surveillance.

The less invasive approach of PET/CT imaging has been directly compared with 
planned neck dissections as well. Mehanna et al. directed a prospective trial of 564 
patients (84% OPSCC, 75% HPV-related) with N2 or N3 HNSCC in the UK [83]. 
Patients were randomized to undergo a planned neck dissection or PET/CT 
 surveillance 3  months after the conclusion of chemoradiation. If the PET/CT 
patients showed an incomplete or equivocal response, salvage neck dissection was 
performed. Of the 270 patients who underwent PET/CT, 185 (69%) showed a com-
plete response and an additional 19 showed incomplete response in the primary with 
a complete response in the neck. A total of 52 patients (19.3%) underwent neck 
dissection, with similar complication rates to the planned dissection group (42% vs. 
38%). The 2-year OS rates between the two groups were similar (84.9% for PET/
CT vs. 81.5% for planned dissection). The authors note that nodal disease in HPV+ 
tumors may take longer to involute, suggesting a 3-month scan may be too early to 
assess response but nonetheless indicate surveillance is a suitable approach associ-
ated with less mortality and cost than planned posttreatment neck dissection.

C. A. Kluwe and A. J. Cmelak



609

With the success of PSA monitoring for recurrence and response in prostate can-
cer, efforts have been directed toward developing a biochemical surveillance test for 
oropharyngeal cancers. HPV DNA is an attractive target as it can be extracted from 
oral exfoliated cells in rinses. A prospective trial of 124 HPV+ OPSCC patients by 
Rettig et al. examined the potential of HPV DNA in oral rinses as a prospective 
marker [84]. Prior to treatment, 67 of the 124 patients (54%) tested positive for 
HPV16 DNA. After treatment, only 6 participants (5%) tested positive, including 
one who was not in the original 67. This patient subsequently cleared HPV DNA 
and did not develop recurrence. Of the 5 patients with persistent HPV DNA, all 
recurred within 1 year, compared to a recurrence rate of 8% in the HPV DNA nega-
tive group. Though limited by small sample sizes, this trial suggests that persistent 
HPV DNA demonstrates high specificity and PPV for disease recurrence and could 
be a potentially useful tool in determining the need for adjuvant therapy or increased 
surveillance.

21.13  Metastatic Sites and Salvage Therapy and Prognosis 
after Recurrence

Prognostic factors in patients with recurrent/metastatic SCCHN such as primary 
tumor site, performance status, prior radiotherapy, and cell differentiation have long 
been established [85]. Trosman and colleagues performed a large retrospective 
review and found that metastatic sites differed in HPV patients compared to a non- 
HPV comparison group. The lung was the most common distant site involved in 
HPV+ and HPV- disease (HPV+ group, 23 of 28 patients [82%]; HPV- group, 7 of 
9 patients [78%]). However, the HPV+ group had metastases to several subsets 
atypical for head and neck squamous cell carcinoma, including the brain, kidney, 
skin, skeletal muscle, and axillary lymph nodes (in two patients each) and in the 
intra-abdominal lymph nodes (in three patients). The rate of 3-year OS was higher 
in the HPV+ group (89.9% vs. 62.0%; P < 0.001), as was the median survival after 
the occurrence of distant metastases regardless of additional treatment (25.6 vs. 
11.1 months; P < 0.001) [80].

Others have also shown that HPV-associated tumor status continues to confer 
improved prognosis at the time of disease recurrence [24, 81]. Patients treated on 
two clinical trials of chemotherapy for recurrent or metastatic SCCHN were evalu-
ated retrospectively for HPV by Argiris and colleagues. They were treated on either 
E1395, a phase III trial of cisplatin and paclitaxel versus cisplatin and 5- fluorouracil, 
or E3301, a phase II trial of irinotecan and docetaxel. Sixty-four patients were 
shown to have HPV by ISH and 65 by p16. The objective response rate was 55% for 
HPV-associated versus 19% for HPV-negative (P = 0.022) and 50% for p16-positive 
versus 19% for p16-negative (P = 0.057), respectively. The median survival was 
12.9 versus 6.7 months for HPV-associated versus HPV-negative patients (P = 0.014) 
and 11.9 versus 6.7 months for p16-positive versus p16-negative patients (P = 0.027), 
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respectively. After adjusting for other covariates, hazard ratio for OS was 2.69 
(P = 0.048) and 2.17 (P = 0.10), favoring HPV-associated and p16-positive patients, 
respectively. Other studies have corroborated these findings. It is now the general 
opinion that HPV is a favorable prognostic factor in recurrent or metastatic SCCHN 
that should be considered in the design of clinical trials in this setting.

21.14  Conclusion

HPV-associated oropharyngeal cancer has emerged as a unique subset of head and 
neck squamous cell carcinoma with a distinctive pathophysiology and patient popu-
lation that necessitates reconsideration of our current treatment approach. While the 
tumor is more sensitive to treatment and has a better prognosis, these aspects pres-
ent novel challenges with respect to minimizing long-term treatment-related mor-
bidity and surveillance technique. Retrospective data indicates that HPV+ patients 
stratify into a lower-risk group that may benefit from deintensification of chemo-
therapy and/or radiation or can be treated with surgery alone in many cases without 
sacrificing survival. Newer studies are incorporating biologic therapies and varying 
degrees of surveillance based on risk of recurrence. The evolving data suggest that 
HPV+ OPSCC patients could be a population who would significantly benefit from 
limited radiation fields and reduced doses, without sacrificing survival. Clinical tri-
als evaluating these concepts are currently underway with highly anticipated results 
in the years to come.

21.15  HPV-Related Treatment Strategies: The Future

Recognizing that there are high stakes in deintensification protocols and the numer-
ous ongoing strategies, it is important to carefully define and adhere to eligibility 
criteria for enrollment of patients whose tumors progress, so that we can learn from 
our successes as well as our failures. Extensive biospecimen banking (e.g., tumor, 
sera, plasma, lymphocytes at baseline, and progression) from all enrolled patients 
would allow for the study of individuals whose tumors progress, so that we can 
learn from our increasing successes, but more importantly, our failures. As we reex-
amine the core principles of head and neck cancer care developed decades ago, we 
need to acknowledge the limitations of currently available assays for HPV status 
determination, erring on the side of caution by using the best-validated measures of 
tumor HPV status that are practically available with high positive predictive value, 
are paramount. In situ hybridization for HPV testing has a very high positive predic-
tive value; very careful evaluation of standardized methods and interpretation in 
multi-institutional protocols will be crucial in achieving our goals in this distinct 
and special disease  – that being obtaining high cure rates simultaneously with 
meaningful reductions in long-term toxicity and improved quality of life.
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