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REVIEWS I

and neck cancer

The molecular landscape of head

Head and neck squamous cell carcinomas (HNSCCs)
have a yearly incidence of 600,000 cases worldwide,
with 40-50% mortality’. The tumours originate in the
epithelial cells of the mucosal linings of the upper air-
way and food passages (the oral cavity, oropharynx,
larynx or hypopharynx), which suggests that HNSCC
is a relatively homogeneous disease, as it develops
from one cell type in one tissue. Rather unexpectedly,
HNSCC is remarkably heterogeneous. This is in part
brought about by the complex anatomical structures in
which it develops but also relates to the different aeti-
ologies and the large variety of molecular changes that
drive carcinogenesis.

The disease characteristics of HNSCCs are currently
undergoing a pronounced change, as our understand-
ing of the aetiologies of this disease have progressed.
The classical risk factors for HNSCC were smoking
and excessive alcohol use. Currently, infection with
high-risk human papillomaviruses (HPVs) causes a
substantial and rising proportion of these tumours,
originating mainly in the oropharynx and occur-
ring particularly in the Western world?®. It is now well
accepted that oropharyngeal SCCs (OPSCCs) can be
divided into HPV-negative (HPV-ve) and HPV-positive
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Abstract | Head and neck squamous cell carcinomas (HNSCCs) arise in the mucosal linings of the
upper aerodigestive tract and are unexpectedly heterogeneous in nature. Classical risk factors
are smoking and excessive alcohol consumption, and in recent years, the role of human
papillomavirus (HPV) has emerged, particularly in oropharyngeal tumours. HPV-induced
oropharyngeal tumours are considered a separate disease entity, which recently has manifested
in an adapted prognostic staging system while the results of de-intensified treatment trials are
awaited. Carcinogenesis caused by HPV in the mucosal linings of the upper aerodigestive tract
remains an enigma, but with some recent observations, a model can be proposed. In 2015, The
Cancer Genome Atlas (TCGA) consortium published a comprehensive molecular catalogue on
HNSCC. Frequent mutations of novel druggable oncogenes were not demonstrated, but the
existence of a subgroup of genetically distinct HPV-negative head and neck tumours with
favourable prognoses was confirmed. Tumours can be further subclassified based on genomic
profiling. However, the amount of molecular data is currently overwhelming and requires detailed
biological interpretation. It also became apparent that HNSCC is a disease characterized by
frequent mutations that create neoantigens, indicating that immunotherapies might be effective.
In 2016, the first results of immunotherapy trials with immune checkpoint inhibitors were
published, and these may be considered as a paradigm shift in head and neck oncology.

(HPV+ve) diseases®, as the socioeconomic profiles
of the patients as well as the clinical presentation, the
molecular profiles’** and most importantly the progno-
sis of the tumours differ between the two subgroups®*'.
However, it should be noted that at present, this key dis-
tinction mainly refers to oropharyngeal tumours within
HNSCCs, as this is the best-studied entity with respect
to HPV involvement.

The far more favourable outcome of HPV+ve com-
pared with HPV-ve OPSCC is so substantial that the
tumour-node-metastasis (TNM) staging for HNSCC
was adapted in the eighth edition to include p16™*4*
immunostaining as a surrogate for HPV status'” (BOX 1).
Moreover, several treatment de-escalation trials of
HPV+ve OPSCC have been initiated, and the results
of these are now being awaited, which may lead to
personalized treatment based on HPV status.

The lack of rapidly improving patient survival and
personalized treatment approaches has propelled
research into the molecular landscape of HNSCC.
Using expression arrays and, over the past few years,
RNA sequencing, subgroups of head and neck tumours
characterized by gene expression patterns have been
identified®'*-'*. However, the performance of different
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Box 1| Clinical management of head and neck cancer

Tumours are staged according to tumour-node-metastasis (TNM) staging but can also
be classified with respect to their anatomical location (in the larynx, hypopharynx,
oropharynx or oral cavity), which can be further subdivided into 14 subsites according
to the International Classification of Diseases (ICD)-10.

Clinical examination and modern imaging (computed tomography (CT)-magnetic
resonance imaging (MRI) and **F-fluorodeoxyglucose (FDG)-positron emission
tomography (PET)) are the mainstays of diagnosis and are supplemented when necessary
by examination under general anaesthesia. TNM stage and anatomical site are important
factors to direct multidisciplinary treatment decisions for the patient. In addition,
patient factors, such as comorbidity and age, and institutional factors play a role. The
newest (eighth) edition of the American Joint Committee on Cancer (AJCC) and Union
for International Cancer Control (UICC) TNM classification became effective on
1 January 2018; this new version accounts for the importance of tumour depth of
invasion in oral cavity tumours and has a different staging system for p16™*A-positive
tumours of the oropharynx (see the table), where p16™**A positivity is used as a surrogate
marker for human papillomavirus (HPV) status, which results in a lower stage for these
tumours than that assigned by the previous edition'2.

Early-stage tumours are treated with surgery or radiotherapy. The mainstays of
treatment for advanced tumours are surgery combined with postoperative
chemoradiotherapy or upfront chemoradiation, with surgical salvage if possible.
Induction chemotherapy has not found widespread use because of the lack of benefit in
previous studies'?2. Besides improving patient survival, another major aim of therapy is
an improved quality of life.

Recent advances in clinical management include sentinel node biopsy (SNB), transoral
robotic resections (TORS), image-based and adaptive radiotherapy and application of
the epidermal growth factor receptor (EGFR)-specific antibody cetuximab in
combination with radiotherapy'?*'?. The increasing array of therapeutic options
necessitates optimized selection of patients to personalize treatment. At present,
only the classical clinical and histopathological characteristics are used for making
treatment decisions, and these classical methods have met their limitations for
high-precision medicine.

Disease will recur in approximately one-half of patients. Recurrence at the
locoregional site is most frequent, followed successively by distant metastases. Also,
second primary cancers in the head and neck, lung or other sites occur at an annual rate
of approximately 2-3%, particularly in patients with HPV-negative, non-oropharyngeal
cancers'?. Both recurrent head and neck cancer and second primary cancers are
notoriously difficult to treat curatively. Palliative treatment consists of a combination of
chemotherapy and cetuximab or, depending on the condition of the patient, a less toxic
treatment or best supportive care.

Seventh edition TNM
Stage | (TINO)
Stage Il (T2NO)

Eighth edition TNM

Stage | (T1-T2NO-N1)

Stage Il (T1-T2N2 or T3NO-N2)
Stage Il (T3NO or T1-T3N1) Stage Il (T4 or N3)

Stage IVa (T4aN0-N1 or T1-T4aN2) Stage IV (M1)

Stage IVb (T4b or T1-T4bN3) -

Stage IVc (M1) -

expression profiling platforms and analysis pipelines as
well as differences in immune infiltrate and other stro-

mal components may impact the subgroup definitions.

tumours®. The HPV-ve tumours are typically character-
ized by many mutations and numerous chromosomal
gains and losses. Intriguingly, in this and earlier studies,
a distinct subgroup of HPV-ve tumours with ‘copy num-
ber alteration (CNA)-silent’ profiles emerged, which also
displayed specific mutational profiles, suggesting that
these tumours form a separate genetic subgroup®. The
number of candidate cancer driver genes in HNSCC
is exploding at present and requires careful biological
interpretation. In this Review, we discuss and merge
existing and newly identified genomic data to obtain
a novel and more integrated view on the molecular
landscape of HNSCC.

Molecular landscape of HPV-ve HNSCC
Carcinogenesis

Cancer arises through the accumulation of genetic and
epigenetic changes in genes whose encoded proteins act
in a variety of signalling pathways, and these alterations
cause the cancer-associated phenotypes'®. These genetic
changes can be broadly defined as mutations, a term
mostly used in association with genes and that relates
to genetic changes at the base-pair level, stretching from
a single nucleotide to confined insertions and deletions
(indels), and alterations encompassing gains and losses,
sometimes of entire chromosomes or chromosome
arms harbouring thousands of genes. How important
these extensive gains and losses are in cancer evolution
remains somewhat elusive, but losses are found par-
ticularly in conjunction with inactivating mutations of
tumour suppressor genes, indicating that these do play a
critical role®". Since the 1990s, molecular data on cancer
have evolved rapidly®.

In the clinical course of head and neck cancer, the
development of precursor changes needs to be consid-
ered: a growing collection of cells with tumour-associated
genetic alterations. Although most patients with HNSCC
present with tumours de novo, there are precancerous
lesions in the mucosal linings that are visible to the naked
eye and present as white (leukoplakia) or red (erythroplakia)
areas of the mucosa. These lesions may progress and
develop into invasive cancers®. Leukoplakia is the most
common precursor lesion of OPSCC, with an estimated
worldwide prevalence of 2%”*. The clinical management
is to treat the lesion when possible and to analyse a tissue
specimen or a biopsy sample with microscopic examina-
tion for the presence of dysplasia, graded as mild, mod-
erate or severe, which associates with cancer risk??.
Besides these macroscopically recognizable lesions, many
pre-malignant mucosal abnormalities are clinically not
visible and are identified only under the microscope
as dysplastic mucosal epithelium. These morphologi-

Leukoplakia

A macroscopic white change
in the mucosal linings of the
upper aerodigestive tract,
which is defined by the World
Health Organization (WHO) as
“a white plaque of questionable
risk having excluded (other)
known diseases or disorders
that carry no increased risk
for cancer”.

In addition, the prognostic associations of the subgroups
are variable, hampering clinical utility. Hence, in con-
trast to, for instance, breast cancer", classification based
on gene expression profiles is not yet common practice
for HNSCC, but these profiles are highly informative
from a biological perspective.

In 2015, The Cancer Genome Atlas (TCGA) con-
sortium published the comprehensive genomic data of
279 HNSCCs, including both HPV+ve and HPV-ve

cal abnormalities already led in 1953 to the concept of
‘field cancerization, both to describe these large dys-
plastic changes but also to explain the high frequency of
tumour recurrence after HNSCC excision and the high
risk of multiple independent tumours developing in the
mucosal linings®.

In the 1990s, these precancerous changes were com-
prehensively studied with genetic markers, and it was
shown that the number of genetic changes correlates
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Erythroplakia

A macroscopic red change in
the mucosal linings of the
upper aerodigestive tract,
which is defined by the World
Health Organization (WHO) as
“a fiery red patch that cannot
be characterized either
clinically or pathologically as
any other definable lesion”.

with the severity of the dysplastic changes. This led to
the first genetic progression model of HNSCC*. Loss
of heterozygosity at chromosomes 3p, 9p and 17p
appeared to occur in dysplasia, apparently reflecting
early changes in carcinogenesis, while alterations at
chromosome arms 11q, 4q and 8p were typically pres-
ent in carcinomas, likely reflecting a relatively late phase
in carcinogenesis®. Using these genetic markers, the
presence of genetically altered mucosal epithelial cells

could also be more comprehensively studied in the sur-
gical margins, and it was shown that these cells form an
important source of local recurrences and second pri-
mary tumours, at least in surgically treated patients?~*.
Most recent studies have identified genetic changes
at chromosome arms 3p and 9p together with muta-
tions in TP53 (residing at 17p) as the best predictors
of malignant transformation in both leukoplakia® and
surgical margins®'. These lesions present an opportunity
for future studies to define the timing of genetic events
and completely characterize the molecular landscape of
head and neck cancer?®>.

But what precedes these mucosal fields of cells with
tumour-associated genetic changes? Carcinogenesis, also
occurring in the mucosal linings, likely starts with the
accumulation of mutations in a single adult stem cell***.
In 2002, small p53-immunopositive focal patches in
tumour-adjacent mucosal epithelium were described*
that contained TP53 mutations. These mutated p53-
positive patches were considered equivalent to the clones

Box 2 | Driver and passenger mutations

Modern cancer genomics was initiated by large-scale Sanger sequencing of cancer
genomes'?® and advanced rapidly with massively parallel sequencing (MPS)®. Many
somatic mutations have been identified since then but often in unexpected genes such as
olfactory receptor genes'?’'8, The concept of driver mutations and passenger mutations
was established and was associated with the following questions: how can these be
distinguished, and are there any factors that could be of use to make the distinction?
These questions were tested in a large meta-analysis of data sets from The Cancer
Genome Atlas (TCGA), and algorithms to correct for the relevance of mutations were
developed and presented?’. Not unexpectedly, the frequency of mutations in cancer
genomes appeared to be related to tumour type and mutagen exposure, and this
phenomenon can be taken into consideration'”. Remarkable in this study was the
observation that somatic mutations accumulate in genome regions that replicate late
during S phase, encompassing the regions that are not actively transcribed. This may
relate to gene expression-associated DNA repair and/or nucleotide shortage during
replication'?’. Furthermore, a correction algorithm was described in this study that
takes into account the number of indicated biases, and when applying this tool to the
sequencing data of 178 lung squamous cell carcinomas, the number of candidate cancer
driver genes decreased from 450 to 11 (REF. 127). Although correction algorithms have
their limitations, it is clear that mutation data should be interpreted with great caution.
Although often neglected, the interpretation of mutations may also play a role in
bona fide cancer genes. Not all somatic non-synonymous mutations impact protein
function, and although bioinformatic analysis of pathogenicity can be helpful, such
mutations might in fact be passengers. Specifically, when MPS has been applied, another
factor may come into play: the variant allele frequency (VAF), which is the ratio between
the mutated and wild-type allele reads. A typical driver gene in head and neck squamous
cell carcinoma (HNSCC), such as TP53, which mutates early in carcinogenesis, is usually
mutated in one or both alleles in all cancer cells. Hence, when sequencing a tumour cell
line, the VAF will be close to 50% or 100%. However, tumours contain stroma, and driver
mutations may occur in subpopulations of cancer cells. For these reasons, lower VAFs,
usually 5% or 10%, are often used to designate a mutation as a candidate driver.
However, a low VAF may also be suggestive that a mutation is a passenger.

REVIEWS

or clonal units that form the squamous epithelium of
the mucosa and the skin, and consist of progeny cells
originating from a single adult stem cell, which became
immunodetectable by the mutation in TP53. Although
the squamous stem cell itself cannot be identified owing
to a lack of specific biomarkers, these clonal units visu-
alized by the presence of mutated TP53 were considered
to represent the very first sign of oncogenic changes in
the mucosa and led to a hypothetical patch-field-
tumour-metastasis progression model for HNSCC".
Although this model was hypothetical at the time it
was proposed, subsequent data obtained in engineered
mouse models now support it. Using lineage-tracing
experiments in mice, AXIN2-expressing stem cells and
their progeny can be visualized, resulting in the forma-
tion of morphologically comparable patches, at least in
the skin’.

Driver genes and pathways

The genomic data of 279 HNSCCs (HPV+ve and HPV-
ve) have been analysed and published’, but data from
over 500 patients are available at the TCGA network and
can be queried through a variety of data portals and ana-
lysis tools. Depending on the analysis tool applied (BOX 2),
between 50 and 100 genes are indicated that are substan-
tially mutated in HNSCC and are considered as candidate
cancer driver genes. However, many genes are mutated at
only very low frequencies, and functional consequences
of these mutations are often unclear. Many of these genes
are, as yet, also not functionally linked to carcinogenesis,
and without functional studies, they remain only can-
didates. Previously, we formulated criteria that took the
form of levels of molecular evidence to indicate whether
a candidate driver gene is indeed bona fide, and these
might still apply today*’. Of note, the TCGA applied a
correction algorithm (BOX 2) to filter the mutation data in
the published data sets. In other data sets, such correction
tools might not have been employed to curate the data,
and this could potentially explain the differences in the
candidate cancer genes mentioned when mutation data
of different studies are compared®.

Besides mutations, genes may be activated by ampli-
fication (for example, amplification of epidermal growth
factor receptor (EGFR)) or inactivated by heterozygous
and homozygous losses (for example, loss of cyclin-
dependent kinase inhibitor 2A (CDKN2A)) or epigenetic
changes. We will discuss some of the genes (TABLE 1) that
are frequently mutated, that are functionally annotated
to be involved in cancer and that emerged as candidates
in previous publications®. Many others have been dis-
cussed before by us' and in other publications®*. The
currently available molecular information can no longer
be captured in a single comprehensive overview as there
is simply too much data. In the supplementary informa-
tion of the 2015 HNSCC genomic TCGA study, mutual
exclusivity or correlations among mutated genes were
analysed, which could be considered as functional associ-
ations. However, as this was not performed per genetic
subgroup of CNA-high, HPV-ve; CNA-silent, HPV-ve;
and HPV+ve tumours, it could be that the associations
might relate in part to this genetic subclassification.
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Cell cycle control. The early and most frequent genetic
alterations in head and neck carcinogenesis are losses of
chromosomes 3p, 9p and mutations of TP53 (REFS 19,26).
The tumour suppressor gene on chromosome arm
9p, more specifically 9p21, is CDKN2A, encoding the
p16™¥44 protein, which binds and disrupts the cyc-
lin D-CDK4 and cyclin D-CDK6 complexes. Loss
of CDKN2A combined with the frequently observed
amplification of cyclin D1 (CCNDI) on 11q13 drives
cells through the G1-S checkpoint of the cell cycle and
contributes to unscheduled DNA replication (FIC. 1).
Normally, unscheduled DNA replication leads to DNA
damage and p53 activation®, but TP53 is also frequently
inactivated in HNSCC. The p53 protein is a key tumour
suppressor in many tumour types with a multitude of
functions, including the induction of p21, another CDK
inhibitor that arrests the cell cycle®. The p53 protein
is also a strong inducer of apoptosis*’. The TP53 gene,
located on chromosome 17p13, is frequently inactivated
in HNSCC, mostly by missense mutations combined
with allelic loss*. Somatic mutations in TP53 are found
in 60-80% of HNSCCs and 84% of HPV-ve HNSCCs*".
Of note, the TP53 locus typically shows allelic losses and
not copy number losses in HNSCC, suggesting that it
is advantageous for tumours to have a double copy of
chromosome 17 or two copies of mutated TP53 (REF. 6).
Besides these proteins acting in the cell cycle itself, the
genes of several growth factor receptors have been iden-
tified as candidate cancer genes that might play a role
in HNSCC, including EGFR and MET; but because of
the low mutation frequency in some of these genes, and
therefore their somewhat elusive role as driver genes, not
all of them have been listed in TABLE 1. However, EGFR
is frequently amplified, supporting its role as a driver
gene in HNSCC?, yet EGFR has pleiotropic functions
and links to MAPK signalling, PI3K signalling* (see
below) and direct nuclear signalling*2. One of the targets
of MAPK signalling is cyclin D1, and together with the
observation that there seems to be a mutual exclusion of
genetic changes in growth factor receptors and cyclin D1

amplification (see figure S7.1 in REF. 3), this suggests that
the growth factor receptors are functionally linked to cell
cycle control.

As cell cycle control is deregulated at the G1-S tran-
sition in HNSCC, cell cycle regulation therefore depends
on the S phase, the G2-M transition checkpoint and the
M phase to ensure proper cell division. Hence, these
other cell cycle checkpoints may represent targetable
functional mechanisms, and there are some key molec-
ular players such as WEEI kinase that are critical for
at least G2-M checkpoint regulation and targetable by
small-molecule inhibitors®.

WNT signalling. A remarkable observation in the
genomic profiling studies is the frequent number of
inactivating mutations in the cadherin-related FAT1
gene’. The FATI gene is located on chromosome 4q35.2
and mutated in 23% of HNSCC cases and lost or deleted
in 8% (cBioPortal). It encodes a large membrane protein
belonging to a family of four FAT proteins and is part of
the larger cadherin superfamily, as these proteins contain
a multitude of E-cadherin domains*. E-Cadherin is the
classical, epithelial prototype of the cadherins, which are
calcium-dependent transmembrane adhesion molecules
that can form homotypic and heterotypic adhesion
structures (reviewed in REF. 44). FAT1 has previously
been linked to actin dynamics and cell-cell contacts®,
and recently, a role for FAT1 in WNT signalling has been
established*. The functional data were mainly obtained
using glioblastoma cell lines rather than HNSCC cell
lines, but there are no reasons at present to suggest that
these findings cannot be extrapolated.

WNT signalling plays a key role in cell orientation
and cell fate and thereby in stem cell maintenance in
most tissues and has been predominantly linked to
colorectal cancer because of the frequent mutations
in the genes encoding key players of the pathway
(FIG. 2a): adenomatous polyposis coli (APC), AXIN
and B-catenin®’. The B-catenin molecule is the central
player in this pathway*’. Remarkably, f-catenin has also

Table 1| Genes with frequent and highly significant somatic genetic changes in HPV-ve HNSCC

Cellular process Gene Protein
Cellcycle CDKN2A pl6MNKA
TP53 p53
CCND1 G1-S-specific cyclin D1
Growth signals EGFR EGFR
Survival PIK3CA Catalytic p110a subunit of class 1 PI3Ks
PTEN PTEN
WNT signalling FAT1 Protocadherin FAT1
AJUBA LIM domain-containing protein AJUBA
NOTCH1 NOTCH1
Epigenetic KMT2D Histone-lysine N-methyltransferase KMT2D
el NSD1 Histone-lysine N-methyltransferase NSD1

Type of gene Mutation CNA
frequency (%) frequency (%)

Tumour suppressor 22 32
Tumour suppressor 72 1.4
Oncogene 0.6 25
Oncogene 4 11
Oncogene 18 21
Tumour suppressor 3 4
Tumour suppressor 23 8
Tumour suppressor 7* 1
Tumour suppressor 18 4
Tumour suppressor 16 0.4
Tumour suppressor 12* 0.8

Data from REF. 3. Mutation data were taken from The Cancer Genome Atlas (TCGA) (n=504) using the cBioPortal. CNA, copy number alteration; EGFR, epidermal
growth factor receptor. *Putative passenger mutation that requires further functional studies.
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Figure 1| Cell cycle regulation in head and neck squamous cell carcinoma. The cell
cycle is regulated by cyclin-dependent kinase (CDK) complexes. There are two
checkpoints (indicated by red bars) — one at G1-S, regulated by the transcription factor
E2F and the pocket proteins, which include RB, and one at G2-M, regulated by cyclin B-
CDK1. The activity of the cyclin-CDK complexes is regulated during the various phases
by cyclic expression of the cyclins, inhibitors such as p16™** or p21, which is induced by

p53, and phosphorylation of CDKs by, for example, WEE1 kinase. The genes CDK
inhibitor 2A (CDKN2A), encoding p16™*A, and TP53 are generally inactivated in head and
neck squamous cell carcinoma (HNSCC; indicated by the faded colours), while cyclin D1
expression is increased in tumours (enlarged oval). In addition, RB1-inactivating
mutations have been reported®. Hence, the G1-S checkpoint is generally bypassed in
HNSCC, and the cell cycle is now coordinated at only the S and G2-M phases. This
regulation is critical, as unscheduled S phase entry causes DNA replication stress and in
the absence of active p53 does not lead to cell cycle arrest to enable repair. However,
cancer cells still require a scheduled M phase entry with completely replicated
chromosomes, otherwise cells will be unable to divide. This makes CDKs and WEE1
promising drug targets in HNSCC. Halos indicate protein activation through
phosphorylation (P). CDC25, cell division cycle 25 phosphatase. Figure adapted from
REF. 19, Macmillan Publishers Limited.

been identified as a binding partner of E-cadherin in
adhesion plaques*. The relationship between B-catenin
and E-cadherin is strikingly similar to the relationship
between P-catenin and FAT1. Morris et al.* showed
that FAT1 also binds p-catenin and sequesters it at the
membrane, inhibiting its function in nuclear transcrip-
tion. Knockdown of FAT1 expression caused p-catenin
release and P-catenin-mediated signalling*® (FIG. 2b).
Hence, in parallel with the regulation of B-catenin
levels by WNT, levels of B-catenin are seemingly also
regulated by the cadherin family of adhesion molecules.
This would imply that other cadherins and cadherin-like
molecules may also function as tumour suppressor
proteins, as is indeed the case for E-cadherin in spe-
cific types of cancer such as gastric cancer and breast
cancer*. In these cancers, the CDHI gene encoding
E-cadherin has undergone inactivating mutations like
FAT1 in HNSCC. The sequestering of 3-catenin by FAT1

REVIEWS

is less studied than that by E-cadherin, but a compara-
ble model may be assumed*. Of note, E-cadherin also
shows crosstalk with receptor tyrosine kinases such as
EGFR, insulin-like growth factor 1 receptor (IGF1R),
fibroblast growth factor receptor 2 (FGFR2) and MET
(reviewed in REF. 44). Whether the same holds true for
FAT1 or other cadherins remains to be determined, but
it might shed a different light on these receptors and
their genetic changes in HNSCC.

A second tumour suppressor protein that was identi-
fied in HNSCC and is also linked to the WN'T pathway is
LIM domain-containing protein AJUBA®. There are three
AJUBA family members: AJUBA itself, LIM domain-
containing protein 1 (LIMD1) and Wilms tumour pro-
tein 1-interacting protein (WTIP). They belong to the
larger family of cytosolic LIM domain proteins, which
share zinc-finger LIM domains as protein interaction sites
and are involved in a multitude of cellular functions®,
including cell division, cell-matrix adhesion and cell-cell
adhesion®. Furthermore, these proteins are connected to
the Hippo signalling pathway*. In primary keratinocytes,
AJUBA also interacts with cadherin-dependent cell-cell
adhesive complexes through a-catenin, which shuttles to
the nucleus akin to B-catenin® and determines cell fate
during early development®>. AJUBA has been shown to
activate glycogen synthase kinase 33 (GSK3p), thereby
reducing p-catenin levels through degradation and the
consequent activity of the TCF family of transcription
factors® (FIC. 2a). Thus, inactivation of AJUBA might
cause reduced activity of GSK3p, which through dimin-
ished phosphorylation increases -catenin levels and
TCF family activity. FAT] alterations are mutually exclu-
sive with AJUBA mutations, suggesting that the proteins
encoded by these genes function in the same pathway”.
However, AJUBA has a multitude of functions that might
be partially redundant with other proteins, and its pre-
cise role in squamous cell carcinogenesis needs to be
functionally investigated in more detail.

Nonetheless, these considerations raise the immedi-
ate question of whether the upstream part of the classical
WNT-Frizzled pathway is active in squamous cells, as
APC mutations are not found in HNSCC. Also, the role
of FAT1 or, in a broader sense, the cadherin-sequestering
mechanism of B-catenin and the precise role of AJUBA
should be further studied specifically in squamous cells.
These observations suggest an intricate inverse balance
between cell-cell contacts and stemness in squamous
cells, an interesting topic for further investigation.

A third tumour suppressor gene that might play a
role in this context is NOTCHI. There are four recep-
tors of the Notch family named NOTCH1-NOTCH4.
The Notch receptors bind to membrane-bound ligands
on other cells and are cleaved, and the Notch intra-
cellular domain translocates to the nucleus and acts as
a transcription factor®®. NOTCHI was identified as a
tumour suppressor gene in HNSCC>**”, although its
precise role remains somewhat unclear® and it perhaps
requires a more systematic functional evaluation of the
specific mutations and cellular context. NOTCHI1 is a
strong inducer of keratinocyte differentiation, but it was
initially difficult to study by classical knockout methods
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Figure 2 | WNT signalling and the putative role of AJUBA, FAT1 and NOTCH1. a| Canonical WNT signalling plays an
important role in cell fate, cell orientation and stem cell behaviour. A key player is f-catenin. In the absence of WNT ligand,
B-catenin is bound in the cytoplasm to a complex with AXIN, adenomatous polyposis coli (APC) and glycogen synthase
kinase 3B (GSK3p). GSK3p phosphorylates B-catenin and induces its proteasomal degradation. LIM domain-containing
protein AJUBA activates GSK3p and stimulates the phosphorylation and degradation of 3-catenin. The canonical pathway
is activated by WNT ligands, usually produced by neighbouring cells. Upon WNT binding to the receptor Frizzled (FZD),
which is bound to Disheveled (DVL), and complexing with low-density lipoprotein receptor-related protein (LRP)
co-receptors, the degradation complex is recruited to the membrane and inactivated. As a consequence, B-catenin is

not degraded, translocates to the nucleus and displaces the transcriptional repressor Groucho (also known as TLE) from
members of the transcription factor family TCF. The latter activate transcription of genes involved in stem cell biology

and may induce proliferation, as one of the targets is the cyclin D1 (CCND1) gene. The WNT signalling pathway has been
simplified in this schematic, as molecules such as the co-receptor leucine-rich repeat-containing G protein-coupled
receptor 5 (LGR5), the ligand R-spondin and many others are also involved (see also the WNT homepage). b | Besides
regulation by classical WNT signalling, FAT1, a cadherin-like molecule, and NOTCH1 also appear to play arole in

the regulation of p-catenin, which might be important in mucosal squamous cells. Membrane-bound NOTCH1 is
regulated by endosomal sorting pathways for either lysosomal degradation or recycling. The conserved endocytic
adaptor proteins NUMB and NUMB-like protein (NUMBL) are involved in these processes and negatively regulate
membrane-bound NOTCH1. These two proteins also play a role in the lysosomal degradation of the NOTCH1-f-catenin
complex®. The lysosomal degradation of p-catenin by NOTCH1 binding has been demonstrated®, but for FAT1, it is

currently only hypothetical (denoted by the question mark).

in mouse models because of its lethal effect in embryo-
genesis®. However, young mice with a conditional
knockout of NotchI show increased keratinocyte pro-
liferation and changes in differentiation markers. Upon
ageing, these mice developed corneal abnormalities and
frequent skin cancer, and the loss of NotchI was associ-
ated with increased p-catenin signalling®. Whether this
finding indicated a direct interaction between NOTCHI1
and P-catenin was not clear from this study, and the

authors also did not report the development of mucosal
tumours in the mice, which may either relate to the
nature of the conditional knockout using the keratin 5
promoter or to the differential roles of Notch—p-catenin
signalling in skin and mucosa. Later, it was shown
that Notch and B-catenin have a direct interaction:
membrane-bound Notch can bind to active B-catenin®
and regulate its expression level by degradation. Of
note, in addition to the regulation of B-catenin levels,
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Kabuki syndrome

A dominant autosomal disease
caused by inactivating germline
mutations in the histone-lysine
N-methyltransferase 2D
(KMT2D) gene and
characterized by anatomical
abnormalities and mental
retardation.

Sotos syndrome

A neurological autosomal
dominant disorder caused by
the loss of one active copy

of the nuclear receptor-binding
SET domain-containing
protein 1 (NSD1) gene and
characterized by an unusual
face with a large skull,
acromegalic features and
mental retardation.

MicroRNAs

(miRNASs). Small, 22-24
nucleotide single-stranded
RNAs that bind to the 3’
untranslated region of genes
and cause degradation of the
transcript or a stop in
translation.

there are more levels of molecular crosstalk between
the NOTCH1 and WNT signalling pathways (reviewed
in REF. 61). Furthermore, remarkable in this context is
the co-occurrence of inactivating FATI and NOTCH1
alterations in HNSCC (see supplementary data in REF. 3),
suggesting that the carcinogenic route through inactiva-
tion of FAT1 is associated with inactivation of NOTCH1
to further increase B-catenin levels. Obviously, these
are all challenging hypotheses to prove that will require
further investigation.

Epigenetic regulation. Gene activation is regulated in
part by the opening and closing of the chromatin struc-
ture, which is governed by the modification of histone
proteins. The histone proteins are enzymatically modi-
fied by acetyl and methyl groups, which influence the
accessibility of DNA by transcription factors®. Besides
changes in the histones, the DNA itself may be methy-
lated, typically on cytosine residues in CpG dinucleotides,
resulting in specific methylation profiles®>. DNA methy-
lation profiling and cluster analysis revealed four methy-
lation types in HNSCC irrespective of HPV status that
were assigned as hyper-methylated, hypo-methylated,
normal-like and CpG island-methylated®.

A remarkable observation was that nuclear receptor-
binding SET domain-containing protein 1 (NSDI)
and histone-lysine N-methyltransferase 2D (KMT2D;
also known as MLL2), both encoding histone-lysine
N-methyltransferases, were frequently mutated in
HNSCC®. KMT2D is a histone H3K4 mono-methyl-
transferase and di-methyltransferase, and germline
mutations in KMT2D cause Kabuki syndrome®, NSD1
is a histone H3K36 methyltransferase, and germline
mutations in NSD1 are associated with Sotos syndrome®,
Patients with Sotos syndrome show a hypomethylation
pattern in the DNA obtained from their blood, which
is such a defining characteristic that it is now applied
as a diagnostic assay for functional analysis of NSD1
variants of unknown significance and suggests an
association between histone H3 methylation and DNA
methylation®. Furthermore, this finding fits entirely
with the observation in the TCGA study that the DNA
methylation subtype ‘hypo-methylated’ was highly
enriched for NSDI mutations’, also indicating that most
of these mutations are indeed pathogenic. However, it
raises questions on the functional meaning of the few
NSDI mutations in HNSCCs that cluster to the ‘hyper-
methylation’ type®. There are no mutually exclusive or
co-occurring mutations that may shed light on where
mutations in these two intriguing genes should be placed
in HNSCC carcinogenesis.

Another part of epigenetic regulation is achieved by
microRNAs (miRNAs)®, small non-coding RNAs that are
generated in a complex biogenesis pathway®. Multiple
genes are regulated by a single miRNA, and multi-
ple miRNAs can regulate a gene. In HPV-ve HNSCC,
decreased expression of miR-let-7¢c-5p and miR-100-5p
were significantly inversely correlated with the expres-
sion of genes encoding proteins involved in cell cycle
control, which include CDKG, transcription factor E2F1
and polo-like kinase 1 (PLKI)*. PLK1 had already been
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identified as an interesting target for chemopreventive
treatment in HNSCC®. These data again support the
critical role for abrogation of cell cycle control in head
and neck carcinogenesis.

CNA-silent tumours

In 2007, a separate subgroup within the HPV-ve tumour
type emerged that was characterized by very few CNAs,
wild-type TP53 and a more favourable prognosis®. This
same subgroup was then later identified but alternatively
characterized based on wild-type TP53 and retention of
chromosome 3p®. In the most recent molecular profil-
ing studies of the TCGA, the existence of this subgroup
of tumours was again confirmed, but some intriguing
new insights were added. This subgroup of HPV-ve,
wild-type TP53-bearing and CNA-silent tumours
typically display activating HRAS and inactivating
caspase 8 (CASP8) mutations and indeed showed a more
favourable prognosis’.

In our previous investigations, we further showed
that this subgroup is diploid, DNA mismatch repair pro-
ficient and seems to occur more frequently in females
without a history of smoking and alcohol consumption®.
It is unclear at present whether this subgroup relates to
a specific aetiological factor, what the prevalence rates
are and whether they change over time, and how this
subgroup impacts the data obtained in clinical trials.

Genomic profiling
Besides subgroups of tumours that can be distinguished
based on HPV and copy number profile, there are
several indications for genomic subgroups based on
expression patterns. In 2004, subgroups of tumours were
described that could be distinguished based on unsuper-
vised clustering of RNA profiles', and these studies
were followed by many others®'>'¢”°. The precise clin-
ical impact is still uncertain, but the clusters themselves
appeared more or less consistent and were described as
basal, mesenchymal, classical and atypical®®. The initial
studies employed gene-array data, which may be less
comparable among platforms, but the most recent RNA
sequencing approaches will likely improve this aspect.
These expression subgroups may become increas-
ingly relevant. As an example, from the mutational data,
it was shown that the classical subgroup, which is char-
acterized by high expression of genes in oxidative stress
response pathways (a finding that is most likely linked
to smoking history), is also enriched for gene mutations
in these oxidative stress response pathways. None of
the mutated genes reached significance on their own,
but the combination of gene mutations enriched in this
subgroup is striking®. A critical gene is nuclear factor
erythroid 2-related factor 2 (NFE2L2; also known as
NRF1), which encodes a transcription factor that drives
expression of genes in the oxidative stress response
and which displays missense mutations in HNSCC®. In
addition, genes encoding its inhibitors, the ubiquitin
ligase components kelch-like ECH-associated protein 1
(KEAP1) and cullin 3 (CUL3), are mutated in some
other HNSCC:s of this classical subgroup®. This same
phenomenon has been observed in lung cancer, which
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HPV attributable fraction
The percentage of head and
neck squamous cell
carcinomas in any defined
subsite that are assumingly
caused by human
papillomavirus (HPV).

is also a smoking-induced cancer”'. Moreover, druggable
interactions have been identified in these pathways that
might develop into treatment opportunities’>”*. Hence,
with a combination of genomic data mining and trans-
lational research, unanticipated therapeutic strategies
may emerge.

Molecular landscape of HPV+ve HNSCC

HPYV contribution to subsites of HNSCC

A novel risk factor for HNSCC is HPV infection, par-
ticularly in the oropharynx, causing OPSCCs. Among
OPSCCs, tonsillar squamous cell carcinomas (SCCs),
particularly those arising from the tonsillar crypt epi-
thelium, display the highest HPV attributable fraction>”*7¢.
In a recent comprehensive study, the HPV attributable
fraction was estimated to be 22% for OPSCCs and
47% specifically for tonsillar SCCs%. HPV-16 is by far
the most common HPV type and accounts for 83% of
HPV-+ve OPSCC. HPV attributable fractions vary sub-
stantially among geographic regions and have increased
over time’. Among the regions analysed in this inter-
national study, the highest fractions were found in South
America and central-eastern and northern Europe, and
the lowest were found in southern Europe?. Worldwide,
HPV attributable fractions of OPSCC increased from
7.2% in the period of 1990-1994 to 32.7% in the period
of 2010-2012, likely as a result of changes in sexual
behaviour”. As future treatment strategies of OPSCC
might become dependent on HPV status, it is of the
utmost importance to have diagnostic tests available
that can reliably discern OPSCC tumours that are
caused by and dependent on HPV (BOX 3).

For a long time, data on HPV involvement in
non-oropharyngeal HNSCC was less consistent. Early
studies had overestimated the role of HPV, likely through
over-detection of (traces of) HPV DNA by PCR that was
not causally associated with tumour development (such
as viral DNA depositions from adjacent or distant sites

and laboratory contamination). A systematic review
in 2005 described HPV DNA prevalences of 23.5%
and 24.0% for oral and laryngeal SCC, respectively”.
A subsequent meta-analysis in 2014 revealed that sub-
stantial subsets of these HPV DNA+ve tumours were
negative for mRNA expression of the viral oncogenes
E6 and E7 (REF. 79), while the presence of E6 and E7
mRNA is currently considered the most definitive
marker for transforming HPV infections (BOX 3) in
relation to their oncogenic activity. The E7 viral onco-
protein binds and degrades the retinoblastoma pocket
proteins RB, p130 (also known as RBL2) and p107 (also
known as RBL1), inducing S phase-related molecular
changes to support viral replication, and E6 binds and
degrades p53 to prevent apoptosis by this unscheduled
S phase entry®. Therefore, expression of these viral
oncogenes in proliferating cells is causally linked to
malignant transformation®.

The most recent comprehensive analysis in 2016
yielded estimates for HPV involvement on the basis of
the presence of HPV DNA plus E6 and E7 region E6*T
mRNA of only 3.9% and 3.1% for oral and laryngeal
cancers, respectively?, with HPV-16 as the prevailing
type. In terms of geographical distribution, HPV attrib-
utable fractions of both oral and laryngeal cancers were
highest in South America, Central America and north-
ern Europe?. Unlike in HPV-driven OPSCCs, no trends
have been observed over time for HPV-driven oral and
laryngeal SCCs?.

Carcinogenesis

The natural history of HPV-induced head and neck
tumours remains an enigma. In contrast to cervical
carcinomas, of which development via dysplastic pre-
cursor lesions over a long time period is well known,
little is known about the pathogenesis of HPV-driven
HNSCC:s. In fact, dysplastic lesions have rarely been
found in tonsils, which represent the site from which

Box 3 | Tests for assessing HPV involvement in head and neck squamous cell carcinoma

As human papillomavirus (HPV) DNA PCR methods also detect viral DNA depositions from other sites or laboratory
contamination, it alone is not sufficiently accurate'? at identifying HPV-driven head and neck squamous cell carcinoma
(HNSCC). HPV DNA in situ hybridization is more specific because the presence of HPV DNA is directly linked to the
tumour cells, but it lacks sensitivity**. Transforming HPV infections that lead to cancer development have non-canonical
regulation of expression of the viral oncogenes E6 and E7, resulting in overexpression of their encoded protein products
in proliferating cells®. Therefore, detection of E6 and E7 region E6*] mRNA by reverse transcription PCR is considered
the gold standard for establishing HPV involvement™'*%3, but it is technically challenging with routine formalin-fixed

tissue specimens.

As increased E7 expression in proliferating cells results in epigenetic de-silencing of the cyclin-dependent kinase
inhibitor 2A (CDKN2A) gene encoding p16™¢** (REF. 134), p16™“A immunohistochemistry has also emerged as a valuable
surrogate marker for HPV-driven oropharyngeal SCCs (OPSCCs). However, this method requires knowledge of the
presence of HPV to reduce false-positivity rates*>!*°. Combined p16™** immunohistochemistry and HPV DNA PCR
testing is considered a reliable strategy for diagnosis of HPV-driven OPSCC32136137 |nterestingly, HPV-16 E6 seropositivity
is surprisingly high in HPV-16-positive OPSCCs with a cervical cancer-like viral mRNA pattern (sensitivity of 96% at a
specificity of 98%), and, therefore, measurement of serological responses to HPV-16 E6 has recently also been proposed

as a way to identify HPV-driven OPSCC'3,

For the diagnosis of HPV-driven HNSCC at non-oropharyngeal sites, tests or test algorithms have not been validated
so far. Many laryngeal tumours that are positive for HPV E6*l mRNA lack p16™** overexpression?. Therefore, the test
algorithm involving p16™A immunohistochemistry and HPV DNA PCR double testing may not be useful for
non-oropharyngeal cancers. In addition, the measurement of serological responses is not an option given the rather low
seroconversion rates for these tumours, in contrast to OPSCC*3,
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example, in the oral cavity. As

in the cervix, such productive infections are presumed
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gene encoding the catalytic p110a subunit of class 1 PI3Ks. Similar to cervical cancer

development, development o
(HNSCC) from a transforming
overexpression or gain; dindi
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Productive HPV infections
A type of human
papillomavirus (HPV) infection
that supports the normal viral
life cycle and leads to viral
progeny.

Transforming HPV infections
Atype of human papillomavirus
(HPV) infection that does not
result in virus production but
may instead cause malignant
transformation of the infected
cell.

most HPV-driven HNSCCs develop™. In addition, large
studies on non-malignant tonsil samples have either
failed to detect HPV or found a rather low HPV preva-
lence®>%. This finding is somewhat surprising because
the discontinuous organization of epithelial cells in
reticular tonsillar crypt epithelium would suggest that
these are more accessible to HPV than those of stratified
squamous surface epithelium. Therefore, this low infec-
tion rate may reflect effective immune control in the
lymphoepithelial tissue of the tonsils. Alternatively,
the tonsillar reticular crypt epithelium might be non-
permissive for productive HPV infections that support the
viral life cycle to generate viral progeny. This seems to
be different in the oral cavity, in which HPV infections
are much more common®*®. In a study in which gar-
gles and tonsil brushings were collected from the same
cancer-free subjects (1 =268), HPV positivity was more
than threefold higher in gargles than in tonsil brushings
(13% versus 4%)*. On the contrary, transforming HPV
infections seem apparently uncommon in the oral cavity
given the rarity of HPV-driven oral SCC (HPV attrib-
utable fraction is 3.9%)? and although HPV infections
in tonsillar crypt epithelium are rare, the proportion of
infections that become transforming and consequently
progressive is relatively high (HPV attributable fraction
is 47%)2.

REVIEWS

Why tonsillar crypt epithelium would be more sus-
ceptible to transforming HPV infections is unknown,
but insights may be deduced from cervical carcino-
genesis. In squamous epithelium of the cervix, about
20% of HPV infections result in dysplastic lesions,
most of which represent productive HPV infections®.
Such productive lesions have histologically mild-to-
moderate dysplastic features and display no signs of
transformation. In such lesions, viral gene expres-
sion and resulting virus production are tightly regu-
lated in a differentiation-dependent manner, where
expression of the E6 and E7 genes is very low in the
proliferative cell compartment and elevated in the dif-
ferentiating cell compartment®. Only a minority of
HPYV infections in the cervix (estimated to be 3-5%)
give rise to transforming infections®. These infec-
tions, in which the normal viral life cycle is aborted
and E6 and E7 expression becomes strongly elevated
in the proliferating cells, have a moderate-to-severe
dysplastic manifestation.

The productive versus transforming fate of an HPV
infection may be dependent on the infected cell type
of origin. In a concept based on the findings of Herfs
etal.¥, it has been proposed that specific single-layered
epithelial cells of embryonic origin at the cervical
squamocolumnar junction constitute highly susceptible
cells for transforming infections and form the progeni-
tor cells of most cervical carcinomas®. These junction
cells are characterized by a specific gene expression
profile and show detectable overexpression of several
proteins by immunohistochemistry, including cyto-
keratin 7 (CK7). By contrast, productive infections are
supposed to arise from infection of basal cells of the
stratified squamous epithelium®.

Of interest, a recent study using tonsillar specimens
revealed strong CK7 immunostaining in reticular crypt
epithelium, whereas staining was absent or patchy in the
stratified squamous surface epithelium of normal ton-
sils®. In OPSCC, CK7 overexpression was significantly
associated with a tonsillar subsite and HPV and p16™**
positivity. Thus, similar to cervical squamocolumnar
junction cells, tonsillar crypt epithelial cells constitute
a different cellular entity that may have a high transfor-
mation susceptibility. HPV-16 E6 and E7 proteins, when
expressed from a heterologous promoter using lentiviral
constructs, can induce an extended lifespan of both ton-
sillar surface and crypt epithelial cells®. Hence, once
overexpressed, E6 and E7 can induce transformation of
both cell types with comparable efficiency. Therefore,
different transformation susceptibilities of crypt epi-
thelial cells compared with surface epithelial cells may
be due to the differential activity of the viral E6 and
E7 promoters in the two cell types, and this concept is
outlined in FIG. 3.

A novel element that is currently not considered in
the pathogenesis model of HPV+ve tumours in gen-
eral is the recent observation that HPV-16 consists of
several sequence variants, and some of these sequence
variants are more likely to occur in cervical cancers than
others®". Similar data in HNSCC is not yet available
but is expected to follow in due course.
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Apolipoprotein B
mRNA-editing enzyme
catalytic subunit
(APOBEC). A class of cytidine
deaminases that function in
innate immunity as well as in
RNA editing. Viral infections
may induce high expression of
these genes, causing specific
mutation patterns that have
also been identified in human
papillomavirus (HPV)-induced
head and neck cancers.

Genetic changes and driver genes

Data from the recent comprehensive epigenetic and
genomic landscape studies revealed that the genes
most frequently altered in HNSCC are largely unaffec-
ted in the HPV+ve fraction®*. These include TP53 and
CDKNZ2A. This finding is in line with the notion that
(epi)genetic alterations leading to inactivation of p53
and p16™***—cyclin D1-RB pathways are functionally
equivalent to binding and inactivation of p53 and RB
by HPV E6 and E7, respectively. Inactivation of these
tumour suppressor pathways (either virally, epigenet-
ically or genetically induced) represents the earliest
hit in HNSCC development and in vitro triggered
immortalization of human epithelial cells'%.

As in cervical carcinomas, molecular alterations in
genes of the PI3K pathway constitute the most com-
mon genetic changes in HPV-driven HNSCC. These
particularly involve activating mutations and amplifica-
tions of the oncogene PIK3CA, which encodes the cata-
lytic p110a subunit of the class 1 PI3Ks. The PIK3CA
gene resides at 326, a locus that is the most frequently
gained region by far in HPV-driven HNSCC and cervi-
cal carcinomas®. As described in detail elsewhere!**, the
PI3K signalling pathway affects translation and tran-
scription of multiple targets that are involved in vari-
ous cellular properties such as proliferation, survival
and motility. Of note, although PIK3CA alterations
seem to be more common in HPV+ve HNSCC?*7%]
these are also recurrently found in HPV-ve counter-
parts**2. Therefore, oncogenic PI3K signalling seems to
constitute a driver for many HNSCCs, independent of
HPV involvement.

In HPV-16-transformed and HPV-18-transformed
foreskin epithelial cells, PIK3CA expression was found
to increase with progression from an immortal to an
anchorage-independent phenotype®. Inhibition of
PI3K signalling by chemical interference or small inter-
fering RNA (siRNA)-mediated silencing of PIK3CA
resulted in reduced cellular viability, migration and
anchorage-independent growth®, and it can be assumed
that this would also be the case in mucosal epithelial
cells of the upper aerodigestive tract. Although AKT
is largely regarded as the dominant mediator of onco-
genic PI3K signalling in most cancers™, it is still ques-
tionable whether this also holds true for HPV-driven
HNSCC. A recent study revealed that HPV+ve OPSCC
with activating PIK3CA mutations did not show
increased phosphorylation of AKT*. In a mouse model
of oral carcinogenesis, overexpression of Pik3ca was
found to trigger tumour invasion and metastasis, but
this was not accompanied with AKT activation”. Here,
signalling was mediated through 3-phosphoinositide-
dependent protein kinase 1 (PDK1), and PI3K-PDK1
signalling was found to interact with transforming
growth factor-B (TGFB)-SMAD3 signalling during
tumour progression. Irrespective of the exact key
signalling mediator, the collected data indicate that
oncogenic PI3K signalling is a common additive hit
during HPV-induced carcinogenesis in the head and
neck region (FIG. 4). As in the cervix, PI3K altera-
tions are already manifest in dysplastic lesions of the

head and neck region in patients without evidence
of invasive cancer and may mark cancer precursor
lesions with a high risk of malignant transformation,
irrespective of HPV status®®*°. Additional alterations
in HPV+ve HNSCC are rare, and it is still unknown
to what extent these reflect crucial driver events.
Noteworthy are the HPV-specific losses of chromo-
somal loci 14q32 and 9q, which contain the tumour
necrosis factor receptor-associated factor 3 (TRAF3)
and ataxia telangiectasia mutated (ATM) genes, respec-
tively*. Furthermore, the apolipoprotein B mRNA-editing
enzyme catalytic subunit (APOBEC)-induced muta-
tional signature, resulting from high cytosine deamin-
ase activity, causes a specific mutational profile in
HPV+ve HNSCCs*. This is common in tumours with
a viral origin, although other tumours may show this
signature as well. APOBEC induction is a response
to virus infection but may also result from other
causes of increased APOBEC gene expression such as
gene amplification'®.

Genomic profiling

Recent data indicate that HPV+ve OPSCCs are more
heterogeneous with respect to their expression pat-
terns. Using expression profiling and cluster analysis,
HPV+ve HNSCC could be subclassified into two gene
profile groups'. In a subsequent RNA sequencing
study'”", these two groups were characterized by a sig-
nature of mesenchymal and immunological response
genes (named HPV-IMU) or keratinocyte differenti-
ation and oxidative stress genes (named HPV-KRT).
More detailed molecular analysis revealed that the sec-
ond group had more frequently integrated HPV and
had a higher ratio of spliced E6 to full length E6 tran-
scripts. Moreover, this group was enriched for 3q CNAs
and PIK3CA mutations, while HPV-IMU tumours were
enriched for chromosome 16q losses''. A significant
survival difference between these two subgroups could
not be shown, but the prognostic analysis was ham-
pered by limited outcome data and a smaller sample
size than is required to evaluate HPV+ve tumours with
their favourable prognosis. Hence, HPV+ve tumours
can also be subclassified. Validation of these data
could lead to a more refined prognostic stratification
of patients who are HPV+ve, which is particularly
relevant as de-intensification of treatment is currently
being studied.

Genomic progression models

The initial genetic progression models®, later adapted
and simplified", were elementary, one-dimensional
linear models. However, these simplified models no
longer capture the molecular complexity of the disease.
The plethora of new candidate cancer genes that are
mutated in HNSCC and the apparent molecular hetero-
geneity require more complex and diverse models, as
there are likely multiple routes leading to mucosal
squamous cell transformation (FIC. 4). Whether and how
this will impact clinical management remains a chal-
lenge for the future. Deregulation of the cell cycle by
abrogation of the RB and p53 pathways seems to occur
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Figure 4 | Genomic carcinogenesis models of head and neck squamous cell carcinoma. A schematic overview of
squamous cell carcinogenesis in the head and neck is shown. The main distinction among head and neck squamous cell
carcinomas (HNSCCs) is the presence of three genetic subgroups: tumours that contain transcriptionally active human
papillomavirus (HPV+ve), tumours that are HPV-negative (HPV-ve) and have numerous copy number alterations
(CNA-high), and tumours that are HPV-ve but CNA-silent. HPV infection in oral squamous epithelium mostly leads to
productive infections, while infection particularly in specific oropharyngeal crypt cells (light blue) might lead to an
oncogenic event resulting in either HPV-KRT (HPV-keratinocyte differentiation and oxidative reduction process)

or HPV-IMU (HPV-immune response and mesenchymal cell differentiation®*) tumours. These subgroups have been
identified by expression profiling but have not been definitively verified and are stillunder investigation. The p53 and
RB pathways that play a key role in cell cycle control are frequently abrogated in HPV—ve tumours, except they seem to
remain active in CNA-silent tumours. In addition, the aetiology of this latter subgroup remains unclear, and ageing is
hypothesized to be the risk factor. Many cancer genes and pathways seem to be involved in the progression of the
HPV-ve, CNA-high tumours, but FATI and NOTCH1, which might act in the WNT—B-catenin pathway, are worth
mentioning, and smoking is a known risk factor. At least three subgroups of tumours can be identified based on
expression profiling, indicated as classical, basal and mesenchymal, but more may exist. The classical HPV-ve,
CNA-high subgroup is characterized by nuclear factor erythroid 2-related factor 2 (NFE2L2) pathway mutations.
HPV-ve tumours typically develop from mucosal precursor changes that can present as leukoplakias. Cells in these
‘fields’ progress to cancer by an accumulation of mutations. The current lack of data on precursor changes hampers
the precise timing of events, but it is likely that the accumulation of events is the most important factor. Specific details
and references are indicated in the main text. CASPS, caspase 8; CDKN2A, cyclin-dependent kinase inhibitor 2A;

CUL3, cullin 3; KEAP1, kelch-like ECH-associated protein 1.

at the start of carcinogenesis in almost all HNSCCs".
This can then be followed by PI3K pathway activa-
tion®. There are no mutually exclusive mutations or
concordant mutations with those in PIK3CA®. A route
with FAT1-NOTCH1-AJUBA pathway alterations that
impact upon B-catenin signalling might form another
step in carcinogenesis. Whether the combination of
all these mutations fully transforms primary mucosal
keratinocytes remains to be determined. In addition,

the role of EGFR and other growth factor receptors
and their ligands demands further study in appropriate
models by genome editing, although some data suggest
that amplification or mutation of these proteins form
an alternative to amplification of CCNDI (REFS 3,19).
As mentioned above, there is a separate route leading to
the subgroup of HPV-ve tumours that lack CNAs and
are characterized by wild-type TP53 as well as CASP8
and HRAS mutations.
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Emerging developments

Intratumoural heterogeneity

A problem in treatment, in particular with respect to
radiation and chemotherapeutic agents, is intratumoural
heterogeneity, which may explain why cancer cells
within a tumour show different therapeutic responses.
In part, this may relate to different genetic changes in the
tumours'® but also to the presence of cells with stem cell
properties'®1%, Genetic heterogeneity and its potential
clinical relevance to HNSCC has been shown with the
development and use of a mathematical algorithm that
exploits available genetic data'”'*. However, sequen-
cing of multiple biopsy samples and, recently, single cells
from tumours and recurrences will shed more light on
this phenomenon'"’. The clinical impact of the cancer
stem cell concept in HNSCC remains somewhat elusive.
After the publication of studies showing the existence of
HNSCC stem cells in xenografted mouse models'*>!*
and their associated ability to undergo epithelial to mes-
enchymal transition (EMT)"", as well as initial studies
showing clinical impact'*>'%, this research field did
not find its way to the clinic. At present, numbers of
stem cells are analysed in relation to outcome'*!% but
not to their biological characteristics, which are likely
more relevant. Moreover, the currently used stem cell
biomarkers are not specific for stem cells only, which
hampers the data interpretation and likely impacts the
associations. The recent data on single cell sequencing in
HNSCC might become a game changer in this respect'*’.

Disease monitoring with biomarkers
Next-generation sequencing has propelled the use of
‘liquid biopsies, such as saliva and blood, for the ana-
lysis of genetic markers that might predict relapse at the
earliest stage. Initial studies in head and neck cancer
showed the feasibility of these approaches and suggested
that they will develop into reliable disease monitoring
methods'>'. Salvage surgery after chemoradiation is
most effective when recurrent disease is detected early,
and the current standard for recurrence detection is a
single *F-fluorodeoxyglucose (FDG)-positron emission
tomography (PET) imaging at 3 months, as frequent
imaging is unsuitable for disease monitoring because of
costs and radiation exposure. Therefore, analysis of liquid
biopsies might substantially improve follow-up manage-
ment of treated patients. Circulating tumour DNA ana-
lysis, exosome profiling and analysis of tumour-educated
blood platelets and nucleated blood cells are intriguing
developments in this research field">'"".

head and neck squamous cell carcinomas. Clin. Cancer

The immune landscape and immunotherapy

Head and neck cancer is an intrinsically immune-
suppressing disease''®. This observation has fostered
research into the role of the immune landscape in
HNSCC in relation to outcome. In addition, immune
checkpoint inhibitors have emerged as novel and effec-
tive therapeutic options'>'?. In 2016, two studies were
published demonstrating long lasting responses with
immune checkpoint inhibitors, but these responses
occurred in only 10-20% of patients'*'*. Differential
responses are not uncommon with these treatments, as
several factors play a role, including degree of tumour
lymphocyte infiltration, expression of the immune
checkpoint proteins, availability of neoantigens and
others'”!. The challenges for the future will be the
selection of patients who will benefit from such treat-
ment, the identification of the most suitable treatment
regimens and the reduction of immunosuppression in
non-responding patients with head and neck cancer.
The optimal application of these novel treatment
options is under active investigation, but it is exciting
to note that patients with such poor prognosis might
still be cured.

Conclusions

Over the past decade, the role of HPV in HNSCC has
changed the research field, and the impact for staging
and prognosis became manifest in the new eighth edi-
tion of the TNM staging system. Personalized treatment
and the de-intensification of current treatment protocols
on the basis of HPV status is on the horizon. Together,
this will make a consensus on HPV testing important.
The lack of precursor lesions in the upper aerodiges-
tive tract caused by HPV remains puzzling, and it is
likely that there is an anatomical separation of produc-
tive infection and transforming infection. In 2015, the
TCGA consortium published a comprehensive molec-
ular catalogue of head and neck cancer, with mutations
associated mostly with tumour suppressor genes in
cell cycle control, cellular growth and survival, WNT-
[-catenin signalling, and epigenetics. In addition, the
existence of a subgroup of genetically distinct HPV-ve
head and neck tumours with favourable prognosis was
confirmed. The simple linear progression models need
to be revised, but this revision also demands thorough
functional studies. HNSCC is a disease characterized by
frequent mutations that create neoantigens, and itis an
exciting prospect that immunotherapies show efficacy
in subgroups of patients.
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