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Abstract: About half of advanced stage head and neck squamous cell carcinoma (HNSCC) patients
can be cured by chemoradiotherapy. Patient outcome may be partially determined by the genetic
alterations in HNSCC, rendering these alterations promising candidate prognostic factors and/or
therapeutic targets. However, their relevance in patient outcome prognosis remains to be assessed
in patients that receive standard-of-care chemoradiotherapy. We therefore tested whether frequent
genetic alterations were associated with progression free survival (PFS) in advanced stage HNSCC
patients who were uniformly treated with definitive platinum-based chemoradiotherapy. To this
end, we performed targeted DNA sequencing on frozen pre-treatment tumor biopsy material from
77 patients with advanced stage oro- and hypopharyngeal carcinoma. This provided somatic point
mutation and copy number aberration data of 556 genes. The most frequently mutated genes, TP53
(62%), CCND1 (51%), CDKN2A (30%) and PIK3CA (21%), were not associated with PFS. However,
co-occurring CCND1 and CDKN2A mutations were associated with short PFS (HR 2.24, p = 0.028)
in HPV-negative tumors. Furthermore, tumor mutational burden (sum of somatic point mutations)
showed a trend towards decreased PFS (HR 1.9, p = 0.089), and chromosomal instability (CIN)
was associated with shorter PFS (HR 2.3, p = 0.023), independent of HPV status. Our results show
that tumor mutational burden, CIN markers, and co-occurring CCND1 and CDKN2A mutations
are associated with chemoradiotherapy outcomes in advanced stage oro- and hypopharyngeal
HNSCC patients, thereby highlighting their prognostic potential. Given their poor prognosis
association and link to biological targets, they may also identify patients for novel targeted therapies
and immunotherapies.
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1. Introduction

Advanced stage head and neck squamous cell carcinoma (HNSCC) has a poor prognosis.
Chemoradiotherapy cures about half of all patients with advanced HNSCC. Allowing the preservation
of organ function, it has become the preferred treatment option for these cancers [1]. Patients with
a poor prognosis under such standard treatment may be eligible for increased surveillance and/or
alternative treatments if they could be identified upfront. However, the current TNM staging [2] based
prognosis is very limited in this regard and novel prognostic biomarkers are therefore urgently needed.

Tumor growth and treatment responses are largely determined by tumor intrinsic genetics.
Genomic features therefore hold the promise of providing potential treatment response biomarkers.
Frequent alterations are of particular interest for this purpose. Previous studies identified
commonly mutated genes through large comprehensive DNA sequencing efforts and genetic analyses,
thereby revealing the “driver genes” in HNSCC [3-5]. Their prognostic value is currently under
investigation [6-12]. Pairs of co-occurring mutated genes can also hold prognostic information [13],
and this can point to a functional link between the events. This can also apply across different types of
genetic features in tumors; e.g., mutations in mismatch repair genes are linked to a high mutational
burden [14] and homologous recombination repair gene mutations to overall gene copy number
alterations (CNAs) [15].

DNA crosslink repair defect analyses in a large panel of patient-derived HNSCC cell lines
revealed that HNSCC are frequently characterized by DNA repair (DR) defects [16]. Potentially
disrupting mutations were found in multiple genes of this pathway in both patient tumors and cell
lines. We also found that such mutations are associated with a poor outcome in HNSCC patients
treated with chemoradiotherapy [16]. While DR provides cellular drug and radiation resistance
through repair, it also governs genomic stability. Defects in DNA repair thus promote genomic
instability, thereby enabling cancer cells to acquire new genetic traits, including those necessary to
become therapy resistant. Indeed, the degree of a tumor’s genomic instability or DNA repair status
is associated with poor prognosis in cancer and can therefore be of prognostic value [17,18]. In a
previous study we showed that genomic instability measures vary between tumors of the oral cavity,
larynx, and pharynx [15]. Measurements of genomic instability and correlates of DNA repair defects
vary, but markers thereof can be obtained with genomic profiling. The total number of somatic point
mutations (SPMs) in tumor DNA (“mutational burden”), alterations in ploidy, and/or the presence
of chromosomal alterations—gains or losses—termed chromosomal instability (CIN) are possible
markers of such factors [19].

Important questions, as to the prognostic value of the genomics in HNSCC, remain. Many
studies focused solely on individual alterations. Even though frequent in HNSCC [4,5], the joint
prognostic value of SPMs and CNAs in HNSCC has also not been assessed yet. In addition, previously
studied cohorts often comprised tumors of various HNSCC sites. Patients were treated dissimilarly
with a bias towards surgical resection of the tumor in most studies. However, HNSCC tumors from
different anatomic sites have distinct genomic profiles [15]. Consequently, it remains to be determined
which genetic markers are prognostic in specific sites treated with a uniform and contemporary
modality. Importantly, since the large TCGA HNSCC study incorporated solely samples from resected
HNSCC and included mostly oral cavity tumor specimens, oro- and hypopharyngeal carcinoma
patients treated with standard-of-care definitive chemoradiotherapy are either not included or largely
underrepresented in most current studies.

We therefore aimed to identify prognostic genetic factors of advanced stage pharyngeal squamous
cell carcinoma treated with chemoradiotherapy. We performed a retrospective study based on
pre-treatment tumor biopsies from 77 advanced stage HNSCC patients that all received cisplatin-based
chemoradiation. Targeted DNA sequencing of these tumor biopsies was performed to identify gene
mutations, and SPMs and CNAs were determined. These data were used to address the following
questions: Are (1) mutated genes or co-occurring mutated genes, (2) mutational burden and/or (3) CIN
markers associated with progression free survival (PFS)?
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2. Results

2.1. Patient Characteristics and Sequencing

In order to assess the potential prognostic value of frequent genetic factors, we genetically
characterized 77 oro- and hypopharyngeal carcinoma samples (patient characteristics shown in Table 1).
The median PFS in this cohort was 5.8 years (95% CI: 4.5-8.9). As reported previously in similar
patient cohorts, PFS was significantly linked to tumor site and HPV status (Table 1, Supplementary
Materials: Figure S1 and Table S1). Tumor site and HPV status were therefore consistently included
as independent variables in multivariable Cox models when testing for associations between genetic
factors and PFS. Non-silent SPMs and CNAs were determined on targeted sequencing data of 556 genes
(Supplementary Materials: Table S2) to identify gene mutations, deletions, and amplifications. In total,
416 non-silent SPMs were found in the sequenced genes, comprising mostly missense mutations (~80%,
Supplementary Materials: Table S3).

In addition to individual gene mutations, we used the sum of all SPMs (including silent) in
all sequenced genes in a tumor sample as a measure of its overall mutational burden. The median
mutational burden was 5 per sample or 2.8 mutations per Mb (Supplementary Materials: Figure S2),
a value comparable to previous findings by whole exome sequencing in HNSCC [20]. CNA analyses
on all targeted and sequenced genes provided ploidy estimates that served as a CIN marker. A total
of 42% of the samples were classified as CIN+ according to this analysis. Together, our HNSCC data
confirmed the mutational burden and chromosomal instability rich features that are characteristic to
pharyngeal HNSCC [15].

Table 1. Patient and tumor characteristics. Follow-up and progression free survival (PFS) times in years.

All Patients HPV-Negative HPV-Positive
Variable N=77 N =56 N=21 p-Value
N (%) N (%) N (%)
Gender
Male 22 (29) 17 (30) 5(24) 0.778
Female 55 (71) 39 (70) 16 (76)
Tumor site
Hypopharynx 28 (36) 28 (50) 0(0) <0.001
Oropharynx 49 (64) 28 (50) 21 (100)
Disease stage
I 11 (14) 9 (16) 2 (10) 0.717
v 66 (86) 47 (84) 19 (90)
cT classification
T1-T3 49 (64) 33 (59) 16 (76) 0.192
T4 28 (36) 23 (41) 5 (24)
cN classification
NO0-N2a 24 (31) 20 (36) 4(19) 0.181
N2b-N3 53 (69) 36 (64) 17 (81)
Smoker
Former 20 (26) 12 (21) 8 (38) <0.001
Never 7(9) 1(2) 6 (29)
Unknown 2 (3) 2 (4) 0 (0)
Yes 48 (62) 41 (73) 7 (33)
Alcoholic consumption
Former alcoholic 13 (17) 13 (23) 0(0) 0.005
Never 10 (13) 4(7) 6 (29)
Unknown 2 (3) 2 (4) 0(0)
Yes 52 (68) 37 (66) 15 (71)
Median age at diagnosis (range) 58 (27-78) 58.5 (37-78) 57 (27-77) 0.175
Median follow-up (95% CI) 8.2 (6.7-10.5) 9.3 (7.8-NA) 6.6 (5.9-10.2) 0.113
Number of PFS events (%) 47 (61) 43 (77) 4(19) <0.001

Median PFS (95% CI) 5.8 (4.5-8.9) 45 (1.8-6.2) NA <0.001
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2.2. “JHNSCC Driver Genes”

First, we aimed to investigate the association of known “HNSCC driver genes”, as determined by
Iorio et al. and based on SPM and CNA data [4], with PFS (see Methods and Supplementary Materials:
Tables 54 and S5). For these PFS association analyses and consistent with the Iorio et al. identification
criteria, only the genetic alteration type by which a gene was originally detected as a potential driver
was considered [4]. For example, CDKN2A was identified as a potential HNSCC driver gene by its
frequent presence of SPMs and deletions but not by amplifications. Amplifications were therefore
not considered for CDKN2A sample classification, but SPMs and deletions were. The PFS association
analyses were further restricted to frequently mutated genes only, a valuable requirement for any
potential prognostic factor. In this study we therefore restricted the analyses to those genes which
were mutated in the tumors of at least 10 patients, as this also allowed us to adequately fit a regression
model [21,22]. Of all genes, the tumor suppressor gene TP53, the cell cycle regulators CCND1 and
CDKN2A, and the growth signaling gene PIK3CA met these criteria (Table 2). Notably, CCND1 and
CDKN?2A alterations were only found in the HPV-negative tumor samples. We then used multivariable
Cox models (with HPV and tumor site, see above) to investigate whether mutations in these genes
were associated with PFS. Only in the CCND1 analyses we found a trend towards shorter PFS for
carriers of tumors with such amplifications (Table 2 and Supplementary Materials: Figure S3). This was
the case regardless of whether HPV-positive samples were included or not (Table 2 and Figure 1A,B).

We next investigated pairs of co-occurring mutated genes. Tumors were classified as positive,
in which both genes were mutated, and the rest as negative. Three pairs of co-occurring mutated
genes were tested after applying the same restriction as above, of minimal 10 patients for each
classification (Table S6). We found that patients with tumors harboring co-occurring CCND1
mutations (amplifications) and CDKN2A mutations (SPMs and deletions) had shorter PFS than the rest
(multivariable Cox: HR 2.24, 95% CI: 1.09-4.61, p = 0.028) (Supplementary Materials: Figure S3C).

In HPV-positive tumors, no mutations were detected in the cell cycle regulators CCND1 or
CDKN2A. This is consistent with the lack of a requirement for such mutations since the HPV viral
protein E7 affects cell cycle regulation. Importantly, the prognostic significance of co-occurring CCND1
and CDKN2A mutations remained even after excluding HPV-positive tumors (multivariable Cox:
p = 0.029, Figure 1C).

Taken together, we tested recurrently mutated “HNSCC driver genes” for an association with
PFS. Although none of the individual genes reached significance, the co-occurrence of CCND1 and
CDKNZ2A mutations was associated with shorter PFS in our patient dataset.

Table 2. Prevalence of selected driver gene mutations and association with progression free

survival (PFS).
Prevalence Survival Analysis b
All HPV- HPV-
Gene Mutation 2 Patients Negative Positive PFS
N=77 N=56 N=21 p-Value
N (%) N (%) N (%) HR p-Value
TP53 SPM 48 (62) 47 (84) 1(5) <0.001 0.87 0.753
CCND1 A 39 (51) 39 (70) 0(0) <0.001 2.1 0.079
CDKN2A SPM or D 23 (30) 23 (41) 0 (0) <0.001 1.17 0.663
PIK3CA SPM 16 (21) 10 (18) 6 (29) 0.35 1.16 0.732

2 SPM = Somatic Point Mutation, A = Amplification, D = Deletion. b Muyltivariable Cox model with the additional
independent variables HPV status and tumor site.
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Figure 1. Progression free survival (PFS) according to genetic alterations in CCND1 and CDKN2A.
Kaplan—-Meier curves of advanced stage pharyngeal HNSCC patients classified according to tumor
CCND1 and CDKN2A status: (A) CCND1 amplification versus wildtype. (B) CDKN2A mutation or
deletion versus wildtype. (C) CCND1 amplification co-occurring with CDKN2A mutation or deletion,
versus wildtype for one or either of these two genes. In-figure legends of A-B state hazard ratios (HR)
and corresponding p-values from multivariable Cox models that were fitted on all (n = 77) samples
and included the tested genetic factor, HPV status, and tumor site. In-figure legend of C states the
hazard ratio (HR) and corresponding p-value from a multivariable Cox model that was fitted on these
HPV-negative samples only (1 = 56) and included the tested genetic factor and tumor site. Note, all
graphs display Kaplan—Meier curves of HPV-negative samples only (1 = 56) with the corresponding
log—rank test.

2.3. CCND1 and CDKN2A Expression and Patient Outcome

Of the 15 tumors that carried co-occurring CCND1 and CDKN2A mutations, all carried a CCND1
amplification, 1/15 had a CDKN2A frameshift SPM, and 14/15 a CDKN2A deletion. Gene copy number
aberrations were thus the primary gene alteration in this HNSCC subgroup that displayed significantly
shorter PFS. We reasoned that these CNAs might be reflected in RNA expression changes which could
therefore be used as a prognostic biomarker. To test whether this was feasible, we analyzed RNA-seq
data available for 74 of the 77 tumors. Indeed, we found that CDKN2A deletion was associated with
low CDKN2A expression (p < 0.001) and CCND1 amplification with high CCND1 expression (p < 0.001)
(Figure 2A—C). However, CCND1 and CDKN2A expression could not accurately discriminate tumors
with co-occurring CCND1 amplifications and CDKN2A deletions (Figure 2C).

We then classified tumors into low and high expression groups using the median expression
as the threshold value. High CCND1 expression and CDKN2A expression showed an association
with poor prognosis in univariate models based on all samples (log-rank p = 0.032 and p = 0.01,
respectively). However, this was due to HPV-positive tumors and hence lost in the multivariable
analyses (Figure 2D,E). Tested as a numeric (continuous) variable, as opposed to the median split,
expression was not significantly associated with PFS either (data not shown). A co-occurrence analysis
based on the median expression classifications did not reveal an association with PFS either (Figure 2F).

Taken together, the prognostic value of CCND1 and CDKN2A was evident in the gene mutational
analysis but not in the expression analyses. In fact, RNA expression analyses were unable to
discriminate between CDKN2A wildtype and deleted CDKN2A in the HPV-negative samples
(Figure 2B). At this stage, it is difficult to assess whether this may be a consequence of technical
sensitivity issues due to stromal contamination.
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Figure 2. CCND1 and CDKN2A expression and patient outcome. (A) CCND1 expression in tumors with
(‘ampl’) and without (‘wt’) CCND1 amplification. (B) CDKN2A expression in tumors with (‘del) and
without (‘wt’) CDKN2A deletion. (C) CDKN2A against CCND1 expression per tumor sample, colored
according to the presence (filled circles) or absence (open circles) of a co-occurring CCND1 amplification
and CDKN2A deletion. Dashed lines demarcate the median expression, according to which the samples
received a high or low expression classification in D-F. (D-F) Kaplan-Meier curves of progression
free survival (PFS) according to CCND1 and CDKN2A expression status. Dashed lines represent all
samples; solid lines represent HPV-negative samples only. Note, orange lines overlap in E-F. In-figure
legends in D-F state hazard ratios (HR) and corresponding p-values from multivariable Cox models
that were fitted on all (n = 77) samples and included the tested genetic factor, HPV status, and tumor
site. In-figure stated log-rank tests correspond to the analyses in HPV-negative samples only.

2.4. Mutational Burden and CIN

We next aimed to investigate the prognostic value of genomic instability and DR defect related
markers, as these are common in HNSCC [15]. Limited by the lack of whole exome or genome
sequencing data, we used the estimates of mutational burden and CIN determined by ploidy estimates
as described in the Materials and Methods Section. We find that in comparison to HPV-positive tumors,
HPV-negative tumors had a higher mutational burden (p = 0.006) and were more often classified as
CIN+ (p < 0.001) (Table 3).

We then tested whether mutational burden and CIN were associated with PFS using multivariable
Cox models. When divided into “high” and “low mutational burden” groups according to the median
mutational burden value, patients with a high tumor mutational burden had a trend towards shorter
PFS (multivariable Cox with tumor site and HPV: HR 1.87, 95% CI: 0.91-3.86, p = 0.089) (Figure 3A
and Table 3). CIN was associated with PFS as patients with CIN+ tumors had shorter PFS than those
without (multivariable Cox: HR 2.3, 95% CI: 1.12-4.71, p = 0.023) (Figure 3B and Table 3).
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Table 3. The association of mutational burden (total number of somatic point mutations) and presence

of the chromosomal instability marker (CIN) with progression free survival (PFS).

Prevalence Survival Analysis ¢
All Patients ~ HPV-Negative HPV-Positive
Variable -Value PFS
N=77 N =56 N=21 p
N (%) N (%) N (%) HR p-Value
Mutational burden ?
Per tumor 5 (0-16) 5(1-14) 2 (0-16) 0.006 1.08 0.197
Mutational burden groups ®
High 31 (40) 26 (46) 5(24) 0.116 1.87 0.089
Low 46 (60) 30 (54) 16 (76)
CIN®
Positive 32 (42) 30 (54) 2 (10) <0.001 2.3 0.023
Negative 45 (58) 26 (46) 19 (90)

2 Reports the median, range, and Wilcoxon rank-sum test p-value. ? Reports the absolute number of tumors,
percentage, and Fisher’s exact test p-value. © Multivariable Cox model with HPV status and tumor site as additional

independent variables.
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Figure 3. Progression Free Survival (PFS) according to mutational burden and chromosomal instability.
Kaplan—Meier curves of PFS after patient classification by the following genomic factors in their tumors:

(A) High or low mutational burden, (B) presence (CIN+) or absence (CIN-) of chromosomal instability
markers (CIN) and (C) mutational burden and CIN. In-figure legends state hazard ratios (HR) and
p-values from multivariable Cox models that included the tested genomic factor, HPV status, and
tumor site. The HR shown in (C) refers to patients that have tumors with a high mutational burden
and that show presence of CIN in their tumors, compared to those with a low mutational burden and

absence of CIN.
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Although CIN+ tumors had a “high mutational burden” classification more often than tumors
without CIN (56% versus 29%, p = 0.02), this did not always co-occur. Importantly, when included
into the same multivariable model, with tumor site and HPV status as co-variables, CIN remained
significant, and mutational burden showed a trend (p = 0.019 and p = 0.07, respectively). In this model,
both CIN+ (HR 2.35, 95% CI: 1.15-4.81) and high mutational burden (HR 1.91, 95% CI: 0.95-3.86) were
associated with shorter PFS. Importantly, it was the patients with tumors classified by both genetic
features, a CIN+ and a high mutational burden, who had the shortest PFS (multivariable Cox: HR 3.63,
95% CI: 1.41-9.31, p = 0.007) (Figure 3C).

Next, we combined all three prognostic genetic factors to assess whether they were independent
predictors of PFS. We first tested for possible associations of co-occurring CCND1 and CDKN2A
mutations with mutational burden and CIN in the samples and found those alterations to be more
prevalent in the HPV-negative samples (Supplementary Materials: Figure 54). Given the association of
these genetic alterations with each other and with HPV status (Supplementary Materials: Figure S4),
it is worthwhile to assess their independent prognostic value in a multivariable analysis. In fact, the
association of high mutational burden and CIN with short PFS remained as a trend in multivariable
Cox models that combined mutational burden, CIN, co-occurring CCND1 and CDKN2A mutations,
tumor site, and HPV status (with p = 0.079 and p = 0.059, respectively).

Taken together, we found that the presence of CIN was associated with short PFS in our cohort
(in an HPV-status independent manner). Furthermore, the combined presence of CIN and a high
mutational burden marked patients with a particular poor prognosis.

3. Discussion

We found that a high mutational burden showed a trend towards poor prognosis and that
CIN/aneuploidy was associated with short PFS in our cohort of advanced stage oro- and hypopharynx
carcinoma patients treated with chemoradiotherapy. A high mutational burden has been linked to poor
prognosis in surgically resected HNSCC [8] and other cancer types [13,23]. Similarly, the association
between CIN and poor prognosis has been demonstrated in various cancer types [24-26], including
surgically resected HNSCC [27]. Mutant-allele tumor heterogeneity (MATH), a mutation-based
measure of genetic heterogeneity, was found to be associated with poor prognosis in resected
HNSCC [28]. Ouwur findings thus confirm this poor prognostic pattern also for HNSCC patients
who received chemoradiotherapy. They suggest that mutational burden and CIN are potential
biomarkers in advanced stage HNSCC treated with chemoradiotherapy. DNA repair defects can cause
genomic instability [29,30] and can therefore correlate with measurements thereof, such as mutational
burden or CIN. Our results are therefore consistent with our previous reports demonstrating the
presence of DNA repair defects in HNSCC and its association with poor prognosis [16]. Although
therapeutic exploitation of CIN is currently not feasible in the clinic, strategies to do so are under
investigation [31,32]. Tumor DNA repair defects on the other hand can be exploited by the use of DNA
repair inhibitors [33].

The mutation frequencies in the “HNSCC driver genes”, defined by Iorio et al., that were observed
in our study are consistent with similar HNSCC reports [3,8,10,11,34]. However, not all “HNSCC
driver genes” [3,4] were sequenced in this patient cohort. The prognostic value of the remaining
genes still needs to be determined for patients treated with chemoradiotherapy in future research.
Individually, none of the mutated genes that were analyzed was associated with PFS in our cohort.
This was despite, or because of, stringent statistical requirements for analysis (minimum of 10 patients
per group). An improved outcome of patients with NOTCHI1-mutated tumors was reported in a similar
cohort [11]. Due to the limitation in cohort size, this finding was based on two events (deaths) in
12 patients with NOTCHI1-mutated tumors. NOTCH1 was part of our target genes but did not meet
the frequency criteria in our cohort. Yet, when testing this reported association in our cohort, we did
not observe an association between NOTCH1 mutations status and PFS (data not shown). It should
be noted, however, that a low patient and/or event number impedes strong conclusions from low
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prevalence mutations outcome association analyses in the medium-sized cohorts that are available,
including ours [21,22]. Yet, our cohort had similar clinical and genetic features as comparable cohorts.
Indeed, to mitigate the uncertainty caused by the sample size, we only tested associations with those
mutated genes that were present in at least 10 patients with a PFS event.

Furthermore, poor outcome of patients with TP53-mutated tumors has been reported in multiple
studies [8,10,11], even after correcting for HPV-status. However, each of these studies selected a
different subset of TP53 SPMs, as identified by different algorithms aimed at discriminating harmful
from benign TP53 SPMs. This difference in the classification of TP53 mutations hampers comparison
between studies. One should also note that it remains uncertain whether HPV-negative tumors
classified as TP53-wildtype are truly TP53-wildtype as multi-codon deletions are difficult to detect
with short-read sequencing technologies.

The discrepancies between studies underscore the challenges of HNSCC prognostic biomarker
research that lag behind those of other cancer types [13,35]. Owing to a high heterogeneity of the
disease, it is difficult to obtain large cohorts of patients treated with the same modality and with
homogenous tumors (in terms of stage and site). Comparing oral with pharyngeal HNSCC, our
previous study [15] pointed to the presence of discrete genomic features in each site. Patient outcome
parameters will be also largely affected by the different treatment options in a tumor biology and
genomics dependent manner, and this highlights the need for treatment uniformity in such cohorts.
We therefore opted for a homogenous cohort of patients to assess the impact of frequent HNSCC
gene mutations.

The association of co-occurring CCND1 and CDKN2A mutations with short PFS is remarkable,
given the similar role in cellular biology. The protein product of CCNDI, cyclin D1, forms a complex
with cyclin-dependent kinases (CDKs) CDK4 or CDK6. This complex promotes cell cycle progression
through the G1/S checkpoint but can be inhibited by the protein product of CDKN2A, p16. As either
CCND1 amplification or CDKN2A loss could promote cell cycle progression, these mutations seem
redundant at first sight [36]. The high prevalence of co-occurring CCND1 and CDKN2A mutations
in HNSCC does however suggest an additional growth advantage [36,37] and is supported by our
findings and in vitro and in vivo data of others [38,39]. Supported by immunohistochemistry, FISH or
RT-PCR, four earlier studies reported that the co-occurrence of CCNDI overexpression or gain and the
CDKN2A loss of expression, under-expression, or deletion marks a specific group in HNSCC with poor
prognosis [40-43]. This is consistent with our findings based on gene mutation analyses. The deletion
of CDKN2A may influence the interaction opportunity of survivin with CDK4 and further supports
cell proliferation driven by the cyclin D amplification [44]. Survivin also suppresses apoptosis and its
overexpession has been shown to be associated with poor prognosis in surgically resected HNSCC
and OSCC [45,46].

Strong genetic biomarkers can guide clinical decision-making in the future. Patients with a
confirmed poor prognosis may be eligible for a different, intensified, or targeted treatment and /or may
benefit from increased surveillance. Genetic biomarkers can also provide clues for such alternative
treatments and administration of targeted agents. CCND1 overexpression due to amplification and its
cellular activity or loss of CDKN2A is for example targetable with CDK4/6 inhibitors [4,47,48]. One
such inhibitor, palbociclib, is currently being tested for HNSCC [49].

4. Materials and Methods

4.1. Patients

Pretreatment HNSCC samples were collected by biopsy and fresh frozen for biobanking; they
were available for retrospective analyses. All patients gave their informed consent. The study
was conducted in accordance with the Declaration of Helsinki and was approved by the Ethics
Committee, the Institutional Review Board of the Netherlands Cancer Institute (PO5MD1). Samples
were obtained from 77 patients with oro- and hypopharyngeal carcinoma and treated with cisplatin
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based chemoradiotherapy at our institute between 2001 and 2010. Biopsy material with at least 50%
tumor cells, as determined on H&E (haematoxylin and eosin stained) sections, was processed for
DNA extraction. Matched normal samples were unavailable for the majority of tumors, and genomic
analyses were therefore performed on tumor samples only. Patient cohort and tumor characteristics
are described in Table 1.

4.2. Sequencing and Bioinformatics Protocol

Details of the DNA and RNA sequencing and bioinformatics protocols are specified in the
Supplementary Methods [50-59]. In short, we performed target capture DNA sequencing of 556 human
genes (Supplementary Materials: Table S2). HPV gene baits, to capture HPV DNA in the samples,
were included in order to determine HPV status. We removed DNA sequence variants that were in
any of three public SNP databases [54-56] and classified the remaining non-silent variants as SPMs.
Homozygous deletions and focal amplifications were detected using the R package PureCN [57]. We
used PureCN'’s ploidy estimates as a chromosomal instability (CIN) marker. These estimates were
rounded to the nearest integer and values not equaling 2 were classified as CIN+ (presence of CIN).

4.3. “JHNSCC Driver Genes”

We used the “HNSCC driver genes” published by Iorio et al. that were identified by a large
cohort of HNSCC. All HNSCC patients in this study underwent surgical resection and thus were not
treated with definitive chemoradiotherapy [4]. A total of 168 “HNSCC driver genes” were identified
by algorithms that select genes with more non-silent SPMs than expected by chance given various
background mutation rates and processes (Supplementary Materials: Table S4). An additional 25 genes
were selected from 33 regions identified as “drivers” by lorio et al., by an analysis that selects regions
with recurrent CNAs (Supplementary Materials: Table S5). We selected all genes that reside within
these regions and that were annotated in the Cancer Gene Census [60] (Supplementary Materials:
Table S5). A total of 27 out of the 168 SPM affected genes and 11 out of the 25 genes with recurrent
CNAs (Supplementary Materials: Tables 54 and S5) were captured in our targeted sequencing panel
(Supplementary Materials: Table S52). These amounted to 35 unique “HNSCC driver genes”, as three
genes (CDKN2A, EGFR, and NOTCH1) were identified by both SPMs and CNAs.

4.4. Statistical Methods

Categorical and numerical variables were compared between groups with Fisher’s exact test
and the Wilcoxon rank—sum test, respectively. Median follow-up time was derived from a reverse
Kaplan—-Meier analysis [61]. Except for in-figure log-rank test p-values, all reported survival analyses
were obtained with multivariable Cox proportional hazards models that were used to test for
associations between the selected genomic factors and PFS. Each model included the genomic
factor, HPV status, and tumor site. HPV status and tumor site were included since they are
strong prognostic factors in advanced HNSCC and were also prognostic in our cohort (Table 1 and
Supplementary Materials: Table S1). All statistical analyses were performed in the R environment for
statistical computing.

5. Conclusions

Our study shows that mutational burden estimates, CIN/aneuploidy markers, and co-occurring
CCND1 and CDKN2A mutations in advanced stage oro- and hypopharyngeal HNSCC are associated
with patient outcomes. This highlights their potential as prognostic factors in advanced stage
HNSCC patients treated with chemoradiotherapy and may have implications for targeted therapies
or immunotherapies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694 /11 /4 /445/s1:
Figure S1. Progression free survival (PFS) stratified by HPV status and tumor site; Figure S2. Tumor mutational
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burden; Figure S3. Progression free survival (PFS) according to genetic alterations in TP53, PIK3CA, CCND1, and
CDKN2A; Figure S4. Mutational burden and chromosomal instability features in samples according to CCND1
and CDKN2A mutation co-occurrence; Table S1. Patient and tumor characteristics of HPV-negative tumor samples,
stratified by tumor site; Table S2. List of targeted genes in DNA sequencing capture set; Table S3. Classification of
the identified somatic point mutations; Table S4. List of "THNSCC driver genes"; Table S5. List of "HNSCC driver
regions"; Table S6. Frequency table of co-occurring gene mutations, Supplementary Methods.

Author Contributions: Conceptualization, C.V., LEA.W. and M.\W.M.v.d.B.; methodology, D.M.V.,, C.V. and
L.EAW, software, D.M.V,; validation, C.V.; formal analysis, D.M.V., C.V. and L EA.W.,; investigation, D.M.V.
and C.V,; resources, C.V.,, M.V,, H.B.,, M\W.M.v.d.B.; data curation, D.M.V., CVM.V,, M.v.d.H.; writing—original
draft preparation, D.M.V. and C.V.; writing—review and editing, D.M.V,, CVM.V, M.v.d.H,, PBM.E,, HB.,, M.V,
LEAW, M\WM.v.d.B,, C.V, visualization, D.M.V. and C.V,; supervision, C.V.,, M.W.M.v.d.B. and L EA.W.; project
administration, C.V. and M.V,; funding acquisition, C.V.,, M.W.M.v.d.B.

Funding: This study was financed by grants from the EU 7th framework program (ARTFORCE, 257144-2),
the Alpe d'HuZes-KWF (DESIGN, VU2014-7072) and the Verwelius and Brunel International funds (no grant
number is applicable).

Acknowledgments: The authors thank members of the Genomics Core Facility for their services and Katarzyna
Jozwiak for statistical support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Pignon, ]J.P; Maitre, A.L.; Maillard, E.; Bourhis, ]. Meta-analysis of chemotherapy in head and neck cancer
(MACH-NC): An update on 93 randomised trials and 17,346 patients. Radiother. Oncol. 2009, 92, 4-14. [CrossRef]

2. Lydiatt, WM,; Patel, S.G.; O’Sullivan, B.; Brandwein, M.S.; Ridge, ].A.; Migliacci, ].C.; Loomis, A.M.; Shah, ].P>
Head and Neck cancers-major changes in the American Joint Committee on cancer eighth edition cancer
staging manual. CA Cancer J. Clin. 2017, 67, 122-137. [CrossRef]

3. Cancer Genome Atlas Network. Comprehensive genomic characterization of head and neck squamous cell
carcinomas. Nature 2015, 517, 576-582. [CrossRef]

4. Iorio, F.; Knijnenburg, T.A.; Vis, D.J.; Bignell, G.R.; Menden, M.P.; Schubert, M.; Aben, N.; Gongalves, E.;
Barthorpe, S.; Lightfoot, H.; et al. A Landscape of Pharmacogenomic Interactions in Cancer. Cell 2016, 166,
740-754. [CrossRef]

5. Ciriello, G.; Miller, M.L.; Aksoy, B.A.; Senbabaoglu, Y.; Schultz, N.; Sander, C. Emerging landscape of
oncogenic signatures across human cancers. Nat. Genet. 2013, 45, 1127-1133. [CrossRef] [PubMed]

6. Chau, N.G; Li, Y.Y;; Jo, V.Y,; Rabinowits, G.; Lorch, J.H.; Tishler, R.B.; Margalit, D.N.; Schoenfeld, ]J.D.;
Annino, D.J.; Goguen, L.A; et al. Incorporation of Next-Generation Sequencing into Routine Clinical Care
to Direct Treatment of Head and Neck Squamous Cell Carcinoma. Clin. Cancer Res. 2016, 22, 2939-2949.
[CrossRef] [PubMed]

7. Chen, S-J,; Liu, H,; Liao, C.-T.; Huang, P-J.; Huang, Y.; Hsu, A.; Tang, P; Chang, Y.-S.; Chen, H.-C.; Yen, T.-C.
Ultra-deep targeted sequencing of advanced oral squamous cell carcinoma identifies a mutation-based
prognostic gene signature. Oncotarget 2015, 6, 18066—-18080. [CrossRef] [PubMed]

8. Dubot, C.; Bernard, V.; Sablin, M.P,; Vacher, S.; Chemlali, W.; Schnitzler, A.; Pierron, G.; Ait Rais, K ;
Bessoltane, N.; Jeannot, E.; et al. Comprehensive genomic profiling of head and neck squamous cell
carcinoma reveals FGFR1 amplifications and tumour genomic alterations burden as prognostic biomarkers
of survival. Eur. |. Cancer 2018, 91, 47-55. [CrossRef] [PubMed]

9. Ock, C.-Y.; Son, B.; Keam, B.; Lee, S.-Y.; Moon, J.; Kwak, H.; Kim, S.; Kim, T.M.; Jeon, Y.K.; Kwon, S.K.; et al.
Identification of genomic mutations associated with clinical outcomes of induction chemotherapy in patients
with head and neck squamous cell carcinoma. J. Cancer Res. Clin. Oncol. 2016, 142, 873-883. [CrossRef]

10. Tinhofer, I.; Budach, V.; Saki, M.; Konschak, R.; Niehr, F; Johrens, K.; Weichert, W.; Linge, A.; Lohaus, E;
Krause, M.; et al. Targeted next-generation sequencing of locally advanced squamous cell carcinomas of the
head and neck reveals druggable targets for improving adjuvant chemoradiation. Eur. J. Cancer 2016, 57,
78-86. [CrossRef]

11.  Tinhofer, I; Stenzinger, A.; Eder, T.; Konschak, R.; Niehr, F,; Endris, V.; Distel, L., Hautmann, M.G.; Mandic, R.;
Stromberger, C.; et al. Targeted next-generation sequencing identifies molecular subgroups in squamous cell
carcinoma of the head and neck with distinct outcome after concurrent chemoradiation. Ann. Oncol. 2016,
27,2262-2268. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.radonc.2009.04.014
http://dx.doi.org/10.3322/caac.21389
http://dx.doi.org/10.1038/nature14129
http://dx.doi.org/10.1016/j.cell.2016.06.017
http://dx.doi.org/10.1038/ng.2762
http://www.ncbi.nlm.nih.gov/pubmed/24071851
http://dx.doi.org/10.1158/1078-0432.CCR-15-2314
http://www.ncbi.nlm.nih.gov/pubmed/26763254
http://dx.doi.org/10.18632/oncotarget.3768
http://www.ncbi.nlm.nih.gov/pubmed/25980437
http://dx.doi.org/10.1016/j.ejca.2017.12.016
http://www.ncbi.nlm.nih.gov/pubmed/29331751
http://dx.doi.org/10.1007/s00432-015-2083-2
http://dx.doi.org/10.1016/j.ejca.2016.01.003
http://dx.doi.org/10.1093/annonc/mdw426
http://www.ncbi.nlm.nih.gov/pubmed/27681865

Cancers 2019, 11, 445 12 of 14

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Vettore, A.L.; Ramnarayanan, K.; Poore, G.; Lim, K.; Ong, C.K,; Huang, KK.; Leong, H.S.; Chong, F.T.;
Lim, TK.-H.; Lim, W.K_; et al. Mutational landscapes of tongue carcinoma reveal recurrent mutations in
genes of therapeutic and prognostic relevance. Genome Med. 2015, 7, 98. [CrossRef] [PubMed]
Papaemmanuil, E.; Gerstung, M.; Bullinger, L.; Gaidzik, V.I.; Paschka, P; Roberts, N.D.; Potter, N.E.;
Heuser, M.; Thol, F,; Bolli, N.; et al. Genomic Classification and Prognosis in Acute Myeloid Leukemia.
N. Engl. ]. Med. 2016, 374, 2209-2221. [CrossRef] [PubMed]

Campbell, B.B.; Light, N.; Fabrizio, D.; Zatzman, M.; Fuligni, F; de Borja, R.; Davidson, S.; Edwards, M.;
Elvin, J.A.; Hodel, K.P; et al. Comprehensive Analysis of Hypermutation in Human Cancer. Cell 2017, 171,
1042-1056.€10. [CrossRef] [PubMed]

Vossen, D.M.; Verhagen, C.V.M.; Verheij, M.; Wessels, L.EA.; Vens, C.; van den Brekel, M.W.M. Comparative
genomic analysis of oral versus laryngeal and pharyngeal cancer. Oral Oncol. 2018, 81, 35-44. [CrossRef]
[PubMed]

Verhagen, C.V.M.; Vossen, D.M.; Borgmann, K.; Hageman, F.; Grénman, R.; Verwijs-Janssen, M.; Mout, L.;
Kluin, RJ.C.; Nieuwland, M.; Severson, T.M.; et al. Fanconi anemia and homologous recombination gene
variants are associated with functional DNA repair defects in vitro and poor outcome in patients with
advanced head and neck squamous cell carcinoma. Oncotarget 2018, 9, 18198-18213. [CrossRef]

Andor, N.; Graham, T.A.; Jansen, M.; Xia, L.C.; Aktipis, C.A.; Petritsch, C.; Ji, H.P.; Maley, C.C. Pan-cancer
analysis of the extent and consequences of intratumor heterogeneity. Nat. Med. 2016, 22, 105-113. [CrossRef]
[PubMed]

Knijnenburg, T.A.; Wang, L.; Zimmermann, M.T.; Chambwe, N.; Gao, G.E; Cherniack, A.D.; Fan, H.; Shen, H.;
Way, G.P; Greene, C.S,; et al. Genomic and Molecular Landscape of DNA Damage Repair Deficiency across
The Cancer Genome Atlas. Cell Rep. 2018, 23, 239-254.€6. [CrossRef]

Zamborszky, ].; Szikriszt, B.; Gervai, ].Z.; Pipek, O.; Poti, A Krzystanek, M.; Ribli, D.; Szalai-Gindl, ].M.;
Csabai, I.; Szallasi, Z.; et al. Loss of BRCA1 or BRCA2 markedly increases the rate of base substitution
mutagenesis and has distinct effects on genomic deletions. Oncogene 2017, 36, 746-755. [CrossRef] [PubMed]
Martincorena, I.; Campbell, P.J. Somatic mutation in cancer and normal cells. Science 2015, 349, 1483-1489.
[CrossRef] [PubMed]

Peduzzi, P.; Concato, J.; Feinstein, A.R.; Holford, T.R. Importance of events per independent variable in
proportional hazards regression analysis II. Accuracy and precision of regression estimates. J. Clin. Epidemiol.
1995, 48, 1503-1510. [CrossRef]

Concato, J.; Peduzzi, P.; Holford, T.R.; Feinstein, A.R. Importance of events per independent variable in
proportional hazards analysis. I. Background, goals, and general strategy. J. Clin. Epidemiol. 1995, 48,
1495-1501. [CrossRef]

Shi, J.; Hua, X.; Zhu, B.; Ravichandran, S.; Wang, M.; Nguyen, C.; Brodie, S.A; Palleschi, A.; Alloisio, M.;
Pariscenti, G.; et al. Somatic Genomics and Clinical Features of Lung Adenocarcinoma: A Retrospective
Study. PLoS Med. 2016, 13, €1002162. [CrossRef]

Choma, D.; Daures, ].P.; Quantin, X.; Pujol, J.L. Aneuploidy and prognosis of non-small-cell lung cancer:
A meta-analysis of published data. Br. ]. Cancer 2001, 85, 14-22. [CrossRef] [PubMed]

Lennartz, M.; Minner, S.; Brasch, S.; Wittmann, H.; Paterna, L.; Angermeier, K,; Oztiirk, E.; Shihada, R;;
Ruge, M.; Kluth, M.; et al. The Combination of DNA Ploidy Status and PTEN/6q15 Deletions Provides
Strong and Independent Prognostic Information in Prostate Cancer. Clin. Cancer Res. 2016, 22, 2802-2811.
[CrossRef]

Walther, A.; Houlston, R.; Tomlinson, I. Association between chromosomal instability and prognosis in
colorectal cancer: A meta-analysis. Gut 2008, 57, 941-950. [CrossRef] [PubMed]

Pierssens, D.D.C.G.; Borgemeester, M.C.; van der Heijden, S.J.H.; Peutz-Kootstra, C.J.; Ruland, A.M.;
Haesevoets, A.M.; Kessler, P.A.W.H.; Kremer, B.; Speel, E.-]. M. Chromosome instability in tumor resection
margins of primary OSCC is a predictor of local recurrence. Oral Oncol. 2017, 66, 14-21. [CrossRef] [PubMed]
Mroz, E.A.; Tward, A.D.; Pickering, C.R.; Myers, ].N.; Ferris, R.L.; Rocco, ] W. High intratumor genetic
heterogeneity is related to worse outcome in patients with head and neck squamous cell carcinoma. Cancer
2013, 119, 3034-3042. [CrossRef] [PubMed]

Turner, N.; Tutt, A.; Ashworth, A. Hallmarks of “BRCAness” in sporadic cancers. Nat. Rev. Cancer 2004, 4,
814-819. [CrossRef] [PubMed]

Lord, C.J.; Ashworth, A. BRCAness revisited. Nat. Rev. Cancer 2016, 16, 110-120. [CrossRef] [PubMed]


http://dx.doi.org/10.1186/s13073-015-0219-2
http://www.ncbi.nlm.nih.gov/pubmed/26395002
http://dx.doi.org/10.1056/NEJMoa1516192
http://www.ncbi.nlm.nih.gov/pubmed/27276561
http://dx.doi.org/10.1016/j.cell.2017.09.048
http://www.ncbi.nlm.nih.gov/pubmed/29056344
http://dx.doi.org/10.1016/j.oraloncology.2018.04.006
http://www.ncbi.nlm.nih.gov/pubmed/29884412
http://dx.doi.org/10.18632/oncotarget.24797
http://dx.doi.org/10.1038/nm.3984
http://www.ncbi.nlm.nih.gov/pubmed/26618723
http://dx.doi.org/10.1016/j.celrep.2018.03.076
http://dx.doi.org/10.1038/onc.2016.243
http://www.ncbi.nlm.nih.gov/pubmed/27452521
http://dx.doi.org/10.1126/science.aab4082
http://www.ncbi.nlm.nih.gov/pubmed/26404825
http://dx.doi.org/10.1016/0895-4356(95)00048-8
http://dx.doi.org/10.1016/0895-4356(95)00510-2
http://dx.doi.org/10.1371/journal.pmed.1002162
http://dx.doi.org/10.1054/bjoc.2001.1892
http://www.ncbi.nlm.nih.gov/pubmed/11437396
http://dx.doi.org/10.1158/1078-0432.CCR-15-0635
http://dx.doi.org/10.1136/gut.2007.135004
http://www.ncbi.nlm.nih.gov/pubmed/18364437
http://dx.doi.org/10.1016/j.oraloncology.2016.12.029
http://www.ncbi.nlm.nih.gov/pubmed/28249643
http://dx.doi.org/10.1002/cncr.28150
http://www.ncbi.nlm.nih.gov/pubmed/23696076
http://dx.doi.org/10.1038/nrc1457
http://www.ncbi.nlm.nih.gov/pubmed/15510162
http://dx.doi.org/10.1038/nrc.2015.21
http://www.ncbi.nlm.nih.gov/pubmed/26775620

Cancers 2019, 11, 445 13 of 14

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Bakhoum, S.F.; Compton, D.A. Chromosomal instability and cancer: A complex relationship with therapeutic
potential. J. Clin. Investig. 2012, 122, 1138-1143. [CrossRef]

Thompson, L.L.; Jeusset, LM.P.; Lepage, C.C.; McManus, K.J. Evolving Therapeutic Strategies to Exploit
Chromosome Instability in Cancer. Cancers (Basel) 2017, 9, 151. [CrossRef]

O’Connor, M J. Targeting the DNA Damage Response in Cancer. Mol. Cell 2015, 60, 547-560. [CrossRef]
Chung, C.H.; Guthrie, V.B.; Masica, D.L.; Tokheim, C.; Kang, H.; Richmon, J.; Agrawal, N.; Fakhry, C.;
Quon, H.; Subramaniam, R.M.; et al. Genomic alterations in head and neck squamous cell carcinoma
determined by cancer gene-targeted sequencing. Ann. Oncol. 2015, 26, 1216-1223. [CrossRef]

Guinney, J.; Wang, T.; Laajala, T.D.; Winner, K.K,; Bare, ].C.; Neto, E.C.; Khan, S.A.; Peddinti, G.; Airola, A;
Pahikkala, T.; et al. Prediction of overall survival for patients with metastatic castration-resistant prostate
cancer: Development of a prognostic model through a crowdsourced challenge with open clinical trial data.
Lancet Oncol. 2017, 18, 132-142. [CrossRef]

Rothenberg, S.M.; Ellisen, L.W. The molecular pathogenesis of head and neck squamous cell carcinoma.
J. Clin. Investig. 2012, 122, 1951-1957. [CrossRef] [PubMed]

Okami, K.; Reed, A.L.; Cairns, P.; Koch, WM.; Westra, WH.; Wehage, S.; Jen, J.; Sidransky, D. Cyclin D1
amplification is independent of p16 inactivation in head and neck squamous cell carcinoma. Oncogene 1999,
18, 3541-3545. [CrossRef] [PubMed]

Lukas, J.; Aagaard, L.; Strauss, M.; Bartek, J. Oncogenic aberrations of p16INK4/CDKN?2 and cyclin D1
cooperate to deregulate G1 control. Cancer Res. 1995, 55, 4818-4823.

Jadayel, D.M.; Lukas, J.; Nacheva, E.; Bartkova, J.; Stranks, G.; De Schouwer, PJ.; Lens, D.; Bartek, J.;
Dyer, M.].; Kruger, A.R.; et al. Potential role for concurrent abnormalities of the cyclin D1, pl6CDKN2 and
p15CDKN2B genes in certain B cell non-Hodgkin’s lymphomas. Functional studies in a cell line (Granta
519). Leukemia 1997, 11, 64-72. [CrossRef] [PubMed]

Bova, R.J.; Quinn, D.I; Nankervis, J.S.; Cole, LE.; Sheridan, B.F,; Jensen, M.].; Morgan, G.J.; Hughes, C.].;
Sutherland, R.L. Cyclin D1 and p16INK4A expression predict reduced survival in carcinoma of the anterior
tongue. Clin. Cancer Res. 1999, 5, 2810-2819. [PubMed]

Jayasurya, R.; Francis, G.; Kannan, S.; Lekshminarayanan, K.; Nalinakumari, K.R.; Abraham, T;
Abraham, E.K.; Nair, M.K. p53, p16 and cyclin D1: Molecular determinants of radiotherapy treatment
response in oral carcinoma. Int. J. Cancer 2004, 109, 710-716. [CrossRef] [PubMed]

Namazie, A.; Alavi, S.; Olopade, O.L; Pauletti, G.; Aghamohammadi, N.; Aghamohammadi, M.; Gornbein, J.A.;
Calcaterra, T.C.; Slamon, D.J.; Wang, M.B,; et al. Cyclin D1 amplification and p16(MTS1/CDK4I) deletion
correlate with poor prognosis in head and neck tumors. Laryngoscope 2002, 112, 472-481. [CrossRef]
Akervall, J.; Bockmiihl, U.; Petersen, I; Yang, K. Carey, T.E; Kurnit, D.M. The gene ratios
¢-MYC:cyclin-dependent kinase (CDK)N2A and CCND1:CDKN2A correlate with poor prognosis in
squamous cell carcinoma of the head and neck. Clin. Cancer Res. 2003, 9, 1750-1755. [PubMed]

Suzuki, A.; Hayashida, M.; Ito, T.; Kawano, H.; Nakano, T.; Miura, M.; Akahane, K.; Shiraki, K. Survivin
initiates cell cycle entry by the competitive interaction with Cdk4/p16(INK4a) and Cdk2/cyclin E complex
activation. Oncogene 2000, 19, 3225-3234. [CrossRef] [PubMed]

Lin, J.; Guan, Z.; Wang, C.; Feng, L.; Zheng, Y.; Caicedo, E.; Bearth, E.; Peng, ].-R.; Gaffney, P.; Ondrey, F.G.
Inhibitor of differentiation 1 contributes to head and neck squamous cell carcinoma survival via the
NF-kappaB/survivin and phosphoinositide 3-kinase/Akt signaling pathways. Clin. Cancer Res. 2010,
16, 77-87. [CrossRef] [PubMed]

Santarelli, A.; Mascitti, M.; Rubini, C.; Bambini, F.; Giannatempo, G.; Lo Russo, L.; Sartini, D.; Emanuelli, M.;
Procaccini, M.; Lo Muzio, L. Nuclear Survivin as a Prognostic Factor in Squamous-Cell Carcinoma of the
Oral Cavity. Appl. Immunohistochem. Mol. Morphol. AIMM 2017, 25, 566-570. [CrossRef] [PubMed]
O’Leary, B.; Finn, R.S.; Turner, N.C. Treating cancer with selective CDK4/6 inhibitors. Nat. Rev. Clin. Oncol.
2016, 13, 417-430. [CrossRef] [PubMed]

Sherr, C.J.; Beach, D.; Shapiro, G.I. Targeting CDK4 and CDK6: From Discovery to Therapy. Cancer Discov.
2016, 6, 353-367. [CrossRef]

Michel, L.; Ley, J.; Wildes, TM.; Schaffer, A.; Robinson, A.; Chun, S.-E.; Lee, W.; Lewis, J.; Trinkaus, K;
Adkins, D. Phase I trial of palbociclib, a selective cyclin dependent kinase 4/6 inhibitor, in combination with
cetuximab in patients with recurrent/metastatic head and neck squamous cell carcinoma. Oral Oncol. 2016,
58, 41-48. [CrossRef]


http://dx.doi.org/10.1172/JCI59954
http://dx.doi.org/10.3390/cancers9110151
http://dx.doi.org/10.1016/j.molcel.2015.10.040
http://dx.doi.org/10.1093/annonc/mdv109
http://dx.doi.org/10.1016/S1470-2045(16)30560-5
http://dx.doi.org/10.1172/JCI59889
http://www.ncbi.nlm.nih.gov/pubmed/22833868
http://dx.doi.org/10.1038/sj.onc.1202837
http://www.ncbi.nlm.nih.gov/pubmed/10376532
http://dx.doi.org/10.1038/sj.leu.2400555
http://www.ncbi.nlm.nih.gov/pubmed/9001420
http://www.ncbi.nlm.nih.gov/pubmed/10537346
http://dx.doi.org/10.1002/ijc.20042
http://www.ncbi.nlm.nih.gov/pubmed/14999779
http://dx.doi.org/10.1097/00005537-200203000-00013
http://www.ncbi.nlm.nih.gov/pubmed/12738730
http://dx.doi.org/10.1038/sj.onc.1203665
http://www.ncbi.nlm.nih.gov/pubmed/10918579
http://dx.doi.org/10.1158/1078-0432.CCR-08-2362
http://www.ncbi.nlm.nih.gov/pubmed/20028744
http://dx.doi.org/10.1097/PAI.0000000000000336
http://www.ncbi.nlm.nih.gov/pubmed/27389554
http://dx.doi.org/10.1038/nrclinonc.2016.26
http://www.ncbi.nlm.nih.gov/pubmed/27030077
http://dx.doi.org/10.1158/2159-8290.CD-15-0894
http://dx.doi.org/10.1016/j.oraloncology.2016.05.011

Cancers 2019, 11, 445 14 of 14

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Li, H,; Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics
2009, 25, 1754-1760. [CrossRef]

Koboldt, D.C.; Zhang, Q.; Larson, D.E.; Shen, D.; McLellan, M.D.; Lin, L.; Miller, C.A.; Mardis, E.R.; Ding, L.;
Wilson, R.K. VarScan 2: Somatic mutation and copy number alteration discovery in cancer by exome
sequencing. Genome Res. 2012, 22, 568-576. [CrossRef] [PubMed]

Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R;
1000 Genome Project Data Processing Subgroup. The Sequence Alignment/Map format and SAMtools.
Bioinformatics 2009, 25, 2078-2079. [CrossRef] [PubMed]

Wang, K,; Li, M.; Hakonarson, H. ANNOVAR: Functional annotation of genetic variants from
high-throughput sequencing data. Nucleic Acids Res. 2010, 38, e164. [CrossRef]

1000 Genomes Project Consortium; Auton, A.; Brooks, L.D.; Durbin, RM.; Garrison, E.P.; Kang, HM.;
Korbel, J.O.; Marchini, J.L.; McCarthy, S.; McVean, G.A.; et al. A global reference for human genetic variation.
Nature 2015, 526, 68-74.

Tennessen, J.A.; Bigham, A.W.; O’Connor, T.D.; Fu, W,; Kenny, E.E.; Gravel, S.; McGee, S.; Do, R.; Liu, X,;
Jun, G,; et al. Evolution and functional impact of rare coding variation from deep sequencing of human
exomes. Science 2012, 337, 64—69. [CrossRef]

Lek, M.; Karczewski, K.J.; Minikel, E.V.; Samocha, K.E.; Banks, E.; Fennell, T.; O’'Donnell-Luria, A.H.;
Ware, ].S.; Hill, A.J.; Cummings, B.B.; et al. Analysis of protein-coding genetic variation in 60,706 humans.
Nature 2016, 536, 285-291. [CrossRef]

Riester, M.; Singh, A.P.; Brannon, A.R; Yu, K.; Campbell, C.D.; Chiang, D.Y.; Morrissey, M.P. PureCN: Copy
number calling and SNV classification using targeted short read sequencing. Source Code Biol. Med. 2016,
11, 13. [CrossRef]

Trapnell, C.; Pachter, L.; Salzberg, S.L. TopHat: discovering splice junctions with RNA-Seq. Bioinformatics
2009, 25, 1105-1111. [CrossRef]

Anders, S.; Pyl, P.T.; Huber, W. HTSeq—A Python framework to work with high-throughput sequencing
data. Bioinformatics 2015, 31, 166-169. [CrossRef]

Futreal, P.A.; Coin, L.; Marshall, M.; Down, T.; Hubbard, T.; Wooster, R.; Rahman, N.; Stratton, M.R. A census
of human cancer genes. Nat. Rev. Cancer 2004, 4, 177-183. [CrossRef]

Shuster, J.J. Median follow-up in clinical trials. J. Clin. Oncol. 1991, 9, 191-192. [CrossRef] [PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1093/bioinformatics/btp324
http://dx.doi.org/10.1101/gr.129684.111
http://www.ncbi.nlm.nih.gov/pubmed/22300766
http://dx.doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
http://dx.doi.org/10.1093/nar/gkq603
http://dx.doi.org/10.1126/science.1219240
http://dx.doi.org/10.1038/nature19057
http://dx.doi.org/10.1186/s13029-016-0060-z
http://dx.doi.org/10.1093/bioinformatics/btp120
http://dx.doi.org/10.1093/bioinformatics/btu638
http://dx.doi.org/10.1038/nrc1299
http://dx.doi.org/10.1200/JCO.1991.9.1.191
http://www.ncbi.nlm.nih.gov/pubmed/1985169
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Patient Characteristics and Sequencing 
	“HNSCC Driver Genes” 
	CCND1 and CDKN2A Expression and Patient Outcome 
	Mutational Burden and CIN 

	Discussion 
	Materials and Methods 
	Patients 
	Sequencing and Bioinformatics Protocol 
	“HNSCC Driver Genes” 
	Statistical Methods 

	Conclusions 
	References

