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Simple Summary: The DNA damage repair (DDR) gene profile is largely unexplored in head and
neck squamous cell cancer (HNSCC), leaving little known about the treatment of HNSCC with PARP
inhibitors. In this retrospective study, the prevalence of mutated DDR genes was studied in the
tissue and /or blood samples (tDNA and ctDNA samples, respectively) of 170 patients with HNSCC.
These findings were correlated with demographic and outcome data. DDR gene mutations were
significantly increased in older patients, patients with primary tumors located in the larynx, patients
with more advanced cancers at diagnosis and patients previously treated with chemotherapy and/or
radiotherapy. Patients with primary tumors in the oropharynx were less likely to have DDR gene
mutations. Patients with DDR gene mutations identified in blood samples were found to have worse
survival. The combined mutational analysis in blood and tumor demonstrated a high prevalence and
an important prognostic role of DDR gene mutations in HNSCC, supporting further clinical research
of PARP inhibitors in the genomic guided treatment of HNSCC.

Abstract: PARP inhibitors are currently approved for a limited number of cancers and targetable
mutations in DNA damage repair (DDR) genes. In this single-institution retrospective study, the
profiles of 170 patients with head and neck squamous cell cancer (HNSCC) and available tumor
tissue DNA (tDNA) and circulating tumor DNA (ctDNA) results were analyzed for mutations in a set
of 18 DDR genes as well as in gene subsets defined by technical and clinical significance. Mutations
were correlated with demographic and outcome data. The addition of ctDNA to the standard tDNA
analysis contributed to identification of a significantly increased incidence of patients with mutations
in one or more genes in each of the study subsets of DDR genes in groups of patients older than
60 years, patients with laryngeal primaries, patients with advanced stage at diagnosis and patients
previously treated with chemotherapy and/or radiotherapy. Patients with DDR gene mutations were
found to be significantly less likely to have primary tumors within the in oropharynx or HPV-positive
disease. Patients with ctDNA mutations in all subsets of DDR genes analyzed had significantly worse
overall survival in univariate and adjusted multivariate analysis. This study underscores the utility
of ctDNA analysis, alone, and in combination with tDNA, for defining the prevalence and the role of
DDR gene mutations in HNSCC. Furthermore, this study fosters research promoting the utilization
of PARP inhibitors in HNSCC precision oncology treatments.
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1. Introduction

Over the past decade, next generation sequencing (NGS) of genetic material contained
in blood and tissue samples (tDNA and ctDNA, respectively) has revolutionized the field
of oncology [1-3]. Such discoveries have allowed for the treatment of non-small cell lung
cancer with EGFR, ALK and MET inhibitors and basal cell cancer with hedgehog pathway
inhibitors with improved outcomes. These studies have also contributed to outcome data,
which have improved the management of malignant melanoma found to have mutations
in BRAF. Many have considered the targeted treatment plans derived from the NGS of
tDNA and ctDNA to be oncology’s first venture into the world of personalized medicine.

Despite the benefits of NGS in the management of many malignancies, the mutational
landscape of squamous cell cancers of the head and neck (HNSCC) remains largely un-
described. This has left the field without targeted management strategies and reliable
prognostication based on an individual cancer’s genetic profile [4]. Though relatively little
is known, early studies regarding mutations in HNSCC have begun to lay the necessary
groundwork on which clinical trials may be based. For example, data suggest that loss of
function mutations in p53 [5-7], retinoblastoma tumor suppressor [8,9] p16 [5] and activa-
tion of p63 (all constituents of the p53 pathway) [10-12] are known to be frequent mutations
in HNSCC, with up to 80% of patients with HNSCC experiencing loss of function mutation
in p53 [6,7]. Therapies targeted to this pathway (such as adenoviral p53 gene therapy and
use of small molecules to restore TP53 function/disrupt inactivation of wild-type p53)
have been proposed but are yet to meet fruition [13]. Mutations in the NOTCH pathway
are detected less frequently but are estimated to occur in 17% of HPV-positive and 26% of
HPV-negative HNSCCs [6]. Clinical trials for patients with NOTCHI mutations also remain
in early phases [14]. Other mutations, including those in EGFR, MET, RAS/RAF/MAPK
and JAK/STAT pathways, have also been described in HNSCC with respective treatments
in various phases of investigation [4].

A recent retrospective analysis studied 75 patients with HNSCC and revealed that
38.8% of patients had alterations in one or more DNA repair genes (limited in that study
to APC, ATM, BRCA1 and BRCA2). Not only was this percentage higher than previous
studies would suggest, but the study was also able to demonstrate that patients with such
mutations in ctDNA were associated with decreased overall survival in univariate and
multivariate analysis [15]. Theoretically, cells without functional copies of these genes
(and others) with a direct or an indirect role in homologous recombination repair (HRR) or
the Fanconi anemia (FA) pathway are sensitive to poly (ADP-ribose) polymerase (PARP)
inhibition. Genes involved in HRR resolve breaks in DNA through a PARP-independent
pathway. Defects in HRR result in hypersensitivity to a number of therapeutics, including
PARP inhibitors, topoisomerase inhibitors and many other DNA break inducers. The
genes that encompass the FA pathway encode similarly PARP-independent DNA repair
machinery utilized to resolve interstrand crosslinks. Though classically associated with
hypersensitivity to platinum-based chemotherapies, defects in these genes in HNSCC have
been shown to create cell lineages that rely on PARP mechanisms for DNA repair [16-20].
When mutations in genes involved in HRR or the FA pathway confer loss of function,
PARP inhibitors can be utilized to prevent repair of breaks in DNA, ultimately leading
to cell death. All clinical PARP inhibitors inhibit both PARP1 and PARP2. PARP1 repairs
double-strand DNA (dsDNA) breaks and single-strand DNA (ssDNA) breaks. PARP2
repairs only ssDNA breaks. The clinical utility of PARP inhibition lies in the concept of
“synthetic lethality”, in which neither a mutation in HHR genes nor PARP inhibition, alone,
would be lethal to a cell, but the combination of the two factors in tumor cells ensures cell
death [16].

PARP inhibitors are currently approved for breast, ovarian and pancreatic cancers
carrying BRCA1 or BRCA2 mutations. The FDA has also approved use of PARP inhibitors
for prostate cancers in which BRCA1 or BRCA2 or ATM mutations have been detected.
Investigations regarding the use of PARP inhibitors in HNSCC are currently underway but
are hindered by the low reported prevalence of mutations in applicable genes. Perhaps
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for this reason, these studies focus on their use in combination with traditional chemo- or
radiotherapies rather than in cases in which NGS has directed decision making [21-23].

In this retrospective review, the investigators aim to validate previous findings regard-
ing the prevalence and prognostic value of mutated DNA damage repair (DDR) genes in
HNSCC utilizing combined genomic analysis performed both in blood and in tumor tissue
(ctDNA and tDNA, respectively) in a larger patient population. In addition to the inclusion
of a larger sample size, this study also expanded the DDR gene panel investigated based
on recent studies involving PARP inhibitors [18]. The investigators aim to demonstrate a
significant prevalence of DDR gene mutations in the genomic landscape of HNSCC which
may assist in laying groundwork for NGS-guided investigations of PARP inhibitors in
HNSCC. Correlation of patient characteristics and outcomes of tDNA and ctDNA sequenc-
ing results was also performed to assist in identification of patients with HNSCC likely to
benefit from NGS.

2. Materials and Methods

This study is a single-institution retrospective review of adult patients with HNSCC
who underwent NGS (tDNA, ctDNA or both) at Wake Forest Baptist Health between
August 2014 and October 2020. The Wake Forest School of Medicine Institutional Review
Board approved the study (IRB00057787). HNSCC patients were required to have had a
valid tDNA and/or ctDNA test to be included in the study. Patients with cutaneous SCC or
salivary gland cancers, as well as patients with other active primary cancers, were excluded.

Eighteen DDR genes (BRCA1, BRCA2, ATM, BRIP1, BARD1, CDK12, CHEK1, CHEK?,
FANCL, PALB2, PPP2R2A, RAD51B, RAD51C, RAD51D, RAD51L, APC, ARIDIA and
MLL3) were selected for this study based on their involvement with HRR or the FA path-
way [16-20]. All 18 genes were tested for tDNA mutations (substitutions, insertion and
deletion alterations) by the FoundationOne platform (Foundation Medicine, Cambridge,
MA, USA) (FM). Mutations in ctDNA (single nucleotide variants, including indels and
fusion alterations) were tested for by the Guardant360 platform (G360) (Guardant Health,
Redwood City, CA, USA). Variants of unknown significance were included in this analysis.
Six of the eighteen genes selected for this study (APC, ARID1A, APC, BRCA1, BRCA2 and
CDK12) are included in the G360 platform and were analyzed for ctDNA mutations.

Concordance analysis was performed for the six genes sequenced by both Founda-
tionOne and Guardant360 platforms. Concordance was calculated per patient at the gene
level. Full concordance is defined as detection of matching, identical mutations in tDNA
and ctDNA per gene, per patient. Partial concordance is defined as detection of identical
mutations in tDNA and ctDNA and additional mutations in tDNA and/or ctDNA within
a gene. Discordance is defined as detection of different mutations by tDNA and ctDNA in
a gene.

Demographic and disease characteristics were collected from the electronic medical
record with regard to age (grouped as older and younger than the median age), gender,
stage of disease at diagnosis (per cancer staging AJCC 8th edition), HPV status defined
by HPV by PCR and/or p16 status, smoking status (grouped as never-smokers vs. ever-
smokers where ever smokers were defined as former or current smokers), alcohol use,
tumor subsite (oral cavity, oropharynx, larynx, hypopharynx, nasopharynx, paranasal
sinuses or unknown primary) and treatment received before tDNA and before ctDNA
collection (chemotherapy, radiotherapy or both). Outcome measures included overall
survival measured from the time of diagnosis, from the time of tDNA collection or from
the time of ctDNA collection. Survival at 1 and 2 years measured from the date of tDNA or
ctDNA collection, survival at the end of the study and extent/burden of disease at last visit
were also included in outcome data. It should be noted that, for all calculations in which
extent of disease was measured, three categories were considered. These were defined
as “no evidence of disease”, “localized disease” and “metastatic disease.” Patients with
follow-up shorter than 6 months from the date of last NGS testing were excluded from the
outcome analysis.
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Subset analysis was performed for the six genes (ATM, APC, ARID1A, BRCA1, BRCA2
and CDK12) for which alterations could be detected in both tDNA and ctDNA via the
above methods (6-gene subset). Additional subset analyses were conducted for BRCA1 and
BRCA2 genes (2-gene subset), for which PARP inhibitors are FDA-approved in patients
with mutations present in breast, ovarian and pancreatic cancer, and for BRCA1, BRCA2
and ATM (3-gene subset), for which PARP inhibitors have been recently approved when
such mutated genes are identified in prostate cancer. The gene subsets can be reviewed
in (Table 1). Patients were considered positive for a DDR gene mutation if they had a
mutation in one or more DDR gene mutations in tDNA, ctDNA or tDNA and/or ctDNA.

Table 1. 18-Gene panel and gene subsets.

DNA Damage Repair Genes

18-Gene Panel
(Selected based on literature
review)

2-Gene Subset
6-Gene Subset 3-Gene Subset (Mutated genes with

(Genes common to both tDNA a E&i??jg;riﬁii‘gilttgrs in approved PARP inhibitors in
and ctDNA assays) pp rostate cancer) ovarian, breast and
p pancreatic cancer)

BRCA1, BRCA2, ATM, BRIP1,
BARD1, CDK12, CHEKI1,
CHEK?2, FANCL, PALB2,

PPP2R2A, RAD51B, RAD51C,
RADb51D, RAD51L, APC,

ARID1A, MLL3

ATM, APC, ARID1A, BRCA1,

BRCA2, CDK12 BRCA1, BRCA2, ATM BRCA1, BRCA2

ctDNA, circulating tumor DNA; tDNA, tumor tissue DNA.

Statistical Analysis

Descriptive statistics of means and standard deviations were calculated for continuous
variables. Counts and percentages for categorical variables were also presented. There
was notation of the prevalence of mutations in each of the eighteen selected genes. Several
sets of these results were created based upon the genetic material in which the mutation
was detected (tDNA only, ctDNA only and tDNA £ ctDNA). Composite measures were
then created to determine whether mutations were present in any of the gene subsets
(2-gene, 3-gene or 6-gene). For each of these dichotomous variables, groups of patients
with or without mutated DDR were compared with categorical variables using Fisher’s
exact tests when both variables were binary. Chi-square tests were used when comparing
groups with more than two categories. For analyses comparing mean values of continuous
measures, we used two-sample ¢ tests. When comparing survival curves, Kaplan-Meier
curves were generated and compared groups of patients with DDR mutations to those
without using log-rank tests. For some survival models, groups were compared after
accounting for a stratification variable, such as staging at diagnosis or HPV status. Cox
proportional hazards regression models were used to examine the relationship of survival
(from time of sample collection) to a number of potential risk factors and predictors in the
same model. Age, tobacco use, tumor site, nodal stage at diagnosis and previous treatment
with combined chemoradiation therapy were included in these adjusted models based on
statistical significance and/or clinical importance (i.e., age was included despite not having
been found to be statistically significant based on clinical relevance). Hazard ratios and
corresponding 95% confidence intervals were estimated from these proportional hazards
regression models. In all analyses, two-sided tests with an alpha level of 0.05 were used
to determine significance. SAS version 9.4 (SAS Institute, Cary, NC, USA) was used to
perform all analyses.
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3. Results
3.1. Patient Characteristics

One hundred and seventy total patients met criteria for enrollment. Of these, 139 un-
derwent NGS via tDNA, 146 via ctDNA and 115 via both methods. Demographics and
disease characteristics are available for review in Table 2. Age, race, gender and stage in
this study are congruent with a standard HNSCC population.

Table 2. Patient Characteristics.

Characteristics No. % Characteristics No. %
Age at Diagnosis (Years) Primary Tumor Location
Median 60 - Nasopharynx 14 8.2%
>60 85 50.0% Oropharynx 68 40.0%
<60 85 50.0% Oral Cavity 40 23.5%
Hypopharynx 10 5.9%
Gender Larynx 27 15.9%
Male 123 72.4% Sino—Nasal 6 3.5%
Female 47 27.6% Unknown 5 3.0%
Race Disease Stage at
Caucasian 142 83.5% Time of Diagnosis
African American 19 11.2%
Other 9 5.3% Cancer Stage
I 21 12.4%
ETOH Status II 30 17.6%
Never 92 54.1% I 37 21.8%
Former 36 21.2% v 82 48.2%
Active 72 24.7%
Cancer Stage IV
Smoking Status IVA 50 29.4%
Never 48 28.2% IVB 22 12.9%
Former 50 29.4% IvC 9 5.3%
Active 72 42.4%
N Stage
HPV and/or p16 NO 47 27.6%
Negative 61 35.9% N1 35 20.6%
Positive 61 35.9% N2 69 40.6%
Not Tested 48 28.2% N3 19 11.2%
tDNA Tissue Disease Status
Source At Last Visit
Primary Tumor 92 54.1% No Evidence of Disease 61 35.9%
Regional Lymph Node 11 6.5% Locoregional 44 25.9%
Metastatic Lesion 11 6.5% Metastatic (only) 17 10.0%
Recurrence 25 14.7% Locoregional and Metastatic 48 28.2%

ctDNA, circulating tumor DNA; tDNA, tumor tissue DNA.

3.2. Sequencing Results. Prevalence of Mutations in DDR Genes in Study Population

Presence (or absence) of mutated DDR genes was reported per patient, stipulating the
specific DDR gene mutated and sample source (ctDNA and/or tDNA). Detailed informa-
tion about the prevalence of specific mutated DDR genes can be located in Table 3 and in
Figure 1, and the allocation of the DDR gene mutations among patients can be viewed in
Figure 2.
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Table 3. Overall Prevalence of Individual DNA Damage Repair (DDR) Gene Mutations (Any Type of Mutation and
Pathogenic or Presumed Pathogenic Mutations).

Patients with DDR Gene Patients with DDR Gene Patients with DDR Gene Patients with DDR Gene
Mutations in Mutations in Mutations in Mutations in
tDNA ctDNA tDNA and ctDNA tDNA and/or ctDNA
Number (%) Number (%) Number (%) Number (%)
Pathogenic Any Pathogenic Any Pathogenic Any Pathogenic Any
Mutation(s) Mutation(s) Mutation(s) Mutation(s) Mutation(s) Mutation(s) Mutation(s) Mutation(s)
Acl;lezeDSR 16 (11.5%) 66 (475%)  18(123%) 54 (36.9%) 4(3.4%) 11 (9.6%) 30 (17.6%) 97 (57.1%)
BRCA1 3 (2.2%) 6 (4.3%) 5 (3.4%) 13 (8.9%) 2 (1.7%) 2 (1.7%) 6 (%) 17 (10.0%)
BRCA2 3 (2.2%) 21 (15.1%) 1(0.7%) 14 (9.6%) 0 5 (4.3%) 4 (%) 30 (17.6%)
ATM 2 (1.4%) 9(6.4%) 9 (6.2%) 15 (10.3%) 0 1 (0.9%) 11 (%) 23 (13.5%)
CDK12 1(0.7%) 11 (7.9%) 1(0.7%) 2 (1.4%) 0 0 2 (%) 13 (7.6%)
APC 3(2.2%) 10 (7.2%) 1 (0.7%) 9 (6.2%) 1 (0.9%) 4 (3.4%) 3 (%) 15 (8.8%)
ARIDIA 3(2.2%) 12 (8.6%) 3 (2.1%) 19 (13.0%) 1(0.9%) 1(0.9%) 5 (%) 30 (17.6%)
MLL3 1(0.7%) 10 (7.2%) - - - - - -
BRIP1 0 2 (1.4%) - - - - - -
BARD1 0 3 (2.2%) - - - - - -
CHEK1 0 3 (2.2%) - - - - - -
CHEK2 0 1(0.7%) - - - - - -
FANCL 0 3 (2.2%) - - - - - -
PALB2 1(0.7%) 3 (2.2%) - - - - - -
PPP2R2A 0 0 - - - - - -
RAD51B 0 1(0.7%) - - - - - -
RAD51C 0 0 - - - - - -
RAD51D 0 2 (1.4%) - - - - - -
RAD5IL 0 1(0.7%) - - - - - -
MLL3 1 (0.7%) 10 (7.2%) - - - - - -
Total
Number of 139 patients 146 patient 115 patient 170 patient
Patients p patients patients patients
Tested

Occurrences are listed as patients with one or more mutations in the specified gene, rather than total number of mutations encountered
for each gene. tDNA was analyzed by the FM platform, which assesses for mutations in all 18 genes. ctDNA was analyzed by the G360
platform, which is limited to analysis of ATM, APC, ARID1A, BRCA1, BRCA2 and CDK12. Pathogenic/presumed pathogenic mutations
are as defined by FoundationOne and Guardant 360 reports. The number of patients with mutations in any of the DDR genes does not
represent the sum of patients with each individual DDR gene mutations, because a patient could have more than one DDR gene mutated.
ctDNA, circulating tumor DNA; DDR, DNA damage repair; tDNA, tumor tissue DNA.

BRCA2
ARIDIA
CDK12
APC
AT™M
MLL3
BRCA1
PALB2
FANCL
CHEK1
BARD1
BRIP1
RADS51D
CHEK2
RAD51B
RADSIL

i

RAD51C
PPP2R2A

<)
~

4 6 8 10 12 14 16
Percent of Patients with Mutated DDR genes

B tDNA [ «tDNA [MBoth tDNA and ctDNA

Figure 1. Histogram of Gene Prevalence. ctDNA, circulating tumor DNA; DDR, DNA damage repair;
tDNA, tumor tissue DNA.
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Figure 2. (A) Mutated genes tested in both tDNA and ctDNA. (B) Mutated genes tested in tDNA
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gene). Purple boxes represent partially concordant mutations (concordant and discordant mutations
reported by the two platforms in the same gene). Red boxes indicate mutations detected in ctDNA
only. Blue boxes indicate mutations that were found in tDNA only.
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We found that 97 of the 170 patients (57.1%) had one (or more) mutations in one (or
more) DDR gene(s) detected in either ctDNA and/or tDNA samples; 81 patients (47.6%)
had mutations in at least one of the genes in the 6-gene subset (ATM, APC, ARID1A, BRCAL,
BRCA2 or CDK12). A total of 70 patients (41.1%) had mutations in BRCA1, BRCA2 and/or
ATM (the 3-gene subset) detected in ctDNA and/or tDNA (Figure 2), and 47 patients
(27.6%) had ctDNA and/or tDNA mutations in BRCAI and/or BRCA2 (2-gene subset)
(Figure 1 and Table 3). The most frequently mutated DDR genes in the study HNSCC
population were BRCA2 and ARID1A, both mutated in 17.6% of the patients tested by
either tDNA and/or c¢tDNA. ATM and BRCA1 followed, with mutations identified in 13.5%
and 10% of patients, respectively.

In total, 139 patients underwent tDNA testing. All genes in the 18-gene panel were
included in tDNA testing: 66 of the patients tested (47.5%) had at least one tDNA muta-
tion in the 18-gene panel; 55 patients (39.5%) had tDNA mutations in the 6-gene subset;
34 (24.4%) and 25 (17.9%) patients had tDNA mutations in the 3-gene and 2-gene subsets,
respectively (Figure 1 and Table 3).

Out of the 18 DDR genes tested for mutations in tDNA, 16 were found to be mutated
in one or more patients. Mutations in PPP2R2A and RAD51C were not detected in any
patients. The most frequently mutated DDR genes, on a per patient basis, in tDNA were
BRCA2 (21 patients), ARID1A (12 patients), APC (10 patients), CDK12 (11 patients) and
MLL3 (10 patients), respectively (Table 3). The most frequently altered gene in the tDNA
analysis overall was BRCA2, with 46 mutations in 21 patients. The gene with the highest
number of alterations in a single patient was MLL3, with 4.2 mutations detected in tDNA.
Remarkably, one patient had 9 mutations in BRCA2 and 9 mutations in FANCL gene in the
tDNA analysis (Figure 1 and Table 3).

In total, 146 patients underwent ctDNA testing: 54 of these patients (37.0%) had at
least one ctDNA mutation in the total gene panel assessed by the chosen platform; 34 of
the patients who underwent ctDNA testing had ctDNA mutations in the 3-gene subset,
and 22 of the patients who underwent ctDNA testing had ctDNA mutations in the 2-gene
subset (Table 3).

All six DDR genes included in the panel (BRCA1, BRCA2, ATM, APC, ARID1A and
CDK12) were found to be altered in at least one patient. The most frequently mutated DDR
genes in ctDNA were ARID1A (19 patients), ATM (15 patients), BRCA2 (14 patients) and
BRCA1 (13 patients) (Table 3). The most frequently altered gene in the ctDNA analysis was
ARID1A with 23 mutations in 19 patients.

For the 115 patients with both tDNA and ctDNA results available, concordance of
mutations among the six DDR genes common to both assays, per patient, is depicted in the
oncoprint (Figure 2A). About 4.1% of patients had mutations that were concordant, 4.1%
had partial concordance and 5.2% were discordant. Close to half (44.3%) of patients who
underwent tDNA and ctDNA testing had only tDNA mutations, and 32% of patients had
only ctDNA mutations. The mutations in the genes analyzed by FoundationOne only, per
patient, are depicted in part B of the oncoprint (Figure 2B).

3.3. Pathogenic and Presumed Pathogenic Mutations

Pathogenic or presumed pathogenic mutations, as depicted in FM and G360 reports
and described as “deleterious” or “inactivating,” were reported in a total of 30 of the
170 study patients (17.6%) in ctDNA and/or tDNA: 16 of the 139 (11.5%) patients for
whom tDNA samples were tested were found to have pathogenic or presumed pathogenic
mutations, and 18 of the 146 (12.3%) for whom ctDNA samples were tested were identified
as having such mutations in DDR genes. Only 4 of the 30 patients had pathogenic mutations
identified in both tDNA and ctDNA, with a significant 40% of the patients being identified
exclusively by ctDNA testing (Table 3).
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3.4. Targetable Mutations

FM and G360 reported availability of off-label clinical protocols with PARP inhibitors
for pathogenic mutations in BRCA1, BRCA2, ATM and, more recently, in PALB2, ARID1A
and CDK12. Therefore, pathogenic or presumed pathogenic mutations in these genes
were deemed “targetable” with PARP inhibitors in this study. Based on the information
provided by FM and G360, 27 patients (15.9%) of the study patients would be eligible for
off-label therapy with a PARP inhibitor, with 13 patients (9.3% of the tDNA tested patients)
and 17 patients (11.6% of the ctDNA tested patients) being potential candidates (Table 4).
ATM was the DDR gene with the highest number of pathogenic mutations reported in
11 patients (6.4% of the 170 patients tested by ctDNA and/or tDNA); 9 of the 11 patients
were identified by ctDNA testing. BRCA1 and ARID1A followed, with 6 and 5 patients,
respectively, identified with targetable mutations, with the majority of patients identified
again by ctDNA testing (5 and 3 patients, respectively) (Table 4).

Table 4. Prevalence of Clinically Significant and Targetable Mutations.

tDNA ctDNA Both Off-Label Clinical Protocol with PARP Inhibitors
BRCA1 3 5 2 FM, G360
BRCA2 3 1 0 FM, G360
ATM 2 81 0 FM, G360
ARID1A 3 21 1 G360
CDK12 1 1 0 G360
APC 22 1 1 None
PALB?2 1 - - M
MLL3 1 - - None

Occurrences are listed as number of patients with one or more mutations in a gene, rather than total number of mutations encountered for
each gene. ! One additional pathogenic mutation was reported in BRCAT ctDNA in the same patient who is listed under BRCA1. 2 One
additional pathogenic mutation was reported in BRCA2 tDNA in the same patient who is listed under BRCA2. ctDNA, circulating tumor
DNA; FM, FoundationOne Medicine; G360, Guardant 360; tDNA, tumor tissue DNA.

3.5. Prevalence of DDR Gene Mutations across Demographic Groups

Patients were deemed as either positive or negative for mutated DDR genes in the
18-gene panel (all genes) or for ctDNA, tDNA or either (ctDNA and/or tDNA) in each of
the subsets. No significant association was found between patients with mutated DDR
genes in the 18-gene panel and age, gender, race, smoking status, alcohol use or stage at
diagnosis. Patients with mutated DDR genes within the 3-gene subset in ctDNA and in
either /both tDNA and/or ctDNA were statistically more likely to be older than the median
patient age of 60 years (p values of 0.04 and 0.050, respectively). No other associations with
age, gender, race, smoking status, alcohol use or stage at diagnosis were found in any of
the other subsets.

Patients with DDR gene mutations detected in ctDNA and/or tDNA were associated
with HNSCC subsite (p = 0.02) in the 18-gene panel analysis. Laryngeal primaries, specif-
ically, had a higher presence of DDR gene mutations detected in this gene set detected
in ctDNA (p = 0.02), tDNA (p = 0.06) or via in ctDNA and/or tDNA method (p = 0.01).
Oropharyngeal primaries correlated with a lower prevalence of DDR gene mutations in
patients detected in tDNA (p = 0.06) and in tDNA and/or ctDNA (p = 0.01). Statistical
significance of the lower prevalence of patients with DDR gene mutations in oropharyngeal
cancers was preserved in the 6-gene subset analysis (p = 0.04 for tDNA, and p = 0.01 for
tDNA and/or ctDNA), in the 3-gene subset analysis (p = 0.01 for tDNA; p = 0.054 for
ctDNA; and p < 0.01 for tDNA and/or ctDNA) and in the 2-gene subset analysis (p = 0.02
for tDNA, and p = 0.03 for tDNA and/or ctDNA). The 3-gene subset analysis showed
an association in which patients with DDR gene mutations detected via tDNA and/or
ctDNA were more likely to have more advanced disease at time of diagnosis with respect
to advanced cancer stage (I-1V) (p = 0.06), N stage (NO to N3) (p = 0.02) and within stage IV
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disease (between groups A, B and C) (p = 0.03). N stage also correlated significantly with
the prevalence of patients with ctDNA mutations (p = 0.02).

Patients treated with chemotherapy, radiotherapy or both before collection of ctDNA
had a significantly higher presence of DDR gene mutations in ctDNA (p < 0.01). Data also
indicated an increased prevalence of mutations in tDNA and/or ctDNA in patients treated
before tDNA collection (p = 0.03).

3.6. HPV and Smoking Status and the Prevalence of DDR Genes Mutations

HPV and/or p16 testing was available for 123 (72.35%) patients. HPV and/or p16
were negative in 65 patients (52.84% of those tested) and positive in 58 patients (47.15% of
those tested). Positive HPV and/or p16 tumors were associated with increased probability
to be alive at the end of the study (p < 0.01) and with tendency for better OS measured from
the time of diagnosis (p = 0.06). No significant correlation between HPV status and presence
of a DDR gene mutation on a per patient basis were discovered in the 18-gene analysis.
In the 6-gene subset, however, patients without mutations in tDNA and/or ctDNA were
found to be more likely to have HPV-positive disease (p = 0.04).

Information about smoking status was available for all patients included in the study:
48 of the 170 patients (28.2%) were never-smokers, and 122 patients (71.8%) were ever-
smokers. A nearly significant lower presence of ctDNA DDR gene mutations was found in
non-smokers compared with ever-smokers (p = 0.06) in the 3-gene subset analysis. Non-
smokers had a nearly significant better chance to be alive at the end of the study (p = 0.058)
and a significantly better OS measured from the time of diagnosis (p = 0.03) when compared
to ever-smokers.

3.7. Survival Analysis

All patients had at least 6 months of follow up after the last sample collection for NGS.
Median follow-up time was 615.5 days from the time of diagnosis and 232.5 days from the
time of ctDNA testing. Median survival from the time of diagnosis was 820 days (95% CI
752 to 1140 days) and 372 days (95% CI 262 to 416 days) from the time of ctDNA testing. At
last visit, 35.8% of patients had no evidence of disease, 28.4% had recurrent or progressive
loco-regional disease, and 35.8% had metastatic disease (Table 2). Overall, patients with
mutations in DDR genes had poorer prognosis (Table 5 and Figure 3).

Table 5. Correlation of Mutated DDR Genes with Survival Outcomes.

Suf'vwal Start Overall Survival Univariate Analysis =~ Overall Survival Adjusted Analysis  1-Year OS  2-Year OS Survn'/a'l
Time Point Last Visit
HR 95% CI p Value HR 95% CI p Value p Values
18-Gene Subset
tDNA
tDNA collection 0.91 0.57-1.45 0.68 0.14 0.20 0.71
Diagnosis 0.81 0.51-1.30 0.38
tDNA and/or - - -
ctDNA
tDNA collection 1.20 0.74-1.94 0.46 0.67 0.75 0.52
ctDNA collection 1.38 0.83-2.29 0.41
Diagnosis 0.94 0.62-1.44 0.78
6-Gene Subset
tDNA
tDNA collection 1.24 0.77-1.97 0.38 0.46 0.85 0.25
Diagnosis 1.24 0.78-1.98 0.36
ctDNA
ctDNA collection 1.81 1.15-2.85 0.01 0.10 <0.01 0.04
Diagnosis 1.38 0.88-2.15 0.16 1.62 099-265 0053
tDNA and/or
ctDNA
tDNA collection 1.68 1.03-2.73 0.04 0.40 0.21 0.01
ctDNA collection 1.56 0.99-2.46 0.053
Diagnosis 1.29 0.85-1.96 0.23
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Table 5. Cont.

Suf'vwal Start Overall Survival Univariate Analysis =~ Overall Survival Adjusted Analysis  1-Year OS  2-Year OS Survn'ra'l
Time Point Last Visit
HR 95% CI p Value HR 95% CI p Value p Values
3-Gene Subset
tDNA
tDNA collection 1.09 0.63-1.86 0.77 0.42 0.77 0.92
Diagnosis 1.08 0.63-1.84 0.78
ctDNA
ctDNA collection 2.04 1.26-3.31 <0.01 0.07 0.01 0.01
Diagnosis 1.99 1.23-3.22 0.01 1.85 1.10-3.12 0.02
tDNA and/or
ctDNA
tDNA collection 1.55 0.96-2.49 0.07 0.87 0.16 0.10
ctDNA collection 1.73 1.09-2.74 0.02
Diagnosis 1.43 0.94-2.19 0.10
2-Gene Subset
tDNA
tDNA collection 0.99 0.53-1.85 0.97 0.82 0.93 0.64
Diagnosis 0.94 0.50-1.74 0.83
ctDNA
ctDNA collection 1.77 1.00-3.12 0.04 0.15 0.04 0.15
Diagnosis 1.80 1.01-321 0.04 182 0.99-3.38 0.06
tDNA and/or
ctDNA
tDNA collection 1.37 0.82-2.29 0.22 0.89 0.36 0.68
ctDNA collection 1.38 0.83-2.29 0.21
Diagnosis 1.25 0.77-2.03 0.36

Results with p < 0.05 are bolded in italics; results with 0.05 < p < 0.10 are italicized and underlined. Abbreviations: CI, Confidence interval;
ctDNA, circulating tumor DNA; HR, hazard ratio; tDNA, tumor tissue DNA.

3.8. Prognostic Value of Presence of ctDNA Mutations in DDR Genes

Patients without ctDNA DDR gene mutations in the 6-gene subset or in the 3-gene
subset were significantly more likely to be alive at the end of the study (p = 0.04, and
p = 0.01, respectively). Similarly, patients without ctDNA mutations specifically in BRCA2
or in APC genes were more likely to be alive at the end of the study (p = 0.01, and p = 0.01,
respectively). Patients with ctDNA mutations in DDR genes in the 6-gene and in the 3-gene
subsets were more likely to have a more advanced cancer status at the last visit (p = 0.03,
and p = 0.01, respectively). Presence of mutated DDR genes in ctDNA was also associated
with significantly worse 2-year survival (p < 0.01).

Patients with ctDNA DDR gene mutations had significantly worse overall survival
measured from the time of ctDNA collection (p = 0.01) (Figure 3a). This relationship
remained statistically significant in a Cox proportional hazards regression model when
adjusted for age, tobacco use, tumor site, nodal stage at diagnosis and previous treat-
ment with combined chemoradiation therapy in a multivariate analysis model (p = 0.053)
(Table 6). Similar associations with overall survival were found in studies for patients with
ctDNA DDR gene mutations in 3-gene and 2-gene subsets in the univariate (p < 0.01, and
p = 0.04, respectively) and in the multivariate (p = 0.02, and p = 0.04, respectively) analyses
(Tables 5 and 6 and Figure 3c,e). Association with overall survival measured from the time
of diagnosis was statistically significant for patients with ctDNA mutations in the 3-gene
and 2-gene analysis (p < 0.01, and p = 0.04, respectively (Table 5 and Figure 3f).
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Figure 3. Kaplan-Meier curves depicting survival differences in patients with DDR gene mutations in comparison to those
without DDR gene mutations. (a) Survival from time of ctDNA testing in patients with vs. without DDR genes mutations
in ctDNA in the 2-gene subset. (b) Survival from time of diagnosis in patients with vs. without DDR genes mutations in
ctDNA in the 2-gene subset. (c) Survival from time of ctDNA testing in patients with vs. without DDR genes mutations in
ctDNA in the 3-gene subset. (d) Survival from time of ctDNA testing in patients with vs. without DDR genes mutations
in tDNA and/or ctDNA in the 3-gene subset. (e) Survival from time of ctDNA testing in patients with vs. without DDR
genes mutations in ctDNA in the 6-gene subset. (f) Survival from time of ctDNA testing in patients with vs. without DDR
genes mutations in tDNA and/or ctDNA in the 6-gene subset. ctDNA, circulating tumor DNA; tDNA, tumor tissue DNA;
blue solid lines indicate survival curves for patients without mutations in any of the selected gene panel; red dashed lines
indicate survival curves for patients with at least one mutation in any of the selected gene panel.
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Table 6. Results from Adjusted Cox Proportional Hazard Regression Models of Impact of the Presence of ctDNA Mutations
on Overall Survival.

6-Gene Analysis 3-Gene Analysis 2-Gene Analysis
HR 95% CI p Value HR 95% CI p Value HR 95% CI p Value
ctDNA (1.10-
mutations 1.62 (0.99-2.65) 0.053 1.85 3.12) 0.020 1.87 (1.02-3.43) 0.042
p value for Adjusted Variables p value for Adjusted Variables p value for Adjusted Variables
Age Below
60 Years Old 0.65 0.70 0.64
(yes vs. no)
Smoking 0.41 0.54 0.55
(never vs. ever)
N Stage (NO vs N1,
N2, N3) 0.33 0.49 0.31
Subsite
(OP vs. OC, 0.02 0.02 0.04
Pharynx, Other)
CRT Prior to
ctDNA Test <0.01 <0.01 <0.01
(yes vs. no)

Analyses with p < 0.05 are bolded in italics and underlined; results with 0.05 < p < 0.10 are italicized and underlined. Abbreviations: CI,
Confidence interval; ctDNA, circulating tumor DNA; HR, hazard ratio; CI, hazard ratio confidence interval; CS, chi-squared analysis; N/A,
non-applicable; CRT, combined chemotherapy and radiation therapy; OC, oral cavity; OP, oropharynx.

3.9. Prognostic Value of Presence of tDNA Mutations in DDR Genes

A patients’ possession of tDNA DDR gene mutations showed no significant prognostic
value when analyzed for correlation with disease status at the end of the study, survival at
1 or 2 year(s) or with overall survival. tDNA DDR gene mutations present specifically in
APC or in CDK12 genes were associated with decreased likelihood to be alive at the end of
the study (p = 0.01, and p = 0.01, respectively).

3.10. Prognostic Value of Presence of tDNA and/or ctDNA Mutations in DDR Genes

Patients with mutations in one or more DDR genes in the 6-gene and 3-gene subsets
detected in tDNA and/or ctDNA were significantly more likely to have a greater extent
of disease at last visit (p < 0.01, and p = 0.01, respectively) (Table 5). In the 6-gene subset
analysis, patients with mutated DDR genes had significantly decreased overall survival
measured from the time of ctDNA collection (p = 0.053) or from the time of tDNA collection
(p = 0.04) (Figure 3b) and did not reach significance when measured from the time of
diagnosis (p = 0.07) (Table 5). For the 3-gene subset analysis, patients with mutations in
tDNA and/or ctDNA were also found to have decreased overall survival when measured
from the time of ctDNA collection (p = 0.02) (Figure 3d) and did not reach significance
when measured from the time of tDNA collection (p = 0.07).

Mutations present in APC or CDK12 genes, individually, were again associated with
decreased likelihood to be alive at the end of the study (p = 0.01, and p = 0.01, respectively)
when measured in tDNA and/or ctDNA. Interestingly, mutations in ARID1A as well as
in MLL3 were associated with improved chance to be alive at the end of the study when
measured in tDNA (p = 0.04, and p = 0.06, respectively) or in both tDNA and/or ctDNA
for MLL3 gene (p = 0.053).

4. Discussion

This study is a single-institution retrospective analysis examining the prevalence,
prognostic and potential therapeutic implications of DDR gene mutations in tDNA and
ctDNA in a dedicated cohort of HNSCC patients. To the authors’ knowledge, this study is
the first to elucidate the significance and the role of the genomic profile of DDR genes in
the HNSCC when evaluated by both tDNA and ctDNA analysis, alone, or in combination.
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The selection of the 18 genes chosen for this study was based on literature review
of genes’ roles and importance in DDR pathways as well as on inclusion as biomarkers
in clinical studies [17]. A subset was created for further analysis based on the testing
profile available for both tDNA and ctDNA (6-gene subset). Creation of other subsets
was based on potential clinical therapeutic utility, with 2-gene subset and 3-gene subset
reflecting the gene biomarkers utilized for approval of PARP inhibitors in the management
of breast, ovarian, pancreatic and prostate cancers. Variants of unknown significance were
not excluded from data related to prevalence, analysis of demographics or prognostic
associations. The decision to include these mutations was based on the notion that there
was insufficient scientific data to dismiss them and that their clinical significance may
become apparent in the future. However, variants of unknown significance were excluded
from the reporting of the genes identified as potential targetable mutations in current
clinical protocols.

The population studied in this analysis is consistent with a standard HNSCC popula-
tion in terms of age, gender, race, smoking status and prevalence of HPV driven disease. A
previous study on a fraction of patients in this group (75 of the 170 patients) has demon-
strated a prevalence of mutations in TP53, CDKN2A, TERT, BRCA2 and NOTCH]1 similar to
other reported populations [3,15,17,24,25]. Conventional prognostication tools, including
those related to HPV or smoking-driven diseases held true in this analysis. Non-smokers
and those with HPV/p16 positivity had a significantly better overall survival and were
more likely to be alive at the end of the study.

Data presented in this analysis demonstrates a higher than previously reported preva-
lence of DDR gene mutations in HNSCC. In this analysis, 47.4% had at least one tDNA
mutation and 37% had at least one ctDNA mutation in the selected gene profile. BRCA2 and
ARID1A were the two DDR genes with the highest prevalence in our HNSCC population:
both mutated in 17.6% of the patients tested in either tDNA and/or c¢tDNA. ATM and
BRCA1 were the next most common and were found to be mutated in 13.5% and 10% of
patients, respectively. Other studies have reported a lower frequency of such mutations.
For example, one such study reported 6% for BRCAI and 7% for BRCA2. It should be noted
that such studies utilized only tumor tissue for NGS evaluation [6,26-29].

When variants of unknown significance and mutations thought to not influence gene
function were excluded, pathogenic or presumed pathogenic mutations in DDR genes
were reported in 29 of the 170 study patients (17%). A total of 11.5% of tDNA samples and
12.3% of ctDNA samples were found to have such mutations. These results compare well
with the DDR gene mutation profile reported by other studies. For example, Heeke et al.
studied genes involved in homologous recombination across multiple tumor types with
the most frequently mutated genes overlapping with our study (ARID1A, BRCA2, BRCA1).
Opverall, pathogenic mutations in genes involved in homologous recombination were found
in 17.6% of the 17,566 tumors tested and 6.8% of a total of 206 head and neck tumors [26].
With a variation in the selection of the less frequently mutated genes and with the addition
of ctDNA testing, this study has significantly increased the percentage of theoretically
actionable mutations in the HNSCC, to 17%. Addition of ctDNA to this report increased
the yield of NGS by nearly two-fold when compared to tDNA testing, alone. Concordance
results also supported the use of both NGS analysis methods in combination. Concordance
was limited in the DDR genes analyzed, and, in more than 90% of the patients, each method
brought complimentary information, increasing the yield to identify patients for precision
oncology treatments. It is noteworthy that the DDR gene with the highest incidence of
targetable mutations in this study is ATM, with pathogenic mutations reported in 6.4% of
the 170 patients tested for NGS and with 9 of the 11 patients being identified by ctDNA
testing. Next, BRCA1 was identified with targetable mutations in 6 patients, with majority
of patients identified again by ctDNA testing, and ARID1A in 5 patients.

This analysis demonstrated that several groups were predisposed to DDR gene mu-
tations. For example, patients older than the median (60 years) were more likely to have
mutations in ATM, BRCA1 and/or BRCA2 (the 3-gene subset) detected in ctDNA or in
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ctDNA and/or tDNA. Certain HNSCC subsites were more likely to have mutations in
DDR genes (laryngeal primaries) and others less likely (oropharyngeal) when tested in
tDNA or ctDNA or both. Analysis of the gene subsets also showed decreased prevalence of
DDR gene mutations in oropharyngeal cancer. Patients with more advanced disease stage
(stages I to IV), and those with more advanced stage IV disease (between groups A, B and
C) were more likely to have mutations in ATM, BRCA1 and/or BRCA2 (the 3-gene subset)
detected via tDNA and/or ctDNA. N stage (NO to N3) also correlated significantly with
the prevalence of ctDNA mutations in the 3-gene subset analysis. Patients treated with
chemotherapy, radiotherapy or both prior to collection of their genetic samples were more
likely to have DDR gene mutations in ctDNA or in samples collected by either method.
To the authors” knowledge, it is the first time that these demographic correlations were
identified in the study of DDR genomic profile in HNSCC, and comparative studies are
not available for validation.

The 6-gene subset analysis in this study demonstrated a significantly lower prevalence
of mutations in tDNA and/or ctDNA DDR genes in HPV-positive disease. All other subset
analyses in tDNA and/or ctDNA support these findings, without reaching statistical sig-
nificance. These results are further supported by other data in this report. Non-smokers vs.
ever-smokers were also less likely to have gene mutations in the 3-gene subset analysis. In
addition, given that fewer mutated DDR genes (such as in HPV-positive patients and in
non-smokers) were found to be associated with improved survival, it is congruent with
the HPV mutation results. This is in agreement with studies that have demonstrated
increased expression (i.e., increased presence of functional copies) of DNA repair genes
in HPV-positive HNSCC [30]. Two other studies reporting results from genomic cohorts
originating from the University of Chicago and University of Michigan (120 and 34 pa-
tients, respectively) described that mutations in DDR genes and Fanconi Anemia genes (a
spectrum that contains important overlapping genes), respectively, were more frequently
associated with HPV positivity [27,31]. Differences in definition of HPV phenotype, in
NGS techniques and in DDR gene panel selection could account for the discordant results.
Additional effects of confounding variables, such as smoking status, age, stage of disease
and previous treatment(s) could further complicate the relationship between HPV status
and gene mutations.

Presence of mutated DDR genes was found to be a compelling indicator of poor
prognosis. Strong statistically significant correlations were noted between the presence
of DDR gene mutations and decreased overall survival when measured from the time
of genetic sample collection or from time of diagnosis in ctDNA (in all subsets) and in
tDNA and/or ctDNA in selected subsets (Table 3). The relationship between ctDNA DDR
mutations and overall survival remained statistically significant in a Cox proportional
hazards regression model when adjusted for age, tobacco use, tumor site, nodal stage at
diagnosis and previous treatment with combined chemoradiation therapy in all subsets.
No similar correlation was found between tDNA mutations in DDR genes and prognosis.
Existing literature suggests that expression of certain DDR genes, including BRCA1 and
BRCA2, is associated with increased survival in HNSCC patients as the preservation of
efficient repair mechanisms maintains genomic stability [32]. Similarly, another study has
listed BRCA1 expression, alone, to be indicative of survival in HNSCC [30]. As another
indicator of poor prognosis, patients with DDR gene mutations were significantly more
likely to have more advanced disease burden at the time of the last visit, as measured in
ctDNA and in both tDNA and/or ctDNA in the 6-gene and 3-gene subsets.

Overall, statistically significant associations between the presence of mutated DDR
genes and demographic variables and/or survival were more frequently identified in
ctDNA rather than in tDNA. This possibly reflects differences in sampling and in NGS
techniques. Challenges in tissue sample acquisition and appraisal, including availability
and tumor heterogeneity, are universal to tDNA studies. Likewise, studies regarding
ctDNA have uncovered that liquid biopsies do not reflect the complete mutation profile
of the tumor, either, and such studies have noted increased sensitivity with increased
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burden of disease [15,33]. It is also feasible that differences in sequencing results between
samples are also reflective of the different time points at which the samples were collected
(ctDNA studies were typically performed after tDNA studies in this cohort) and, therefore,
may be impacted by tumor progression, interim treatments, etc. Differences between the
FoundationOne and Guardant360 sequencing techniques may affect the concordance of
DDR gene mutation results and, therefore, the correlation with different clinical variables.

The high prevalence of DDR gene mutations in this cohort detected in ctDNA samples,
tDNA samples or both is of considerable clinical interest, as mutations in these genes are
potential targets for novel cancer treatments, including PARP inhibitors. FoundationOne
and Guardant360 report off-label clinical protocols with PARP inhibitors for pathogenic
or presumed pathogenic mutations in BRCA1, BRCA2, ATM and, more recently, in PALB2,
ARID1A and CDK12. No off-label clinical protocols with PARP inhibitors were reported for
mutations in APC or MLL3; therefore, patients with such mutations were not included here.
A total of 15.9% of the 170 study patients would be eligible for off-label PARP1 inhibitor
clinical protocols, with 9.3% of tDNA-tested patients and 11.6 % of ctDNA-tested patients
being potential candidates. These frequencies rival reported frequency of these mutations
in breast (15.6%), ovarian (20.0%), prostate (14.1%) and pancreatic cancers (15.4%) for which
PARP inhibitors are currently FDA approved therapeutics [26].

Notably, this report emphasizes the utility of ctDNA testing by demonstrating im-
proved sensitivity in the identification of patients who might benefit from targeted drug
therapy. Only 3 of the 27 patients identified with presumed targetable mutations for PARP
inhibitors were identified in both tDNA and ctDNA, with more than half (14) of the patients
being identified exclusively by ctDNA testing. These results support efforts made in the
field of precision oncology to revolutionize the treatment of HNSCC, with consideration
for targeted, mutation-guided clinical protocols with single agent PARP inhibitors. Review
of the literature revealed only one study that evaluated efficacy of a single agent PARP
inhibitor, Olaparib, in a limited number of pre-operative HNSCC cases. In this study;,
Olaparib was used with or without cisplatin or durvalumab. The report concluded that
mutations in DDR genes were associated with sensitivity to Olaparib in HNSCC, as has
previously been demonstrated in other malignancies [34]. Additional ongoing clinical
trials for treatment of HNSCC with PARP inhibitors rely on combination therapy in which
chemotherapy and/or radiotherapy are used to sensitize tumors to PARP inhibitors. Such
studies find basis in pre-clinical trials in which synergy was noted between PARP inhibitors
and more conventional therapies [35]. These studies and others highlight the tolerability
and effectivity of PARP inhibitors in HNSCC but are all in small cohorts, and none uses
NGS to guide therapy [21-23]. The strong correlation of the presence of DDR gene mu-
tations with poor survival in this study raises the possibility that NGS-guided treatment
with PARP inhibitors in HNSCC might lead to improvement in survival in select patients.

This is among the largest cohorts of patients with HNSCC in whom tDNA mutations
were studied and is the only report in which DDR gene mutations were analyzed in a rela-
tively large HNSCC population by ctDNA, alone, or in combination with tDNA. Findings
from this report support further use of ctDNA analysis to predict prognosis and to increase
sensitivity in the detection of targetable mutations and underscore further investigations
into PARP inhibitors for the treatment of HNSCC. This report has a number of limitations.
Data was collected from a single institution and geographic area. Furthermore, dependence
on the electronic medical record, self-reported data (for smoking and alcohol use) and uti-
lization of commercially available NGS platforms with differences in technical approaches
introduced error that could not be corrected. Finally, this correlative data does not imply
causation, therefore limiting the number and types of conclusions that can be drawn.

Future Directions

This study notably demonstrates both the high prevalence of DDR gene mutations in
HNSCC and the poor prognosis associated with such mutations. The increased prevalence
of DDR gene mutations measured in this study was the result of combining tDNA with
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ctDNA testing. The low overall concordance between tDNA and ctDNA samples, and the
significant contribution of ctDNA testing to the number of identified mutations targetable
with PARP inhibitors, supports using the combination of the two methods in future clinical
practice to raise the sensitivity of genetic testing. These results are expected to urge the
advancement of clinical research with NGS-guided use of PARP inhibitors in the treatment
of HNSCC, rather than the non-targeted combination with other treatment modalities,
which is currently the only approach to PARP inhibitors utilization in the management
of HNSCC. The indisputable association of ctDNA mutations in DDR genes with poor
prognosis and survival in HNSCC further supports the acceleration of investigating PARP
inhibitors in the management of HNSCC with the future goal to improve survival in this
group of patients with notable poor prognosis. Expansion of the DDR gene panel to be
tested for mutations should be considered in the future.

5. Conclusions

Despite the benefits of NGS in the management of many malignancies, the mutational
landscape of HNSCC remains largely undescribed. This study is the largest cohort to date to
analyze the genomic landscape in both blood and tumor tissue in patients with HNSCC and
reports a high prevalence of DDR gene mutations in this tumor type. Utilizing both ctDNA
and tDNA analysis, the incidence of targetable mutations in this HNSCC cohort was found
comparable with other cancers such as breast, ovarian, prostate and pancreatic cancers for
which PARP inhibitors are now standard of care. For the first time, the addition of ctDNA
analysis contributed to the identification of an increased incidence of DDR gene mutations
in patients older than 60 years, in laryngeal primaries, in patients with advanced stage
at diagnosis and in patients with tumors previously treated with chemotherapy and/or
radiotherapy, while the incidence was found significantly decreased in oropharyngeal
cancer and in HPV-positive patients. Patients with DDR gene mutations in ctDNA rather
than tDNA had significantly worse prognoses, with more advanced disease burden at
the end of the study and with decreased overall survival in univariate analysis and in
Cox proportional hazard regression models adjusted for statistically and/or clinically
significant variables. These results are expected to prompt further clinical investigations
with NGS-guided PARP inhibitors for the treatment of HNSCC.

Author Contributions: Conceptualization, M.P,, W.Z.,, CM.F, U.T,, TLJ.,, RB.D.J. and KM.B;
Methodology, HL.W., M.P, RB.D.J., A.TE. and KM.B,; investigation, H.L.W., KM.B., ATE, AA,,
AHS.,MP,KS., RM.P.and ].W.L.; formal analysis, R.B.D.J.; data curation, M.P., A.A., H.L.W., KM.B.
and A.T.E,; writing—original draft preparation, KM.B., A.T.E, M.].P. and M.P; writing—review and
editing, KM.B., ATF, M.P, AHS, AA,KS, JWL., CME, RM.P. and M.J.P. visualization, KM.B.,
A.TF. and M.P; supervision, M.P,, T.L.]., W.Z. and C.M.E. All authors have read and agreed to the
published version of the manuscript.

Funding: Biostatistical and bioinformatics services were supported by the Comprehensive Can-
cer Center of Wake Forest University National Cancer Institute Cancer Center Support Grant
P30CA012197. Cristina M. Furdui and Mercedes Porosnicu’s effort was partly supported by NIH/NCI
U01 CA215848.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Wake Forest School of Medicine Institutional Review
Board (IRB00057787).

Informed Consent Statement: Patient consent was waived in this retrospective study, as the re-
search involved no risk for participants, and waiving consent did not adversely affect the subjects.
Furthermore, all data was completely deidentified from time of its collection from the electronic
medical record.

Data Availability Statement: The datasets analyzed are available from the corresponding author
upon request.

Conflicts of Interest: The authors declare no conflict of interest. No outsider funding source con-
tributed to this research and therefore there was no conflict of interest from a funding source.



Cancers 2021, 13,3118 18 of 19

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Hoesli, R.C.; Ludwig, M.L.; Michmerhuizen, N.L.; Rosko, A.].; Spector, M.E.; Brenner, J.C.; Birkeland, A.C. Genomic sequencing
and precision medicine in head and neck cancers. Eur. J. Surg. Oncol. 2017, 43, 884-892. [CrossRef]

Agrawal, N.; Frederick, M.].; Pickering, C.R.; Bettegowda, C.; Chang, K; Li, R].; Fakhry, C.; Xie, T.-X.; Zhang, J.; Wang, J. Exome
sequencing of head and neck squamous cell carcinoma reveals inactivating mutations in NOTCH1. Science 2011, 333, 1154-1157.
[CrossRef] [PubMed]

Stransky, N.; Egloff, A.M.; Tward, A.D.; Kostic, A.D.; Cibulskis, K.; Sivachenko, A.; Kryukov, G.V.; Lawrence, M.S.; Sougnez, C.;
McKenna, A. The mutational landscape of head and neck squamous cell carcinoma. Science 2011, 333, 1157-1160. [CrossRef]
[PubMed]

Alsahafi, E.; Begg, K.; Amelio, I.; Raulf, N.; Lucarelli, P.; Sauter, T.; Tavassoli, M. Clinical update on head and neck cancer:
Molecular biology and ongoing challenges. Cell Death Dis. 2019, 10, 1-17. [CrossRef]

Suh, Y.; Amelio, I.; Urbano, T.G.; Tavassoli, M. Clinical update on cancer: Molecular oncology of head and neck cancer. Cell Death Dis.
2014, 5, €1018. [CrossRef]

Lawrence, M.S.; Sougnez, C.; Lichtenstein, L.; Cibulskis, K.; Lander, E.; Gabriel, S.B.; Getz, G.; Ally, A.; Balasundaram, M.; Birol, I.
Comprehensive genomic characterization of head and neck squamous cell carcinomas. Nature 2015, 517, 576-582.

Kim, M.P,; Lozano, G. Mutant p53 partners in crime. Cell Death Differ. 2018, 25, 161-168. [CrossRef]

Kang, H.; Kiess, A.; Chung, C.H. Emerging biomarkers in head and neck cancer in the era of genomics. Nat. Rev. Clin. Oncol.
2015, 12, 11. [CrossRef] [PubMed]

Gipson, B.J.; Robbins, H.A.; Fakhry, C.; D'Souza, G. Sensitivity and specificity of oral HPV detection for HPV-positive head and
neck cancer. Oral Oncol. 2018, 77, 52-56. [CrossRef]

Nemajerova, A.; Amelio, I.; Gebel, J.; Dotsch, V.; Melino, G.; Moll, U.M. Non-oncogenic roles of TAp73: From multiciliogenesis to
metabolism. Cell Death Differ. 2018, 25, 144-153. [CrossRef] [PubMed]

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]

Si, H.; Lu, H.; Yang, X.; Mattox, A.; Jang, M.; Bian, Y.; Sano, E.; Viadiu, H.; Yan, B.; Yau, C. TNF-a modulates genome-wide
redistribution of ANp63c/TAp73 and NF-«kB cREL interactive binding on TP53 and AP-1 motifs to promote an oncogenic gene
program in squamous cancer. Oncogene 2016, 35, 5781-5794. [CrossRef]

Castellanos, M.R.; Pan, Q. Novel p53 therapies for head and neck cancer. World ]. Otorhinolaryngol. Neck Surg. 2016, 2, 68-75.
[CrossRef]

Johnson, EM.; Janku, E; Lee, ].J.; Schmitz, D.; Streefkerk, H.; Frederick, M. Single-Arm Study of Bimiralisib in Head and Neck
Squamous Cell Carcinoma (HNSCC) Patients (pts) Harboring NOTCH1 Loss of Function (LOF) Mutations. 2020. Available
online: https:/ /ascopubs.org/doi/abs/10.1200/JC0O.2020.38.15_suppl. TPS6590 (accessed on 24 March 2021).

Wilson, H.L.; D’Agostino, R.B., Jr.; Meegalla, N.; Petro, R.; Commander, S.; Topaloglu, U.; Zhang, W.; Porosnicu, M. The
Prognostic and Therapeutic Value of the Mutational Profile of Blood and Tumor Tissue in Head and Neck Squamous Cell
Carcinoma. Oncologist 2020. Available online: https:/ /theoncologist.onlinelibrary.wiley.com/doi/pdfdirect/10.1002/onco.13573
(accessed on 24 March 2021). [CrossRef]

Pommier, Y.; O’Connor, M.].; De Bono, J. Laying a trap to kill cancer cells: PARP inhibitors and their mechanisms of action. Sci.
Transl. Med. 2016, 8, 362ps17. [CrossRef]

Nichols, A.C.; Yoo, J.; Palma, D.A.; Fung, K.; Franklin, ]. H.; Koropatnick, J.; Mymryk, J.S.; Batada, N.N.; Barrett, ]. W. Frequent
mutations in TP53 and CDKN2A found by next-generation sequencing of head and neck cancer cell lines. Arch. Otolaryngol. Neck
Surg. 2012, 138, 732-739. [CrossRef]

Rodriguez, A.; D’Andrea, A. Fanconi anemia pathway. Curr. Biol. 2017, 27, R986-R988. [CrossRef] [PubMed]

de Bono, J.; Mateo, J.; Fizazi, K; Saad, E; Shore, N.; Sandhu, S.; Chi, K.N.; Sartor, O.; Agarwal, N.; Olmos, D.; et al. Olaparib for
Metastatic Castration-Resistant Prostate Cancer. N. Engl. . Med. 2020, 382, 2091-2102. [CrossRef]

Lombardi, A.J.; Hoskins, E.E.; Foglesong, G.D.; Wikenheiser-Brokamp, K.A.; Wiesmdiller, L.; Hanenberg, H.; Andreassen, P.R.;
Jacobs, A.].; Olson, S.B.; Keeble, W.W. Acquisition of relative interstrand crosslinker resistance and PARP inhibitor sensitivity in
fanconi anemia head and neck cancers. Clin. Cancer Res. 2015, 21, 1962-1972. [CrossRef] [PubMed]

Karam, S.D.; Reddy, K,; Blatchford, PJ.; Waxweiler, T.; DeLouize, A.M.; Oweida, A.; Somerset, H.; Marshall, C.; Young, C.; Davies,
K.D. Final report of a phase I trial of olaparib with cetuximab and radiation for heavy smoker patients with locally advanced
head and neck cancer. Clin. Cancer Res. 2018, 24, 4949-4959. [CrossRef] [PubMed]

De Haan, R.; Van Werkhoven, E.; Van Den Heuvel, M.M.; Peulen, HM.U.; Sonke, G.S.; Elkhuizen, P.; Van Den Brekel, M.\W.M.;
Tesselaar, M.E.T.; Vens, C.; Schellens, ].H.M. Study protocols of three parallel phase 1 trials combining radical radiotherapy with
the PARP inhibitor olaparib. BMC Cancer 2019, 19, 901. [CrossRef]

Jelinek, M.].; Foster, N.R.; Zoroufy, A ].; Schwartz, G.K.; Munster, PN.; Seiwert, T.Y.; de Souza, ].A.; Vokes, E.E. A phase I trial
adding poly (ADP-ribose) polymerase inhibitor veliparib to induction carboplatin-paclitaxel in patients with head and neck
squamous cell carcinoma: Alliance A091101. Oral Oncol. 2021, 114, 105171. [CrossRef] [PubMed]

Schwaederle, M.; Chattopadhyay, R.; Kato, S.; Fanta, P.T.; Banks, K.C.; Choi, 1.S.; Piccioni, D.E.; Ikeda, S.; Talasaz, A.; Lanman, R.B.
Genomic alterations in circulating tumor DNA from diverse cancer patients identified by next-generation sequencing. Cancer Res.
2017, 77, 5419-5427. [CrossRef]


http://doi.org/10.1016/j.ejso.2016.12.002
http://doi.org/10.1126/science.1206923
http://www.ncbi.nlm.nih.gov/pubmed/21798897
http://doi.org/10.1126/science.1208130
http://www.ncbi.nlm.nih.gov/pubmed/21798893
http://doi.org/10.1038/s41419-019-1769-9
http://doi.org/10.1038/cddis.2013.548
http://doi.org/10.1038/cdd.2017.185
http://doi.org/10.1038/nrclinonc.2014.192
http://www.ncbi.nlm.nih.gov/pubmed/25403939
http://doi.org/10.1016/j.oraloncology.2017.12.008
http://doi.org/10.1038/cdd.2017.178
http://www.ncbi.nlm.nih.gov/pubmed/29077094
http://doi.org/10.1172/JCI59889
http://www.ncbi.nlm.nih.gov/pubmed/22833868
http://doi.org/10.1038/onc.2016.112
http://doi.org/10.1016/j.wjorl.2016.05.005
https://ascopubs.org/doi/abs/10.1200/JCO.2020.38.15_suppl.TPS6590
https://theoncologist.onlinelibrary.wiley.com/doi/pdfdirect/10.1002/onco.13573
http://doi.org/10.1002/onco.13573
http://doi.org/10.1126/scitranslmed.aaf9246
http://doi.org/10.1001/archoto.2012.1558
http://doi.org/10.1016/j.cub.2017.07.043
http://www.ncbi.nlm.nih.gov/pubmed/28950089
http://doi.org/10.1056/NEJMoa1911440
http://doi.org/10.1158/1078-0432.CCR-14-2616
http://www.ncbi.nlm.nih.gov/pubmed/25609062
http://doi.org/10.1158/1078-0432.CCR-18-0467
http://www.ncbi.nlm.nih.gov/pubmed/30084837
http://doi.org/10.1186/s12885-019-6121-3
http://doi.org/10.1016/j.oraloncology.2020.105171
http://www.ncbi.nlm.nih.gov/pubmed/33513474
http://doi.org/10.1158/0008-5472.CAN-17-0885

Cancers 2021, 13,3118 19 of 19

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Dubot, C.; Bernard, V.; Sablin, M.P.; Vacher, S.; Chemlali, W.; Schnitzler, A.; Pierron, G.; Rais, K.A.; Bessoltane, N.; Jeannot, E.
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]

Heeke, A.L.; Pishvaian, M.].; Lynce, E; Xiu, J.; Brody, ].R.; Chen, W.-].; Baker, T.M.; Marshall, J.L.; Isaacs, C. Prevalence of
homologous recombination-related gene mutations across multiple cancer types. J[CO Precis. Oncol. 2018, 2, 1-13. [CrossRef]
Seiwert, T.Y.; Zuo, Z.; Keck, M.K,; Khattri, A.; Pedamallu, C.S.; Stricker, T.; Brown, C.; Pugh, T.J.; Stojanov, P.; Cho, J. Integrative
and comparative genomic analysis of HPV-positive and HPV-negative head and neck squamous cell carcinomas. Clin. Cancer Res.
2015, 21, 632-641. [CrossRef] [PubMed]

Chung, C.H.; Guthrie, V.B.; Masica, D.L.; Tokheim, C.; Kang, H.; Richmon, J.; Agrawal, N.; Fakhry, C.; Quon, H.; Subramaniam, R.M.
Genomic alterations in head and neck squamous cell carcinoma determined by cancer gene-targeted sequencing. Ann. Oncol. 2015,
26, 1216-1223. [CrossRef]

Aung, K.L.; Siu, L.L. Genomically personalized therapy in head and neck cancer. Cancers Head Neck 2016, 1, 1-10. [CrossRef]
Holcomb, A J.; Brown, L.; Tawfik, O.; Madan, R.; Shnayder, Y.; Thomas, S.M.; Wallace, N.A. DNA repair gene expression is
increased in HPV positive head and neck squamous cell carcinomas. Virology 2020, 548, 174-181. [CrossRef] [PubMed]

Qin, T;; Zhang, Y.; Zarins, K.R.; Jones, T.R,; Virani, S.; Peterson, L.A.; McHugh, ].B.; Chepeha, D.; Wolf, G.T.; Rozek, L.S. Expressed
HNSCC variants by HPV-status in a well-characterized Michigan cohort. Sci. Rep. 2018, 8, 1-11. [CrossRef] [PubMed]

Bold, I.T.; Specht, A.-K.; Droste, C.E; Zielinski, A.; Meyer, F.; Clauditz, T.S.; Miinscher, A.; Werner, S.; Rothkamm, K.; Petersen, C.
DNA Damage Response during Replication Correlates with CIN70 Score and Determines Survival in HNSCC Patients. Cancers
2021, 13, 1194. [CrossRef] [PubMed]

Galot, R.; van Marcke, C.; Helaers, R.; Mendola, A.; Goebbels, R.-M.; Caignet, X.; Ambroise, J.; Wittouck, K.; Vikkula, M.;
Limaye, N. Liquid biopsy for mutational profiling of locoregional recurrent and /or metastatic head and neck squamous cell
carcinoma. Oral Oncol. 2020, 104, 104631. [CrossRef] [PubMed]

Psyrri, A.; Papaxoinis, G.; Gavrielatou, N.; Gkotzamanidou, M.; Economopoulou, P.; Kotsantis, I.; Spathis, A.; Anastasiou, M.;
Gkolfinopoulos, S.; Nifora, M. Molecular Correlates of Response to Preoperative Olaparib Alone or with Cisplatin or with
Durvalumab in Head and Neck Squamous Cell Carcinoma (HNSCC): A Hellenic Cooperative Oncology Group Study. 2020.
Available online: https:/ /ascopubs.org/doi/abs/10.1200/JC0O.2020.38.15_suppl.6556 (accessed on 24 March 2021).

Yasukawa, M.; Fujihara, H.; Fujimori, H.; Kawaguchi, K.; Yamada, H.; Nakayama, R.; Yamamoto, N.; Kishi, Y.; Hamada, Y.;
Masutani, M. Synergetic effects of PARP inhibitor AZD2281 and cisplatin in oral squamous cell carcinoma in vitro and in vivo.
Int. ]. Mol. Sci. 2016, 17, 272. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ejca.2017.12.016
http://doi.org/10.1200/PO.17.00286
http://doi.org/10.1158/1078-0432.CCR-13-3310
http://www.ncbi.nlm.nih.gov/pubmed/25056374
http://doi.org/10.1093/annonc/mdv109
http://doi.org/10.1186/s41199-016-0004-y
http://doi.org/10.1016/j.virol.2020.07.004
http://www.ncbi.nlm.nih.gov/pubmed/32838940
http://doi.org/10.1038/s41598-018-29599-w
http://www.ncbi.nlm.nih.gov/pubmed/30061624
http://doi.org/10.3390/cancers13061194
http://www.ncbi.nlm.nih.gov/pubmed/33801877
http://doi.org/10.1016/j.oraloncology.2020.104631
http://www.ncbi.nlm.nih.gov/pubmed/32169746
https://ascopubs.org/doi/abs/10.1200/JCO.2020.38.15_suppl.6556
http://doi.org/10.3390/ijms17030272
http://www.ncbi.nlm.nih.gov/pubmed/26927065

	Introduction 
	Materials and Methods 
	Results 
	Patient Characteristics 
	Sequencing Results. Prevalence of Mutations in DDR Genes in Study Population 
	Pathogenic and Presumed Pathogenic Mutations 
	Targetable Mutations 
	Prevalence of DDR Gene Mutations across Demographic Groups 
	HPV and Smoking Status and the Prevalence of DDR Genes Mutations 
	Survival Analysis 
	Prognostic Value of Presence of ctDNA Mutations in DDR Genes 
	Prognostic Value of Presence of tDNA Mutations in DDR Genes 
	Prognostic Value of Presence of tDNA and/or ctDNA Mutations in DDR Genes 

	Discussion 
	Conclusions 
	References

