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Abstract: Synchronous primary malignancies occur in a small proportion of head and neck squamous
cell carcinoma (HNSCC) patients. Here, we analysed three synchronous primaries and a recurrence
from one patient by comparing the genomic and transcriptomic profiles among the tumour sam-
ples and determining the recurrence origin. We found remarkable levels of heterogeneity among
the primary tumours, and through the patterns of shared mutations, we traced the origin of the
recurrence. Interestingly, the patient carried germline variants that might have predisposed him to
carcinogenesis, together with a history of alcohol and tobacco consumption. The mutational signature
analysis confirmed the impact of alcohol exposure, with Signature 16 present in all tumour samples.
Characterisation of immune cell infiltration highlighted an immunosuppressive environment in all
samples, which exceeded the potential activity of T cells. Studies such as the one described here
have important clinical value and contribute to personalised treatment decisions for patients with
synchronous primaries and matched recurrences.

Keywords: synchronous multiple primary malignancies; recurrent head and neck squamous cell
carcinoma (HNSCC); somatic single nucleotide variants; germline variants; immune cell infiltration;
whole exome sequencing (WES); RNA sequencing (RNA-seq)

1. Introduction

Head and neck squamous cell carcinomas (HNSCCs) are associated with smoking and
alcohol intake, with human papillomavirus (HPV) infection accounting for the increasing
incidence of oropharyngeal cancer [1]. Patients with HNSCC are also at elevated risk of
second primary malignancies. Metachronous second primary malignancies (occurring more
than six months after diagnosis of the index HNSCC) occur in 20% to 30% of HNSCC
patients [2—4]. This is most likely due to field change cancerisation from long-term tobacco
or alcohol exposure, which may induce mucosal changes associated with premalignant
disease, as well as increased cancer frequency in the mucosal sites of the head and neck,
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lung, and oesophagus [2—4]. Patients with index HPV-associated cancers (such as cervix or
anal SCC) also have a significantly higher risk of oropharyngeal HPV-associated second
primary cancers [5]. Synchronous primary malignancies (SPMs; occurring within six months
from the diagnosis of the first primary cancer) are instead present in a smaller proportion
of patients, around 1% to 6% of patients with newly diagnosed HNSCC [2—4]. The risk of
developing SPMs varies depending on the index HNSCC subsite: among the HNSCC sub-
sites, oropharyngeal cancers carry the lowest risk of SPMs compared to non-oropharyngeal
SCC, despite a rising incidence of oropharyngeal SCC due to HPV infection [5,6]. In the
presence of multiple synchronous primary tumours, treatment plans and the sequence of
appropriate therapies for each primary tumour may need to be modified, especially if they
occur at different sites (e.g., oral cavity and lung) [5,6].

Here, we report a case of a male patient with three synchronous primary HNSCCs,
who underwent resection of all three cancers without adjuvant postoperative radiotherapy,
but subsequently presented with local and distant recurrences. We performed a compre-
hensive whole-exome and RNA sequencing experiment of the three primary tumours and
the local recurrence: with this, we assessed the heterogeneity among the primary tumours
and ascertained the origin of the recurrence, as well as determined the presence of germline
variants that could have predisposed the patient to develop multiple malignancies.

Case Description

The patient was a male with a long history of heavy smoking and high alcohol intake
(Figure 1a). He presented with three synchronous primary tumours in October 2013 at
the age of 68 and underwent three biopsies: primary tumour 1 (referred here as T1) from
the right soft palate, primary tumour 2 (T2) from the left tongue, and primary tumour
3 (T3) from the posterior pharyngeal wall. Clinically, the three primary tumours were
SCCs in three separate locations, and all were p16 negative, as determined by immuno-
histochemistry (IHC) carried out as part of the standard of care. The patient underwent a
resection of all three primary tumours in December 2013. The resected sample from the
right soft palate (T1) showed squamous epithelial dysplasia but several islands of moder-
ately differentiated SCC towards the posterior pole, stage pTINOMO (pR1 resection). The
resected sample from the left tongue hemiglossectomy with neck dissection (T2) showed a
large ulcero-infiltrative invasive moderately /poorly differentiated SCC, stage pT3N2cMO
(pRO resection). The resected sample from the posterior pharyngeal wall (T3) showed
central severe dysplastic surface squamous epithelium with islands of early invasive, well-
differentiated SCC pT1INOMO (pRO resection). The patient did not receive any adjuvant
postoperative radiotherapy or chemoradiation. He subsequently presented in February
2015 with a large recurrence of the left posterior tongue abutting mandible (referred here
as R1) and involving the lateral pharyngeal wall encircling external carotid artery with
multiple left neck lymphadenopathy and mediastinal/pleural nodules. He underwent
a course of palliative cisplatin and fluorouracil (5FU) chemotherapy but progressed. A
biopsy of the recurrent tumour R1 (also p16 negative) was taken in July 2015 while the
patient was having chemotherapy before the patient succumbed to the disease and died
in 2015.
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Figure 1. Patient history and genomic landscape of somatic mutations. (a) Patient’s timeline of

diagnosis, treatment, and recurrence. (b) The Venn diagram shows the number of somatic single

nucleotide variants (sSNVs—both synonymous and non-synonymous) identified from WES data in

each of primary tumours T1, T2, T3, and recurrent tumour R1 and any shared mutations (left). (c)

Absolute exposure of the mutational signatures detected in T1, T2, T3, and R1 is shown, along with
selected biological associations. RT = radiotherapy, 5FU = fluorouracil.

2. Methods
2.1. Patient Samples

Biopsies and resected samples from the three primary tumours and the recurrence,
together with the patient’s buffy coat, were obtained from the University of Birmingham
Biobank (patient previously consented through Accelerated programme, Research Ethics
Committee West Midlands ref. 14/YH/1101). The tumour samples were conserved as
formalin-fixed paraffin-embedded (FFPE) blocks. The resected tumour samples were
subsequently not used for next-generation sequencing analysis due to low tumour content
in T1 and T3. All the samples used for analysis here were from biopsy samples. R1 was
collected while the patient was receiving palliative chemotherapy, as indicated in the Case

description above.
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2.2. Next-Generation Sequencing Data

Sections of the FFPE blocks were subjected to DNA extraction using the Maxwell
FFPE DNA kit and following the manufacturer’s instructions. Matched normal DNA was
extracted from the buffy coat of the patient using the Qiagen Blood and Tissue Kit. Exome
capture libraries were prepared in duplicates from the DNA of the tumour and normal
DNA samples using the SureSelect Human All Exon V6 kit (Agilent) and sequenced paired-
end 2 x 50 nt on an [llumina NovaSeq 6000. RNA was extracted from the tumour samples
with the FFPE Clear Kit from AmpTech. Using 130 to 814 ng input RNA, libraries were
prepared with the Illumina TruSeq RNA Library Prep Kit V2 and sequenced paired-end
2 x 50 nt on an Illumina HiSeq 2500.

2.3. Bioinformatic Data Processing

Exome-seq data. The whole-exome sequencing (WES) reads from tumour and nor-
mal samples were aligned to the human reference genome hgl9 with bwa 0.7.10 [7],
and duplicate reads were flagged with MarkDuplicates from the Picard Tools suite 1.110
(http:/ /broadinstitute.github.io/picard/, accessed on accessed 12/02/2019). Somatic sin-
gle nucleotide variants (sSN'Vs—also called here “somatic mutations”) were identified
with an established mutation detection process [8], which compares the sequencing data
from the tumour and the normal sample of the patient. In addition to a list of sSSNVs, the
programme also generates a list of candidate mutation sites and an estimate of the purity of
the tumour samples. Replicate libraries are incorporated explicitly into the mutation calling
process by testing both the sum of replicates and replicates separately for the existence of a
somatic mutation and computing a combined result. The genomic positions of the somatic
mutations were overlapped with the UCSC known genes transcript coordinates in order to
associate the sSSNVs with genes and potential amino acid sequence changes.

The overlap of sSNVs among tumour samples was then evaluated in R 3.5.1 [9] to
quantify the fraction of somatic mutations unique to each primary sample, to the recurrence
or shared between these. To avoid false negatives, the sSSNVs detected in each tumour
sample were grouped, and for each of these, we verified its presence in the list of candidate
mutation sites of the remaining tumour samples. If the sSSNV was also not present in this
list, we proceeded to inspect the sequencing reads aligning at the mutation position: if the
depth was >50 and the variant allele frequency (VAF) was < 0.01, the sSNV was considered
absent in the specific tumour sample; if the depth was > 50 and VAF was > 0.02, the sSSNV
was considered present, while if these conditions were not satisfied we excluded the sSNV
from the analysis.

Based on the final sSNV lists, COSMIC mutational signatures (v2—March 2015) were
calculated for each tumour sample using the R package YAPSA [10]. The WES data
were analysed with Control-FREEC v11.5 [11] to obtain copy number (CN) information
from the tumour samples. We used the parameter values recommended for this type of
sequencing data and provided a genome mappability file (downloaded from https:/ /xfer.
curie.fr/get/fdwcA3QfU5a/GEM_mapp_hg19.tar.gz (accessed on 10 March 2021)) and the
tumour content estimated via histological inspection (Table 1) as additional parameters.
Consistency in the results obtained from the two WES replicates and similarity among CN
profiles of different tumour samples was evaluated by calculating Spearman’s correlation
coefficients between the median ratios (tumour/normal) output by the program.
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Table 1. Clinical, sequencing and histological profile of samples investigated in this study. Sample
type, number of sSSN'Vs (total number and non-synonymous sSNVs in parentheses) detected in the
WES data, tumour purity estimated by the mutation detection pipeline, tumour area, and tumour
nuclei from the histological inspection are shown for each sample.

All sSNVs
Sample Type (Non- Purity Tumour Tumour
Area (%) Nuclei (%)
Synonymous)
Primary T1 Biopsy 143 (101) 0.18 20 35
Primary T2 Biopsy 125 (78) 0.16 40 40
Primary T3 Biopsy 122 (74) 0.68 80 80
Recurrence R1 Biopsy 217 (147) <0.64 90 90

Germline variants were called from the normal sample with DeepVariant 0.9.0 [12],
comparing the patient’s sequence to the human reference genome hgl19. The vcf files
obtained from the replicate WES libraries were filtered separately with custom scripts and
beftools 1.9 [13], retaining only the variants detected in exons, with FILTER information
equal to “PASS” and covered by at least eight reads. Mutations with coverage higher
than the 99% quantile of the depth distribution were removed to exclude potentially
paralogous sites, as were also those with a QUAL value lower than 20. The vcf files were
then merged with bcftools 1.9 (merge command) [13]. Multi-allelic sites were filtered
out, while variants found only in one of the two replicates were retained. The final set
of mutations was annotated with SnpEff 4.3t [14] using only canonical transcripts and
ANNOVAR 2018Apr16 [15]. To focus on a smaller set of relevant mutations, we retained
only those affecting genes included in the cancer gene list from OncoKB [16] (downloaded
on 27 September 2019) and having “moderate” or “high” impact, according to SnpEff.
We further excluded the mutations with a minor allele frequency > 0.05 in the Non-
Finnish European population, according to the WES data in gnomAD [17]. When the allele
frequency from WES data was not available, we used the value derived from genome data
in gnomAD.

RNA-seq data. RNA-seq reads were aligned with STAR 2.4.2a [18] to the human
reference genome hg19. Expression analysis was performed with custom Python scripts,
which intersect the UCSC exon coordinates with the read alignments, count the number
of reads, and normalize to RPKM (reads per kilobase of transcript, per million mapped
reads [19]).

Genes overexpressed in the tumour samples were identified by comparing expression
values to those calculated in a cohort of 42 unrelated HNSCC adjacent normal tissue
samples from TCGA, which were analysed with the same expression pipeline used for
the in-house data. A gene was considered overexpressed when its expression was above
10 RPKM and at least 10-fold higher than the median expression of the TCGA adjacent
normal samples. Subsequent Gene Ontology (GO) analysis was performed with the
Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.8 [20,21] to
identify significantly enriched GO terms (Benjamini-Hochberg adjusted p-value < 0.05).

RNA-seq reads were also used as input for quanTIseq, which quantifies the absolute
fractions of immune cells in tumour samples through a novel and validated deconvolution
approach [22]. Results from quanTIseq were used to calculate the ratio between M1 and
M2 macrophages, as well as the percentage of immunosuppressive cell subsets. The latter
was obtained by adding the fractions of regulatory T cells and M2 macrophages, dividing
this number by the total fraction of immune cells in the sample and multiplying times 100
to obtain a percentage.

2.4. Histology and Immunohistochemistry Assays

Three-um FFPE tissue sections were stained with haematoxylin and eosin (H&E).
Briefly, after deparaffinisation and rehydration, sections were incubated in Hemelaum
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(acc. to Mayer) solution for five minutes and counterstained with eosin for two minutes.
Consecutive sections were stained in the Leica BOND Rx autostainer using a mouse anti-
human CD3 antibody (ready to use, Leica Bioscience, PA0553-CN) and a rabbit anti-human
PD-L1 antibody (1:400, Cell Signaling, 13684S). The stainings were detected using BOND
Polymer Refined Detection Kit (Leica, DS9800). Manual multiplexed IHC staining was
performed using tyramide-conjugated Opal fluorophores. After heat-induced epitope
retrieval at 95 °C for 30 min and blocking, the primary antibody rabbit anti-human CD163
(1:500, Cell Signalling, 93498S) was incubated on slides at 4 °C overnight, followed with
horseradish peroxidase (HRP)-conjugated secondary antibody (ready to use, Immunologic,
DPVR-110HRP). The target was then detected with the tyramide-conjugated fluorophore
(Opal 570, 1:250, Akoya Bioscience, FP1488A). A heating step was introduced to deactivate
the primary and secondary antibody complex before incubating the slides with the pri-
mary antibody rabbit anti-human CD68 (1:2000, Cell Signalling, 76437S) for 1 h at room
temperature. The second target was detected with the tyramide-conjugated fluorophore
(Opal 520, 1:250, Akoya Bioscience, FP1487A) after incubation with a secondary antibody.
A heating step was introduced again to deactivate the primary and secondary antibody
complex, followed by counterstaining with DAPI (Akoya Bioscience, FP1490). The micro-
scope images were taken using the Zeiss Axioscanner and Akoya Bioscience Vectra Polaris
scanner microscopes. The examination of the tissue for tumour content and immune cell
infiltration was performed by a board-certified pathologist.

3. Results
3.1. Next-Generation Sequencing Read Number and Depth

We performed WES of the primary tumours, the recurrent tumour, and the matched
normal sample. The tumour samples yielded an average number of 236.77 million read
pairs across replicates and samples (sd 24.10 million), while for the normal sample, the
average was 246.14 million read pairs across replicates (sd 15.61 million). For the tumour
samples, the mean target depth was 295.72 (sd 35.92) with an average fold enrichment of
40.42 (sd 2.10), whereas, for the normal sample, the mean target depth was 277.81 (sd 17.05)
with an average fold enrichment of 35.77 (sd 0.08).

In addition, we performed transcriptome sequencing (RNA-seq) of the tumour sam-
ples and obtained an average of 35.10 million read pairs (sd 4.06 million), with an alignment
rate to hg19 of 96.94% (sd 0.006) and 65.92% (sd 11.42) of the reads aligning to transcripts.

3.2. Somatic Mutations Reveal High Degree of Heterogeneity among Primary Tumours and the
Origin of the Recurrence

The total number of somatic single nucleotide variants (sSSNVs, and the number of
non-synonymous sSNVs), the tumour purity calculated by the mutation calling pipeline,
the percentage of tumour area and nuclei deriving from the histological inspection of
primary and recurrent tumours are reported in Table 1.

The sets of somatic mutations identified in the WES data varied significantly among
the three primary tumours. Only two sSNVs were shared between T1 and T3, namely
a non-synonymous mutation found in TP53 (Y181C) and a synonymous one found in
AX746678 (Figure 1b and Supplementary Table S1a). No common sSNVs were detected
between T2 and the other two primary tumours, suggesting that these three samples
represent SPMs (Figure 1b and Supplementary Table Sla).

R1 affected the left posterior tongue and the lateral pharyngeal wall with multiple
left neck lymphadenopathy and pleural nodules, therefore from a clinical point of view,
it could have originated from any of the three primary tumours. None of the mutations
in the recurrent tumour, however, was found in T1 and T3, whereas 120 mutations were
shared between T2 and R1 (Figure 1b and Supplementary Table S1a). This observation
strongly infers that the recurrent tumour originated from T2. The mutation patterns also
fit with the clinical picture since T2 presented with the most advanced disease (T3N2cM0)
compared to T1 and T3 (both TINOMO at presentation).
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We evaluated if CN estimates could also contribute to determining the origin of the
recurrence. The results were consistent across the WES replicates: correlation coefficients
among the median ratios of the two replicates were very high for T2, T3, and R1 (rho = 0.904,
0.900, 0.975, respectively; p-value < 2.2 x 10~16), while the correlation was lower for T1
(tho = 0.766, p-value < 2.2 x 10~16; Supplementary Figure S1). As can be observed from
the heat map, the CN profile of R1 was most closely related to the one of T2, while T1 and
T3 formed separate clusters (Supplementary Figure S1). This result provided additional
support for the origin of R1 from primary T2. However, given the uncertainty in CN
estimation for sample T1, it is advisable to interpret these results with caution. Somatic
mutation patterns provided, therefore, more compelling evidence to ascertain the origin
of R1.

Among the sSNVs shared by T2 and R1, 75 were non-synonymous (Supplementary
Table Sla), and many of these were found in genes with either oncogenic or tumour
suppressor function in various cancers (Figure 2a and Supplementary Table S1b). For the
genes with known roles in tumour suppression (e.g., LRRC4C, ERGIC2, GJA9, PHLPP2,
and SERPINI2) or oncogenic function if upregulated (e.g., KLC2, P2RY2, ESPL1, INF2,
ARHGAP33, ENPP3, and FAM166B), we report the gene expression values of the three
primary tumours and recurrent tumour (Supplementary Table S2a), but we did not observe
evident differences between them. Mutations shared between T2 and R1 were also found in
DNA damage response genes, such as ATM (H2887L), EDC4 (H966Q—known to interact
with BRCA1 [23]), and ATRX (Y1847C; Figure 2a and Supplementary Table S1b). In
these cases as well, no obvious difference in gene expression could be observed in the
three primary tumours and the recurrent tumour (Supplementary Table S2a). The list of
mutations shared between T2 and R1 also included non-synonymous sSNVs detected in
genes involved in innate and adaptive immunity, such as C150rf53, CPAMDS, ZCCHC(11,
and IL27RA (Figure 2a and Supplementary Table S1b).

a // Tumour suppressori
oncogene

Tumour proliferation

Immunity

and invasion

DMA damage
response

/" T2andR1

b Double-strand Oncogenic Metastatic
repair transformation potential

T2

e
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Figure 2. Overview of the main biological processes in which mutated genes are involved, shown for
the somatic mutations shared between T2 and R1 (a), those unique to T2 (b), and for the germline vari-
ants (c). For more details, see Supplementary Tables S1b, Slc, and S4b, respectively. EMT = epithelial-
mesenchymal transition.
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Five mutations were unique to T2, not being detected in R1, T1, or T3 (Figure 1b).
Three of these were non-synonymous mutations, namely those affecting EGFLS8 and the
read-through PPT2-EGFLS (L288F), BRD2 (R511Q), and CDYL (E459V), while the other two
(detected in FNDC4 and FREM1) were synonymous mutations (Supplementary Tables Sla
and Slc). Both EGFL8 and CDYL genes were described as tumour suppressors, while BRD2
is involved in DNA double-strand repair, interacts with RUNX3, and affects p53 stability,
thus influencing their efficiency as tumour suppressors (Figure 2b and Supplementary
Table Slc). There was, however, no clear difference in the expression of these genes among
the four tumour samples (Supplementary Table S2a).

Furthermore, 97 mutations (of which 72 are non-synonymous) were detected in R1
but not in T2 (Figure 1b and Supplementary Table Sla). Many of the mutated genes, such
as NOX4 [24] and PPP1R1A [25], have been implicated in tumour progression and/or
metastasis.

Regarding the sSNVs detected only in the other primaries, 141 were found in T1 alone
(Figure 1b; Supplementary Table Sla), affecting genes such as PRDM9 and TET2, which
play a role in DNA repair [26,27], as well as VEGFB, MLL, STAT3, and STAT4, which could
play key roles in immune regulation [28-31]. In addition, T3 had 120 mutations not found
in the other tumours (Figure 1b; Supplementary Table S1a), including, for example, variants
in ILF2 and IL7R, which regulate immune function [32,33], and in EP400 and POU2F1,
which contribute to DNA repair mechanisms [34,35].

3.3. Germline Variants Indicate Cancer Predisposition in the Patient

We analysed the germline variants of the patient to investigate his genetic predisposi-
tion to develop SPMs. In the replicate WES libraries of the normal sample, DeepVariant
identified 571,907 and 465,016 potential variants, respectively. After the filtering steps, we
retained 34,026 variants, which were annotated with SnpEff and ANNOVAR (see Methods
section). Of these, 1837 germline variants were found in the OncoKB cancer genes, and 449
were annotated as having “moderate” or “high” impact (Supplementary Table S3). BRCA1
and BRCA2, as well as PTEN variants, were found in this list (Supplementary Table S3),
but their frequency in the Non-Finnish European population is >0.05, and they are thus
likely benign, as also suggested by the ClinVar annotation. These variants, together with
the others frequently occurring in the non-Finnish European population, were therefore
filtered out to obtain a final set of 41 germline variants (Supplementary Table S4a). Of
these, several are found in genes involved in DNA damage response and double-strand
DNA repair mechanisms, including MCL1, ATR, KMT2C, and CBLC, indicating genomic
instability and cancer predisposition (Supplementary Table S4b). A few genes affected
by germline variants were previously found to be involved in familial cancers, such as
PARK2 [36] and WIF1 [37], while others are known to be tumour suppressor genes involved
in the p53 pathway, including LEF1, NUMA1, BUB1B/BUBR1, CARM1, EP300, GTSE1 and
MYH?9 (Supplementary Table S4b). In addition, we also found germline variants in genes
regulating immune response and immune surveillance, including IKZF3, TYK2, and CD22
(Supplementary Table S4b).

3.4. Mutational Signature Analysis Reflects Diverse Mechanisms Involved in Both Tumorigenesis
and Patient History

In the sSNVs detected in R1, we identified mutational signatures 1, 11, 13, 16, and 24,
among which signatures 1, 13, and 16 were shared with T1, signatures 1, 16, and 24 with
T2 and signatures 16 and 24 with T3 (Figure 1c).

Signature 1 is the result of an endogenous mutational process, whereas Signature
24 is related to guanine damage repaired by transcription-coupled nucleotide excision
repair [38,39]. Signature 11 was found only in the recurrent tumour and not in any of the
primary tumours. This signature exhibits a mutational pattern resembling that of alkylating
agents [38,39]. Therefore, its presence in R1 is most likely treatment-related since this
patient received cisplatin and 5FU chemotherapy before the biopsy of R1 was performed.
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In all tumours, including the recurrence, we detected Signature 16, which is associated
with alcohol consumption and has been frequently reported in oesophageal squamous cell
carcinoma, liver cancer, and HNSCC [23], consistent with the patient being a heavy alcohol
drinker. Li and colleagues [40] reported an increased mutational activity of Signature 16
associated with mutations in the genes ZNF750, TP53, and EP300. The association between
TP53 mutation status and Signature 16 was highlighted by a significantly higher fraction of
TP53 T>C mutations in the alcohol group versus the non-alcohol group [40]. In this patient,
a TP53 T>C mutation (Y181C) was found in primary tumours T1 and T3 (Supplementary
Table Sla). In addition, germline variants in EP300 and in other genes affecting p53 function
(e.g., LEF1, NUP98, NUMA1, BUB1B/BUBR1, CARM1, GTSE1, and MYH9Y) were also
detected (Supplementary Table S4b). This could explain the presence of Signature 16 in all
the primary and recurrent tumours.

Signature 13 was found in T1 and R1 (Figure 1c). This signature has been found in
22 cancer types and has been attributed to the activity of the AID/APOBEC family of
cytidine deaminases, which convert cytosine to uracil [38].

Although T2 gave rise to R1, loss of Signatures 7 and 22 occurred between T2 and
R1 (Figure 1c): Signature 7 was previously found in head and neck oral SCC [38], while
Signature 22 was found in cancer samples with known exposures to aristolochic acid,
including liver cancer and urothelial carcinoma [39]. Mutational signatures are calculated
by taking into account the whole spectrum of mutations present in a sample, and those
that best explain the observed patterns are reported. Since R1 had a higher mutational
burden than T2, it is not surprising that Signatures 7 and 22 were not present in R1, in
spite of the remarkable proportion of shared sSNVs between these samples. Among the
four mutational signatures (6, 15, 20, and 26) associated with defective DNA mismatch re-
pair [38], two (20 and 6) were found in primary tumours T1 and T3, respectively, consistent
with DNA repair gene mutations, namely PRDM9 and TET2 [24,25] in T1, and EP400 and
POU2F1 [32,33] in T3, as well as potential genetic predisposition, as described above.

3.5. Heterogeneity across Tumour Samples Is Observed in Gene Expression Patterns

Gene expression in the tumour samples was compared to the expression of a co-
hort of unrelated HNSCC adjacent normal tissue samples in order to identify tumour
overexpressed genes. We identified 631 overexpressed genes, which showed noticeable
heterogeneity in the expression levels across the tumour samples. After visual inspection
of the results, overexpressed genes were thus divided into seven clusters, according to
their expression patterns (Figure 3 and Supplementary Table 52b). Applying unsupervised
clustering, the recurrence R1 was found to be most closely related to primary tumour T2,
also in terms of gene expression.

In the clusters corresponding to genes overexpressed in T3 and in R1, the GO term
analysis revealed significant enrichment for genes related to the differentiation of ker-
atinocytes, consistent with the patient’s tumours being squamous cell carcinoma. Of note,
genes overexpressed in R1 were significantly enriched for metalloendopeptidases (MMPs),
known to promote cancer progression and metastasis (Figure 3).
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Figure 3. Overexpressed genes in the tumour samples. Heat map representation of tumour overex-
pressed genes. RPKM expression values are represented as row Z-scores to highlight differences.
Unsupervised clustering (complete linkage with Euclidean distances) was applied to samples and
genes. Following visual inspection, genes were separated into seven major clusters with sample-
specific expression patterns, as indicated by the vertical dashed line.

3.6. Immune Infiltration in the Tumours Correlates with an Immunosuppressive Environment

As stated above, R1 originated from one specific primary tumour (T2), suggesting
that mechanisms of immunological escape occurred in this particular tumour, favouring
relapse. Therefore, we wanted to characterise the immune cells present in the tumour
samples, and estimate the proportion of the major immune cell subsets from the RNA-seq
data (Figure 4a). Using the quanTIseq pipeline [22], we found a higher level of immune
infiltration in T1 and T2 (32.4% and 35.2% of the samples were represented by immune
cells) compared to T3 and R1 (12.5% and 17.8%, respectively). Histological analysis of
tumour tissues by H&E staining (Figure 4b) confirmed the RNA-seq data: all samples
showed strong immune cell infiltration into the tumour (Figure 4b). Immune cells are
easily recognisable by their highly dense basophilic nuclear staining and by their small
cytoplasmic rim in H&E stainings (insets in Figure 4b). As further validation of the
quanTIseq results, we performed an IHC staining to detect the presence of T cells in the
tumours. T1 and T2 were highly infiltrated by T cells in the tumour and the tumour stroma
(Supplementary Figure S2). In contrast, T3 displayed significantly fewer T cells, which
were also exclusively located in the tumour stroma (Supplementary Figure S2, top right
inset). A lower fraction of T cells were also detected in R1; however, in this sample, there
were fewer T cells infiltrating into the tumour (Supplementary Figure S2, bottom right
inset). Although the IHC staining was performed on a different tissue section from the
tumour sample used for RNA-seq analysis, the IHC images and the quanTIseq results
correlated very well in regards to the fractions of T cells in the tumours.
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Figure 4. Immune cell profile of the tumour samples. (a) The absolute fractions of immune cell types infiltrated in the
primary and in the recurrent tumours, as determined by quanTIseq from RNA-seq reads, are shown. (b) Histological
analysis by H&E staining. Areas with high immune cell infiltration in the tumour are shown in the insets. T1 is a mixture
of squamous cell carcinoma and carcinoma in situ, which is marked by a dashed line (top left). Scale bars: 500 um for
full-size images and 50 um for insets. (c) The ratio of M1/M2 macrophage fractions in the samples, derived from quanTIseq
deconvolution. (d) Immunosuppressive cells (regulatory T cells, M2 macrophages) as a percentage of the total fraction of
infiltrated immune cells.

The quanTIseq analysis also showed high similarity in the type and frequency of
immune cell populations infiltrated in T1 and T2 samples. Although these tumours
displayed high infiltration of CD8+ T cells, NK, and B cells (Figure 4a), thus representing
potentially hot tumours, overall, they showed a strong immunosuppressive environment
with a very high frequency of regulatory T cells, as well as of M2 macrophages. The very
low M1/M2 ratios (0.66 and 0.96, respectively; Figure 4c) implied a strong polarisation
of macrophages to the immunosuppressive M2 phenotype. The macrophage polarisation
was confirmed by multiplexed IHC staining using CD163 marker for M2 polarization
of CD68+ macrophages (Supplementary Figure S3). Overall, immunosuppressive cell
subsets accounted for 53.5% and 37.3% of the immune infiltrates in T1 and T2, respectively
(Figure 4d).

On the contrary, T3 showed opposite immunological features: it displayed remarkably
low local immune suppression (16.4%; Figure 4d), considering the low proportion of
regulatory T cells (Figure 4a), as well as the very high M1/M2 ratio of macrophages (2.22;
Figure 4c and Supplementary Figure S3). In addition, quanTIseq detected CD4+ T cells
and dendritic cells only in the T3 sample, together with a preserved proportion of NK cells,
all inferring a potential anti-tumoural immune response. However, the very low frequency
of CD8+ T cells would not have supported a favourable prognosis.

Interestingly, the R1 sample, described here to originate from T2 and collected after
five months of palliative 5FU chemotherapy, displayed a lower frequency of immuno-
suppressive cell subsets (regulatory T cells and M2 macrophages) among total immune
cells than T2 (27%; Figure 4d) and a comparably high frequency of M1 macrophages com-
pared to M2 macrophages (Figure 4c and Supplementary Figure S3), while still carrying a
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similar fraction of NK cells. In addition, the R1 sample, similarly to T3, showed reduced
proportions of CD8+ T cells and B cells (Figure 4a).

Among the subsets of myeloid cells, the proportion of neutrophils, which is often re-
ferred to as myeloid-derived suppressor cells (MDSC), did not change among the different
samples (Figure 4a), and these cells might have strongly contributed to the local immune
suppression, together with regulatory T cells and M2 macrophages. An additional inves-
tigation should be conducted to properly characterise the heterogeneity of this immune
cell subset.

We also examined the expression levels of specific immunosuppressive molecules in
the RNA-seq data of the primary tumours and the recurrence: PD-L1 (encoded by CD274),
mainly expressed on tumour and myeloid cells, and TIM-3 (HAVRC2) and LAG-3 (LAGS3),
both of which are typically expressed on exhausted T cells. All samples had the detectable
expression of these three genes, with T2 and R1 having higher values than T1 and T3
(Figure 5a). In agreement, IHC staining showed that PD-L1 expression was detectable in
all samples and only highly expressed on the tumour cells in T2 and R1 (Figure 5b). A
characteristic tumour cell pattern of membranous and cytoplasmic staining was visible,
ranging from weak to strong intensity (Figure 5b, insets for T2 and R1). In general, tumour
cells at the invasive margin stained strongest for PD-L1 expression compared to the tumour
cells in the centre. Indeed, most tumour cells in the centre did not express PD-L1. In T1
and T3, PD-L1 expression was observed on tumour-associated immune cells only and
not on the tumour cells (Figure 5b). Of notice, in the T3 sample, background staining
was visible in the mucosal tissue. As shown by RNA-seq, IHC data confirmed the strong
immunosuppressive environment in T2 and R1.

a

PD-L1 cD274 192 7.54 1.74 5:3%
TIM-3 HAVRC2 2.53 7.28 .32 5.16
LAG-3 LAG3 1.36 5.76 0.78 2.95
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Figure 5. Expression of immunosuppressive markers among tumour samples. (a) Expression levels
of genes encoding for the immunosuppressive markers PD-L1, TIM-3, and LAG-3 from RNA-seq
data as RPKM values. (b) PD-L1 expression in each tumour sample as determined by IHC with
anti-PD-L1 antibody on FFPE sections. Insets depict positively stained tumor cells in T2 and R1 and
immune cells in T1 and T3 (see Results). Scale bars: 500 pm for full-size images and 50 pm for insets.

The results reported here describe the intratumoural immune profile by RNA-seq and
histological analyses, showing that this patient was carrying highly immunosuppressive
tumours.

4. Discussion

In this ontological study, we used whole-exome and RNA sequencing to examine het-
erogeneity in the genetic profiles of three synchronous primary cancers and one recurrence
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to describe how tumour heterogeneity within an individual patient confers different molec-
ular and cellular properties that may have ultimately influenced the clinical characteristics
and treatment response observed in the patient.

In the clinical setting, H&E staining and additional immunostaining markers (e.g.,
TP40, TP53, MKI67, and KRT5) are frequently used to assess whether the recurrent tumour
shares any histopathological features with the primary tumour. It would be very difficult,
if not impossible, however, to evaluate the differences between the three primary tumours
and any relation to the recurrence in this particular case using IHC. Nevertheless, using
WES we could illustrate that the three tumours were genetically very different: only two
mutations were found to be shared between primary tumours T1 and T3, and none of their
mutations were shared with primary tumour T2. This heterogeneity was also reflected by
the low correlation among the primary tumour samples in the analysis of copy number
profiles. Moreover, we could show that 120 mutations of the recurrent tumour R1 were
only shared with T2 and not with either of the other primaries, demonstrating that the
recurrence originated from this tumour. This was further supported by the results of the
copy number analysis, where the R1 profile was much closer to that of T2 than to T1 and T3.
These findings indicate that WES is very useful in uncovering the origin of the recurrent
tumour in the case of multiple primary tumours. Notably, we identified a mutation shared
by T2 and R1 in ATM, a gene that is implicated in chemotherapy resistance [41] and
which may have conferred this phenotype to the recurrent tumour. The patient did not, in
fact, respond to first-line platinum-based chemotherapy [41]. Although it is inconclusive
whether this mutation was causative to resistance, our data indicate how such detailed
genetic information may change the management plan for patients affected by several
primary tumours, especially those from different anatomical sites, e.g., SCC of tongue and
lung. This is further underlined by the finding that R1 acquired additional mutations that,
according to their signatures, are at least partially the result of the treatment itself.

Our results are consistent with two studies describing the genomic analysis of mul-
tiple synchronous lung and colorectal cancers [42,43]. These two studies showed that
synchronous primaries in the same patients had distinct genomic profiles, which were
driven by different molecular events and were no more similar to each other than tumours
from different patients [42,43]. In another case report, a divergent EGFR gene profile was
found in a patient who presented with multiple synchronous tumour lesions in separate
lungs [44], although only a limited gene panel was used in this study, and certain actionable
genes might have been missed with this approach. By utilising a limited gene panel testing,
such as the FDA-approved FoundationOne CDx from Foundation Medicine, we would
have detected four sSNVs common to T2 and R1 and no sSNV shared between R1 and
either T1 or T3: although this result would have suggested the origin of the recurrence,
WES analysis afforded an unambiguous and definitive assessment.

The analysis of the patient’s germline landscape revealed several variants in genes
known to be associated with familial cancers, an observation that could partly explain
why this patient developed multiple synchronous primaries. Furthermore, several genes
affected by germline variants are associated with DNA damage sensing and double-strand
repair, potentially conferring a predisposition for a higher mutation rate, which in turn
might have driven the development of three independent tumours. This is also supported
by the presence of mutational signatures 20 and 6 in T1 and T3, respectively, both of which
have been associated with defective DNA mismatch repair [38]. Furthermore, the high
number of individual somatic mutations in genes associated with tumour suppression
indicates that these were acquired independently, giving rise to three primary tumours
with a very different genetic and molecular makeup, as well as a heterogeneous gene
expression landscape. Other germline defects found in genes of the TP53 pathway and
in genes involved in immune function and tumour immune surveillance may also have
contributed to carcinogenesis. Additionally, the long-term tobacco and alcohol exposure
was also likely a major risk factor, reflected by the consistent occurrence of Signature 16
among all tumours, which represents the biggest fraction of somatic mutations (Figure 1c).
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From a therapeutic point of view, the germline variants found in genes involved
in DNA damage response and double-strand repair mechanisms indicate the tumours
could have been sensitive to the treatment with PARP1/2 inhibitors such as olaparib and
niraparib through mechanisms of synthetic lethality [45]. These could have represented
a potential therapeutic option for this patient. In addition, all the tumours had a high
tumour mutational burden, indicating microsatellite instability and that the patient may
have responded well to checkpoint blockage therapies [46]. Checkpoint blockade as a
promising treatment option was also suggested by the higher expression levels of PD-L1,
especially in T2 and R1.

In order to further investigate the immune microenvironment and better understand
its contribution to tumour development and relapse, we applied the quanTIseq decon-
volution pipeline [22] to quantify the immune cell subsets infiltrated into the tumour
samples. Among the three primary tumours, the microenvironment in T2 showed par-
ticularly unfavourable characteristics, such as the high frequency of regulatory T cells,
M2 macrophages and neutrophils (Figure 4a). In combination with the high expression
levels of PD-L1 on tumour cells and of TIM-3 and LAG-3, which are typical markers of
exhausted T cells (Figure 5), taken together, this evidence suggests that T2 had a highly im-
munosuppressive environment. These conditions likely contributed to the tumour immune
escape [47] and favoured the relapse, which occurred 14 months after primary resection.

Based on the quanTIseq analysis, T3 could have had a higher chance of responding to
immunotherapy than T1 and T2, in view of higher M1/M2 macrophages, lower frequency
of regulatory T cells, detectable percentages of dendritic cells and CD4+ T cells, in addition
to a high tumour mutational burden and defective DNA mismatch repair signature [46,48].
The very low frequency of CD8+ T cells in this tumour, however, did not favour a good
prognosis.

This case shows that immunosuppression exerted by regulatory T cells, M2 macrophages,
and neutrophils may have been present in all primary tumours, and would have deter-
mined the failure of an obvious anti-tumour immune response generally conferred by
cytotoxic T cells. A deeper understanding of a potential role, for example, of myeloid-
derived suppressor cells (MDSCs) as a subset of neutrophils in immunosuppression would
require further bioinformatics evaluation.

Interestingly, R1 had a high macrophage M1/M2 ratio, diverging from its origin T2.
This shift of macrophage phenotype towards M1 polarization could be due to the chemother-
apy received by the patient, a phenomenon already described by others [49,50]. Overall, these
immunological observations would thus support the notion that immunotherapy treatment
following chemotherapy could be beneficial for HNSCC patients. On the other hand, R1
had reduced proportions of CD8+ T cells and B cells compared to T2, supporting again the
hypothesis that immune escape might have played a role in the recurrence of this patient.

In the era of cancer multi-omics, our study shows that a comprehensive genomic and
transcriptomic analysis can yield important clinical value, such as contributing to treat-
ment plan revision for some patients with synchronous primaries and matched recurrent
tumours. In a case report of a patient with lethal metastatic prostate cancer, the genomic
analyses of primary cancer and seven matched metachronous metastases showed that the
lethal clone arose from a small focus of low-grade cancer in the primary tumour, but not
from the bulk of higher-grade primary cancer [51]. Our data are in line with previous pa-
tient reports [51,52] and underlines the value of dissecting tumour heterogeneity, mapping
tumour progression, and evolution within individuals: such a deeper understanding of
cancer onset and progression is key to refining personalised immunotherapies. Building a
common database of individual cases would ease the cross-comparison among individuals
and help identify recurring patterns that would advance more robust conclusions on the
diagnosis and progression of synchronous and metachronous tumours [52]. The data from
this particular case specifically highlights how the individual genetic profile of each tumour
drives a clearer understanding of clinical characteristics and response, and in turn, infers
individual treatment efficacy and options.



Int. J. Mol. Sci. 2021, 22, 7583 15 of 17

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22147583/s1.

Author Contributions: U.S. and A K. designed the study. H.M. and A.K. provided the study material.
O.A.-O. and ].B. conducted laboratory analyses. L.B.,, D.W.,C.R, M.L,, V.B,, BS.,0.A.-O., FV, and US.
analysed and interpreted the data. L.B., D.W., EV. and A K. wrote the manuscript, with contributions
and revisions from all authors. The final submitted article was approved by all authors. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by Research Ethics Committee West Midlands (Accelerated
Platform, University of Birmingham as Sponsor, Ethics approval ref. 14/YH/1101).

Informed Consent Statement: The Informed consent was obtained from the patient involved in
this study.

Data Availability Statement: All sequencing data that support the findings of this study have been
deposited at the European Genome-Phenome Archive (http://www.ebi.ac.uk/ega/ (accessed on
10 March 2021)), which is hosted by the European Bioinformatics Institute, and are accessible through
the accession number EGAS00001004857.

Acknowledgments: We thank Karen Chu for proofreading the manuscript and for providing project
management support, together with Ines Schneider and Lisa Bischof. We thank Arbel Tadmor for
helpful discussions and Matthias Gaida for providing feedback on the immunohistochemistry images.
The results shown here are in part based upon data generated by the TCGA Research Network:
https:/ /www.cancer.gov/tcga (accessed on 10 March 2021).

Conflicts of Interest: U.S. and V.B. are employees at BioNTech SE. U.S. is co-founder and shareholder
of TRON, co-founder and CEO of BioNTech SE. A K. received fees for consulting, advisory, speaker’s
roles and/or research funding from PUMA BioTechnology, AstraZeneca, Merck, MSD, Bristol-Myers
Squibb, Avvinity Therapeutics. H.M. has personal financial interests with AstraZeneca, MSD, GSK,
Sanofi Pasteur, Merck, Warwickshire Head Neck Clinic Ltd.; institutional financial interests with
AstraZeneca, GSK PLC, Sanofi Pasteur, MSD, GSK Biologicals, Silence Therapeutics; leadership roles:
Chief of Liteform Trial Steering Committee, Chair of NIMRAD Trial Steering Committee, President
of the British Association of Head Neck Oncologists, Trial Steering Group member of the MRC CTU
Cancer Trials Steering Committee, Council member of the International Association of Oral Oncology,
Director of the Institute for Head Neck Studies and Education, Secretary of the Head Neck Cancer
InterGroup. H.M. is a National Institute for Health Research (NIHR) Senior Investigator. The views
expressed in this article are those of the author(s) and not necessarily those of the NIHR, or the
Department of Health and Social Care. All other authors have no conflict of interest.

References

1.  Vokes, E.E.; Agrawal, N.; Seiwert, T.Y. HPV-Associated Head and Neck Cancer. |. Natl. Cancer Inst. 2015, 107, djv344. [CrossRef]

2. Morris, L.G,; Sikora, A.G.; Hayes, R.B.; Patel, S.G.; Ganly, I. Anatomic sites at elevated risk of second primary cancer after an
index head and neck cancer. Cancer Causes Control 2011, 22, 671-679. [CrossRef] [PubMed]

3. Quer, M,; Diez, S.; Ledn, X,; Orts, C.; Lopez-Pousa, A.; Burgués, J. Second neoplasm in patients with head and neck cancer. Head
Neck 1999, 21, 204-210. [CrossRef]

4.  Sturgis, EM.; Miller, R.H. Second Primary Malignancies in the Head and Neck Cancer Patient. Ann. Otol. Rhinol. Laryngol. 1995,
104, 946-954. [CrossRef]

5. Suk, R;; Mahale, P,; Sonawane, K.; Sikora, A.G.; Chhatwal, ].; Schmeler, K.M.; Sigel, K.; Cantor, S.B.; Chiao, E.Y.; Deshmukh, A.A.
Trends in Risks for Second Primary Cancers Associated with Index Human Papillomavirus—Associated Cancers. JAMA Netw.
Open 2018, 1, €181999. [CrossRef] [PubMed]

6. Jain, K.S,; Sikora, A.G.; Baxi, S.S.; Morris, L.G. Synchronous cancers in patients with head and neck cancer: Risks in the era of
human papillomavirus-associated oropharyngeal cancer. Cancer 2013, 119, 1832-1837. [CrossRef] [PubMed]

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

8. Sahin, U.; Derhovanessian, E.; Miller, M.; Kloke, B.-P; Simon, P.; Lower, M.; Bukur, V.; Tadmor, A.D.; Luxemburger, U.; Schrors, B.;
et al. Personalized RNA mutanome vaccines mobilize poly-specific therapeutic immunity against cancer. Nat. Cell Biol. 2017, 547,
222-226. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms22147583/s1
https://www.mdpi.com/article/10.3390/ijms22147583/s1
http://www.ebi.ac.uk/ega/
https://www.cancer.gov/tcga
https://www.cancer.gov/tcga
http://doi.org/10.1093/jnci/djv344
http://doi.org/10.1007/s10552-011-9739-2
http://www.ncbi.nlm.nih.gov/pubmed/21327458
http://doi.org/10.1002/(sici)1097-0347(199905)21:33.0.co;2-7
http://doi.org/10.1177/000348949510401206
http://doi.org/10.1001/jamanetworkopen.2018.1999
http://www.ncbi.nlm.nih.gov/pubmed/30646145
http://doi.org/10.1002/cncr.27988
http://www.ncbi.nlm.nih.gov/pubmed/23423883
http://doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
http://doi.org/10.1038/nature23003

Int. J. Mol. Sci. 2021, 22, 7583 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2018.

Huebschmann, D.G.Z.; Schlesner, M. YAPSA: Yet Another Package for Signature Analysis; R Package Version 1.12.0; R Foundation
for Statistical Computing: Vienna, Austria, 2019.

Boeva, V.P.T; Bleakley, K.; Chiche, P.; Cappo, ].; Schleiermacher, G.; Janoueix-Lerosey, I.; Delattre, O.; Barillot, E. Control-FREEC:
A tool for assessing copy number and allelic content using next-generation sequencing data. Bioinformatics 2012, 28, 423-425.
[CrossRef]

Poplin, R.; Chang, P-C.; Alexander, D.; Schwartz, S.; Colthurst, T.; Ku, A.; Newburger, D.; Dijamco, J.; Nguyen, N.-P.; Afshar, P.T,;
et al. A universal SNP and small-indel variant caller using deep neural networks. Nat. Biotechnol. 2018, 36, 983-987. [CrossRef]

Li, H. A statistical framework for SNP calling, mutation discovery, association mapping and population genetical parameter
estimation from sequencing data. Bioinformatics 2011, 27, 2987-2993. [CrossRef]

Cingolani, P; Platts, A.; Wang, L.L.; Coon, M.; Nguyen, T.; Wang, L.; Land, S.J.; Lu, X.; Ruden, D.M. A program for annotating
and predicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster strain
w1118; iso-2; iso-3. Fly 2012, 6, 80-92. [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] [PubMed]

Chakravarty, D.; Gao, J.; Phillips, S.M.; Kundra, R.; Zhang, H.; Wang, J.; Rudolph, J.E.; Yaeger, R.; Soumerai, T.; Nissan, M.H.; et al.
OncoKB: A Precision Oncology Knowledge Base. JCO Precis. Oncol. 2017, 1, 1-16. [CrossRef] [PubMed]

Karczewski, K.J.; Francioli, L.C.; Tiao, G.; Cummings, B.B.; Alféldi, J.; Wang, Q.; Collins, R.L.; Laricchia, KM.; Ganna, A.;
Birnbaum, D.P; et al. The mutational constraint spectrum quantified from variation in 141,456 humans. Nature 2020, 581, 434-443.
[CrossRef] [PubMed]

Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T. STAR: Ultrafast
universal RNA-seq aligner. Bioinformatics 2012, 29, 15-21. [CrossRef] [PubMed]

Mortazavi, A.; Williams, B.; McCue, K.; Schaeffer, L.; Wold, B.J. Mapping and quantifying mammalian transcriptomes by
RNA-Seq. Nat. Methods 2008, 5, 621-628. [CrossRef] [PubMed]

Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics
resources. Nat. Protoc. 2009, 4, 44-57. [CrossRef] [PubMed]

Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Bioinformatics enrichment tools: Paths toward the comprehensive functional
analysis of large gene lists. Nucleic Acids Res. 2009, 37, 1-13. [CrossRef]

Finotello, F; Mayer, C.; Plattner, C.; Laschober, G.; Rieder, D.; Hackl, H.; Krogsdam, A.; Loncova, Z.; Posch, W.; Wilflingseder, D.;
et al. Molecular and pharmacological modulators of the tumor immune contexture revealed by deconvolution of RNA-seq data.
Genome Med. 2019, 11, 34. [CrossRef]

Hernandez, G.; Ramirez, M.].; Minguillén, J.; Quiles, P.; de Garibay, G.R.; Aza-Carmona, M.; Bogliolo, M.; Pujol, R.; Prados,
R.; Fernandez, J.; et al. Decapping protein EDC4 regulates DNA repair and phenocopies BRCA1. Nat. Commun. 2018, 9, 1-11.
[CrossRef]

Lin, X.-L.; Yang, L.; Fu, S.-W.; Lin, W.-E; Gao, Y.-].; Chen, H.-Y.; Ge, Z.-Z. Overexpression of NOX4 predicts poor prognosis and
promotes tumor progression in human colorectal cancer. Oncotarget 2017, 8, 33586-33600. [CrossRef] [PubMed]

Luo, W.; Xu, C.; Ayello, J.; Cruz, ED.; Rosenblum, ].M.; Lessnick, S.L.; Cairo, M.S. Protein phosphatase 1 regulatory subunit 1A in
ewing sarcoma tumorigenesis and metastasis. Oncogene 2017, 37, 798-809. [CrossRef]

Diagouraga, B.; Clement, J.A.; Duret, L.; Kadlec, ]J.; de Massy, B.; Baudat, F. PRDM9 Methyltransferase Activity is Essential for
Meiotic DNA Double-Strand Break Formation at its Binding Sites. Mol. Cell 2018, 69, 853-865. [CrossRef]

Feng, Y.; Li, X.; Cassady, K.; Zou, Z.; Zhang, X. TET2 Function in Hematopoietic Malignancies, Inmune Regulation, and DNA
Repair. Front. Oncol. 2019, 9, 210. [CrossRef] [PubMed]

Yang, J.; Yan, J.; Liu, B. Targeting VEGF/VEGEFR to Modulate Antitumor Immunity. Front. Immunol. 2018, 9, 978. [CrossRef]
[PubMed]

Yamashita, M.; Hirahara, K.; Shinnakasu, R.; Hosokawa, H.; Norikane, S.; Kimura, M.Y.; Hasegawa, A.; Nakayama, T. Crucial
Role of MLL for the Maintenance of Memory T Helper Type 2 Cell Responses. Immunity 2006, 24, 611-622. [CrossRef]

Rébé, C.; Ghiringhelli, F. STAT3, a Master Regulator of Anti-Tumor Immune Response. Cancers 2019, 11, 1280. [CrossRef]
[PubMed]

Anderson, K.; Ryan, N.; Volpedo, G.; Varikuti, S.; Satoskar, A.R.; Oghumu, S. Immune Suppression Mediated by STAT4 Deficiency
Promotes Lymphatic Metastasis in HNSCC. Front. Immunol. 2020, 10, 3095. [CrossRef] [PubMed]

Watson, S.F.; Bellora, N.; Macias, S. ILF3 contributes to the establishment of the antiviral type I interferon program. Nucleic Acids
Res. 2019, 48, 116-129. [CrossRef]

Lin, J.; Zhu, Z.; Xiao, H.; Wakefield, M.R.; Ding, V.A_; Bai, Q.; Fang, Y. The role of IL-7 in Immunity and Cancer. Anticancer. Res.
2017, 37, 963-968. [CrossRef]

Xu, Y,; Sun, Y,; Jiang, X.; Ayrapetov, M.K.; Moskwa, P; Yang, S.; Weinstock, D.M.; Price, B.D. The p400 ATPase regulates
nucleosome stability and chromatin ubiquitination during DNA repair. J. Cell Biol. 2010, 191, 31-43. [CrossRef]

Zhao, H.; Jin, S.; Fan, F,; Fan, W.; Tong, T.; Zhan, Q. Activation of the transcription factor Oct-1 in response to DNA damage.
Cancer Res. 2000, 60, 6276—6280. [PubMed]


http://doi.org/10.1093/bioinformatics/btr670
http://doi.org/10.1038/nbt.4235
http://doi.org/10.1093/bioinformatics/btr509
http://doi.org/10.4161/fly.19695
http://www.ncbi.nlm.nih.gov/pubmed/22728672
http://doi.org/10.1093/nar/gkq603
http://www.ncbi.nlm.nih.gov/pubmed/20601685
http://doi.org/10.1200/PO.17.00011
http://www.ncbi.nlm.nih.gov/pubmed/28890946
http://doi.org/10.1038/s41586-020-2308-7
http://www.ncbi.nlm.nih.gov/pubmed/32461654
http://doi.org/10.1093/bioinformatics/bts635
http://www.ncbi.nlm.nih.gov/pubmed/23104886
http://doi.org/10.1038/nmeth.1226
http://www.ncbi.nlm.nih.gov/pubmed/18516045
http://doi.org/10.1038/nprot.2008.211
http://www.ncbi.nlm.nih.gov/pubmed/19131956
http://doi.org/10.1093/nar/gkn923
http://doi.org/10.1186/s13073-019-0638-6
http://doi.org/10.1038/s41467-018-03433-3
http://doi.org/10.18632/oncotarget.16829
http://www.ncbi.nlm.nih.gov/pubmed/28422720
http://doi.org/10.1038/onc.2017.378
http://doi.org/10.1016/j.molcel.2018.01.033
http://doi.org/10.3389/fonc.2019.00210
http://www.ncbi.nlm.nih.gov/pubmed/31001476
http://doi.org/10.3389/fimmu.2018.00978
http://www.ncbi.nlm.nih.gov/pubmed/29774034
http://doi.org/10.1016/j.immuni.2006.03.017
http://doi.org/10.3390/cancers11091280
http://www.ncbi.nlm.nih.gov/pubmed/31480382
http://doi.org/10.3389/fimmu.2019.03095
http://www.ncbi.nlm.nih.gov/pubmed/32010142
http://doi.org/10.1093/nar/gkz1060
http://doi.org/10.21873/anticanres.11405
http://doi.org/10.1083/jcb.201001160
http://www.ncbi.nlm.nih.gov/pubmed/11103783

Int. J. Mol. Sci. 2021, 22, 7583 17 of 17

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

Xiong, D.; Wang, Y.; Kupert, E.; Simpson, C.; Pinney, S.M.; Gaba, C.R.; Mandal, D.; Schwartz, A.G.; Yang, P.; de Andrade, M.;
et al. A Recurrent Mutation in PARK2 is Associated with Familial Lung Cancer. Am. |. Hum. Genet. 2015, 96, 301-308. [CrossRef]
[PubMed]

Wei, C.; Peng, B.; Han, Y.; Chen, W.V,; Rother, J.; Tomlinson, G.E.; Boland, C.R.; Chaussabel, M.; Frazier, M.L.; Amos, C.I
Mutations of HNRNPAO and WIF1 predispose members of a large family to multiple cancers. Fam. Cancer 2015, 14, 297-306.
[CrossRef] [PubMed]

Alexandrov, L.B.; Abidin, S.N.-Z.; Wedge, D.C.; Aparicio, S.A.; Behjati, S.; Biankin, A.V,; Bignell, G.R.; Bolli, N.; Borg, A.;
Borresen-Dale, A.-L.; et al. Signatures of mutational processes in human cancer. Nature 2018, 500, 415-421. [CrossRef] [PubMed]
Tate, J.G.; Jubb, B.S.; Sondka, H.C.; Beare, Z.; Bindal, D.M.; Boutselakis, N.; Cole, H.; Creatore, C.G.; Dawson, C.; Fish, E.; et al.
COSMIC: The Catalogue of Somatic Mutations in Cancer. Nucleic Acids Res. 2018, 47, D941-D947. [CrossRef] [PubMed]

Li, X.; Wang, M.; Yang, M.; Dai, H.; Zhang, B.; Wang, W.; Chu, X.; Wang, X.; Zheng, H.; Niu, R.; et al. A mutational signature
associated with alcohol consumption and prognostically significantly mutated driver genes in esophageal squamous cell
carcinoma. Ann. Oncol. 2018, 29, 938-944. [CrossRef] [PubMed]

Choi, M.; Kipps, T.; Kurzrock, R. ATM Mutations in Cancer: Therapeutic Implications. Mol. Cancer Ther. 2016, 15, 1781-1791.
[CrossRef] [PubMed]

Liu, Y,; Zhang, J.; Li, L.; Yin, G.; Zhang, J.; Zheng, S.; Cheung, H.; Wu, N.; Lu, N.; Mao, X.; et al. Genomic heterogeneity of
multiple synchronous lung cancer. Nat. Commun. 2016, 7, 13200. [CrossRef] [PubMed]

Wang, X.; Fang, H.; Cheng, Y.; Li, L.; Sun, X,; Fu, T.; Huang, P; Zhang, A.; Feng, Z.; Li, C,; et al. The molecular landscape of
synchronous colorectal cancer reveals genetic heterogeneity. Carcinogenesis 2018, 39, 708-718. [CrossRef]

Bao, Y.; Wu, J.; Zhang, J.; Yu, Y. Diagnosis and treatment of synchronous multiple primary lung cancer—A case report. OncoTargets
Ther. 2019, 12, 4281-4285. [CrossRef]

Lord, C.J.; Ashworth, A. PARP inhibitors: Synthetic lethality in the clinic. Science 2017, 355, 1152-1158. [CrossRef]

Gibney, G.T.; Weiner, L.M.; Atkins, M.B. Predictive biomarkers for checkpoint inhibitor-based immunotherapy. Lancet Oncol.
2016, 17, e542—e551. [CrossRef]

Juneja, V.R.; McGuire, K.A.; Manguso, R.T.; LaFleur, M.W.,; Collins, N.; Haining, W.N.; Freeman, G.J.; Sharpe, A.H. PD-L1 on
tumor cells is sufficient for immune evasion in immunogenic tumors and inhibits CD8 T cell cytotoxicity. J. Exp. Med. 2017, 214,
895-904. [CrossRef] [PubMed]

Mouw, K.W.; Goldberg, M.S.; Konstantinopoulos, P.A.; D’Andrea, A.D. DNA Damage and Repair Biomarkers of Immunotherapy
Response. Cancer Discov. 2017, 7, 675-693. [CrossRef] [PubMed]

Genard, G.; Lucas, S.; Michiels, C. Reprogramming of Tumor-Associated Macrophages with Anticancer Therapies: Radiotherapy
versus Chemo- and Immunotherapies. Front. Immunol. 2017, 8, 828. [CrossRef] [PubMed]

Wanderley, C.W.; Colon, D.E; Luiz, ] PM,; Oliveira, EE,; Viacava, P.R.; Leite, C.A.; Pereira, J.; Silva, C.M.; Silva, C.R; Silva, R.L,;
et al. Paclitaxel reduces tumor growth by reprogramming tumor-associated macrophages to an M1- profile in a TLR4-dependent
manner. Cancer Res. 2018, 78, 5891-5900. [CrossRef]

Haffner, M.C.; Mosbruger, T.; Esopi, D.M.; Fedor, H.; Heaphy, C.M.; Walker, D.A.; Adejola, N.; Giirel, M.; Hicks, J.; Meeker, A K,;
et al. Tracking the clonal origin of lethal prostate cancer. J. Clin. Investig. 2013, 123, 4918-4922. [CrossRef]

Brannon, A.R.; Sawyers, C.L. “N of 1” case reports in the era of whole-genome sequencing. J. Clin. Investig. 2013, 123, 4568-4570.
[CrossRef]


http://doi.org/10.1016/j.ajhg.2014.12.016
http://www.ncbi.nlm.nih.gov/pubmed/25640678
http://doi.org/10.1007/s10689-014-9758-8
http://www.ncbi.nlm.nih.gov/pubmed/25716654
http://doi.org/10.1038/nature12477
http://www.ncbi.nlm.nih.gov/pubmed/23945592
http://doi.org/10.1093/nar/gky1015
http://www.ncbi.nlm.nih.gov/pubmed/30371878
http://doi.org/10.1093/annonc/mdy011
http://www.ncbi.nlm.nih.gov/pubmed/29351612
http://doi.org/10.1158/1535-7163.MCT-15-0945
http://www.ncbi.nlm.nih.gov/pubmed/27413114
http://doi.org/10.1038/ncomms13200
http://www.ncbi.nlm.nih.gov/pubmed/27767028
http://doi.org/10.1093/carcin/bgy040
http://doi.org/10.2147/OTT.S183319
http://doi.org/10.1126/science.aam7344
http://doi.org/10.1016/S1470-2045(16)30406-5
http://doi.org/10.1084/jem.20160801
http://www.ncbi.nlm.nih.gov/pubmed/28302645
http://doi.org/10.1158/2159-8290.CD-17-0226
http://www.ncbi.nlm.nih.gov/pubmed/28630051
http://doi.org/10.3389/fimmu.2017.00828
http://www.ncbi.nlm.nih.gov/pubmed/28769933
http://doi.org/10.1158/0008-5472.CAN-17-3480
http://doi.org/10.1172/JCI70354
http://doi.org/10.1172/JCI70935

	Introduction 
	Methods 
	Patient Samples 
	Next-Generation Sequencing Data 
	Bioinformatic Data Processing 
	Histology and Immunohistochemistry Assays 

	Results 
	Next-Generation Sequencing Read Number and Depth 
	Somatic Mutations Reveal High Degree of Heterogeneity among Primary Tumours and the Origin of the Recurrence 
	Germline Variants Indicate Cancer Predisposition in the Patient 
	Mutational Signature Analysis Reflects Diverse Mechanisms Involved in Both Tumorigenesis and Patient History 
	Heterogeneity across Tumour Samples Is Observed in Gene Expression Patterns 
	Immune Infiltration in the Tumours Correlates with an Immunosuppressive Environment 

	Discussion 
	References

