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Introduction: Field cancerization is suggested to arise from imbalanced
differentiation in individual basal progenitor cells leading to clonal expansion of
mutant cells that eventually replace the epithelium, although without evidence.

Methods: We performed deep sequencing analyses to characterize the genomic
and transcriptomic landscapes of field change in two patients with synchronous
aerodigestive tract tumors.

Results: Our data support the emergence of numerous genetic alterations in
cancer-associated genes but refutes the hypothesis that founder mutation(s)
underpin this phenomenon. Mutational signature analysis identified defective
homologous recombination as a common underlying mutational process unique
to synchronous tumors.
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Discussion: Our analyses suggest a common etiologic factor defined by
mutational signatures and/or transcriptomic convergence, which could
provide a therapeutic opportunity.
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1 Introduction

The concept of field cancerization was first proposed by
Slaughter et al. in 1953 (1) who posited that oral squamous cell
carcinomas arise from a background of histologically normal but
functionally abnormal tissues which develop a high incidence of
multi-centric tumors. Molecular biomarker studies subsequently
centered on deciphering whether field cancerization is attributed to
polyclonal or monoclonal expansion of abnormal cells within the
cancerized field (2-4). Recent publications utilizing lineage tracing
techniques in murine models suggest that field change arises from
imbalanced differentiation of individual basal progenitor cells
leading to clonal expansion of mutant cells that eventually replace
the entire epithelium (5). However, this murine model has not been
validated in clinical scenarios of human field change. We were
presented with a unique opportunity to study field cancerization in
both dimensions of vertical (basal to squamous surface layers) and
lateral (radial) spatial cellular genomic clonality in two patients who
developed multiple synchronous squamous cell carcinomas (SCC)
in the upper aerodigestive tract and esophagus. Both underwent
total pharyngo-laryngo-esophagectomy (TPLE), providing valuable
tumor and adjacent histologically normal tissue samples for
integrative genomic and transcriptomic analysis, with the goal of
providing insights into clinical field cancerization, novel therapeutic
options, and comprehensive surveillance.

2 Case reports

2.1 Patient 1 (HN129)

Mr P was a 38-year-old smoker (10 pack-years) diagnosed with
three synchronous SCCs involving the left pyriform sinus, post
cricoid space, and lower esophagus. No distant metastases were
detected radiologically. He underwent TPLE with gastric pull-up
and bilateral neck dissection. Final histological diagnosis was pT2
moderately differentiated SCC of the hypopharynx, left pyriform
sinus, and lower esophagus, with a single cervical metastasis (N1).
The three tumors were histologically distinct. There was an absence
of grossly malignant change spreading in the submucosa. Multiple
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discontinuous foci of severe squamous dysplasia were noted
between tumors.

2.2 Patient 2 (HN146)

Ms S was a 50-year-old female smoker (20 pack-years)
diagnosed with two synchronous SCCs involving the right
pyriform sinus and upper esophagus. She underwent TPLE with
gastric pull-up and bilateral neck dissection. Final histological
diagnosis was pTINO SCC of the hypopharynx and upper
esophagus. The tumors were distinct with histologically normal
intervening mucosa and occasional small foci of low-grade
dysplasia in the pharyngeal and esophageal mucosa.

2.3 Patient 3 (HN49)

Mr C was a 60-year-old male smoker (10 pack-years) and
alcoholic. He developed metachronous supraglottic SCC 3 years
after subtotal glossectomy with neck dissection for SCC of the
tongue. Surgical samples enabled integrative analysis of
synchronous tumors and matched adjacent normal mucosa.

3 Materials and methods

3.1 Patient selection and multi-sampling
of specimens

We interrogated the mutational landscape of samples taken
from three patients. Systematic multi-sampling of tumors and the
intervening normal mucosa was conducted on tumors which were
surgically removed as part of standard of care. Meticulous
annotations of the specimen collection sites were recorded
(Supplementary Tables S1, S2). This study was approved by the
SingHealth Centralized Institutional Review Boards (CIRB 2008/
467/B) and all patients gave individual informed consent.

Tissue samples were either snap frozen in liquid nitrogen
immediately after collection and stored at —80°C or fixed in
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formalin and embedded in paraffin according to the usual clinical
protocol. Blood from the eligible patients was drawn in two EDTA
tubes and aliquoted into multiple cryotubes to be stored at —80°C.

3.2 DNA and RNA isolation for high
throughput sequencing

DNA and RNA of the human tissue biopsies were extracted
using the AllPrep DNA/RNA Mini Kit (QIAgen, Hilden, Germany,
catalogue no. 80204), according to the manufacturer’s instructions.
DNA bloods were extracted using QIAamp DNA blood mini kit
(QIAgen, Hilden, Germany, catalogue no. 51104). For all sample
types, the DNA and RNA were quantified using the Qubit dsSDNA
BR and RNA BR Assay kit (Life Technologies, Carlsbad, CA, USA,
catalogue no. Q32850 and Q10211).

For the fresh frozen samples, whole-exome sequencing libraries
were prepared using the Sureselect XT target enrichment kit
(Agilent, Santa Clara, CA, USA; cat. #5500-0105, version 1.6).
Libraries were constructed with an insert length of 300bp.
Enriched libraries were sequenced on the Illumina Nextseq
System (Illumina, San Diego, CA, USA) using the paired-end 150
bases configuration.

The RNA extracted from the same set of frozen samples was
subjected to RNA sequencing. Enriched libraries were generated
using the Truseq Stranded Total RNA Library Prep Gold kit
(Illumina, San Diego, CA, USA; cat. #20020598) and subsequently
sequenced on the HiSeq2000 system (Illumina) using the paired-
end 76 bases run setting.

3.3 Gene set enrichment analysis

RNAseq data was analyzed using the DNAnexus platform
(DNAnecus, Mountain View, CA, USA). Reads were mapped
using TopHat2 v2.0-12 and CuffDiff v2-1-1 on the genome version
ucsc_hgl9. Fragments per Kilobase of transcript per Million
(FPKM) and fragment counts for each transcript, primary

transcript and gene in each sample was normalized as part
of CuftDift.

3.4 TMA construction, and
immunohistochemistry staining
and scoring

Tissue microarrays (TMAs) were constructed using tumors
collected from 328 patients treated for histologically confirmed
HNSCC and who underwent treatment at the National Cancer
Centre Singapore or Singapore General Hospital between 1 998 and
2010. This study was approved by the SingHealth Centralized
Institutional Review Boards (CIRB 2011/678/B and 2007/438/B).
TMA blocks were sectioned into 4uM slices and mounted on slides.
THC staining was performed using the BOND-MAX autostainer
(Leica Microsystems, Ltd; Milton Keynes, UK) according to the
manufacturer’s recommendations.
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IHC staining were assessed by two independent scorers blinded
to any prior information of clinicopathological variables and survival
data. Scoring was performed by assigning the intensity of the stain to
a value of 0 (no positive staining) to 3 (strong positive staining).
Results were binarized to low (0,1) or high (2,3) expression of marker.

3.5 Laser capture microdissection and
targeted resequencing

Using the Shh image with pathological annotations as a reference,
cutting outlines were drawn closely around individual cells to prevent
tissue contamination. Pathologist identified basal, squamous, and
tumor areas for microdissection (Supplementary Figure S1).
Formalin-fixed paraffin-embedded (FFPE) samples matched to the
sequenced frozen specimens were identified to be subjected to LCM
and targeted resequencing. Briefly, 5um tissue sections were mounted
on the PEN membrane slides (Arcturus, Life Technologies). The
tissue section was deparaffined with xylene, dehydrated in a series of
graded ethanol and stained with 3:1 hematoxylin:eosin (Merck,
Rahway, NJ, USA, catalogue no. 1.05174 and Sigma-Aldrich, St.
Louis, MO, USA, catalogue no. HT110116). Laser-captured cells were
collected on CapSureTM Macro LCM caps (Thermo Fisher Scientific,
Waltham, MA, USA, catalogue no. LCM0211) using the Arcturus XT
LCM instrument (Life Technologies). Microdissected samples were
stored at —80°C until further processing.

3.6 Targeted resequencing

DNA isolation from the microdissected samples were carried out
using the QIAamp DNA FFPE tissue kit (QIAgen, catalogue no.
56404). We selected 151 genes associated with head and neck cancer
for target enrichment (Supplementary Tables S3). The gene panel
consisted of genes derived from our in-house exome sequencing data
and the scholarly literatures (6, 7). The DNA libraries were constructed
using the SureSelectXT HS Target Enrichment System (Agilent
Technologies, Santa Clara, CA, USA). Sequencing was performed on
the HiSeq 4000 system (Illumina) using the paired-end 150 bases run.

3.7 Analysis of genomic data and copy
number changes

Raw sequencing reads generated through whole-exome
sequencing were aligned to the human reference genome
(hs37d5) using BWA-MEM (8), and then post-processed to sort
the reads by genomic coordinate and to remove PCR duplicates
using Sambamba (9). The resulting alignment files in the BAM
format were used for the subsequent somatic mutation calling step.
Briefly, the Strelka2 program was used to identify somatic
mutations in tissue (either tumor or adjacent mucosa), with
patient whole-blood used as a control (10). Candidate single
nucleotide variants (SNVs) that passed default Strelka2 filtering
criteria, and that had a variant allele frequency (VAF) exceeding
20% were retained. These variants were then annotated using
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Annovar to determine their impact on protein sequence, frequency
in population variation databases as well clinical variant databases,
and in-silico functional prediction scores (11). The limma R package
was used to read CGH data, perform background correction and
normalize within arrays. The snapCGH R package was then used
for genome segmentation, genes were classified as gained (=3
copies), lost (<1 copy) or normal based on log2 ratios. Genes
were compared for copy number status across samples.

3.8 Mutational signature analysis

The deconstructSigs R package was used to estimate the
contribution of known mutational processes to the somatic
mutations observed in a tumor or adjacent mucosa sample
(12, 13). The known mutational processes were obtained
from the COSMIC mutational signatures database (https://
cancer.sanger.ac.uk/cosmic/signatures). The algorithm produces a
list of mutational processes predicted to be present in a sample and
their relative proportions.

3.9 Analysis of targeted resequencing data

Targeted regions were sequenced to an average coverage of
1503X. The somatic mutation calling and variant annotation
process was identical to the one used for WES data above.
Variants were filtered to retain only SNVs that were nonsense,
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splicing and nonsynonymous. Only variants with a VAF exceeding
10% in at least one sample were considered. Variants that had SIFT
(14) and Polyphen2 (15) HDIV predictions were required to have
damaging (SIFT) and damaging or probably damaging (Polyphen2
HDIV) predictions, respectively.

4 Results

4.1 Genomic divergence is greater in
synchronous than in metachronous tumors

Genomic alterations in synchronous and metachronous tumors
were determined by whole-exome sequencing (WES) and array
comparative genomic hybridization (aCGH) on bulk samples of
paired tumor and adjacent normal mucosa from each of the three
patients (Supplementary Tables S1, S2). WES results demonstrated
consistently lower overall number of SNV in adjacent normal mucosa
compared to tumors in all three patients (Figures 1A, B). Strikingly,
normal mucosa adjacent to HN146 (synchronous) and HN49
(metachronous) tumors were almost completely mutation-free,
while adjacent normal mucosa in the remaining patient (HN129)
had a median (range) of 105 (7%) SNVs. The median (range) SNV
counts of synchronous tumors (HN129 and HN146) were 197 (14%)
and 91 (23%), respectively, while that of the metachronous tumor
(HN49) was lower at 63 (22%) (Figure 1A). Analyses of copy number
variants (CNV) showed similar results with low copy number
alterations ranging from 3-7 CNVs in normal mucosa across all
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three patients examined. The mean CNVs in synchronous tumors
(HN129 and HN146) were 3378 and 8809 respectively, whereas that
in metachronous tumor (HN49) was comparably lower at 344
(Figure 1C). Changes in the status of MYC copy number were
observed in both synchronous and metachronous tumors whereas
all the blood and most normal mucosa, except for HN129 M2, have
normal MYC copy number. Among the samples with MYC copy
number aberrations, only one synchronous tumor had MYC copy
number amplification while MYC copy number gains were noted in
the remaining synchronous and metachronous samples. The
heterogeneity in the copy number changes suggests that
synchronous tumors are unlikely driven by somatic copy number
alternation burden (Supplementary Tables S4).

Conventional field change theory suggests that tumors growing
in a cancerized field start from a clonal outgrowth of a single
malignant cell that shares tumorigenic ‘founder’ mutations with the
adjacent ‘normal’ tissue (16). Our analysis of shared genetic
alterations within matched tumor-normal combinations of
patients with synchronous tumors (HN129 and HN246) showed
no shared mutations among the different synchronous tumors of
each patient (Figure 1B), while only one shared mutation was
identified in the metachronous tumors. Additionally, there were
no shared CNVs among synchronous tumors or the cognate
matched intervening mucosa (Figure 1C). These results refute the
hypothesis of founder mutations as an early event in synchronous
field cancerization.

4.2 Mutational signatures defining early
events in field cancerization

There is widespread interest in the mutagenic processes that
drive carcinogenesis from known and unknown etiological factors.
These processes are defined by their mutational signatures (12).
Given the paucity of common genomic aberrations, we postulated
that mutagenic signatures could define field change, and more
specifically differentiate synchronous from metachronous tumors.
De novo mutational signature analysis (12, 17) revealed common
trends among the three patients, such as the prevalence of
Signatures 1 and 16 (Figure 1D). Signature 1 is a mutational
signature found in most cancer subtypes and is associated with
small insertions and deletions driven by spontaneous deamination
of 5-methylcytosine. Signature 16 is of unknown etiology and is
characterized by distinct transcriptional strand bias for T>C
mutations occurring in the transcribed strand (18, 19).

Interestingly, we noted that Signature 4 (usually attributable to
smoking) was prevalent in HN49, but not in the two synchronous
patients. In contrast, Signature 3 dominated in both patients with
synchronous tumors. This is intriguing as Signature 3 is often
associated with failure of DNA double-strand break repair by
homologous recombination (18). In cancers such as breast and
pancreatic cancers, Signature 3 is strongly associated with germline
or somatic BRCA1/BRCA2 mutations, which are well-established
indicators for susceptibility to PARP inhibitors (20, 21). Re-
examination of genomic data for these two patients did not reveal
any germline or somatic BRCA mutations. Even so, the concept of

Frontiers in Oncology

10.3389/fonc.2024.1272432

using PARP inhibitors to treat HNSCC patients with tumors that
exhibit mutational Signature 3 may still be plausible. Studies have
suggested the potential of using Signature 3 as a decision support to
select patients who may benefit from platinum-based therapy or
PARP inhibitors, even in the absence of BRCA1 or BRCA2
mutations (22).

4.3 Paradoxical genomic divergence with
transcriptomic convergence in
synchronous tumors

Transcriptomic data support the notion that the concept
of field cancerization relates more to etiologies that alter
the microenvironment and drive mutagenic events during
carcinogenesis, rather than actual initiating founder mutations
(23). Lineage tracing experiments performed in a controlled
diethylnitrosamine (DEN)/sorafenib carcinogenesis mouse model
showed that high grade dysplasias (HGD) share highly similar
transcriptomic profiles despite being of polyclonal origin (24). These
data support the possibility that transcriptomic changes pre-date
genomic alterations, and reflect cellular phenotypic responses to the
initial mutagenic insult. Moreover, this ‘transcriptomic convergence’
may provide a clue to the ‘cell of origin’ that drives field cancerization,
and unravel therapeutic opportunities that prevail across genetically
divergent tumors.

We therefore subjected matching sets of adjacent mucosa and
tumor samples of all three patients to RNA sequencing. Gene set
enrichment analysis (GSEA) of RNA-seq data revealed that
synchronous and metachronous tumors were driven by distinct
biological processes. Hedgehog (Hh) pathway was identified as the
key signaling pathway in synchronous cancers (normalized
enrichment score (NES)=1-77, p-value=0-002) but was not
significantly upregulated in metachronous tumors (NES=1-09, p-
value=0-324) (Figure 1E). Differential gene expression analysis of
the samples studied in GSEA showed concordance with the GSEA
data where targets involved in the Hedgehog pathway were more
enriched in the synchronous tumors compared to the
metachronous tumors when normalized to their respective
normal tissues (Supplementary Figure S2). To validate this
observation, we assessed the protein expression level of Sonic
Hedgehog (SHH), which is a key regulator within the Hh
signaling pathway, in FFPE tumor samples harvested from the
same corresponding site as the frozen tumors, which were subjected
to genomic and transcriptomic profiling across the three case
studies. Immunohistochemical (IHC) staining of SHH markers in
these tumors demonstrated higher staining intensity across all the
synchronous tumors compared to the metachronous tumors.
(Supplementary Figure S3). More importantly, to understand the
clinical relevance of Hh upregulation in head and neck cancers, we
performed IHC staining on a cohort of head and neck SCC
(HNSCC) patients (n=328) (Supplementary Figure S4A).
Approximately a quarter of all patients demonstrated upregulated
Hh signaling, which was associated with poor prognosis (p=0-014)
(Supplementary Figure S4B). We validated our observation in an
independent cohort of HNSCC patients in The Cancer Genome
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Atlas (TCGA) database (6), in whom high expression of SHH was
significantly associated with shorter overall survival (p=0-015)
(Supplementary Figure S4C).

4.4 Hedgehog signaling in basal cells as
putative transcriptomic driver of
synchronous tumors

Our THC data demonstrated that in many tumors, Hh
upregulation was prevalent in both tumor cells and basal cell
layers of adjacent normal mucosa. This was striking across the
entire mucosa (tumor, normal and dysplastic) of the two patients
with synchronous tumors. Hh signaling is known to affect multiple
aspects of DNA repair in cells (25), including inhibition of p53
possibly via activation of Mdm2 (26, 27), hence driving
chromosomal instability. Few studies have demonstrated links
between TP53 inactivation and activated Hh signaling (28-30) in
promoting cancer development. Due to the complexity of this
association, the underlying mechanism remains unclear and thus
future work is required to further elucidate this. In this study, we
posited that transcriptional activation of the Hh pathway may be the
first step to p53 inactivation, followed by a second hit where other
genes, including p53, are mutated. IHC confirmed the former, where
p53 accumulation was present across the entire mucosa in both
cases, in concert with Hh overexpression. This was particularly
apparent in the basal layer across histologically normal and
dysplastic mucosa. To determine the distribution of subsequent
genetic events, we performed laser capture microdissection of
normal and dysplastic mucosa, as well as of adjacent synchronous
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tumors in HN129. DNA was extracted from tumor, basal and
squamous compartments and subjected to targeted sequencing
using a panel of mutations detected by WES in HN129
and other known oncogenic drivers of HNSCC (Supplementary
Tables S3, Supplementary Figure S1). The most striking
finding was the distribution pattern of different SNVs in TP53
(ENST00000269305.4) across basal, squamous and tumor cells
microdissected from multiple sites of the aerodigestive tract
(Figure 2). In ‘normal’ mucosa immediately adjacent to tumors, we
found specific TP53 mutations shared between the basal and tumor
areas, or basal and squamous layers. However, in other situations,
TP53 mutations were discordant between tumor and adjacent basal
layer. We observed that a specific TP53 mutation, TP53:c.524G>A
(p-Argl75His), co-occurred across two geographical distinct
samples, namely the microdissected tumor component of pyriform
sinus tumor (T'1) and squamous area of small esophagus tumor (T3).
Intriguingly, we also noted that two unique TP53 mutations, namely
TP53:c.614A>G (p.Tyr205Cys) and TP53:¢c.578 A>G (p.His193Arg),
were present in the same microdissected tissue, squamous area 3 of
the intervening mucosa with tumor (M5), suggesting that clonal
expansion was not present in our samples. Importantly, variant allele
frequencies were significantly higher in tumors compared to
histologically normal or dysplastic regions. Furthermore, the basal
layer appeared to have fewer SNVs (apart from TP53) compared to
squamous layers or tumors. This suggests that TP53 mutations are
early events in the basal layer, which gain subsequent alterations that
drive it either to terminal differentiation in the squamous layer or
tumor formation (Figure 3). Contrastingly, certain late genetic events
are only seen in tumors, and never in the basal or squamous layers
(e.g. NFE2L2) (Figures 1A, 2).

No. of SNVs.

2 4 6 8 0 » n

[ TP53:c.817C5T (p.Arg273Cys)

[—+TP53:¢.524G>A (p.Arg175His)

[—+TP53:.578A>G (p.His193Arg)

+—TP53:.656C>A (p.Pro219His)

T I B — TP53:c.637C>T (p.Arg213Ter)

=TP53
C9orf3
MUCSB  =NFE2L2 =NSD1

=NOTCH1 ~ABCA6 =AJUBA =ANO8
CUL3  ®DEPDC1 =FAT1 =KMT2D
NUP98  =ZNF283

Synchronous tumors of the aerodigestive tract display a unique profile of genomic divergence and transcriptomic convergence. The TP53 transcript
ENSTO0000269305.4 was used as reference for the identification of SNVs in TP53. SNV, single nucleotide variants; M, mucosa; T, tumor; Shh,

sonic hedgehog.
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Proposed field change phenomenon. (A) Exposure of normal tissue to external stimuli. (B, C) Basal cell layer undergo genetic and transcriptomic
modifications when exposed to external stimuli. (B) Different shades of blue in the nuclei of basal cells represent genomic divergence. (C) Varying
shades of brown in the cytoplasm of basal cells represent common transcriptomic profile (e.g. Hedgehog pathway). (D) Formation of synchronous
tumors harboring common signaling pathway but divergent genomic make-up

5 Discussion

Through deep sequencing analyses, we profiled in-depth
genomic and transcriptomic landscapes of field change in two
patients with synchronous aerodigestive tract tumors. Our data
support the emergence of numerous genetic alterations in cancer-
associated genes, likely from the basal layer, but refutes the
hypothesis that either a single or a limited panel of founder
mutations underpin this phenomenon. Instead, our analyses
suggest a common etiologic factor defined by mutational
signatures and/or transcriptomic convergence. Targeted
resequencing of subcellular components demonstrated distinct
mutational profiles of squamous epithelium and tumors
coupled with a paucity of mutations in the basal cell layer,
suggesting that the latter likely contributes the cell of origin for
synchronous tumors.

Activation of Hh pathway, specifically in the basal layer, appears
to be an early event that defines field change in this context. This
could allow a permissive environment by disrupting p53 activity,
followed by low-level mutations in critical genes such as TP53 as a
putative second hit. Subsequent genetic events accumulate and
develop into distinct areas of dysplasia and tumors, each
genetically distinct. Clonal origin supporting classical
field cancerization theory does not seem to occur in this
context. Contrarily, etiologic field change is supported by
convergent transcriptomes with independent mutations
generating polyclonal tumors.
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While this study describes a small case series of three patients
with SCC, the systematic approach of combining molecular
pathology and multi-omics data allows for meaningful analyses
that provide early observations suggesting a different model for the
classical field cancerization theory and requires further validation in
future studies. These findings have important implications in cancer
biology but also in clinical oncology, especially extending beyond
squamous cell cancers. Identification of transcriptomic convergence
could provide a therapeutic opportunity that cuts across all tumors
in a field, regardless of genetic diversity; here, we posit that targeting
the Hh pathway is a novel option targeting the tumor and basal
cells, where these originate. Similarly, despite the diversity of
mutations across synchronous tumors, understanding mutational
signatures may provide an interventional strategy. In our context,
the mutational profiles of our case series demonstrated the fact that
there were mutational signatures which were unique to the
synchronous tumors and metachronous tumors. While all the
three patients within our case series had history of tobacco
smoking, Signature 4, associated with smoking, was only
prevalent in metachronous tumor (HN49), but not in the two
synchronous patients. Intriguingly, overrepresentation of
Signature 3, as found common to the synchronous tumors in our
case series, normally ascribed to “BRCA-ness” leads to speculation
that these tumors may be responsive to PARP-inhibitors. This is
further supported by our transcriptomic data where PARP
targets, such as PARP1 and LIG3, were more enriched in the
synchronous tumors compared to the metachronous tumors (31)
(Supplementary Figure S5). Both therapeutic strategies may have
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important roles in treatment or secondary prevention.
Alternatively, routine screening procedures such as sampling of
the esophagus via the Cytosponge could help to document genomic
divergence and incorporate testing for Shh signaling pathway
activation, thereby capturing clinically relevant oncogenic factors
beyond those imputed by classical theory (32).

Data availability statement

The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Ethics statement

The studies involving humans were approved by SingHealth
Centralized Institutional Review Boards. The studies were
conducted in accordance with the local legislation and
institutional requirements. The participants provided their written
informed consent to participate in this study.

Author contributions

QXT: Data curation, Formal analysis, Investigation, Validation,
Visualization, Writing - original draft, Writing — review & editing.
NBS: Formal analysis, Investigation, Validation, Writing — review &
editing. WKL: Formal analysis, Investigation, Validation, Writing -
review & editing. DRYY: Data curation, Formal analysis, Investigation,
Validation, Writing - original draft, Writing — review & editing. SML:
Data curation, Formal analysis, Investigation, Validation, Writing -
review & editing. JWST: Formal analysis, Investigation, Validation,
Writing - review & editing. SJJT: Data curation, Formal analysis,
Investigation, Validation, Writing — review & editing. JH: Formal
analysis, Investigation, Validation, Writing — review & editing. YL:
Formal analysis, Investigation, Validation, Writing - review & editing.
GN: Formal analysis, Investigation, Validation, Writing — review &
editing. CYLC: Formal analysis, Investigation, Validation, Writing —
review & editing. WG: Formal analysis, Investigation, Validation,
Writing - review & editing. KKNK: Formal analysis, Investigation,
Validation, Writing - review & editing. CCYN: Formal analysis,
Investigation, Validation, Writing - review & editing. VR: Formal
analysis, Investigation, Validation, Writing — review & editing. JSMW:
Formal analysis, Validation, Writing — review & editing. CJS: Formal
analysis, Validation, Writing - review & editing. CKO: Formal
analysis, Investigation, Validation, Writing - review & editing.
TKHL: Formal analysis, Investigation, Validation, Writing — review
& editing. BTT: Supervision, Writing — original draft, Writing — review
& editing. OLK: Writing - review & editing, Supervision, Writing -
original draft. CSC: Supervision, Writing — original draft, Writing -

Frontiers in Oncology

08

10.3389/fonc.2024.1272432

review & editing. KCS: Supervision, Writing — original draft, Writing -
review & editing. NGI: Conceptualization, Funding acquisition,
Methodology, Project administration, Resources, Supervision,
Visualization, Writing — original draft, Writing - review & editing.
C-AJO: Conceptualization, Funding acquisition, Methodology, Project
administration, Resources, Supervision, Visualization, Writing -
original draft, Writing — review & editing. JXT: Formal analysis,
Validation, Writing - review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This
initiative is funded by SingHealth Duke-NUS Academic Medical
Centre, facilitated by Joint Officer of Academic Medicine (JOAM).
It is an initiative of Surgery Academic Clinical Program (SACP)
under SACP Seed grant and the Surgeon-Scientist Strategic Start-
Up Grant. Furthermore, this work is also supported by NCCS
Cancer Fund, NCC Research Fund and SingHealth Oncology
Academic Clinical Program under the Cancer Collaborative
Scheme. NI is supported by National Medical Research Council
Clinician-Scientist Awards (NMRC/CSA-INV/0011/2016 and
MOH-000325-00). C-AO is supported by the National Medical
Research Council Clinician Scientist-Individual Research Grant
(MOH-CIRG21jun-0005) and Clinician Scientist Award (INV
category) (MOH-CSAINV22jul-0005).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2024.1272432/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2024.1272432/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2024.1272432/full#supplementary-material
https://doi.org/10.3389/fonc.2024.1272432
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Tan et al.

References

1. Slaughter DP, Southwick HW, Smejkal W. “Field cancerization” in oral stratified
squamous epithelium. Clin implications multicentric origin. Cancer. (1953) 6:963-8.
doi: 10.1002/1097-0142(195309)6:5<963::AID-CNCR2820060515>3.0.CO;2-Q

2. Ribeiro U, Safatle-Ribeiro AV, Posner MC, Rosendale B, Bakker A, Swalsky PA,
et al. Comparative p53 mutational analysis of multiple primary cancers of the upper
aerodigestive tract. Surgery. (1996) 120:45-53. doi: 10.1016/S0039-6060(96)80240-6

3. Scholes AG, Woolgar JA, Boyle MA, Brown JS, Vaughan ED, Hart CA, et al.
Synchronous oral carcinomas: independent or common clonal origin? Cancer Res.
(1998) 58:2003-6.

4. Wenig BM. Squamous cell carcinoma of the upper aerodigestive tract: dysplasia
and select variants. Mod Pathol. (2017) 30:S112-8. doi: 10.1038/modpathol.2016.207

5. Alcolea MP, Greulich P, Wabik A, Frede J, Simons BD, Jones PH. Differentiation
imbalance in single oesophageal progenitor cells causes clonal immortalization and
field change. Nat Cell Biol. (2014) 16:615-22. doi: 10.1038/ncb2963

6. Lawrence MS, Sougnez C, Lichtenstein L, Cibulskis K, Lander E, Gabriel SB, et al.
Comprehensive genomic characterization of head and neck squamous cell carcinomas.
Nature. (2015) 517:576-82. doi: 10.1038/nature14129

7. Beck TN, Golemis EA. Genomic insights into head and neck cancer. Cancers
Head Neck. (2016) 1:1. doi: 10.1186/s41199-016-0003-z

8. Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler
transform. Bioinf (Oxford England). (2009) 25:1754-60. doi: 10.1093/bioinformatics/btp324

9. Tarasov A, Vilella AJ, Cuppen E, Nijman IJ, Prins P. Sambamba: fast processing of
NGS alignment formats. Bioinformatics. (2015) 31:2032-4. doi: 10.1093/
bioinformatics/btv098

10. Kim S, Scheffler K, Halpern AL, Bekritsky MA, Noh E, Kallberg M, et al. Strelka2:
fast and accurate calling of germline and somatic variants. Nat Methods. (2018) 15:591.
doi: 10.1038/541592-018-0051-x

11. Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic
variants from high-throughput sequencing data. Nucleic Acids Res. (2010) 38:e164.
doi: 10.1093/nar/gkq603

12. Nik-Zainal S, Alexandrov LB, Wedge DC, Van Loo P, Greenman CD, Raine K,
et al. Mutational processes molding the genomes of 21 breast cancers. Cell. (2012)
149:979-93. doi: 10.1016/j.cell.2012.04.024

13. Rosenthal R, McGranahan N, Herrero J, Taylor BS, Swanton C. deconstructSigs:
delineating mutational processes in single tumors distinguishes DNA repair
deficiencies and patterns of carcinoma evolution. Genome Biol. (2016) 17.
doi: 10.1186/s13059-016-0893-4

14. Ng PC, Henikoft S. SIFT: Predicting amino acid changes that affect protein
function. Nucleic Acids Res. (2003) 31:3812-4. doi: 10.1093/nar/gkg509

15. Adzhubei I, Jordan DM, Sunyaev SR. Predicting functional effect of human
missense mutations using PolyPhen-2. Curr Protoc Hum Genet. (2013). doi: 10.1002/
0471142905.hg0720s76. Chapter 7:Unit7.20.

16. Curtius K, Wright NA, Graham TA. An evolutionary perspective on field
cancerization. Nat Rev Cancer. (2018) 18:19-32. doi: 10.1038/nrc.2017.102

17. Alexandrov LB, Nik-Zainal S, Wedge DC, Campbell PJ, Stratton MR.
Deciphering signatures of mutational processes operative in human cancer. Cell Rep.
(2013) 3:246-59. doi: 10.1016/j.celrep.2012.12.008

Frontiers in Oncology

09

10.3389/fonc.2024.1272432

18. Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SAJR, Behjati S, Biankin AV,
et al. Signatures of mutational processes in human cancer. Nature. (2013) 500:415-21.
doi: 10.1038/nature12477

19. Su S-C, Lin C-W, Liu Y-F, Fan W-L, Chen M-K, Yu C-P, et al.
Exome sequencing of oral squamous cell carcinoma reveals molecular subgroups and
novel therapeutic opportunities. Theranostics. (2017) 7:1088-99. doi: 10.7150/
thno.18551

20. Bryant HE, Schultz N, Thomas HD, Parker KM, Flower D, Lopez E, et al. Specific
killing of BRCA2-deficient tumours with inhibitors of poly(ADP-ribose) polymerase.
Nature. (2005) 434:913-7. doi: 10.1038/nature03443

21. Farmer H, McCabe N, Lord CJ, Tutt ANJ, Johnson DA, Richardson TB, et al.
Targeting the DNA repair defect in BRCA mutant cells as a therapeutic strategy.
Nature. (2005) 434:917-21. doi: 10.1038/nature03445

22. Alexandrov LB, Nik-Zainal S, Siu HC, Leung SY, Stratton MR. A mutational
signature in gastric cancer suggests therapeutic strategies. Nat Commun. (2015) 6:1-7.
doi: 10.1038/ncomms9683

23. Lochhead P, Chan AT, Nishihara R, Fuchs CS, Beck AH, Giovannucci E, et al.
Etiologic field effect: reappraisal of the field effect concept in cancer predisposition and
progression. Mod Pathol. (2015) 28:14-29. doi: 10.1038/modpathol.2014.81

24. Frede J, Greulich P, Nagy T, Simons BD, Jones PH. A single dividing cell
population with imbalanced fate drives oesophageal tumour growth. Nat Cell Biol.
(2016) 18:967-78. doi: 10.1038/ncb3400

25. Meng E, Hanna A, Samant RS, Shevde LA. The impact of hedgehog signaling
pathway on DNA repair mechanisms in human cancer. Cancers (Basel). (2015) 7:1333—
48. doi: 10.3390/cancers7030839

26. Abe Y, Oda-Sato E, Tobiume K, Kawauchi K, Taya Y, Okamoto K,
et al. Hedgehog signaling overrides p53-mediated tumor suppression by
activating Mdm2. Proc Natl Acad Sci USA. (2008) 105:4838-43. doi: 10.1073/
pnas.0712216105

27. Malek R, Matta J, Taylor N, Perry ME, Mendrysa SM. The p53 inhibitor MDM2
facilitates Sonic Hedgehog-mediated tumorigenesis and influences cerebellar foliation.
PloS One. (2011) 6:¢17884. doi: 10.1371/journal.pone.0017884

28. Lee Y, Kawagoe R, Sasai K, Li Y, Russell HR, Curran T, et al. Loss of suppressor-
of-fused function promotes tumorigenesis. Oncogene. (2007) 26:6442-7. doi: 10.1038/
sj.onc.1210467

29. Szczepny A, Rogers S, Jayasekara WSN, Park K, McCloy RA, Cochrane CR, et al.
The role of canonical and non-canonical Hedgehog signaling in tumor progression in a
mouse model of small cell lung cancer. Oncogene. (2017) 36:5544-50. doi: 10.1038/
onc.2017.173

30. Robinson GW, Orr BA, Wu G, Gururangan S, Lin T, Qaddoumi I,
et al. Vismodegib exerts targeted efficacy against recurrent sonic hedgehog-subgroup
medulloblastoma: results from phase II pediatric brain tumor consortium studies
PBTC-025B and PBTC-032. JCO. (2015) 33:2646-54. doi: 10.1200/JC0O.2014.60.1591

31. Do K, Chen AP. Molecular pathways: targeting PARP in cancer treatment. Clin
Cancer Res. (2013) 19:977-84. doi: 10.1158/1078-0432.CCR-12-0163

32. Fitzgerald RC. Combining simple patient-oriented tests with state-of-the-art
molecular diagnostics for early diagnosis of cancer. United Eur Gastroenterol J. (2015)
3:226-9. doi: 10.1177/2050640615576677

frontiersin.org


https://doi.org/10.1002/1097&ndash;0142(195309)6:5%3C963::AID-CNCR2820060515%3E3.0.CO;2-Q
https://doi.org/10.1016/S0039&ndash;6060(96)80240&ndash;6
https://doi.org/10.1038/modpathol.2016.207
https://doi.org/10.1038/ncb2963
https://doi.org/10.1038/nature14129
https://doi.org/10.1186/s41199-016-0003-z
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btv098
https://doi.org/10.1093/bioinformatics/btv098
https://doi.org/10.1038/s41592-018-0051-x
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.1016/j.cell.2012.04.024
https://doi.org/10.1186/s13059&ndash;016-0893&ndash;4
https://doi.org/10.1093/nar/gkg509
https://doi.org/10.1002/0471142905.hg0720s76
https://doi.org/10.1002/0471142905.hg0720s76
https://doi.org/10.1038/nrc.2017.102
https://doi.org/10.1016/j.celrep.2012.12.008
https://doi.org/10.1038/nature12477
https://doi.org/10.7150/thno.18551
https://doi.org/10.7150/thno.18551
https://doi.org/10.1038/nature03443
https://doi.org/10.1038/nature03445
https://doi.org/10.1038/ncomms9683
https://doi.org/10.1038/modpathol.2014.81
https://doi.org/10.1038/ncb3400
https://doi.org/10.3390/cancers7030839
https://doi.org/10.1073/pnas.0712216105
https://doi.org/10.1073/pnas.0712216105
https://doi.org/10.1371/journal.pone.0017884
https://doi.org/10.1038/sj.onc.1210467
https://doi.org/10.1038/sj.onc.1210467
https://doi.org/10.1038/onc.2017.173
https://doi.org/10.1038/onc.2017.173
https://doi.org/10.1200/JCO.2014.60.1591
https://doi.org/10.1158/1078&ndash;0432.CCR-12&ndash;0163
https://doi.org/10.1177/2050640615576677
https://doi.org/10.3389/fonc.2024.1272432
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Transcriptomic convergence despite genomic divergence drive field cancerization in synchronous squamous tumors
	1 Introduction
	2 Case reports
	2.1 Patient 1 (HN129)
	2.2 Patient 2 (HN146)
	2.3 Patient 3 (HN49)

	3 Materials and methods
	3.1 Patient selection and multi-sampling of specimens
	3.2 DNA and RNA isolation for high throughput sequencing
	3.3 Gene set enrichment analysis
	3.4 TMA construction, and immunohistochemistry staining and scoring
	3.5 Laser capture microdissection and targeted resequencing
	3.6 Targeted resequencing
	3.7 Analysis of genomic data and copy number changes
	3.8 Mutational signature analysis
	3.9 Analysis of targeted resequencing data

	4 Results
	4.1 Genomic divergence is greater in synchronous than in metachronous tumors
	4.2 Mutational signatures defining early events in field cancerization
	4.3 Paradoxical genomic divergence with transcriptomic convergence in synchronous tumors
	4.4 Hedgehog signaling in basal cells as putative transcriptomic driver of synchronous tumors

	5 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


