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Abstract
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. Through deep sequencing analyses, we characterized the 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 but refutes the hypothesis
that founder mutation(s) underpin this phenomenon. Instead, our analyses suggest a common etiologic
factor defined by mutational signatures and/or transcriptomic convergence, which could provide a
therapeutic opportunity.

Background
Field cancerization occurs when oral squamous cell carcinomas (SCCs) arise from a background of
histologically normal but functionally abnormal tissues that develop a high incidence of multi-centric
tumors.  Herein, using valuable tumor and adjacent histologically normal tissue samples for integrative
genomic and transcriptomic analysis, we provide insights into clinical field cancerization, novel
therapeutic options, and comprehensive surveillance.

Case reports

Mr P (HN129) 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. Ms S (HN146) was a 50-year-
old smoker (20 pack-years) diagnosed with two synchronous SCCs involving the right pyriform sinus and
upper esophagus. Both patients underwent  total pharyngo-laryngectomy (TPLE) with gastric pull-up.
 Histological assessment of both Mr P and Ms S’ tumors revealed histologically distinct tumors and no
gross malignant change within the intervening mucosa. Mr C (HN49) was a 60-year-old smoker (10 pack-
years) and alcoholic.  He developed metachronous supraglottic SCC 3 years after subtotal glossectomy
with neck dissection for SCC of the tongue.

Results
Genomic divergence is greater in synchronous than metachronous tumors

Genomic alterations were determined by whole exosome sequencing (WES) and array comparative
genomic hybridization (aCGH) on bulk samples of paired tumor and adjacent normal mucosa from each
patient (Supplementary Table S1). WES results demonstrated lower overall number of single nucleotide
variants (SNVs) in adjacent normal mucosa compared to tumors in all three patients (Fig. 1a and 1b).
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%) (Fig. 1a). Our
analysis of shared genetic alterations within matched tumor-normal combinations of patients with
synchronous tumors showed no shared mutations among the different tumors of each patient (Fig. 1b),
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while only one shared mutation was identified in the metachronous tumors. Additionally, there were no
shared copy number variants (CNVs) among synchronous tumors or the cognate matched intervening
mucosa (Fig. 1c).

Mutational signatures defining early events in field cancerization

De novo mutational signature analysis1,2 revealed common trends among the three patients, such as the
prevalence of Signatures 1 and 16 (Fig. 1d).  We noted that Signature 4 (usually attributable to smoking)
was prevalent in HN49 but not in the two synchronous patients. Contrastingly, Signature 3 dominated in
both patients with synchronous tumors. In breast and pancreatic cancers, Signature 3 is strongly
associated with germline or somatic BRCA1/BRCA2 mutations,3 although this was not observed in these
two patients.

Paradoxical genomic divergence with transcriptomic convergence in synchronous tumors

We subjected matching sets of adjacent mucosa and tumor samples of all three patients to RNA
sequencing. 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) (Fig. 1e). To validate the clinical relevance of Hh
upregulation, we performed immunohistochemical (IHC) staining on a cohort of head and neck SCC
(HNSCC) patients (n=328) (Supplementary Fig. S1b).  Approximately 25% of patients demonstrated
upregulated Hh signaling, which was associated with poor prognosis (p=0.014) (Supplementary Fig.
S1c). This was similar in an independent cohort of HNSCC patients in The Cancer Genome Atlas (TCGA)
database4 (p=0.015) (Supplementary Fig. S1d).

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

To determine the distribution of subsequent genetic events, we performed laser capture microdissection
(LCM) of normal and dysplastic mucosa, as well as of adjacent synchronous 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 Table S1 and Fig. 1f). In ‘normal’ mucosa immediately adjacent to tumors, we found
specific TP53 mutations shared between the basal and tumor areas, or basal and squamous layers (Fig.
1f). In other situations, TP53 mutations were discordant between tumor and adjacent basal layer. Variant
allele frequencies were significantly higher in tumors compared to histologically normal or dysplastic
regions. Furthermore, the basal layer had 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
(Supplementary Fig. S1e).  Contrastingly, certain late genetic events are only seen in tumors and never in
the basal or squamous layers (e.g. NFE2L2) (Fig. 1a and 1f).
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Discussion
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,
where tumors growing in a cancerized field originate from a single malignant cell, as an early event in
synchronous field cancerization.5 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.

Our 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.6,7 Transcriptomic changes could pre-date genomic alterations, 
reflecting cellular phenotypic responses to the initial mutagenic insult.   This ‘transcriptomic convergence’
may provide a clue to the ‘cell of origin’ that drives field cancerization, and unravel therapeutic
opportunities that prevail across all tumors in a field, regardless of genetic diversity.  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.8

Materials And Methods
Surgical samples from these three patients enabled integrative analysis of synchronous tumors and
matched adjacent normal mucosa. This study was approved by the SingHealth Centralized Institutional
Review Boards (CIRB 2008/467/B, 2011/678/B, and 2007/438/B). Written informed consent was
obtained from all patients in accordance to the study protocols. Detailed methodology is described in the
supplementary data.
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Figure 1

Synchronous tumors of the aerodigestive tract possess distinct tumor biology from that of metachronous
tumors. a) Heatmap illustrating the mutational landscape of the samples derived from three distinct
patients. Frequency of single nucleotide variants in tumor and adjacent normal mucosa indicate lower
mutation counts in normal mucosa (M) compared to that of tumor (T) in all three patients. b) No shared
mutations were identified between the normal mucosa and synchronous tumors while merely one shared
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mutation was identified in metachronous tumors and mucosa. c) Few copy number alterations are
shared across the samples in both synchronous and metachronous tumors. d) Signature 3 was common
to synchronous tumors whereas Signature 4 was unique to metachronous tumors. e) Differential
modulation of signaling pathways is seen between synchronous (HN129) and metachronous (HN49)
tumors via gene set enrichment analysis (GSEA). Normalized expression values are reflected in the bar
charts, where p-value < 0.05 is represented with blue (down-regulated) or red (up-regulated). Our data
revealed that hedgehog pathway was significantly enriched in synchronous tumors. f) Synchronous
tumors of the aerodigestive tract display a unique profile of genomic divergence and transcriptomic
convergence. SNV, single nucleotide variants; M, mucosa; T, tumor; Shh, sonic hedgehog
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