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BACKGROUND: Head and neck squamous cell carcinoma (HNSCC) is characterised by a dismal prognosis; nonetheless, limited
studies have unveiled the mechanisms underlying HNSCC relapse.

METHODS: Next-generation sequencing was performed to identify the somatic mutations in 188 matched samples, including
primary tumours, tumour-adjacent tissues (TATs), pre- and post-operative plasma, saliva and peripheral blood lymphocytes (PBLs)
from 27 patients. The evolutionary relationship between TATs and tumours were analysed. The dynamic changes of tumour- and
TAT-specific mutations in liquid biopsies were monitored together with survival analysis.

RESULTS: Alterations were detected in 27 out of 27 and 19 out of 26 tumours and TATs, respectively. TP53 was the most prevalently
mutated gene in TATs. Some TATs shared mutations with primary tumours, while some other TATs were evolutionarily unrelated to
tumours. Notably, TP53 mutations in TATs are stringently associated with premalignant transformation and are indicative of worse
survival (hazard ratio = 14.01). TAT-specific mutations were also detected in pre- and/or post-operative liquid biopsies and were
indicative of disease relapse.

CONCLUSIONS: TATs might undergo the processes of premalignant transformation, tumorigenesis and eventually relapse by either
inheriting tumorigenic mutations from ancestral clones where the tumour originated or gaining private mutations independent of
primary tumours. Detection of tumour- and/or TAT-specific genetic alterations in post-operative biopsies shows profound potential

in prognostic use.
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BACKGROUND

Head and neck cancer represents one of the most prevalent and
lethal malignant tumour type worldwide [1-3]. Head and neck
squamous cell carcinoma (HNSCC) accounts for >90% of head and
neck cancers. There is evidence of a causal association between
human papillomavirus (HPV) infection and oropharyngeal cancer
[4]. In the USA and several western countries, ~60-80% of
oropharyngeal cancers are related to HPV infection [5-7].
However, in the Chinese population, the prevalence of HPV-16
infection was found only in 7.0% of HNSCC cases [8, 9]. Smoking
and sustained alcohol use were the highest risk factors for HPV-16-
negative (HPV™) HNSCC, which has worse survival compared to
HPV-16-positive (HPV') HNSCC [9, 10].

HNSCC remains stagnated with a poor 5-year overall survival
rate [11]. One important reason is that measurable residual
disease (MRD) is relatively common [12]. Another reason is that
second primary tumours (SPTs) often occur in the adjacent
anatomical field [13]. The concept of field cancerisation is

postulated as the main theory to explain the high frequency of
SPTs; it was described by Slaughter et al. in 1953 when studying
the presence of histologically abnormal tissue surrounding oral
squamous cell carcinoma [14]. As explained by Braakhuis et al.
[15], Tabor et al. [16] and others, multiple genetic alterations,
including loss of heterozygosity (LOH), microsatellite alterations,
chromosomal instability and mutations in the TP53 gene, have
been detected in tumour-adjacent “normal tissue” and surgical
margins to assess the presence of an altered field [16, 17].
Moreover, several studies have demonstrated risk factors, includ-
ing cigarette and cannabis smoking, HPV infection, etc., that lead
to cancer-associated genetic alterations in tumour-adjacent
“macroscopically normal” tissue and surgical margins [14, 18-
25]. Previous studies have reported detectable arm-level copy
number changes such as 6p gain and 8p loss in HNSCC normal
adjacent tissues and upregulated expression of pathways,
including those involved in epithelial-to-mesenchymal transition
in the normal adjacent tissues of several cancer types [26, 27]. As

"Department of Otorhinolaryngology Head and Neck Surgery, Xiangya Hospital of Central South University, Changsha, China. Province Key Laboratory of Otolaryngology Critical
Diseases, Xiangya Hospital of Central South University, Changsha, China. >GenePlus-Beijing, Beijing, China. “GenePlus-Shenzhen, Shenzhen, China. ®email: yuzc@geneplus.org.cry

yaoyuntang@outlook.com

Received: 23 December 2020 Revised: 6 May 2021 Accepted: 7 June 2021

Published online: 6 July 2021

Published on Behalf of CRUK


http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-021-01464-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-021-01464-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-021-01464-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-021-01464-0&domain=pdf
http://orcid.org/0000-0003-1441-1452
http://orcid.org/0000-0003-1441-1452
http://orcid.org/0000-0003-1441-1452
http://orcid.org/0000-0003-1441-1452
http://orcid.org/0000-0003-1441-1452
http://orcid.org/0000-0001-9877-9195
http://orcid.org/0000-0001-9877-9195
http://orcid.org/0000-0001-9877-9195
http://orcid.org/0000-0001-9877-9195
http://orcid.org/0000-0001-9877-9195
mailto:yuzc@geneplus.org.cn
mailto:yaoyuntang@outlook.com
www.nature.com/bjc

yet, however, little has been reported to elucidate their evolu-
tionary relationship with primary tumours and evaluate their
prognostic potential for monitoring disease progression and
predicting survival. The clonality origin of the cancerised field
and the occurrence of multiple tumours remain controversial, as
some scholars support the monoclonal theory in which multiple
tumours originate from a single cell with oncogenic genetic
changes, while others suggest that multiple transforming events
might give rise to genetically unrelated multiple tumours [23].
Besides, the relation between field cancerisation with HNSCC
relapse awaits exploration. Moreover, most of these studies
focussed on the pathologically normal tumour-adjacent tissues
(TATs); little attention has been paid to the adjacent tissues that
remained unresected in the commonly accepted surgical guide-
lines [28, 29], of which some of these tissues might not be
pathologically normal.

Fuelled with cutting-edge bioinformatics tools including next-
generation sequencing (NGS), several genetic biomarkers for
monitoring cancer status have been developed. Among them,
tumour DNA can be detected in the blood and other body fluids of
patients with advanced cancer [30-32]. Tumour DNA that enters
the circulation becomes circulating tumour DNA (ctDNA) and is
capable of reflecting genetic alternations dynamically [33, 34].
Many studies have shown that ctDNA levels rise rapidly with
disease progression and subsequently drop in association with
successful treatment [35-37]. ctDNA can also be extracted from
other body fluids like saliva (SctDNA). Previous studies by Wang
et al, Shanmugam et al,, Ahn et al. and others found that ctDNAs
were highly detectable in the saliva and plasma of patients with
HPV™" or HPV~ HNSCC, serving as liquid biopsy with diagnostic and
monitoring applications [32, 38-40]. Besides, Lv et al. reported
detecting circulating Epstein-Barr virus DNA copy number had
substantial power to predict patients’ survival, serving as an
alternative marker to commonly used ctDNA [41]. However, there
is little knowledge about the cell-free DNA (cfDNA) that originated
from TATs. Currently, the well-accepted method is to detect ctDNA
with the somatic mutations derived from primary tumours. As TATs
have the potential to develop into malignant lesions, they might
be able to predict the disease progression as well.

Herein, we reported a prospective study utilising targeted-capture
NGS to profile the mutational features of samples including tumour
tissues, TAT, pre- and post-surgical ctDNA and SctDNA from 27 HPV-
16~ HNSCC patients. A chart depicting the general workflow in this
study was shown in Fig. S1. The result showed that the genetic
mutations were highly detected in the saliva, plasma and TAT of
HNSCC patients. By comparing the mutations in different sources of
samples, we characterised two models of an evolutionary relation-
ship between TATs and primary tumours, providing key information
to understand HNSCC premalignant development, tumorigenesis
and relapse. Finally, the prognostic value of TAT, ctDNA and SctDNA
as biomarkers to monitor relapse in HNSCC were assessed.

METHODS

The present study was a prospective study. All blood, saliva and adjacent
tumour mucosa tissues were obtained from HNSCC patients at Xiangya
Hospital, Central South University. The study cohort comprises 27 patients
with HPV™ HNSCC, ranging from 37 to 75 years of age. Four patients with
HPV' HNSCC were excluded from the study. Naive patients were eligible
for enrolment if they had been diagnosed with primary HNSCC from
histological/cytological reports. Details of patient enrolment, exclusion and
sample treatment were illustrated in Fig. S2. The study was reviewed and
approved by the ethical committee at Xiangya Hospital, Central South
University. All methods were performed in accordance with the relevant
guidelines, and informed consent was obtained.

Sample processing and DNA extraction
For saliva collection, each patient was asked to spit 1.5-2 ml of saliva into
the collection tube. Peripheral blood was collected in EDTA Vacutainer
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tubes (BD Diagnostics, NJ, USA) and processed within 3 h. Plasma was
separated by centrifugation at 1600xg for 10min, transferred to
microcentrifuge tubes and centrifuged at 16,000 X g for 10 min to remove
the remaining cell debris. Peripheral blood lymphocytes (PBLs) from the
first centrifugation were used for the extraction of germline genomic DNA.
Fresh tumour tissues and para-carcinoma tissues from HNSCC patients
were immediately frozen at —80 °C.

DNA was purified from the PBLs, saliva, tumour tissue and adjacent
mucosa tissue using the DNeasy Blood & Tissue Kit (Qiagen, Hilden,
Germany), and plasma cfDNA was isolated using QlAamp Circulating
Nucleic Acid Kit (Qiagen, Hilden, Germany).

DNA concentration was measured using a Qubit fluorometer (Invitrogen,
CA USA) and the Qubit dsDNA HS (High Sensitivity) Assay Kit (Qiagen, Hilden,
Germany). The size distribution of the cfDNA was assessed using an Agilent
2100 BioAnalyzer and the DNA HS Kit (Agilent Technologies, CA, USA).

Sequencing library construction and target enrichment

All DNA samples, including those from tumour tissues, TATs, blood and saliva
liquid biopsies, were subjected to targeted-capture NGS with a 1021-gene
panel. Before library construction, 1 ug each of PBL DNA, saliva DNA and
tissue DNA were sheared to 300-bp fragments with a Covaris S2
ultrasonicator. Indexed lllumina NGS libraries were prepared from PBL
germline, tissue, saliva and circulating DNA using the KAPA Library
Preparation Kit (Kapa Biosystems, MA, USA). Barcoded libraries were
hybridised to a customised panel of 1021 containing whole exons and
selected introns of 288 genes and selected regions of 733 genes for both
tumour biopsies, ctDNA and SctDNA samples. When constructing libraries,
unique molecular identifiers were used to minimise sequencing errors,
remove duplications and increase the accuracy in detecting low-frequency
tumour mutations in liquid biopsies [42, 43]. More details of NGS sequencing
of tumour tissues and liquid biopsies could be found in previous publications
[44-48] The capture probe was designed based on the genomic regions of
1021 genes most frequently mutated in HNSCC and other common solid
tumours. Genes and coordinates of selected regions are provided in Table S1.
Capture hybridisation was carried out according to the manufacturer’s
protocol. Following hybrid selection, the captured DNA fragments were
amplified and then pooled to generate several multiplex libraries.

NGS sequencing

Sequencing was carried out on an lllumina HiSeq 3000 instrument
according to the manufacturer’s protocols, using the TruSeq PE Cluster
Generation Kit v3 and TruSeq SBS Kit v3 (lllumina, CA, USA).

Sequence data analysis

The raw data in the fastq format were filtered by removing terminal adaptor
sequences and low-quality data, and paired-end reads in the fastq format
were aligned to the reference human genome (UCSC Genome Browser,
version hg19) using the Burrows-Wheeler Aligner [40]. Low-quality reads
with Phred score <30, mapping quality <30 or with paired-end reads bias
were removed. The Genome Analysis Toolkit (https://www.broadinstitute.org/
gatk/) and MuTect2 were employed to call somatic small insertions and
deletions (indels) and single-nucleotide variants by filtering PBL sequencing
data [40]. For liquid biopsies, mutations had also been detected in matched
tumour tissues and/or TATs were kept. Phylogenic trees were illustrated using
Phylip (version 3.698), by looking at the concordant mutations. Shared
mutations were defined as trunk mutations, while private mutations were
shown on branches. Clonality of mutations in tumours and TATs were
inferred by looking at the variant allele fraction (VAF) ratio of mutations,
calculated in the way as previously reported [49]. Specifically, the VAF ratio
equals to dividing the VAF of each mutation by the maximum VAF in the
same sample. In order to make sure the TATs were not contaminated by
tumour tissues, we filtered out the somatic mutations with VAF <0.025. This
was because only a low fraction of tumour cell DNA would be sequenced
from the contaminating tissues, yielding a low VAF ratio of the corresponding
mutations identified. Besides, some TAT-specific clonal mutations observed in
the TATs were not observed in the matched tumour tissues, indicating that
these mutations were not detected due to tumour sample contamination.
Mutations with a VAF ratio >0.8 were determined as clonal, while the others
were determined as subclonal [49].

Statistical analysis
Wilcoxon’s rank-sum test and Kruskal-Wallis test were used to compare
differences between groups. Curves for disease-free survival (DFS) were
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Fig. 1 Overview of somatic mutations in the tumour, plasma, saliva and adjacent mucosa tissue in (n =27) HNSCC patients. Top panel,

the mutational burden in each sample; right panel, the prevalence of mutations in each gene; bottom panel, from top to bottom, the source
of the sample from the patients; pathological diagnosis of TAT sample from the respective patient (TAT unavailable in one case, labelled with
grey); patients with or without relapse in follow-up; TNM stages of the patients. TAT tumour-adjacent tissue, pre-ctDNA pre-operative ctDNA,
post-ctDNA post-operative ctDNA, pre-sctDNA pre-operative SctDNA, post-sctDNA post-operative SctDNA. Mutation types are labelled with

different colours listed at the bottom left.

constructed using the Kaplan-Meier method and compared using the log-
rank test. Cox proportional hazards regression analysis was used to assess
the impacts of ctDNA, SctDNA and adjacent mucosa mutations on DFS. All
P values were based on two-sided tests and differences were considered
significant at P < 0.05. Statistical analysis was performed using the SPSS
17.0 and the GraphPad Prism 7 software.

RESULTS

Patient characteristics

All patients were diagnosed with squamous cell carcinoma. Among
them, 27 patients were determined to be HPV-16" by quantitative
polymerase chain reaction and further subjected to downstream
analyses. For each patient, the clinicopathological characteristics and
follow-up data are given in Table S2. With a median follow-up time
of 20.7 months (range 1.3-27.2 months), 8 of 27 patients (29.7%)
developed recurrence after completing their treatment. A total of
188 prospectively collected pre- and post-operative plasma, saliva,
adjacent mucosa, and PBL samples from the 27 HNSCC patients
were analysed. Details of the patient enrolment, exclusion and
sample treatment are presented in Fig. S2.

Mutations in primary tumours

Tumour tissue DNA and matched PBL DNA from 27 HNSCC
patients were sequenced to detect somatic mutations in each
sample, with the method mentioned in a previous report [40],
achieving a mean read depth in the range of 337x-2020x
(without duplication) for tumour tissue DNA and 221x-308x%
(without duplication) for PBL DNA. We identified at least one
somatic mutation in all of the primary tumours. The average
number of somatic mutations identified in each primary tumour
was 6.07 (range 1-13). A total of 164 somatic mutations,
including SNVs and Indels, were identified in 91 genes, and 22
genes were recurrently mutated in multiple cases (Fig. 1). The
most frequently mutated gene was TP53 (24/27, 88.89%). Other
recurrently mutated genes included FATT (9/27, 33.33%);
NOTCH1, TERT (5/27, 18.52%); NOTCH2 (4/27, 14.81%); EPHA3,
EPHAS5, KDR, PIK3CA and PTPRD (3/27, 11.11%). The tri-nucleotide
changing patterns of SNVs in all samples were compared with
the COSMIC (accessed in November 2020) categorised SBS,
which was published by Alexandrov et al. from PCAWG studies
[50], using the YAPSA software. The number of mutations
attributed to each SBS was quantified and plotted in Figs. S3a
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and 3b. In our result, the highest numbers of SNVs were
attributed to SBS20, which is related to DNA mismatch repair,
SBS4, associated with tobacco smoking, and SBS7b/7c, owing to
ultraviolet exposure.
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Fig. 2 Somatic mutations identified in (n = 6) samples from each
patient. a Somatic mutations in patients whose TATs shared at least
one mutation with primary tumours. b Somatic mutations in
patients whose TATs harboured no or private mutations to primary
tumours. TAT tumour-adjacent tissue, pre-sctDNA pre-operative
SctDNA, pre-ctDNA pre-operative ctDNA, post-sctDNA post-opera-
tive SctDNA, post-ctDNA post-operative ctDNA. Patients with a
premalignant lesion diagnosed pathologically in TATs are labelled
with star icons, while relapsed patients are labelled with hexagon
icons. Tumour sites and TNM disease stages were labelled next to
patients’ ID. Mutation types are labelled with different colours listed
at the bottom right; TAT was not available in P25.

<
<

Mutations and histopathology in TAT

In order to profile the genomic alterations in adjacent mucosa,
genomic variations in 26 TATs were identified as well. On average,
adjacent mucosa tissues yielded a 731x (431x-1041x%) sequencing
depth of coverage. We identified at least one somatic SNV or Indel
in 73.1% (19 of 26) of TATs. The average number of somatic SNVs
and Indels identified in each TAT tissue was 3.54 (range 0-13). A
total of 92 somatic SNVs and Indels were identified in 48 genes;
seven genes were mutated in multiple TATs, including TP53 (12/
26), NOTCH1 (6/26), FAT1 (4/26), CDKN2A (2/26), EPHA3 (2/26),
MLH1 (2/26) and PIK3CA (2/26) (Figs. 1 and 2). We next tried to
infer the histopathological status of these TATs. TATs were
pathologically determined as a premalignant lesion (5/26,
dysplasia) or negative surgical margins (21/26) as confirmed by
two pathologists. Fisher's exact test showed a significantly higher
number of premalignant lesions in TP53™ TATs (P=0.012,
Table S3a), no matter if the same TP53 mutations could be found
in the respective primary tumours. The mutant p53 protein
expressed in TP53™" TATs was verified through immunohisto-
chemistry analysis, which showed mild to strong mutant p53
expression in all of the TP53™" TATs (Table S3b and Fig. S3c).

Evolutionary relationship between TATs and primary tumours
We then sought to answer if TATs and primary tumours were
evolutionarily associated in HNSCC. Twenty-three SNVs and Indels
were identified in both tissues of the same patients (Fig. 2), and in
30.8% (8/26) of cases, TATs shared at least one somatic SNV or
Indel with the corresponding primary tumours. Nevertheless, 7 out
of 26 patients harboured no mutations in their TATs, and 11 out of
26 patients only harboured private mutations in their TATs.
Among these 11 patients, recurrent mutations in TATs were found
in several canonical driver genes encompassing TP53, CHEK2,
NOTCH1, ERBB4, FATI, etc. Phylogenic analysis was then carried
out to shed further light on the evolutionary relationship between
TATs and primary tumours in 19 patients with mutations identified
in their TATs (Fig. S4). The phylogenic trees of all the relapsed
patients and patients with premalignant lesions are exhibited in
Fig. 3a, wherein five out of eight patients’ TATs did not share
common clonal origins with primary tumours. Relative numbers of
tumour-private, TAT-private and shared SNVs and Indels in all
patients with mutations identified in their TATs were summarised
in Fig. 3b. Among all, 8/19 patients harboured at least one shared
mutation between TATs and primary tumours, indicating a
monoclonal origin in each pair of TAT and tumour, while multi-
clonal origins were observed in the other 11 out of 19 patients
(Figs. 3a and S5). The average number of tumour-private
mutations was significantly higher than that of TAT-private
mutations, while significantly more TAT-private mutations were
observed than tumour-TAT shared mutations (Fig. 3c). In the
group with monoclonal origins, five out of eight TATs shared the
same TP53 mutations as in respective primary tumours. Other
putative oncogenic trunk mutations shared in TAT-tumour pairs
included mutations in MTOR, NOTCH1, MET, BRCAT and CCNET.
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Notably, although TP53 might be altered both in primary
tumour and TAT in the same patient, the mutations were not
necessarily the same. For instance, in P03 (primary tumour: R248W
and C135R vs. TAT: R248Q), P08 (primary tumour: 11625fs*3 vs TAT:
V97Afs*26, G266* and R273C), P16 (primary tumour: A159P and

Y236* vs. TAT: R209%) and P19 (primary tumour: P250S, R249S and
H214R vs. TAT: R248W, Y220C and Y205C), different TP53
alterations were observed between each pair of the primary
tumour and TAT (Table S4). Besides, in certain patients, both
shared and private TP53 mutations were observed in primary
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tumour-TAT pairs, such as P27 (primary tumour: 1255del vs. TAT:
1255del, Y220C and R273S). Details of TP53 alterations detected in
all patients were exhibited in Table S4.

VAF/maximum VAF in tumours and TATs was calculated in order
to estimate the likely cancer-cell fraction value and infer the
clonality of each mutation in samples. The VAF ratio of all relapsed
patients and patients with premalignant lesions were illustrated in
Fig. 4, while Fig. S6 denotes the situations in all patients with
mutations detected in their TATs. With a median VAF ratio of 0.93
(range 0.06-1), TP53 mutations were determined as clonal in 13
tumour tissues, and clonal TP53 mutations were observed in 9
TATs. Shared clonal mutations included MLH1T mutation in P06 and
TP53 mutation in P27. Eight of 12 mutations detected post-surgery
in plasma and/or saliva were clonal. Overall, the mean VAF ratio of
mutations in CCNE1, KEAP1, FCGR2A, PTEN and TP53 were the
highest in all primary samples, indicating that these mutations
were early-stage clonal events during tumour progression (Fig. S6).
In addition, TP53 also had the highest mean VAF ratio in
premalignant TATs but not in pathologically normal TATs,
suggesting that TP53 mutation might play a key role in promoting
tissue premalignant transformation and tumourisation (Fig. S6).

TP53 mutations in TAT are predictive of recurrence

In 21 patients whose TATs were determined as negative surgical
margins, recurrence occurred ultimately in five patients, and
mutations in TATs were detected in all of these patients. Fisher's
exact test showed no significant association between TAT-tumour
evolutionary relationship with disease relapse (P = 0.28, Table S3c).
Moreover, recurrence was eventually observed in three of the
patients (P03, P06 and P27) whose TATs shared monoclonal
origins with their primary tumours, while 4 (P09, P18, P19 and P26)
out of 11 patients whose TATs harboured only private SNVs and/or

Indels finally underwent relapse. Intriguingly, mutations in P6 who
underwent relapse finally were observed identical to what was
identified in the primary tumour, although the pathological tests
determined this TAT as a negative surgical margin.

According to the COSMIC database and our previous studies
[51], TP53 mutations are the most prevalent genetic alterations in
HNSCCs, and they were detected in 50.0% of TATs in the present
cohort. We thereby tested whether TP53 mutations in TAT could
anticipate relapse. As a result, patients whose TATs harboured
TP53 mutations had a greater tendency to relapse, and had
significantly shorter DFS (hazard ratio (HR) 14.01; 95% confidence
interval (Cl), 2.48-79.28; P=0.003; Fig. 5a). The Kaplan-Meier
estimates of DFS were 11.3 months for the TP53 altered patients
and 23.9 months for the wild-type TP53 patients. Multivariate Cox
proportional hazard model yielded a P value of 0.01 when taking
various clinicopathological characteristics into consideration (HR
6.76; 95% Cl, 1.59-28.69; Table S5a). This indicates that these
“tumour-free” margins determined by pathological means might
still contain tumour cells or have the potential to develop into
SPTs, which would probably lead to local recurrence. Besides, four
patients with their TATs diagnosed pathologically as negative
surgical margins finally underwent relapse, and mutations were
detected in TATs of all these four patients, suggesting that
predicting disease relapse solely based on TAT pathological
diagnosis might not be sufficient and that TAT mutational features
could provide extra valuable information for HNSCC prognosis.

Mutations in plasma and saliva

Targeted-capture sequencing of 27 HNSCC patients’ matched pre-
and post-operative plasma ctDNA, saliva tumour DNA and
matched PBL DNA was performed, achieving a mean sequencing
coverage of 934x (370x-1716x) for plasma ctDNA, 1049x
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(259x-1865x) for saliva tumour DNA and 287x (221x-308x) for
PBL DNA. The presence of ctDNA/SctDNA was evaluated by
searching for the presence of previously identified SNVs and
Indels identified in tumour tissue and/or TAT (Figs. 1 and 2). For
pre-operative samples, mutations were identified in 70.4% (19/27)
and 63.0% (17/27) of plasma and saliva samples, respectively. TP53
mutation was the most prevalent (68.4%, 13/19) alteration in
plasma ctDNA, with FAT1, EPHA3, EPHA5 and PTPRD also being
recurrently mutated (Fig. 2). The most frequently mutated gene in
saliva SctDNA was also TP53 (88.2%, 15/17). GNAS, FAT1 and MLH1
were commonly mutated (14.3%, 2/14). For post-operative
samples, nine mutations in plasma were identified in seven
patients. Mutated genes included MLH1, TP53, AKT1 and FATI.
Twelve mutations in saliva were detected in 11 patients, where
mutations in CDKN2A, TP53, MLH1, FAT1, NOTCH1, AKT1 and DHX9
were identified. In order to answer if the mutations detected in
liquid biopsies were more likely to originate from tumours or TATSs,
the number of patients with tumour-private, TAT-private or
tumour-TAT shared mutations detected in their pre-/post-opera-
tive liquid biopsies was calculated and plotted in Fig. S7, together
with the average number of mutations detected in each type of
biopsies at two time points. Notably, TAT-private mutations were
detected in both plasma and saliva pre- and post-surgery, and all
patients with TAT-private mutations detected in their post-
operative plasma eventually underwent relapse.

Prognostic value of tumour-specific ctDNA and SctDNA in
early post-operative plasma and saliva samples
Plasma and saliva samples were taken from 27 patients 1-2 weeks
after surgery completion were analysed. Mutation burdens in both
post-operative plasma and saliva clearly dropped after surgery
(post vs. pre, P=0.001 for ctDNA, P < 0.001 for SctDNA; Fig. 5b).
Six or seven out of eight relapsed patients had ctDNA detected
in post-operative plasma and saliva accordingly. Of particular
interest, in P03 who underwent recurrence eventually, only a TAT-
private CDKN2A mutation was detected in post-operative plasma,
which was not identified in the respective tumour. Similarly,
private mutations only found in TATs were detected in post-
operative saliva in four patients, among whom two underwent
relapse ultimately. A common practice to use liquid biopsy for
prognosis was to detect only tumour-specific mutations post
surgery. With this method, ctDNA analysis of post-operative
plasma predicted impending relapse with 62.5% sensitivity and
94.7% specificity (Table S5b). By comparison, tumour DNA analysis
of post-operative saliva predicted relapse with 62.5% sensitivity
and 89.5% specificity (Table S5b). In addition, post-operative
ctDNA-positive patients had significantly shorter DFS than those
with no ctDNA detected (hazard ratio (HR) 22.27; 95% confidence
interval (Cl), 3.593-138.1; P<0.001; Fig. 5c). Similarly, SctDNA-
positive patients also had considerably lower DFS than those who
were SctDNA negative (HR 20.51; 95% Cl, 3.359-125.3; P=0.001;
Fig. 5d). In multivariate analysis, Cox proportional hazard model
yielded P values of 0.005 for both ctDNA and SctDNA when taking
other clinicopathological characteristics into consideration (ctDNA
HR 8.03; 95% Cl, 1.89-34.13; SctDNA HR 7.85; 95% Cl, 1.84-33.47;
Table S5c and Table S5d, respectively). Notably, detecting TAT-
specific mutations in addition to tumour-specific mutations in
plasma and saliva increased the sensitivity of post-operative
ctDNA from 62.5 to 75%, while the sensitivity of SctDNA increased
from 62.5 to 87.5% in predicting relapse (Table S5e). Furthermore,
patients with ctDNA or SctDNA post-surgical detection were
confirmed to undergo relapse earlier compared with conventional
clinical imaging (Fig. S8a, b).

DISCUSSION
The detection of HNSCC recurrence following surgery is often
delayed owing to the clinical challenges, which compromise
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clinical decision-making and impair patient management. A
proportion of early-stage HNSCC patients are prone to relapse
within a short time. Therefore, it is necessary to develop a
surveillance test for early detection of MRD prior to the
development of clinical symptoms. Besides, SPT at the tumour-
adjacent fields, which appeared to be normal in traditional
diagnostic tests, substantially increase the risk of recurrence.

Previously, Tada et al. exhibited that the EMT status of CTC
might be a potential marker to predict disease progression [52].
Wang et al. and Hamana et al. demonstrated in cohorts of 47
HNSCC and 64 oral SCC patients that detectable post-operative
ctDNA was a powerful surrogate to indicate patients’ relapse [53—
55]. Besides, Wang et al. also showed that both ctDNA and SctDNA
could improve the sensitivity of predicting relapse [53]. Here, we
showed that TP53 mutations in TAT exhibited profound predictive
power in the prognosis of HPV-16~ HNSCC, allowing sensitive risk
assessment of HNSCC recurrence. Notably, we showed that
detecting TAT-specific mutations increased the sensitivity of
ctDNA and SctDNA in monitoring MRD and SPT to predict relapse.
These results rendered it promising to translate these biomarkers
into clinical use for predicting HNSCC prognosis and guiding
treatment decisions.

The concept of field cancerisation was proposed to demon-
strate a proportion of cells with early genetic alterations but
without histopathological change remaining in the TATs in HNSCC
[56]. The clonal origin of the cancerised field and the occurrence
of multiple tumours remain controversial, as some scholars
support the monoclonal theory in which multiple tumours
originate from a single cell with oncogenic genetic changes,
while others suggest that multiple transforming events might give
rise to genetically unrelated multiple tumours [23]. Besides, the
relation between field cancerisation with HNSCC relapse awaits
exploration. Previous studies utilised markers such as microsatel-
lite instability and TP53 mutation to evaluate the clonality of
multiple tumours in HNSCC and observed their polyclonal origins,
which was consistent to our findings [23, 57, 58].

In our study, the evolutionary analysis showed that 8 out of 26
TATs shared monoclonal origins with tumours, where relapse
occurred in three patients, and premalignant lesion in TAT was
observed in one patient. In contrast, 11 out of 26 TATs harboured
only private driver mutations, and four of these patients under-
went recurrence eventually. In three relapsed patients only TAT-
private mutations were detected in post-operative plasma or
saliva, indicating that TATs might be evolutionarily independent of
primary tumours during tumorigenesis. Of the TATs from these
four patients, two was determined as premalignant lesions, while
the other two were determined as negative surgical margins.
Moreover, TAT-private mutations were detected in post-operative
plasma and saliva, and all patients with TAT-private mutations
detected in post-operative plasma eventually underwent recur-
rence. These results revealed that TAT might employ two different
modi operandi to contribute to disease recurrence, as depicted in
Fig. 6a. Some cells in TAT originated from the same ancestral clone
as the tumour did; TAT cells might inherit the same driver
alterations in the tumour that tend to occur in an early stage of
tumorigenesis, and further obtain novel mutations triggering
premalignant transformation and tumour progression, leading to
disease relapse after resection (Fig. 6b). Private mutations might
be accumulated in other cells that did not inherit the same driver
mutations as in tumours, and later contribute to the development
of an SPT that is evolutionarily independent of primary tumours,
resulting in disease recurrence.

Intriguingly, Fisher's exact test exhibited no significant associa-
tion between TAT-tumour clonality with TAT pathological status or
disease recurrence, suggesting that a TAT-tumour monoclonal
origin does not necessarily precede the TAT premalignant
transformation and tumorigenesis, nor the disease relapse of
HNSCC. On the other hand, one or two relapsed patients only
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harboured TAT-specific mutations in their post-operative plasma
and saliva respectively, suggesting that relapse in these cases are
more likely to be as a result of second independent tumours.
Taken together, these results further solidify the conjecture that a
proportion of recurrence in HNSCC is likely to result from
premalignant transformation and tumorigenesis of TATs, which
might not be evolutionarily associated with primary tumours and
instead undergo tumorigenesis independently. However, some
other studies showed identical genetic changes between multiple
tumours in the head and neck [57, 59-61]. The possible reason
behind the discrepancy between findings of these studies with
ours might be the different markers used to define the clonality of
tumours, given that the markers used in these studies, such as
LOH patterns, cytogenetic features, etc., occur in a high frequency
in HNSCC and are not specific enough to be distinguished when
they occur independently [22, 57, 59-61].

We adopted 1021-panel targeted-capture sequencing, but not
whole-exome sequencing or whole-genome sequencing, to infer
the evolutionary relationship between tumour and adjacent
mucosa; one possible drawback of this method is that we might
miss some passenger mutations that are indeed shared by these
two tissues. However, it is conceivably impossible to conclude that
two tissues from the same patient are totally irrelevant during
development; nonetheless, the shared alterations in passenger
genes might not play essential roles in the process of tumour
evolution. Previously, Wang et al. showed different sensitivities of
liquid biopsies in detecting tumour mutations of HNSCC originat-
ing from different anatomical sites [12]. The conclusion from the
present study was quite consistent with the previous one, in terms
of that more tumour-derived mutations were detected in ctDNA of
saliva among patients with tumours arising in the oral cavity,
including the base of the tongue, tongue and buccal sites, while
comparatively more mutations were detected in plasma for
deeper tumours, such as those that arose in the larynx, etc.
However, due to the modest sample size, no statistical significance
was observed. We also looked at whether more mutations could
be identified in tumours with higher disease stages, but no
obvious pattern was scrutinised. Besides, no significant association
could be observed between the detection of TP53 mutations in
TAT and the detection of mutations in pre/post plasma or saliva
with patients’ smoking history (Table S6a—e).

One major limitation of this study was the modest sample size,
and as we focussed on the patients’ samples collected from real
clinical practice, we might not be able to perform more wet
experiments to elucidate mechanisms of genetic alterations
contributing to disease relapse or TAT cancerisation. The limited
sample size also led to insufficient amounts of identified Indels for
conducting Indel signature analyses. Besides, even though we
found a trend that alterations in pre-operative plasma were more
likely to be detected in patients with higher TNM stages of disease
than with lower stages, only near-borderline significance (P = 0.07)
(Fig. S6e) could be observed, possibly due to the modest sample
size as well. Notably, this result was consistent with the findings of
previous studies, which suggested that a higher level of cfDNA in
pre-operative plasma was observed in patients with higher stages
of the disease [62, 63]. More investigations with larger sample sizes
and more approaches to explain the cause and consequence
relationship in these processes are needed. In the present study,
the detection rates in plasma and saliva were not as high as those
given in previous reports [39, 40]. This was because HPV-16 was
identified negative for all the enrolled HNSCC patients and one-
third of the patients were in the early stages of the disease, which
meant that less tumour DNA was released into the circulation and
thus its levels were more difficult to determine [64].

The results of the present study indicate that sequencing of
TAT, saliva and plasma for tumour DNA could potentially be
incorporated into clinical examinations to complement current
diagnostic modalities and inform clinical decision-making. Dis-
crepancies in TAT evolutionary relationship with tumours indicate
heterogeneity of possible mechanisms underlying HNSCC recur-
rence, awaiting further investigations.
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