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OVERLINE: CANCER

One Sentence Summary: Non-invasive sampling of the buccal mucosa can detect somatic

mosaicism that marks age as well as lifestyle and germline risk factors for ESCC.



Abstract: Clones harboring cancer driver mutations can expand in normal tissues, known as
somatic mosaicism, and can be influenced by age and environmental and germline factors.
Somatic mosaicism in the blood predicts the risk of hematological malignancies; however, the
relevance of somatic mosaicism to solid tumors remains unclear, in part due to limited sample
availability. Lifestyle habits, including alcohol consumption and tobacco smoking, and
pathogenic germline variants increase the risk of developing esophageal squamous cell
carcinoma (ESCC). Because somatic mosaicism in the esophagus is known to be associated with
aging and lifestyle habits, and considering the contiguity of squamous epithelium from the
esophagus to the oral cavity, we non-invasively collected buccal mucosa samples from patients
with and without ESCC using swabs of different sizes and conducted deep error-corrected
sequencing of 26 cancer driver genes to obtain comprehensive landscapes of tissue remodeling
by driver-mutant clones. We found that the number of mutations increased with drinking, but
only in individuals with germline risks. Moreover, across positively selected genes in the buccal
mucosa, mutations increased with age and smoking regardless of germline risks, whereas
drinking affected only those with germline risks. The buccal mucosa of patients with ESCC was
extensively remodeled, and models predicting the presence of ESCC demonstrated high accuracy
with smaller swab sizes, possibly due to their higher sensitivity in detecting small mutant clones.
In conclusion, we showed that buccal mucosal remodeling reflects lifestyle and germline risks,

as well as age, which might be exploited for non-invasive risk assessment of ESCC.



INTRODUCTION

As we age and are exposed to environmental insults, individual cells in normal tissues
accumulate somatic mutations, some of which confer a selective advantage, called driver
mutations (/, 2). As tissue undergoes consecutive remodeling by proliferative cells, cells with a
growth advantage are positively selected, and their descendant cells expand (7, 2). Our bodies
consist of such expanded clones, a phenomenon known as somatic mosaicism (/, 3). Because
driver mutations in normal tissues are largely shared with those found in the corresponding
cancers (1, 4-17), driver-mutant clones in normal tissues are considered as the cell-of-origin for
cancer. In the blood, the presence of clonal expansion, termed clonal hematopoiesis, is an
established biomarker for the development of hematological malignancies (4, 5). Environmental
factors, as well as germline variants, are known to affect the prevalence of clonal hematopoiesis
(18-20). However, in solid organs, assessing cancer risks from tissue remodeling has not been
established, although it has been reported that clones carrying cancer driver mutations
pervasively remodel normal tissues in the elderly and patients with cancer in several organs, such
as the esophagus (7, 21), bronchus (/5), and bladder (8). Sampling of tissues in substantial
quantities (beyond PBMCs) is not always feasible, and achieving a comprehensive landscape of

tissue remodeling in solid organs from small biopsy areas remains an unsolved challenge.

Esophageal cancer is the sixth leading cause of cancer-related deaths worldwide,
affecting approximately 604,100 individuals and causing 544,076 deaths annually (22). Of these
cases, esophageal squamous cell carcinoma (ESCC) accounts for 85% (23). Despite the
effectiveness of endoscopic screening tests for early detection, their cost and invasiveness pose
challenges (24). Lifestyle habits, such as drinking and smoking, along with the presence of

germline variants of aldehyde dehydrogenase 2 (ALDH?2) and alcohol dehydrogenase 1B



(ADHIB), key genes in alcohol metabolism, are established risk factors of ESCC, with the
combination of lifestyle and germline factors synergistically increasing ESCC risk (25-27).
However, self-reported information on lifestyle habits and traits is often inaccurate,
compromising risk stratification accuracy. Therefore, an objective, accurate patient stratification
method is needed to facilitate screening. We previously demonstrated that driver-mutant clones
remodel the esophageal epithelium with age and that this remodeling is accelerated in heavy
drinkers and smokers, contributing to field cancerization (7, 28). This process is characterized by
the expansion of cells influenced by carcinogenic alterations within an organ and is associated
with an increased risk of ESCC (29). The squamous epithelium contiguously covers the
esophagus, throat, and oral cavity. Heavy drinking and smoking increase cancer risk in these

areas (30, 31), suggesting that driver-mutant clones may also remodel the buccal mucosa.

In this study, we non-invasively collected buccal mucosa samples using swabs of
different sizes, followed by deep error-corrected targeted sequencing of 26 driver genes, to
understand how known risk factors affect tissue remodeling in the buccal mucosa and to

establish a screening tool for ESCC based on this remodeling.

RESULTS

Somatic mutations in ESCC driver genes within the buccal mucosa

A total of 222 patients (110 in the primary cohort and 112 in the additional cohort) (Fig. 1A),
including 121 with ESCC and 101 without ESCC, were enrolled (table S1). To analyze the effect
of lifestyle habits on buccal mucosal remodeling, we tried to match patients in both groups for
age and heavy drinking habits, resulting in no significant differences in age, sex, heavy drinking,

and heavy smoking habits (p>0.05) (table S2). Compared to subjects without ESCC, the ESCC



group had a higher prevalence of germline risk variants of ALDH?2 (84% vs. 32%, p<0.01) and
ADHIB (22% vs. 8%, p<0.01). We used three swab sizes (20, 28, and 254 mm?) to obtain buccal
mucosa samples because mutant clone sizes were unknown (fig. S1A). For each participant,
samples were obtained from different parts of the central region of the buccal mucosa (solitary
samples), whereas an additional three samples were obtained from a subset of participants (n=26)
using the three swab sizes from the other sides (paired samples) (fig. S1, B and C). DNA was
extracted from the swabs (fig. S1D), followed by library construction using unique molecular
indices (UMIs) (see Materials and Methods). Targeted capture sequencing was performed on 26
driver genes known to be positively selected in ESCC or physiologically normal esophagus(7),
as well as ALDH?2 and ADH 1B, at a raw target depth of 20,000 (fig. S1E). Consensus reads
were then generated using both the top and bottom strands, each tagged with a unique set of
UMIs. Samples with a consensus read depth of >1,800x were included for further analysis
(n=707 from 222 subjects) (fig. S1B), whereas samples with a depth >3,000x were downsampled
to 2,500% to prevent heightened sensitivity in detecting mutations with low variant allele
frequencies (VAFs). The consensus depths of each gene were from 956% to 2219% on average
(table S3). The filter settings for mutation calling were determined using synthesized data
generated by combining ESCC and germline data, both generated in the same manner as buccal
mucosa samples, at ratios ranging from 0.2-1.0% (see Materials and Methods). This resulted in a
sensitivity of 0.96 and a true positive rate of 0.96 for mutations with VAFs >0.0016 (fig. S1F).
Among mutations detected in the buccal mucosa samples, digital droplet PCR experiments
validated 104 out of 111 mutations (93.7%) in TP53 with VAFs ranging from 0.0017-0.0108

(table S4) (see Materials and Methods).



Somatic mutations were detected in most samples [694 out of 707; median, 24 (0-163)].
In total, 23,537 mutations, including 22,136 nonsynonymous and 1,401 synonymous mutations,
with VAFs ranging from 0.0016-0.12 (median, 0.0027), were detected (fig. S1G). Because
mutational signatures in the buccal mucosal epithelium were previously unknown, we first
employed NanoSeq (32) to detect mutations in the buccal swab samples in an unbiased manner
(n=16) (table S5), followed by signature extraction. This resulted in the identification of
COSMIC single base substitution (SBS) signatures (33): SBS1, SBS5, SBS16, and SBS40a (fig.
S2A) (see Materials and Methods). SBS1, SBSS5, and SBS40a have been reported to be
associated with aging (34), whereas SBS16 has been associated with alcohol consumption (7, 35,
36), though this association is not yet considered conclusive. Mutations detected in each sample
were then decomposed into these signatures (Fig. 1B and fig. S2B). The proportion of
SBS5/SBS40a mutations—both relatively flat signatures that were combined—was similar
between duplex sequencing and NanoSeq (fig. S2C). However, the proportions of SBS1 and
SBS16 mutations were overrepresented and underrepresented, respectively, in the duplex
sequencing data (fig. S2C). This discrepancy may partly be explained by the higher proportion of
NCG trinucleotides—C>T mutations in these contexts are characteristic of SBS1—and the lower
proportion of ATA/ATT/ATG trinucleotides—T>C mutations in these contexts are characteristic
of SBS16—in the 26 genes compared to the genome (fig. S2D). Although 94% of detected
mutations were attributable to aging signatures, the participants’ age had only a modest effect on
the number of mutations (fig. S2E). Instead, the average VAF of detected mutations showed a
significant correlation after excluding outliers with high average VAFs (p=9.7x107%), suggesting
that the detection of mutant clones was influenced by their clone size (fig. S2F). Next, we fitted a

linear mixed-effects (LME) model to assess the impact of known risk factors—age, alcohol



consumption, smoking intensity, and the presence of germline risk variants—on the number of
mutations (Fig. 1C). Germline risk was the most significant factor (p<2.0x10'¢), followed by
alcohol consumption, prompting speculation about a potential interaction between the two. We
then examined the effect of alcohol consumption on the number of mutations among participants
with and without germline risk variants. Alcohol consumption was positively correlated with the
number of mutations in subjects carrying germline risk variants (p<0.05), whereas the correlation
in germline low-risk participants was not significant (p=0.29) (Fig. 1D). Although signature
decomposition might produce substantial variance, a similar trend was observed when the
analysis was limited to the number of SBS16 mutations (Fig. 1E). The correlation between
alcohol consumption and the number of SBS16 mutations in germline high-risk paraticipants
remained significant after excluding outliers with high SBS16 mutations (p=6.8x10%),

suggesting that the effect of alcohol consumption varies depending on germline risk status.
Clonal expansion driven by ESCC driver mutations in buccal mucosa

Among the clones detected using 254 mm? swabs, the largest clone was 48.38 mm? and carried a
nonsense mutation in protein phosphatase, Mg2+/Mn2+ dependent 1D (PPM1D), whereas 90%
were <3.0 mm? in size (figs. S1G and S3). In contrast, the largest clones detected using 20 mm?
and 28 mm? swabs were 4.74 mm? and 5.02 mm? in size, respectively, and 90% were <0.30 mm?
and <0.41 mm? (median, 0.10 mm? and 0.15 mm?), respectively (figs. S1G and S3), which were
undetectable using a 254 mm? swab due to the lower limit of detectable VAF (>0.0016 or 0.81
mm?). To validate the clone sizes detected using swabs, we enrolled a 58-year-old patient who
underwent resection of a buccal mucosal carcinoma. Normal mucosa adjacent to the resected
cancer was analyzed (fig. S4, A to C). After separating the epithelium from the stroma, 0.2 mm?

samples (n=40) were collected in 1-mm lattices using punch biopsy, followed by whole-exome



sequencing (see Materials and Methods). A clone carrying the 7P53 mutation was observed in
four samples (about 4 mm?) (fig. S4A), whereas most mutations were confined to individual
samples. The median size of the mutant clones was 0.1 mm? (VAF of 0.25), which was above the
lower limit of detectable clone size using 28 mm? and 20 mm? swabs (0.064 mm? and 0.09 mm?,
respectively). Together, these results indicated that the buccal mucosa comprises numerous
clones around 0.1-0.3 mm? in size, with some clones occasionally expanding to sizes as large as
tens of mm?. Therefore, the areas of the three swab sizes were adequate to collect enough mutant

clones to provide a comprehensive landscape of buccal mucosal remodeling.

The number and sum of VAFs of detected mutations were compared between samples
obtained from the same individuals using different swab sizes, revealing substantial concordance
and a trend toward higher values in samples collected with smaller swabs (fig. SSA). This trend
may partly be explained by the higher detection sensitivity of smaller clones when using smaller
swabs. To assess the uniformity of buccal mucosal remodeling, we applied linear regression to
compare numbers and sums of VAFs of detected mutations between paired samples obtained
from the left and right buccal mucosa of the same individuals, demonstrating a high concordance
(fig. S5B). We also compared tissue remodeling between the buccal and esophageal mucosa by
enrolling an additional 10 cases, five with ESCC and five without (table S6). From each
individual, both esophageal and buccal samples were collected, followed by duplex sequencing
(see Materials and Methods). Although the number of mutations showed weak correlations, the
sum of VAFs exhibited modest correlations between the buccal and esophageal mucosa (fig.
S5C). The lower concordance may partly be explained by the size of the esophageal area
analyzed. Duplex sequencing of a 10 mm? area of the esophagus detected a substantial number of

small mutant clones, even in individuals without ESCC. In addition, the presence of relatively
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large clones in the esophagus hindered capturing the full landscape of tissue remodeling at this
area size. However, obtaining larger samples from the esophagus was impractical due to the

invasiveness of the procedure, highlighting the advantage of buccal swab sampling.

Notch receptor 1 (NOTCH1) was the most frequently mutated gene, followed by 7P53
and checkpoint kinase 2 (CHEK?2), with proportions of 41.6%, 28.1%, and 5.4%, respectively
(Fig. 2A). To investigate the mode of natural selection in the buccal mucosa, a ratio of non-
synonymous to synonymous substitution (dN/dS) analysis was conducted using the R package
dndscv (37) (table S7). Among the 26 genes analyzed, six genes, TP53, CHEK2, NOTCHI,
NOTCH?2, FAT atypical cadherin 1 (FATI), and ajuba LIM protein (AJUBA), exhibited dN/dS
>1 (g<0.1) for both missense and protein-truncating mutations, indicating positive selection of
mutations in these genes (Fig. 2B). The mutation distribution of each gene largely overlapped
between the buccal mucosa, physiologically normal esophagus, and ESCC samples (Fig. 2C and
fig. S6A), whereas six genes, PPM1D, cullin 3 (CUL3), AT-rich interaction domain 14
(ARID1A), zinc finger protein 750 (ZNF750), ZFP36 ring finger protein like 2 (ZFP36L2), and
cyclin dependent kinase inhibitor 2A (CDKN2A), showed positive selection for either missense
or truncating mutations. In contrast, three genes, NOTCH3, patched 1 (PTCH1I), and plexin B2
(PLXNB2) showed evidence of negative selection for missense mutations (dN/dS <1, ¢<0.1) (fig.
S6B). Hereafter, our analysis focused on driver mutations, defined as positively selected non-
synonymous mutations in 7P53, CHEK2, NOTCHI1, NOTCH2, FATI, or AJUBA; or truncating
mutations in PPMI1D, ARIDIA, ZNF750, ZFP36L2, or CDKN2A; or missense mutations in

CULS3.

Relationship between mutations in buccal mucosa and ESCC risk factors
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We analyzed the correlations between known risk factors for ESCC, including age, alcohol
consumption, smoking intensity, and germline variants of ALDH?2 and ADH 1B, and driver
mutations in each positively selected gene in terms of the number of driver mutations and the
sum of their VAFs using an LME model with random effects of swab size (Fig. 3A). Among the
risk factors, germline risk variants of ALDH?2 exhibited the highest number of positive
correlations, showing correlations with seven genes. In addition to germline risk variants of
ALDH?2, driver mutations in 7P53, CHEK2, NOTCHI, FATI1, and PPM1D also positively
correlated with alcohol consumption. The impact of alcohol consumption on the number and sum
of VAFs of driver mutations in each of the five genes were analyzed and stratified by the
presence and absence of the germline risk variant of ALDH?2 (Fig. 3B and fig. S7, A to D).
Positive correlations were observed only among individuals with risk variants, indicating that
alcohol consumption and germline risk variants of ALDH?2 combinatorially contribute to the
expansion of clones carrying mutations in these genes. In contrast, among germline low-risk
individuals, driver mutations were correlated more with smoking intensity than with alcohol
consumption (Fig. 3C). Age was correlated with mutations in several driver genes, suggesting

age-related clonal expansion in the buccal mucosa, consistent previous reports (7).

Correlation of buccal mucosal remodeling with lifestyle and ESCC characteristics

To quantify buccal mucosal remodeling by positively selected clones, the total number of driver
mutations and the sum of their VAFs were calculated for each sample. Compared to individuals
without germline risk variants, those with germline variants exhibited a greater extent of
remodeling (p<0.05) (fig. S8A). The correlation of buccal mucosal remodeling to drinking,
smoking, and age was analyzed using an LME model. Alcohol consumption was positively
correlated only in individuals with germline variants (p<0.05) (Fig. 4, A and B). In contrast,

12



smoking intensity and age showed positive correlations regardless of germline variants (Fig. 4, A
and B and fig. S8B). We next investigated the relationships between buccal mucosal remodeling
and ESCC and found that individuals with extensive buccal mucosal remodeling also had higher
rates of ESCC than those with less extensive remodeling (Fig. 4C). Clinical characteristics
related to ESCC were also analyzed. Compared to those without ESCC, patients with early-stage
or advanced ESCC displayed significantly higher numbers and sums of VAFs of driver
mutations (p<0.05) (Fig. 4D). Head and neck squamous cell carcinoma (HNSCC) often occurs
concurrently or metachronously in patients with ESCC. Patients with both ESCC and HNSCC
showed significantly higher numbers and sums of VAFs of driver mutations than those with
ESCC only (p<0.05) (Fig. 4E). An elevated mean corpuscular volume (MCV) has been found to
correlate with the metachronous ESCC (38). Patients with MCV >106 fL exhibited more
extensive remodeling than those with MCV <106 fL (p<0.05) (fig. S8C). Lugol voiding lesion
(LVL) grade C is associated with a higher risk of metachronous ESCC and HNSCC than LVL
grades A/B (37). The numbers and sums of VAFs of driver mutations were significantly higher

in individuals with grade C than in those with grades A/B (p<0.05) (fig. S8D).

Buccal mucosal remodeling as a marker of ESCC presence

We next sought to develop a screening tool for ESCC based on buccal mucosal swab data (see
Materials and Methods). We constructed models using data from the primary cohort and then
applied these models to data from the additional cohort for external validation (Fig. 1A). We first
identified a set of driver genes, mutations in which were significantly correlated with the
presence of ESCC through univariate analyses (p<0.05), for each of the three swab types. Then,
multivariable logistic regression was applied to data from a randomly selected 75% of samples in
the primary cohort, with variable selection performed using the Least Absolute Shrinkage and

13



adapted Selection Operator (LASSO) method to eliminate confounders and prevent model
overfitting. Variables selected in >80% of ten thousand trials were used for constructing models
(Fig. 5A). The number of mutations in 7P53, CUL3, and NOTCHI were selected for the 20 mm?
swab, whereas the mutation number of 7P53 and FAT! and those of TP53 and CHEK? were
selected for the 28 mm? and 254 mm? swabs, respectively. To evaluate the model performance,
we randomly selected 75% of the samples to train the model based on the selected variables, and
the concordance indices (c-indices) were calculated using the remaining 25% of samples; this
procedure was repeated ten thousand times, resulting in high c-indices (median 0.82-0.91) (fig.
S9A). Because the clinical characteristics of individuals in the primary and additional cohorts
were not identical (table S2), we employed propensity score matching to select participant pairs
with similar characteristics before model construction, aiming to reduce selection bias (fig. S9B).
A logistic regression model, incorporating the selected variables, was constructed based on the
matched data from the primary cohort and then applied to the matched data from the additional
cohort. ROC curves for the 20 and 28 mm? swabs demonstrated high concordance with high
AUC values between the two cohorts, indicating the robustness of the models, while the 254
mm? swab showed less concordance, partly due to its lower sensitivity in detecting mutant clones
with this size of swab (AUC values: 20 mm?, 0.84; 28 mm?, 0.85; 254 mm?, 0.77 in the primary
cohort; and 20 mm?, 0.83; 28 mm?, 0.85; 254 mm?, 0.85 in the additional cohort) (Fig. 5B). A
threshold was determined as the point closest to (0, 1) on the ROC curve for the primary cohort,
resulting in comparable sensitivity and specificity between the two cohorts (fig. S9C). We
further examined the utility of these models among individuals with and without germline risk
variants (Fig.5C). AUC values were slightly lower for those with low-risk germline variants

(AUC, 0.73 — 0.79) compared to those with high-risk germline variants (AUC, 0.83-0.85. This
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may partly be explained by the inclusion of 7P53 mutations in the models, which showed the
most significant correlation with the presence of ESCC in individuals both with and without
germline risk variants (p<0.05) (fig. S9D). Because the extent of buccal mucosal remodeling was
more extensive in patients with both ESCC and HNSCC (Fig. 4E), these patients exhibited
higher probabilities of ESCC presence, calculated by the models, in both the primary and

additional cohorts (Fig. 5D and fig. SOE).
DISCUSSION

In this study, we used non-invasive swabs ranging from 20 to 254 mm? to obtain samples from
the that demonstrated landscapes of buccal mucosal remodeling and showed that the remodeling
by mutant clones reflected the extent of lifestyle risk factors, including drinking and smoking, as
well as age and germline risk variants of ALDH?2 and ADH1B. In addition, we established that
somatic mosaicism in the buccal mucosa can be used as an objective marker for the presence of

ESCC.

Among the 26 genes positively selected in ESCC or the physiologically normal esophagus (7),
12 genes were positively selected in the buccal mucosa, whereas three genes were negatively
selected. This suggests the presence of common and differential selection mechanisms between
cancer and normal tissues, in line with previous reports (7, 10, 39). Tissue remodeling by driver-
mutant clones, as well as the accumulation of SBS16 mutations, were accelerated by alcohol
consumption more in those with germline risk variants, suggesting that germline and
environmental factors jointly influence tissue remodeling. This may have relevance to the
recently reported observation that germline risk variants of BRCAI DNA repair associated
(BRCA1) and BRCA?2 increase gastric cancer risk only in individuals with chronic Helicobacter

pylori infection (40). In addition, exposure to alcohol did not accelerate clonal expansion among
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those without germline risk variants, consistent with the low incidence of ESCC in countries
where the prevalence of the germline risk variants is low (29). We constructed diagnostic models
for ESCC, demonstrating that models incorporating mutations in several genes, including 7P53
and CHEK?2, accurately diagnosed the presence of ESCC. These two genes belong to the DNA
damage response pathway (41, 42), suggesting that functional deficiencies in this pathway may
play a crucial role in ESCC tumorigenesis. Regarding the low specificity of our models, false
positives—individuals who did not have ESCC at the time of enrollment—may be at high risk of
developing ESCC, because their tissues showed extensive remodeling by mutant clones

correlated with ESCC presence. This will need to be further evaluated in future studies.

Risk stratification for ESCC based on lifestyle habits and alcohol flushing reaction has
been in practical use, with examples including the health risk appraisal (HRA) model (43) and
the alcohol use disorders identification test (AUDIT) (44). However, accuracy is not high, in part
due to the challenges of precisely quantifying drinking and smoking habits and estimating
germline risk from traits like alcohol flushing reaction (43). It has been reported that 7P53
mutations were more frequently detected in the esophageal epithelium of patients with high LVL
grades (37). However, due to the invasiveness of endoscopic examinations, mutation analysis of
the esophageal mucosa has not been utilized for assessing ESCC risks. The optical properties of
the buccal mucosa, measured using non-invasive reflectance spectroscopy, have been reported to
reflect field cancerization (45), but the reported sensitivity (0.667) was lower than our method,

although a direct comparison was not made in this study.

There are several limitations to this study that warrant consideration. Clinical
information, particularly regarding alcohol consumption and smoking intensity, might be
inaccurate, which could compromise the correlation analysis between mutant clones in the
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buccal mucosa and known risk factors. Because this was a case-control study, some bias in
clinical parameters between patients with and without ESCC might remain, although we enrolled
patients to achieve a uniform age distribution and a similar proportion of alcohol consumption. A
prospective study will be required to determine which gene-mutant clones predict future ESCC
development and to what extent they contribute to that development. It should be noted that the
coverage across gene bodies was not uniform in several genes, and this should be improved to
detect mutations more accurately. A germline risk variant of ALDH?2 has been observed
exclusively in Japanese and Chinese populations (29), which may render some findings in this

study specific to these populations.

Early detection and prevention of cancer are crucial to improving patient outcomes. Our
results suggest that non-invasive sampling of the buccal mucosa to measure mucosal remodeling
might help identify individuals at high risk for ESCC, thereby enabling targeted surveillance and

early intervention.

MATERIALS AND METHODS

Study design

The objectives of this study were to establish somatic mosaicism in the buccal mucosa as a
marker reflecting lifestyle and germline risk factors of ESCC and to demonstrate its utility for
assessing the presence or absence of ESCC. The individuals studied were patients with and
without ESCC who underwent endoscopic examinations. This is an observational case-control
study in which the extent of lifestyle habits was matched between the two groups. The

investigators were not blinded to the allocation during experiments and outcome assessment
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since this is a case-control study. Grades of LVL were independently evaluated by three

experienced endoscopists blinded to the sequencing results.

Because this was an exploratory study, no statistical methods were used to determine
sample sizes. We enrolled as many patients as possible who provided consent for our study
during the enrollment period between December 2019 and April 2024. Sequencing quality was
used for inclusion/exclusion criteria, where five samples with a consensus depth <1,800x were
excluded. We did not attempt replication in sequencing experiments but conducted ddPCR

experiments for validation=

Patient samples

We first enrolled 62 patients with ESCC or a history of ESCC and 48 subjects without ESCC,
confirmed by endoscopic examination within 12 months of sampling, at Kyoto University
Hospital and Kobe Asahi Hospital between December 2019 and December 2022 (primary
cohort) (table S2). Because patients with ESCC have a higher frequency of heavy drinking, we
included both patients with high alcohol consumption and also those with relatively low alcohol
consumption. Individuals without ESCC were enrolled to achieve a uniform distribution of age
(>40 years old) and a similar proportion of heavy drinking. An additional 112 patients, including
59 with ESCC and 53 without ESCC, were enrolled between January 2023 and April 2024 for
model validation (additional cohort) (table S2). In total, 222 patients, including 121 with ESCC
and 101 without ESCC were analyzed (fig. S1A and table S2). To investigate the concordance
between tissue remodeling in the buccal mucosa and esophagus, we recruited subjects with
ESCC (n=5) and without (n=5) (table S6). Informed consent was obtained from all participants
according to the procedures approved by the Internal Review Board of Kyoto University

(GO645).
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Buccal mucosa samples were collected using three swab sizes with areas of 20, 28, and
254 mm? (fig. S1, B and C). Each swab was rotated 10 times in the same area of the central
region of the buccal mucosa to collect the samples. Esophageal mucosa samples were collected
through endoscopic biopsy. After removal of the submucosal layer, samples were trimmed to a
size of 10 mm?. White blood cells were also collected as-controls-from 20 patients to serve as
reference data for filtering out artifacts when calling somatic mutations in buccal swab samples.
All blood tests were conducted within 6 months of sampling, except for two cases (9 months and
20 months). Images of esophageal Lugol’s staining were obtained during endoscopic
examination of all patients with ESCC, except for three patients, and of 15 individuals without
ESCC. Grades of Lugol voiding lesion (LVL) were independently evaluated by three
experienced endoscopists blinded to the sequencing results, based on the criteria defined
previously (37) (grade A: no LVL, grade B: 1-9 LVLs per endoscopic view, grade C: >10
LVLs). Average ethanol consumption >18 units/week (1 unit = 22 grams ethanol) was defined as
a high-risk drinking habit (heavy drinking), and a smoking intensity >30 pack-years was defined
as a high-risk smoking habit (heavy smoking), where one pack-year is equivalent to one pack per
day for one year (317). For patients with ESCC, the stage was determined according to the WHO
Classification of Tumors of the Digestive System (5th edition). Stages 0 and 1 ESCC were
categorized as early-stage ESCC, while stages 2-4 were classified as advanced ESCC. The

characteristics of enrolled patients are shown in tables S1 and S2.
Error-corrected sequencing

We selected 26 genes that were frequently mutated (>2%) and significantly mutated through
MutSig CV (¢<0.05) or dndscv (¢<0.1) in 519 ESCC or 157 physiologically normal esophageal
samples analyzed in our previous study (7) (table S8). We also analyzed ALDH2 and ADHB.
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DNA was extracted using the QIAGEN DNA Micro Kit (fig. S1D), followed by library
preparation using 25-50 ng of DNA. After fragmentation with the E220evolution Focused-
ultrasonicator (Covaris), strand-specific molecular indexing was performed by ligating adapters
with double-stranded 8 bp UMIs to independently tag the top and bottom strands of insert DNA
(xGen™ Prism DNA Library Prep Kit, IDT). Indexed libraries were hybridized and captured
using xGen™ Predesigned Gene Capture Pools (IDT) designed for the 28 genes. Sequencing was
conducted on the DNBSEQ-G400RS (MGI Tech) in the 150-bp paired-end mode. The target raw
depth of sequencing was 20,000, and the median raw depth was 45,151 (ranging from 7,665-
108,021) (fig. S1E). Sequencing reads were aligned with the human reference genome
(GRCh37) using BWA-MEM (v.0.7.17). Read families comprising the top and bottom strands
derived from the same original molecules were determined based on the start-stop position and
unique sets of UMIs of the reads using fgbio (v.1.4.0) and picard (v.2.24.0) (duplex sequencing
(46)). Then, consensus reads were generated while correcting for artefacts, only for read families
with >2 top reads and >1 bottom read; otherwise, they were discarded. The scripts used to
construct consensus reads were deposited in Zenodo (doi: 10.5281/zenodo.14272026). Samples
with a consensus read depth >1,800x were used for this study (n=707 from 222 subjects) (fig.
S1A). Because mutation detection sensitivity depends on the depth, we randomly downsampled
reads to a depth of 2,500x for samples with a depth >3,000x, resulting in a median consensus

read depth of 2,497x (ranging from 1,806-2,996) (table S9 and fig. S1E).

The Genomon pipeline (v.2.6.3) (http://github.com/Genomon-Project) was used to call
somatic mutations, with modifications (https://github.com/kwatanabe-ku) made to EBFilter, to
precisely handle high-depth data (v.0.2.5), and to GenomonMutationFilter, to assess artefacts

related to cruciform DNA formation (v.0.4.0). To determine the filtering parameters, we
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sequenced 12 ESCC samples and 16 independent normal blood samples in the same manner as
the buccal swab samples. Somatic mutations with variant allele frequencies (VAFs) >0.1
detected in the 12 ESCC samples served as gold standards. We mixed data from ESCC samples
with normal sample data at ratios ranging from 0.2-1% to simulate mutations with low VAFs.
Mutations were called on the virtual data, and filtering parameters were determined to improve
sensitivity and reduce the false-positive rate. The final parameters were as follows: (i) VAF
>0.0016 and VAF <0.3, (i) maximum variant read number detected in 20 controls generated
from blood DNA <2, (iii) ratio of reads realigned to artefactual sequence inferred from cruciform
DNA formation <0.5, (iii) number of reads realigned to original sequence >2, and (iv)
significantly higher VAFs than expected for errors (p<1072), determined using the EBCall
algorithm on the basis of an empirical VAF distribution from 20 controls. This filtering process
yielded a sensitivity of 0.957 and a true-positive rate of 0.960 (fig. S1F). After mutation calling
for buccal mucosa samples, we further manually inspected mutation loci to remove artifacts.
Among variants identified in >6 samples (n=616), we excluded those with >70% of variant bases
located within 50 bases from either end of the reads (n=44). In addition, variants with supporting
reads >8 and strand ratio of 0 or 1, where variant reads across mutated samples were considered,
were also considered as artifacts and excluded (n=80). Because reads with multiple variants are
considered artifacts, variants were excluded if the ratio of supporting reads with multiple variants
to all supporting reads was >0.5 or if the average mapping quality of supporting reads was <44

(n=854).

We also performed a validation analysis using digital droplet PCR (ddPCR) with a
QX200 (Bio-Rad). We selected 7P53 mutations with validated probes available from the

manufacturer. 124 mutations were randomly selected. ddPCR analysis was performed using 50
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ng of sample DNA, as well as three control DNA samples. The threshold to discriminate mutant
allele signals from wild-type allele signals was determined based on the signal distribution
obtained from control samples, and validation criteria were as follows: (i) number of mutant
signals in swab sample >3; (i1) number of mutant signals in three controls <1; and (iii) VAF in

swab sample >5XVAF in three controls. This resulted in a true positive rate of 93.4% (table S4).

The mutant clone size was calculated by multiplying the swab area by 2xVAF for
mutations on autosomes and the X chromosome (female subjects) and by VAF for mutations on

the X chromosome (male subjects), assuming no copy number alterations.

Mutational signature analysis

We first employed NanoSeq to unbiasedly detect mutations in buccal swab samples following
the protocol (32) with modifications. In brief, DNA digested with HpyCH4V underwent A-
tailing with ddBTPs and was ligated to adapters containing UMIs using the Twist cfDNA
Library Preparation Kit (Twist). After quantifying the libraries by qPCR, sequencing was
conducted on the DNBSEQ-G400RS in the 150-bp paired-end mode. The data was processed
with the NanoSeq pipeline (v.3.5.4) (https://github.com/cancerit/NanoSeq), using default settings
except for the UMI length, which was changed from 3 to 5 bp. We randomly selected 16 samples
previously analyzed by duplex sequencing from subjects with various drinking and smoking
habits, both with and without germline risks, followed by NanoSeq analysis (table S5). In total,
15,578 single nucleotide variants (median 827 (624-2,043)) were identified. De novo mutational
signatures were extracted using SigProfilerExtractor (v.1.1.23) and were further decomposed
into the COSMIC SBS signatures (v3.4). Then, somatic mutations detected in this study were

decomposed into the extracted SBS signatures using the R package MutationalPatterns
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(v.3.10.0). Solitary samples were utilized for comparisons between germline and lifestyle risk

groups, while all samples were used for LME model analyses.
Whole-exome sequencing (WES)

Samples were collected using 0.2 mm? punch biopsy (BP-A05F, KAI) from the buccal mucosa,
followed by DNA extraction using the DNA Micro Kit. Subsequently, a matched blood sample
was collected. After enzymatically fragmenting 1.2-10 ng of DNA, libraries were prepared with
xGen™ Lotus DNA Library Prep Kit (IDT). Indexed libraries were hybridized and captured
using xGen™ Exome Hyb Panel v2 (IDT). Sequencing was conducted on a DNBSEQ-G400RS
in 150 bp paired-end mode. The target depth was 100%, and the average actual depth was 85x
(21-139x) (table S10). Mutation calling was performed using the Genomon pipeline, as
previously described (7). Filtering parameters used in Genomon were as follows: (i) mapping
quality >20; (ii) base call quality >15; (iv) total reads >10 and variant reads >3; (v) VAFs >0.05
(for tissue sample) and <0.02 (for normal control); (vi) strand ratio #0 or 1; (vii) EBcall p <107*
using WES data of non-paired peripheral blood samples (n=16); and (viii) Fisher’s test p <107!.
To identify expanded clones across multiple samples, each of the mutations detected in a
specimen was interrogated in all the remaining samples; if a variant detected in one or more
samples by Genomon was also present (VAF >0.05) in another sample within the biopsy
specimen, the variant was considered to be true-positive. The mutant cell fraction was calculated
by multiplying the sampling area by 2xVAF for mutations on autosomes and the X chromosome
(female subjects) and by VAF for mutations on the X chromosome (male subjects) because there

were no copy number alterations assessed by CNACS (7).

External datasets
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Somatic mutations identified in 519 ESCC samples and 157 physiologically normal esophageal
samples were obtained from our previous study (7). The MutSig CV and dndscv results were

also obtained.

Germline risk loci of ALDH?2 and ADHIB

ALDH? rs671 and ADHIB rs1229984 are prevalent functional variants in East Asian
populations. The risk and protective genotypes were defined as rs671 (AG, risk; AA and GG,
protective) and rs1229984 (GG, risk; AA and AG, protective), respectively (47). ALDH?2

rs671(AG) and ADHIB 151229984 (GG) were defined as high-risk germline variants.

Model construction for assessing the presence of ESCC

We initially conducted univariate logistic regression analyses on solitary samples in the primary
cohort for each swab type to examine whether the number or sum of VAFs of driver mutations in
each positively selected gene could predict the presence of ESCC. Significant variables (p<0.05)
were selected for further analysis. After 75% of the samples were randomly chosen,
multivariable logistic regression analysis was conducted. The optimal combination of variables
was then determined using the LASSO method with the R package glmnet (v.4.1.8). A set of
stable variables selected in more than 80% of ten thousand trials was used to construct models.
Internal cross-validation was conducted to evaluate the validity of the models by randomly
splitting the entire sample into training (75%) and validation (25%) sets ten thousand times. Test
models were constructed using the training sets, and c-indices were calculated for the validation
sets. For validation, propensity score matching was employed to select pairs with similar
characteristics, including age, sex, status of ESCC and HNSCC, alcohol consumption, smoking

intensity, MCV, and germline variants of ALDH?2 and ADH 1B, from the primary and additional
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cohorts before model construction, aiming to reduce selection bias [Matchlt (v.4.5.5)]. Models
were constructed using matched data from the primary cohort and subsequently applied to the
additional cohort data. Optimal thresholds were defined as the points closest to (0, 1) on the ROC
curves for the primary cohort. The R code used to construct the models was deposited in Zenodo

(doi: 10.5281/zenodo.14272026).

Statistical analyses

Statistical analyses were performed using R (v.4.2.3). All P-values were calculated using two-
sided analysis unless otherwise specified. The Mann—Whitney U test or Chi-square test were
used for group comparisons. LVL grade comparison was performed, excluding missing values
(complete case analysis). To examine the uniformity of buccal mucosal remodeling, we applied
linear regression to compare numbers and sums of VAFs of mutations from the left and right
buccal mucosa. dN/dS values were calculated using the R package dndscv (v.0.0.1.0), where q-
values were obtained by a two-sided likelihood ratio test and multiple testing correction based on
the Benjamini—Hochberg method. All data were included in the analyses unless otherwise
specified. Outliers were defined as data points exceeding 1.5 times the interquartile range above
the third quartile or below the first quartile. LME models and generalized LME models were
assessed using the R package ImerTest (v.3.1.3), where solitary samples were used for analyses
with swab sizes as random effects. The P-values for both linear regression and logistic regression
were calculated using a #-test and a Wald test, respectively, to assess whether each regression

coefficient significantly differs from zero. Model summaries are shown in tables S11 and S12.
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Figure legends

Fig. 1. Somatic mutations in esophageal driver genes in normal buccal mucosa. (A)
Explanation of study design. (B) Number (top) and relative frequency (bottom) of
mutations allocated to SBS1, SBS5/SBS40a, and SBS16 are drawn for solitary samples
of the primary cohort, stratified by swab size. Information about germline risk variants of
ALDH? and ADH1B, high-risk alcohol consumption, high-risk smoking intensity, ESCC,
HNSCC, LVL grade C, and MCV >106 fL is indicated in the middle. (C) The effect of
risk factors on the number of mutations was assessed using a linear mixed-effects model.
The p-value for each risk factor is plotted (z-test), with the fixed effects and 95% CI
shown on the right. (D and E) Number of mutations (D) and SBS16 mutations (E) are
plotted against alcohol consumption (ethanol unit/week), stratified by the presence (red)
or absence (blue) of germline risk variants. The p-value (z-test), coefficient, and intercept

of the linear mixed-effects model are indicated for each risk group.

Fig. 2. Positively selected genes in buccal mucosa. (A) Number of mutations detected in each
gene among all samples, with mutation types indicated by color. (B) dN/dS values for
each gene and mutation type are plotted. Asterisks indicate dN/dS >1 with ¢<0.05,
calculated by a two-sided likelihood ratio test and multiple testing correction based on the
Benjamini—Hochberg method using dndscv in R. (C) Distribution of mutations in 707
buccal mucosa (top), 157 physiologically normal esophagus (PNE) (middle), and 519
ESCC (bottom) samples for the positively selected genes 7P53, NOTCHI, CHEK?2, and
PPM1ID. Colors and shapes of the lollipops indicate mutation types. Average consensus
depths of each amino acid in duplex sequencing are shown for buccal mucosa (light blue
bars). Domains within genes are indicated by colors.
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Fig. 3. Correlation between driver mutations and ESCC risk factors. (A) The correlation of
driver mutations in positively selected genes with known risk factors for ESCC using a
linear mixed-effects model in terms of the number of driver mutations (shown in orange)
and sum of their VAFs (shown in green) (z-test). (B) Number (top) and sum of VAFs
(bottom) of driver mutations in 7P53 plotted against alcohol consumption (ethanol
unit/week) in samples from individuals with low- (blue) and high-risk (red) variants of
ALDH?. The p-value (#-test), coefficient, and intercept of the linear mixed-effects model
are indicated. (C) The correlation of driver mutations in positively selected genes with
age and lifestyle risk factors for ESCC using a linear mixed-effects model in terms of the
number of driver mutations (orange) and sum of their VAFs (green) (z-test), stratified by

germline risks.

Fig. 4. Correlation of buccal mucosal remodeling with lifestyle habits and clinical
characteristics related to ESCC. (A and B) Number (A) and sum of VAFs (B) of driver
mutations plotted against alcohol consumption (left) and smoking intensity (middle) for
samples from subjects with germline low- (blue) and high-risk variants (red). The p-value
(z-test), coefficient, and intercept of the linear mixed-effects model for each risk group
are indicated. Estimates of coefficients of ethanol consumption, smoking intensity, and
age in the models are also shown (right), with 95% CI and p-values (#-test). (C)
Histograms of number (left) and sum of VAFs (right) of driver mutations in solitary
samples, with colors distinguishing the presence and absence of ESCC and germline risk
variants. (D) Number (left) and sum of VAFs (right) of driver mutations are plotted for
individuals without ESCC (n = 88, 97, and 98 for 20, 28, and 254 mm? swabs,

respectively) and those with early (n = 84, 86, and 88 for 20, 28, and 254 mm? swabs,
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respectively) or advanced ESCC (n = 29, 29, and 30 for 20, 28, and 254 mm? swabs,
respectively) stratified by swab size. (E) Number (left) and sum of VAFs (right) plotted
for individuals without ESCC (n = 88, 97, and 98 for 20, 28, and 254 mm? swabs,
respectively) and those with only ESCC (n = 72, 74, and 74 for 20, 28, and 254 mm?
swabs, respectively), or both ESCC and HNSCC (n =41, 41, and 44 for 20, 28, and 254
mm? swabs, respectively). Box plots represent the median, first quartile, and third
quartile, with whiskers extending to the furthest value within a 1.5x interquartile range.

*p <0.05, **p <0.01, ***p <0.001, and NS=not significant, by Mann—Whitney U test.

Fig. 5. Models to assess the presence of ESCC based on driver-mutant clones in the buccal
mucosa. (A) The fraction of trials in which variables were selected in the multivariable
logistic regression model using LASSO for each swab type. The red dotted line was
drawn at a frequency of 0.8. (B) For each swab type, ROC curves for the primary
(orange) and the additional (blue) cohorts were drawn using models constructed based on
the matched data from the primary cohort. Red points indicate thresholds determined as
the points closest to (0, 1) on the ROC curves for the primary cohort. The AUC,
sensitivity, and specificity at the threshold are indicated. (C) For each swab type, ROC
curves for individuals with (red) and without (blue) germline risk variants were drawn
using the same models as (B). The AUC, sensitivity, and specificity at the same threshold
are indicated. (D) Histograms of the probability of ESCC presence in the primary cohort,
calculated by the models, are plotted for each swab type, with colors distinguishing
individuals without ESCC, those with only ESCC, and those with both ESCC and

HNSCC.
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Fig. S1. Samples and sequencing results. (A) Areas of three different swab sizes. Scale bar = Smm. (B) In total,

712 samples were obtained from 222 individuals (110 in the primary cohort and 112 in the additional cohort)

using swabs of three different sizes. After excluding samples with a low consensus depth (<1,800%) of error-

corrected sequencing, 707 samples were used for further analyses. Among these, 78 paired samples from 26

individuals were obtained from the opposite side of the buccal mucosa. (C) Illustration of the sampling sites. (D)

Amounts of DNA obtained from samples collected using 20, 28, and 254 mm? swabs. (E) Bar plots of raw depths

(top), consensus depths (bottom, blue), and final depths (bottom, orange) after downsampling for samples with

consensus depth >3,000xof error-corrected sequencing. (F) Histogram of true positive, false negative, and false

positive variants of simulated data using optimized filtering settings (see Materials and Methods). Sensitivity and

true positive rate for mutations with VAF >0.016 are indicated. (G) Histogram of VAFs of mutations stratified by

swab size.
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Fig. S2. Mutational signature extraction in normal buccal mucosa. (A) Two de novo mutational signatures
extracted using SigProfilerExtractor, which were further decomposed into the COSMIC SBS signatures. (B)
Number (top) and relative frequency (bottom) of mutations allocated to SBS1, SBS5/SBS40a, and SBS16 are
drawn for samples from the additional cohort, stratified by swab size. Information about germline risk variants of
ALDH?2 and ADH B, high-risk alcohol consumption, high-risk smoking intensity, ESCC, HNSCC, LVL grade C,
and MCV >106 fL is indicated in the middle. (C) Fractions of mutations attributed to SBS1, SBS5/SBS40a, and
SBS16 are plotted for samples analyzed by both duplex sequencing and NanoSeq. (D) Proportions of
trinucleotides in the 26 genes analyzed (top) and in the genome (middle), along with trinucleotide ratios of the 26
genes to the genome (bottom). (E) Number of mutations plotted against age (year) in solitary samples. The p-
value (#-test), coefficient, and intercept of the linear mixed-effects model are indicated. (F) Number of mutations
plotted against average VAF in solitary samples after excluding outliers with high average VAFs (n=596). The p-

value (#-test), coefficient, and intercept of the linear mixed-effects model are indicated.
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Fig. S3. Summary of driver mutations in normal buccal mucosa. Clone sizes of the mutations are plotted for
three types of swabs (top), where colors indicate driver genes. Heatmaps for the number (middle) and sum of
VAFs (bottom) of positively selected genes are shown. Information on ESCC, HNSCC, risk variants of ALDH?2
and ADH B, high-risk alcohol consumption, high-risk smoking intensity, MCV >106 fL, and LVL grade C is also

shown.
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Fig. S4. Clonal expansion in buccal mucosa analyzed through multi-sampling. (A to C) Multiple samples (n

=10, 10, 20) were collected from three pieces of normal buccal mucosa of a 58-year-old patient who underwent



buccal mucosal resection because of cancer. Samples were collected in 1-mm lattices using a 0.2 mm? punch
biopsy. Mutant cell fractions (MCFs) of mutations detected using WES are plotted (left). The sampling positions
are indicated (right). Driver mutations are discriminated by color, and MCFs of driver mutations are indicated by
the arch length in the sampling maps. Different mutations in the same gene are discriminated by suffixes (-A, -B,
-C) attached to gene symbols. Calibration is provided for each specimen.
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Fig. SS. Uniformity of buccal mucosal remodeling within individuals and comparison of tissue remodeling
between buccal and esophageal mucosa. (A) The number (left) and sum of VAFs (right) of mutations in the 26
genes were compared between samples obtained from the same individuals using different swab sizes. The red
line represents the regression line. The slope, intercept, and R? value for the regression are indicated. (B) The
number (left) and sum of VAFs (right) of mutations in the 26 genes were plotted for the paired samples, stratified
by swab size. The red line represents the regression line. The slope, intercept, and R? value for the regression are
indicated. (C) The number (left) and sum of VAFs (right) of mutations in the 26 genes were compared between
samples obtained from the esophagus and buccal mucosa of the same individuals. The red line represents the
regression line. The p-value (¢-test), coefficient, and R? value for the regression are indicated. Samples obtained
from patients with and without ESCC are presented in red and blue, respectively.
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Fig. S6. Mutation distribution and negative selection in buccal mucosa. (A) Distribution of mutations in 707
buccal mucosa (top), 157 physiologically normal esophagus (PNE) (middle), and 519 ESCC (bottom) samples
for NOTCH2, FATI, AJUBA, ARIDIA, CDKN2A, CUL3, ZNF750, and ZFP36L2. Colors and shapes of the
lollipops indicate mutation types. Average consensus depths of each amino acid in duplex sequencing are shown
for buccal mucosa (light blue bars). Domains within genes are indicated by colors. (B) dN/dS values for each
gene and mutation type are plotted. Asterisks indicate dN/dS <1 with g<0.05, calculated by a two-sided likelihood
ratio test and multiple testing correction based on the Benjamini—Hochberg method using dndscv.
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Fig. S7. Correlation of driver mutations to alcohol consumption. (A to D) Number (left) and sum of VAFs
(right) of mutations in CHEK?2 (A), NOTCH1 (B), FATI (C), and PPM1D (D) plotted against alcohol consumption
(ethanol unit/week) in samples from individuals with low- (blue) and high-risk (red) variants of ALDH?2. The p-

value (#-test), coefficient, and intercept of the linear mixed-effects model are indicated.
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Fig. S8. Relationship of buccal mucosal remodeling with ESCC characteristics. (A) Number (left) and sum
of VAFs (right) of driver mutations are plotted for solitary samples, stratified by germline risks. P-values for
significance between groups are provided (Mann—Whitney U test). (B) Number (left) and sum of VAFs (right) of
driver mutations plotted against age for samples from individuals with germline low- (blue) and high-risk variants
(red). The p-value (#-test), coefficient, and intercept of the linear mixed-effects model for each risk group are
indicated. (C) Number (left) and sum of VAFs (right) plotted according to MCV value (MCV <106 fL vs. MCV
>106 fL). (D) Number (left) and sum of VAFs (right) plotted according to LVL grade (grades A/B vs. grade C).
Box plots represent the median, first quartile, and third quartile, with whiskers extending to the furthest value
within a 1.5% interquartile range. *P <0.01 and **P < 0.001 by Mann—Whitney U test.
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Fig. S9. Construction and validation of models to assess presence of ESCC. (A) Histograms of c-index
calculated from ten thousand internal cross-validations for each swab type. The red line indicates the median
value. (B) Propensity scores of selected subject pairs from the primary and additional cohorts. (C) Sensitivity
(left) and specificity (right) of the primary cohort (orange) and the additional cohort (blue) are shown, using
models constructed based on data from the primary cohort, with propensity score-matched samples assessed for

both cohorts. (D) P values for the correlation of number (orange) or sum of VAFs (blue) of mutations in indicated



genes with the presence of ESCC, plotted for individuals with (left) and without (right) germline risk variants
(Wald test). (E) Histograms of the probability of ESCC presence in the additional cohort, calculated by the models,
are plotted for each swab type, with colors distinguishing individuals without ESCC, those with only ESCC, and
those with both ESCC and HNSCC.



Table S1. Patient characteristics for the primary and additional cohorts.
Information on subject characteristics, including age, sex, sample number, germline variants status, alcohol
flushing reaction, race, alcohol consumption, tobacco use intensity, mean corpuscular volume, cancer status, and

grades of Lugol voiding lesions.

Table S2. Summary of patient characteristics.

Summary of characteristics of subjects with and without ESCC.

Table S3. Summary of consensus depth of each gene.

Median, minimum, and maximum consensus depth of bases within each analyzed gene.

Table S4. Results of digital droplet PCR experiments.
Results of a validation analysis using digital droplet PCR for randomly selected 7P53 mutations.

Table SS. Results of NanoSeq.

Number of mutations and total covered bases in NanoSeq experiments on 16 buccal swab samples.

Table S6. Patient characteristics for the analysis comparing tissue remodeling in the buccal mucosa and
esophagus.

Information on subject characteristics, including age, sex, sample number, germline variants status, alcohol
flushing reaction, race, alcohol consumption, tobacco use intensity, mean corpuscular volume, cancer status, and

grades of Lugol voiding lesions.

Table S7. Results of dN/dS analysis.

Results of the analysis using dndscv on 26 genes.

Table S8. Driver genes of the esophagus and positively selected genes in the buccal mucosa.

Twelve out of 26 genes that exhibited positive selection in the buccal mucosa.
Table S9. Depth of error-corrected sequencing.
Information on raw depths, consensus depths, and final depths after downsampling, as well as the amount of input

DNA.

Table S10. Depth of whole-exome sequencing.

Information on the average depth of whole-exome sequencing, as well as the amount of input DNA.

Table S11. Summary of linear mixed-effects models.

Metrics of linear mixed-effects models.

Table S12. Summary of logistic regression models.



Metrics of logistic regression models.



