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Knowledge of somatic mutation accumulation in normal cells, which is essential for understanding cancer
development and evolution, remains largely lacking. In this study, we investigated somatic clonal events
in morphologically normal human urothelium (MNU; epithelium lining the bladder and ureter) and identified
macroscopic clonal expansions. Aristolochic acid (AA), a natural herb-derived compound, was a major
mutagenic driving factor in MNU. AA drastically accelerates mutation accumulation and enhances clonal
expansion. Mutations in MNU were widely observed in chromatin remodeling genes such as KMT2D and
KDM6A but rarely in TP53, PIK3CA, and FGFR3. KMT2D mutations were found to be common in urothelial
cells, regardless of whether the cells experience exogenous mutagen exposure. Copy number alterations
were rare and largely confined to small-scale regions, along with copy-neutral loss of heterozygosity. Single
AA-associated clones in MNU expanded to a scale of several square centimeters in size.

O
ver the course of their life span, cells
inevitably acquire somatic mutations
that mainly result from unrepaired or
incorrectly repaired DNA replication
errors that occur during cell division

(1, 2). Although most somatic mutations in
normal cells do not have any phenotypic con-
sequence, mutations that affect essential genes,
especially those related to cell proliferation and
death, may trigger mutant clonal expansions
(3). A well-recognized example is human cancer,
in which progressive accumulation of somatic
mutations drives clonal expansions and the
eventual malignant transformation of cells
(4). Although genomic sequencing of various
human malignancies has revolutionized our
understanding of the molecular and genetic
bases of cancer development and evolution
(5–7), little is known about the patterns and
driving factors of somaticmutations in normal
cells before malignant transformation. Recent
studies have shed light on the mutational
landscapes of different normal tissues, includ-
ing skin epidermis (8), esophageal tissue (3, 9),
colorectal tissue (10), liver (11), endometrial
epithelium (12), bronchial epithelium (13), brain
(14, 15), embryonic tissue (16), and blood cells
(17), thus contributing to our understanding of
mutation rates, driver genes, and mutagenic
driving forces in normal cells (18, 19). In par-
ticular, previous studies have highlighted the
critical roles of the aging-related endogenous
mutational process in normal cells, evidenced

by the positive correlation between mutation
load and age (3, 9, 15). Also, ultraviolet light,
as an exogenous mutagenic factor, has been
reported to trigger mutagenesis in normal
skin cells and induce skin cancer onset
(8, 20, 21). Whether other underlying muta-
tional processes, both endogenous and exog-
enous, operate early in normal cells warrants
further investigation.
The urothelium is the epithelium that lines

the urinary bladder and ureters. It is clas-
sified as a transitional epithelium because its
properties lie between stratified squamous
and simple nonstratified epithelia (22). It is
highly regenerative in response to damage, thus
guaranteeing its barrier function (23). Given
its direct contact with urine, the urothelium
is continually exposed to an array of poten-
tially carcinogenic metabolic products and
environmental factors that can cause tissue
damage and pose genotoxic stress to uro-
thelial cells. Under these conditions, the uro-
thelium may accumulate somatic mutations
through recurrent cell turnover. In this study,
using a combination of laser-capture micro-
dissection and exome sequencing, we system-
atically investigated somatic mutant clonal
events in morphologically normal urothelium
(MNU), including both bladder and ureter
urothelium, from 120 patients with urothelial
cell carcinoma (UCC).

Somatic mutations in MNU tissues

In total, we sequenced 161MNU samples from
120 UCC patients with radical cystectomy or
nephroureterectomy (table S1). Urothelium
layers of each sample were dissected from
consecutive tissue sections using laser-capture
microdissection to provide a urothelial surface
area of ~2 mm2 (fig. S1A). Independent patho-
logical examinations confirmed that MNU
samples (125 from bladder and 36 from ureter),
which were extracted far from tumors, were

free of histological changes (fig. S1B). DNA from
white blood cells of each patientwas sequenced
as the germline comparator.We also sequenced
126 tumors (93 bladder, 17 ureter, and 16 renal
pelvis tumors) from the 120 patients. On aver-
age, we obtained 138-fold, 129-fold, and 138-
fold coverage depth of target regions in UCC,
MNU, and blood samples, respectively (table
S2). Overall, the median mutational burden of
UCC was higher than those of prostate, breast,
and kidney clear cell carcinomas and compa-
rable to The Cancer Genome Atlas (TCGA)
bladder cancer data (fig. S2A and tables S3
and S4). Unexpectedly, while the median mu-
tational burdenwas low, the overallmutational
burden of MNU displayed a wide range (fig.
S2A and tables S4 and S5). Several urothelium
samples were even hypermutated (for exam-
ple, sample P65U had >6000 mutations). This
finding illustrates that detectable somatic
mutations have accumulated in some MNU
samples.
Next, we combined our cohort (including

both UCC andMNU samples) with a bladder
cancer cohort (Chinese population) (n = 99
individuals) (24) to catalog significantlymutated
genes (SMGs). We identified 19 SMGs with
significant recurrent mutation rates, includ-
ing canonical cancer genes such as TP53,
ARID1A, and PIK3CA (table S6). Mutations in
these genes have high clonalities in tumors
(fig. S2B). All 19 SMGs identified here have
been reported by TCGA as potential driver
genes in bladder cancer (25, 26). To further
investigate the occurrence of mutations in
putative driver genes in MNU, we focused
on both the 19 SMGs and nine additional
genes that were reported by TCGA as po-
tential driver genes and were frequently, but
not significantly, mutated in our cohort (e.g.,
ATM,KMT2C, and FAT1) (Fig. 1A and tables S7
and S8). These 28 genes recapitulated key
pathways (e.g., cell cycle and p53 pathways)
that have been implicated in urothelial tumor-
igenesis (fig. S2, C and D). Overall, we found
that ~37% of MNU samples had a somatic
mutation in at least one of the 28 putative
driver genes (Fig. 1A and tables S7 and S8).
Meanwhile, we found that 28 MNU samples
shared origins with their paired tumors from
the same patients (Fig. 1A and table S9). When
we excluded these samples, MNU with muta-
tions in KMT2D (16/133, 12.0%), KDM6A (15/
133, 11.3%), ATM (11/133, 8.3%), CREBBP (11/
133, 8.3%), FAT1 (12/133, 9.0%), and KMT2C
(10/133, 7.5%) remained widely observed. Al-
though TP53was the secondmost frequently
mutated gene in UCC, TP53 mutations were
relatively rare in MNU (5/133, 3.8%) (Fig. 1A).
Notably, the mutation rates of FGFR3 (0/133,
0.0%) and PIK3CA (1/133, 0.8%) were lower
than those of CREBBP, ATM, and KMT2C in
MNU (Fig. 1A). This observation was substan-
tially different from that in UCC, suggesting
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that different molecular mechanisms under-
lie early clonal expansion and final cancer de-
velopment. Putative driver genes in MNU,
such as KMT2D and FAT1, are also frequently
mutated in normal skin and esophageal tis-
sues (3, 8, 9). However, we did not observe
enrichment of NOTCH1 mutations in MNU,
although it has been reported as the most
frequently mutated gene in skin and esoph-
ageal tissues. This observation may reflect in-
trinsic biological differences among various
cell types.

Widespread mutagenesis related to
aristolochic acid in MNU
To explore the underlying mutagenic driving
factors, we used a nonnegative matrix factor-
ization algorithm on the MNU and UCC sam-
ples to extract potential mutational signatures
(table S10). We identified three mutational sig-
natures through the de novo extraction (Fig. 1B,
fig. S3A, and table S11). Signature B closely
resembled the Catalogue of Somatic Muta-
tions in Cancer (COSMIC) signature SBS1
and SBS5 (Fig. 1B and fig. S3B). Signature C

exhibiteddominant C>GandC>T substitutions
in the 5′-TpCpA-3′ and 5′-TpCpT-3′ context and
largely conformed to COSMIC SBS2 and SBS13
(Fig. 1B and fig. S3B), which are associatedwith
the activity of APOBEC cytidine deaminases.
Signature A displayed predominant T>A

transversions with conspicuous biases in the
local sequence context and a markedly high
proportion in the 5′-CpTpG-3′ context (Fig. 1B
and fig. S3C). This signaturematched COSMIC
SBS22 with the underlying etiological fac-
tor being aristolochic acid (AA), a natural
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Fig. 1. Somatic mutations and mutational signatures. (A) Mutational landscapes of UCC and MNU samples showing mutations in putative driver genes,
including 19 SMGs and nine frequently, but not significantly, mutated genes (indicated with asterisks), ordered by their mutation frequency in UCC (percent of tumors
with mutations in each gene is in parentheses). Black dashed boxes show that mutations are shared in samples from the same patient. indel, insertion or deletion.
(B) Mutational spectrum of the three de novo mutational signatures extracted by the SigProfilerExtractor analysis. Representative 3–base pair (bp) mutational
contexts are labeled. Corresponding COSMIC signatures are labeled in parentheses.
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herb-derived compound that is known as a
notorious mutagen (27–33) (fig. S3B). Our
finding demonstrates that AA mutagenesis
is prevalent in normal human tissues (fig.
S3, D and E, and table S11), although it was
reported in noncancerous tissues in a pa-
tient with alcohol-related liver disease (11).
Widespread AA mutagenesis in MNU was
further confirmed using another mutational
signature analysis approach (figs. S4 and S5A).
AA-associated samples, both tumors and
MNU, exhibited significantly higher muta-

tion numbers (P < 0.001, Wilcoxon rank-sum
test), demonstrating the strong mutagenic
effect of AA (fig. S5B). We also found that
AA mutagenesis was more prevalent in fe-
males than inmales (fig. S5C, P < 0.001, Fisher’s
exact test). This gender bias has been reported
in upper tract urothelial carcinoma, but the
underlying mechanism is unclear (34). Our
findings demonstrate that AA exposure poses
strong genotoxic stress to urothelial cells
and widely triggers mutagenesis in normal
urothelium.

Copy number alterations in MNU tissues
We assessed copy number alterations (CNAs)
in MNU and UCC samples using exome se-
quencing data (fig. S6). Overall, we observed
marked differences in CNAs between tumors
and MNU. As expected, tumors harbored ex-
tensive CNAs across the whole genome, with
recurrent CNA regions consistent with TCGA
data (e.g., chromosome 5p, 8q, and 3p ampli-
fications; and chromosome 8p and 9p dele-
tions) (Fig. 2A). However, CNAs were rare across
the genomes of MNU samples, even those with
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Fig. 2. CNAs in UCC and MNU samples. (A) Stacked mountain plots
comparing summed CNAs in UCC and MNU samples. Red stacks represent
amplifications, and blue stacks represent deletions. Chr, chromosome.
(B) Comparison of CNAs in UCC and MNU samples. The mutational burdens
and mutation statuses of driver genes are indicated. Del, deletion; Amp,
amplification. (C) CNA log ratios (logR) and B allele frequency (BAF) of two

representative MNU samples showing typical copy number statuses and
copy-neutral LOH. Blue lines represent the fitted values of logR and BAFs
calculated by the circular binary segmentation algorithm. (D) The relationship
between somatic mutation loads and CNAs. UCC (“Tumor”) and MNU
samples were assigned to one of the two groups according to their mutational
signatures: AA-associated and non-AA-associated (“Other”).
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mutational burdens comparable to tumors and
with mutations in TP53, KMT2D, and KDM6A
(Fig. 2, A and B). For example, sample P6U5
had 1978 mutations and harbored driver mu-
tations in KMT2D and TP53 but displayed no
obvious CNAs across its genome (fig. S6; frac-
tion of nondiploid genome: 0.1%). CNAs in MNU

were sporadic and largely confined to small-
scale genomic regions, along with copy-neutral
loss of heterozygosity (LOH) (Fig. 2C and fig.
S6). We further explored how accumulation
of somatic mutations and CNAs coordinate in
UCC and MNU tissues. Notably, we found that
some MNU tissues, especially those exposed to

AA, had mutational burdens similar to or even
higher than those of tumors, but the vast ma-
jority of their genomes remained diploid (Fig.
2D). This finding implies that acquisition of
CNAs occurs late in clonal expansion in the uro-
thelium and that genomic stability is a choke
point for the final malignant transformation.
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Fig. 3. Mutational burden and mutant clone expansion in MNU.
(A) Comparison of mutational burdens (muts/Mb, mutations per megabase) in
MNU (both AA-associated and non-AA-associated) and UCC samples. Median
mutational burdens of six other cancer types are indicated by dashed lines. AML,
acute myeloid leukemia; KCC, kidney clear cell carcinoma; Col., colorectal
carcinoma; LUAD, lung adenocarcinoma; Mela., melanoma. SBS10 resembles the
COSMIC mutational signature 10 (SBS10a and 10b). (B) Comparison of
mutational contexts of sample P65U and COSMIC SBS10a and 10b.
Representative 3-bp mutational contexts are labeled. (C) Distributions of mutant
clone sizes of mutations in AA-associated and non-AA-associated MNU samples.

The y axis represents the number of mutations. (D) Bar plots displaying the co-
occurrence of driver mutations in the same clones deduced on the basis of the
pigeonhole principle. (E) Comparison of clone sizes among different MNU
samples. Nonsyn., nonsynonymous; Syn., synonymous. (F) Mutational burdens
and average mutant clone sizes in MNU samples. The average mutant clone sizes
of AA-associated samples are labeled. (G) Comparison of clone sizes between
putative driver and passenger mutations. Wilcoxon rank-sum test was used. *P <
0.05, **P < 0.01, ***P < 0.001. CI95%, 95% confidence interval. (H) dN/dS
ratios for the three genes under significant positive selection in MNU.
(I) Mutational spectra of putative driver mutations. Mut_no, mutation number.
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Mutational burden and mutant clone
expansion in MNU
To gain deeper insights into the mutational
burden andmutant clonal expansion inMNU,
we used the variant allele fractions of somatic
mutations to estimate the mutant cell frac-
tion (MCF) and clone size in MNU samples.
Overall, the mutational burden was markedly
different between AA-associated and non-AA-
associatedMNU (Fig. 3A).Mutational burdens
in the AA-associated MNU ranged broadly,
with themedian (2.2 mutations perMb) being
higher than that in breast cancer (0.9 muta-
tions per Mb) and kidney clear cell carcinoma
(1.5 mutations perMb). Themutational burden
of non-AA-associatedMNUwasmore than one
order of magnitude lower than that of AA-
associated MNU (Fig. 3A). P65U stood out
among non-AA-associated MNUwith an extra-
ordinarily high mutational burden (~62 muta-
tions perMb) (Fig. 3A).We further explored the
mutational signature of this hypermutator and
found that it conformed to the COSMIC SBS10a
and SBS10b (cosine similarity = 0.86) (Fig. 3B
and fig. S7, A and B). The mutational process
underlying this signature has been implicated
in altered activity of the central DNA polymer-
ase POLE (35, 36). We detected a canonical
mutation in the POLE proofreading domain
(Pro286→Arg) that could lead to this muta-
tional signature in the sample (fig. S7C). To our
knowledge, there have been no previous reports
of amutational process associatedwithmutated
POLE occurring in normal human tissues.
Next, we characterized mutant clonal ex-

pansion in MNU tissues. Overall, the distribu-
tion of mutant clone sizes exhibited a long tail
(Fig. 3C and table S12). Upon further divid-
ing samples into AA-associated and non-AA-
associated MNU, we observed a bimodal
distribution of mutant clone sizes in both
groups (Fig. 3C). The peak corresponding to
larger clone sizes in AA-associated MNUwas
due mainly to two samples, P4U1 and P7U6,
while in the non-AA-associated distribution,
the peak corresponding to larger clone sizes
was almost exclusively due to sample P65U.
This observation demonstrates that drastic
clonal expansions have occurred in some
individual MNU tissues. One possible expla-
nation for this observation is that urothelial
cells from the same clone have acquired more
than one driver mutation, which confers pro-
liferative and competing advantages. To test
this hypothesis, we deduced the co-occurrences
of driver mutations in those clones using the
pigeonhole principle (37). Indeed, more than
one drivermutationwas nested in single clones
in each of the above three samples (P4U1, P7U6,
and P65U) (Fig. 3D). For example, mutations
in KDM6A, TP53, KMT2D, and ARID1A were
simultaneously acquired by a single clone in P4U1
(Fig. 3D). Compared with non-AA-associated
samples, AA-associatedMNUhad a significantly

larger median mutant clone size (P < 0.001,
Wilcoxon rank-sum test), even when we ex-
cluded the three samples with drastic clonal
expansions (Fig. 3E). Additionally, we found
that AA-associated MNU displayed greater
mutational burdens (Fig. 3, A and F). Alto-
gether, these data indicate that AA exposure
considerably accelerates somatic mutation ac-
cumulation and enhances clonal expansions
in normal urothelium.
Positive selection of somatic mutations

provides the necessary fuel for clonal expan-
sion. We compared the clone size of driver
mutations with those of synonymous muta-
tions in non-AA-associated MNU, which were
considered as passengers under neutral selec-
tion (table S13). As expected, clones with
driver mutations were larger than those with
passengers (Fig. 3G). However, statistically
significant differences were observed only in
KMT2D, CREBBP, ATM, and KMT2C, not in
canonical driver genes such as TP53 (Fig. 3G,
P < 0.05, Wilcoxon rank-sum test). This ob-
servation is similar to previous findings and
is likely attributable to putative passengers
co-occurring with driver mutations in indi-
vidual clones being hijacked by positive clonal
selection (8). We next estimated genes under
positive selection using a context-dependent
dN/dS model (dN/dS is the ratio of the rate of
substitution at nonsilent sites versus silent
sites) (38). Genes with a significant global
dN/dS ratio included KMT2D, KDM6A, and
TP53, which are the top three recurrently
mutated genes in UCC (Fig. 3H and table S14).
A predominance of T:A>A:T transver-

sions was observed in most mutations in
driver genes, suggesting that AAmutagenesis
in MNU can explain the occurrence of most
driver mutations observed in the current study
(Fig. 3I). This was further confirmed by analyz-
ing the probability of each mutational signa-
ture underlying the driver mutations (table
S15). This finding rationalizes our observation
that AA exposure largely boosts mutant clone
sizes inMNU (Fig. 3, E and F). Unexpectedly,
mutations in KMT2D were dominant for
C:G>T:A transitions rather than T:A>A:T
transversions (Fig. 3I). Nearly half of the
KMT2D mutations (13/28) occurred in non-
AA-associated MNU. Even in AA-associated
MNU, ~60% of the KMT2D mutations were
not T:A>A:T transversions, which contrasted
greatly with other driver genes (fig. S7, D to F),
although these KMT2D mutations were still
most likely caused by AA mutagenesis (table
S15). This finding implies that KMT2D muta-
tions may be widely carried by urothelial cells
through both intrinsic (e.g., SBS2, SBS13, and
SBS5) and exogenously triggered mutational
processes (e.g., SBS22). Mutations in this gene
may be essential for clonal expansion in urothe-
lial cells, regardless of whether they experience
exogenous mutagen exposure.

Competitive mutant clones evolve
independently under AA exposure
We sequenced two tumors and three MNU
samples from the ureter tract of patient P4.
Somatic mutations harbored by the five sam-
ples were different from each other, indicating
that they evolved independently, as reflected
by the phylogenetic tree (Fig. 4A). All five sam-
ples displayed clear AA-associated mutational
signatures (fig. S8A). Given the different sam-
pling sites, we concluded that AA-triggered
mutational processes can spread throughout
the entire ureter tract (Fig. 4A). Similar re-
sults were also observed in other patients
(fig. S8, B and C). Forming competing clones
in the ureter tract, each sample independently
accumulated driver mutations that were most
likely triggered by AA mutagenesis (table S15).
These drivermutationsmay confer competitive
advantages on these clones. Among the three
MNU samples, we observed putative driver
mutations convergent in KDM6A, suggesting
that mutations in this gene were widespread
inMNUand important for earlymutant clonal
evolution (Fig. 4A). Interestingly, in P4U1,
we identified an obvious bimodal distribution
of MCFs of somatic mutations (Fig. 4B). The
smaller peak, with driver mutations in KMT2D
and ARID1A, was estimated to be a subclone
originating from the major clone (the larger
peak) on the basis of the pigeonhole principle.
Given that most driver mutations in P4U1
were caused by AA mutagenesis (table S15),
this observation suggests that mutant sub-
clones originate and evolve in MNU under AA
mutagenic stress.

A single AA-associated clone in MNU can
expand to a scale of several square
centimeters in size

We have demonstrated that AA mutagenesis
drivesmutant clonal expansion inMNU.How-
ever, to what scale an AA-associated mutant
clone can expand remains to be elucidated.We
sequenced six MNU samples from patient P7
that were extracted from different sites in the
bladder (fig. S9A). The mutational burdens of
these samples ranged from 1.7 to 7.6mutations
per Mb (fig. S9B). Somatic mutations detected
in these samples were entirely different from
those in the patient’s tumor, indicating their in-
dependent clonal origins (fig. S9C). Additionally,
we found that the mutational spectra largely
matched the AA-associated signature, which
was ubiquitous among the six samples (Fig. 4C).
Next, we compared somatic mutations and

their MCFs among the six MNU samples from
patient P7. Except for P7U3, the other five
MNU samples shared 161 somatic mutations
with variable MCFs (Fig. 4D), demonstrating
that those five MNU samples may originate
from the large expansion of a single mutant
clone. In this case,weobserved five independent
KDM6Amutations, further demonstrating that
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mutations in this gene are widely carried by
urothelial cells (Fig. 4D). We next clustered
somatic mutations into mutant clones using a
Dirichlet process (fig. S10). A single mutant
clone with putative driver mutations in FAT1
and ATM was shared by the five MNU sam-
ples. This shared clone seemingly derived from a
small clone in P7U1which progressively evolved
and acquired additional driver mutations in
CREBBP,KDM6A, and STAG2 (Fig. 4D and fig.
S10A). Another possibility is that an indepen-
dentmutant clone inP7U1 intermingledwith the
large clone, which could explain the lowMCFs of
the shared mutations in P7U1 (Fig. 4D and fig.
S10A). A competing mutant clone in P7U3 orig-
inated independently and evolved in parallel,
acquiring twomutations inKDM6A and one in
EGFR (Fig. 4D and fig. S10A). Taken together
and combined with the sampling distances,
our results reveal that a single AA-associated
mutant clone can expand massively to a scale
of several square centimeters in size (Fig. 4E).
We observed similar results in another patient
sample (fig. S11).

Discussion
Accumulation of mutations in somatic cells
has long been implicated in various patho-
logical processes, including human cancer (2).
However, how and in what patterns somatic
mutations occur and drive clonal expansion
in normal cells remain largely uncharacterized.
Recent genome sequencing studies have re-
vealed landscapes of somatic mutations in
various normal tissues, thus broadening our
knowledge of mutagenesis in somatic cells
(3, 8–12, 14–17). Although previous studies
identified some mutations with low allele
frequencies in normal-appearing urothelium
in a limited number of bladder cancer pa-
tients (39, 40), our study depicts a comprehen-
sive mutational landscape of human normal
urothelium fromUCCpatients, especially under
exogeneous mutagen exposure, and a study by
Lawson et al. published in this issue investigated
somatic mutations in normal bladder urothe-
lium mostly from cancer-free individuals (41).
Overall, we observed variable numbers of

somatic mutations in MNU using a relatively

large sampling size and moderate sequencing
depth. We found that macroscopic mutant
clones originated in at least some MNU tis-
sues. Acquisition of putative driver mutations
inMNUmay explain why somemutant clones
can expand to a detectable size. Ourmutational
signature analysis revealed an underlying prev-
alence of AA mutagenesis in MNU, demon-
strating that the mutational process triggered
by AA can occur widely in normal human
somatic cells in vivo. As AA is prevalent in
traditional herbal medicine in Asia (42–45),
our resultsmay reflect the specificity of Chinese
and Asian populations. AA exposure boosts
somatic mutation accumulation and clonal
expansions in MNU; the latter most likely be-
cause themutagenic effects of AAwidely cause
driver mutations in MNU, facilitating clonal
expansion throughpositive clonal selection.Un-
expectedly, we identified drastic expansion of
single AA-associated clones to a scale of several
square centimeters in size. However, nailing
downaprecise sizeofAA-implicatedmutagenesis
andAA-triggered clonal expansion inurothelium
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Fig. 4. Mutant clonal evolution in MNU exposed to AA. (A) (Left) Sampling
sites in patient P4. (Right) Phylogenetic tree depicting the clonal relationships
of five samples from P4. Putative driver mutations are labeled on the
branches. Asterisks indicate stop codons. Scale bar, 200 mutations.
(B) Clustering of clone sizes in P4U1 using a Dirichlet process. The blue line
indicates the fitted distribution, and the purple region represents the 95%
posterior confidence interval. Red dots indicate mutations in putative driver

genes. (C) Heatmaps showing the proportion of each mutation type within
96 mutational contexts. (D) MCFs of somatic mutations in the six MNU
samples. Putative driver mutations are highlighted by red vertical lines.
(E) Schematic displaying the area of different mutant clones, as inferred by
mutation overlapping and clustering results. Lowercase letters indicating
driver mutations correspond to the table in (D). The differently colored
regions represent different mutant clones.
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requires further investigation using denser
sampling. A previous study used N-butyl-N-
(4-hydroxybutyl)nitrosamine (BBN) to trigger
bladder carcinoma in mice and found that a
single basal stem cell could proliferate and
colonize the entire urothelium (46). Here, we
reported multiple independent clones orig-
inating in human urothelium under AA expo-
sure. These differences in findings could be
explained by the fact that tumorigenesis in
humans is considerablymore complicated than
inmice or by the different degrees ofmutagenic
stress caused by BBN versus AA.
Chromatin remodeling–related genes, such as

KMT2D and KDM6A, were frequently mutated
in MNU, whereas canonical driver genes in
UCC, such as PIK3CA and FGFR3, were rarely
mutated. This suggests that epigenetic dys-
function may be critical for early clonal expan-
sion in human urothelium. TP53 had a clearly
low mutation rate. A total of five MNU samples
(independent clonal origin) harbored TP53
mutations, four of which were AA-associated
and one of which was the hypermutator
P65U (COSMIC SBS10). This finding suggests
that either (i) TP53 is rarely mutated in early
clonal evolution in MNU unless there are cer-
tain strong mutagenic driving forces or (ii)
mutant clones with TP53 mutations are too
small to be detected. The latter possibility can
be examined using ultra-sensitive and deep
sequencing strategies (47). Although the over-
whelming mutagenicity of AA caused most
of the driver mutations in our study, KMT2D
mutations were widely observed in other
MNU lacking the AA signature, which sug-
gests thatmutations in this genewidely occur
in urothelial cells, regardless of whether they
experience exogenous mutagen exposure.
Unlike somatic mutations, CNAs are rela-

tively rare and less extensive inMNU than in
tumors. Even in those MNU with obvious
clonal expansion (such as P65U), copy number
remained diploid across the entire genome.
Similar resultswere observed inprevious studies
of normal skin and esophageal tissues (8, 9).
These findings may reveal a universal princi-
ple in somatic clone expansion, namely that
genomic instability is fundamental for malig-
nant transformation.

One possible clinical implication of our
study is that more radical treatment strat-
egies may be appropriate in AA-associated
UCC patients because their normal-appearing
urothelium may harbor high mutational
burdens and have undergone mutant clonal
expansions. Such conditionsmay substantially
contribute to tumor relapse.
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