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Cancer is generally thought to be caused by expansion of a single mutant cell’.
However, analyses of early colorectal cancer lesions indicate that tumours may
instead originate from several genetically distinct cell populations**. Detecting
polyclonal tumour initiation is challenging in patients, as it requires profiling
early-stage lesions before clonal sweeps obscure diversity. To investigate this, we
analysed normal colorectal mucosa, benign and dysplastic premalignant polyps
and malignant adenocarcinomas (123 samples) from six individuals with familial
adenomatous polyposis. Individuals with familial adenomatous polyposis have a
germline heterozygous APC mutation, predisposing them to colorectal cancer
and numerous premalignant polyps by early adulthood*. Whole-genome and/or
whole-exome sequencing showed that many premalignant polyps—40% with benign
histology and 28% with dysplasia—were composed of several genetic lineages that
diverged early, consistent with polyclonal origins. This conclusion was reinforced
by whole-genome sequencing of single crypts from polypsin further patients that
showed limited sharing of mutations among crypts within the same lesion. In one
case, several distinct APC mutations co-existed in different lineages of a single
polyp, consistent with polyclonality. These findings reshape our understanding
of early neoplastic events, demonstrating that tumour initiation can arise from
the convergence of diverse mutant clones. They also indicate that cell-intrinsic
growth advantages alone may not fully explain tumour initiation, highlighting the
importance of microenvironmental and tissue-level factors in early cancer evolution.

Cancer begins when cells acquire new malignant traits that increase
cell growth, survival and invasion®. Investigating the earliest steps in
tumour initiation hasimportantimplications for understanding cancer
biology, improvingrisk stratification and prevention®’. However, study-
ing this process in human tissues is challenging, because phenotypic
changes and evolutionary progression make it difficult to character-
ize the cells that originate the lesion when sampling only malignant
tumours. Premalignant lesions are therefore a crucial window into
theseearlier initiating events, because they reflect animportant, often

long, period of molecular and evolutionary change where cells acquire
the necessary traits for full-blown malignancy®’.

Therefore, to study the initiation of colorectal tumours, we col-
lected and profiled numerous premalignant colon polyps from several
individuals with familial adenomatous polyposis (FAP), a hereditary
cancer predisposition syndrome caused by a germline heterozy-
gous loss-of-function mutation in the APC gene®. Starting in adoles-
cence, individuals with FAP develop many colorectal polyps, some
of which will inevitably progress to colorectal cancer (CRC) without
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prophylactic colectomy*. The abundant polyps in these individuals are
an excellent model for studying early tumour progression, because
they arise at different times and retain information about the initial
state of the lesion that is easily obscured by later selective sweeps.
Wesampled the entire process of CRC development, in which normal
mucosal epithelium can form premalignant polyps, some of which later
may develop dysplastic features and then transform into malignant
adenocarcinomas (AdCas).

Colorectal polyps are canonically assumed to develop after an epi-
thelial cell acquires the required oncogenic mutation(s) to clonally
expand and create a detectable lesion composed of the descendants of
the originalinitiating mutant cell’* 2. However, some studies of human
premalignant polyps challenge this hypothesis. First, others have found
thatkey early driver mutations (APCand KRAS) are sometimes not found
inall cellsin a polyp, as would be expected if they initiated a clonal
expansion®. Instead, there can be several unique subclonal mutations
in APC or KRAS in a single polyp®. Second, limited in situ hybridiza-
tion and single-crypt sequencing data have indicated that polyps can
be composed of epithelial cells from different genetic lineages that
diverged early in the patient’s lifetime, before the polypinitiated>’. Both
observationsindicate that polypinitiation is not always monoclonal or
theresult of clonal expansion of asingle cell. Instead, colorectal polyp
initiation may oftenbe polyclonal or the result of expansion of agroup
of genetically diverse cells, possibly driven by cell-extrinsic effects.

To evaluate whether polyclonal initiation is evident in FAP patient
colorectal premalignant colon polyps, to determineits prevalence and
toinvestigate therole of somatic driver mutationsin CRC development,
we performed an evolutionary analysis using whole-genome sequencing
(WGS) and/or whole-exome sequencing (WES) datafrom123 total sam-
plestaken either from normal mucosa, benign polyps without evidence
of dysplasia or dysplastic premalignant polyps, or malignant AdCas
fromsix patients with FAP. The profiled lesions were of varied age, size
and physicallocationinthe colonandrepresentanimportant resource
in the NIH Human Tumour Atlas Network (HTAN)™ for understanding
premalignant progressionin CRC. This bulk genomic profiling was used
to detect spontaneously occurring somatic mutations 8, whicharea
record of past mutational processes and evolutionary dynamics®® 2% We
computationally analysed these bulk sequencing data to infer clonal
architecture and dynamics without longitudinal sampling.

We found that 40% of benign and 28% of dysplastic polyps had evi-
dence of polyclonal initiation. Polyclonal samples were less likely to
have clonal APC or KRAS driver mutations, indicating that these onco-
genic mutations do not always drive monoclonal expansions that lead
to tumour initiation. Single-crypt WGS of three polyps and one AdCa
from two further individuals with FAP indicates the polyps are often
polyclonal. Two of these polyps show early genetic divergence of indi-
vidual crypts, including one polyp with several unique APC second-hit
mutations acquired after lesion initiation, consistent with polyclonal
initiation. Taken together, our resultsindicate that polyclonalinitiation
of premalignant polyps is common, challenging the classic model of
monoclonalinitiation.

FAP polyps have canonical CRCdrivers

Toinvestigate early events in CRC lesion initiation, we performed WGS
onfreshfrozen histologically normal mucosal tissue and several benign
and dysplastic polyps fromsix individuals with FAP (Fig.1a, Supplemen-
tary Tables 1-3, Supplementary Methods and Supplementary Fig. 1).
Five of these individuals had agermline truncating heterozygous muta-
tionin APC detected in all tissue samples and blood (Supplementary
Figs.2-6), whereas AO14 had no detectable germline mutationin APC
asassessed by WGS or clinical diagnostic genetic testing. Because this
individual has no family history of FAP (Supplementary Table 1), this
findingis consistent with reports that roughly half ofindex cases have
no pathogenic variants detectable in the blood and up to 20% of index

1018 | Nature | Vol 650 | 26 February 2026

cases with a detectable APC mutation have a somatic mosaic variant
that might not be detected in all tissues®*,

Somaticalterations, including single-nucleotide variants (SNVs) and
copy-number alterations (CNAs), in driver genes associated with CRC
were detected in nearly all polyp samples (91% of benign and 95% of
dysplastic polyps) but rarely in normal mucosa (10%) (Fig. 1b). Driver
alterations in APC and KRAS were common in polyps; 83% of benign
polyps and 82% of dysplastic polyps (adenomas) had second-hit APC
driver mutations or APC loss of heterozygosity (LOH), whereas only
7% of normal mucosal samples had biallelic APCinactivation. Further-
more, 17% of benign and 35% of dysplastic polyps had both APC and
KRAS somatic mutations (Fig.1c). The high prevalence of APCand KRAS
somatic mutationsin polyp samplesis consistent with previous reports
in both FAP and sporadic adenomas®? (Extended Data Figs.1and 2)
andindicates that these mutations are associated with polyp initiation.
Further CRC driver mutations were found in FBXW7, TP53and other pro-
liferative signalling associated genesin some lesions (Fig. 1b). Although
recurrent gains of chromosomes 7,13 and 20 were noted, as observed
in other premalignant colorectal lesions®?, polyps were generally less
aneuploid than malignant CRC samples (Extended Data Fig. 3). The
fraction of genome altered was low in both benign (median 0.003) and
dysplastic (median 0.03) polyps and increased with disease stage in both
our FAP cohortand previously published FAP* and sporadic cohorts®
(Extended DataFig. 3). Thus, FAP polyps harbour early oncogenicevents,
most frequently somatic SNVs and more rarely CNAs.

Clonal drivers are often absent in FAP polyps

To better assess the role of driver mutations in polyp initiation and
growth, we computed the purity- and ploidy-adjusted variant allele
frequencies (ppVAFs) of all somatic mutations detected (Supplemen-
tary Methods). The ppVAF is the estimated fraction of epithelial cells
that have a mutation and is analogous to the cancer cell fraction in
malignant samples?. The cancer cell fraction is usually calculated
using tumour purity values estimated from CNA frequencies®, but
our normal and polyp samples have relatively few CNAs compared to
CRCs (Extended Data Fig. 3), making copy-number-based purity estima-
tion difficult. Instead, we used the epithelial cell fractions previously
measured and reported in further samples from this patient cohort
using single-cell assay for transposase-accessible chromatin using
sequencing (scATAC-seq)® to estimate the distribution of sample puri-
ties for normal mucosa, polyps and AdCas (Supplementary Methods,
Supplementary Notes 1and 2 and Extended Data Fig. 4). The ppVAF
point estimates and posterior probability distributions indicate that
somatic APC mutations are found at higher allele frequencies than
other somatic mutations, reinforcing the idea that they occur early
in polyp development and/or experience positive selection (Fig. 1d).

However, many polyp samples in our cohort lacked clonal driver
mutations (Fig. 1le-g). This observation is not consistent with the
hypothesis that APC second-hit mutations or other driver mutations
are required for monoclonal expansions leading to polyp formation.
Furthermore, 8 of the 69 polyps harboured more than one APCsomatic
driver mutation (Fig. If). Although five represent clustered mutational
events that occurred in the same subclone (Supplementary Fig. 7) or
probable biallelic loss in a single subclone in the patient without a
germline APC mutation (A014), two samples (A0O01C107 and GO55)
show evidence of two subclonal APC mutations. Because a strong selec-
tive advantage for several truncating APC mutations to appear in the
same subclone with a germline heterozygous mutation is unlikely,
this observation indicates that several unique APC mutations existed
inthe epithelial cell population thatinitiated the lesion and/or further
APCmutations were acquired by cellsinthe lesion that did not havean
APC second hit at the time of lesion initiation. Together, these results
indicate that polyps are not always caused by amonoclonal expansion
of an epithelial cell with a driver mutation.
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Fig.1| Colorectal polypsin patients with FAP harbour common CRCdriver
mutations. a, Overview of the FAP cohort (six patients, n =123 samples, WGS
and/or WES). b, Oncoplot summarizing the landscape of non-silent SNVs, small
insertions/deletions, copy-number gains/amplifications (Gain/Amp), deep
deletions (Loss/Del) and copy-neutral LOH (cnLOH) in CRC driver genes based
on WGSwhen available or WES. Only somatic mutations are shown. WGD, whole-
genome doubling. ¢, UpSet plot showing the combination of somatic mutations
inAPC,KRAS, FBXW7 and TP53.d, ppVAF distributions for all mutations (left)
and APCsecond-hit driver mutations (right) in mucosa (green), benign polyps
(orange) and dysplastic polyps (blue) from WGS data. e,f, ppVAF posterior
distributions of APC mutations insamples with asingle APC second-hit mutation
(e, separated into clonal (left) or subclonal (right) APC mutations) or several

Polyps have subclones that diverged early

Because we observed that polypinitiationis not always associated with
monoclonal expansion of one or more driver mutations, we wondered
how lesioninitiation occurred in samples without clonal driver muta-
tions. We hypothesized that several colonic crypts (clonal units of

05 =

APCsecond-hitdriver mutations (f), ordered by ascending ppVAF point
estimates. Asterisksinfdenote clustered APCsecond-hit mutations
(Supplementary Fig. 7). APCsecond-hit mutation ppVAF distributions are
showninblue, and KRAS driver mutation ppVAF posterior distributions are
shownin pink. WGS was used in samples for which it was available; otherwise
WES datawere used to estimate ppVAFs. g, Clonal driver mutation fractions
(Supplementary Methods) from WGS (when available) or WES data for benign
and dysplastic polyps showing mutationsin APC (benign, n = 31; dysplastic,
n=53mutations), KRAS (benign, n = 6; dysplastic, n = 25 mutations) and FBXW7
(benign, n=3;dysplastic, n=5mutations). Error bars are 95% Bayesian credible
intervals (Supplementary Methods). lllustrationsin awere created using
BioRender.Ma, Z. (2025) https://BioRender.com/4v5zpca.

epithelial homeostasis derived from a small number of stem cells*°)
might collectively initiate each polyp, rather than asingle mutant crypt.
Thiswouldlead to a polyp composed of several distinct genetic lineages
thatdiverged early. We defined initiation of a single polyp from several
crypts as ‘polyclonal’ and used the WGS data to determine whether
polyp initiation was probably monoclonal or polyclonal (Fig. 2a).
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Fig.2|Some FAP premalignant polyps had an early mostrecent common
evolutionary ancestor and are probably polyclonal. a, Schematic showing
that polyclonal polyps areinitiated fromseveral colorectal cryptsintheintestinal
mucosa (green crypts), whereas monoclonal polyps are the result of aclonal
expansion of asingle crypt (pink). b, Schematic showing that monoclonal
lesions have an MRCA occurring after lesion initiation (dotted line) because
theyinitiate fromasingle crypt, leading to many detected clonal mutations
(purple Xsontree). Bottom parts show hypothetical ppVAF distribution
shapes formonoclonal and polyclonal samples, with clonal mutations markedin
purple.c, Number of expected clonal SNVs detected in WGS data from samples

In monoclonal samples, clonal expansion of a single crypt leads to all
somatic mutationsin that founding crypt being presentinall epithelial
cellsintheresulting lesion. This sweep leads to many detectable clonal
mutationsin the sequenced polyp. By contrast, polyclonal lesions will
probably have fewer clonal mutations, because any clonal mutations
inthelesion must be presentinall founding cryptsina polyp (Fig.2b).

We estimated the number of clonal SNVs in each sample using the
ppVAF posterior probability distributions computed for each somatic
mutation from the sequencing data. We classified each somatic SNV
as clonal or subclonal based on its ppVAF posterior probability distri-
bution and counted the number of clonal mutations in each sample
(Supplementary Methods and Supplementary Note 1). We used these
estimated clonal SNV counts to determine whether lesions were proba-
bly monoclonal or polyclonal. Because most SNVsin these samples have
clock-like mutational signatures® (Extended DataFig. 5), the number of
clonal mutations canbe used to estimate an upper bound on the age of
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from patients with FAP. Samples with fewer than 63 clonal SNVs (dashed line,
corresponding toan MRCA at less than1year old) were classified as having an
early MRCA and are probably polyclonal.d, ppVAF distributions for example
monoclonal (left) and polyclonal (right) lesions. e, ppVAF distributions for
allmonoclonal (left) and polyclonal (right) lesions combined. f, Fraction of
WGS samples classified as polyclonal based on estimated clonal SNV count.
Fractions were estimated from n=25mucosal samples, n=15benign polyp
samples and n =54 dysplastic polyp samples. Error bars are 95% Bayesian
credibleintervals (Supplementary Methods). lllustrationsin awere created
using BioRender.Ma, Z. (2025) https://BioRender.com/4v5zpca.

the most recent common ancestor (MRCA) for the sample (Supplemen-
tary Methods). Samples with an MRCA earlier than the time at which
thelesioninitiated are by definition polyclonal. In polyclonal samples,
several genetic lineages must have existed during lesion initiation, so
these genetic lineages must therefore have diverged from the MRCA
beforeinitiation. If the MRCA occurred at or after lesion initiation, the
lesionis composed of cells that originated from asingle genetic lineage
atthe time ofinitiation and ismonoclonal. We observed that, whereas
normal mucosal samples had few (fewer than 15) clonal SNVs, benign
and dysplastic polyps had amuch wider range of expected clonal SNV
counts (0-3,882SNVs) (Fig. 2c). The low clonal mutation count in the
normal samples is consistent with previous observations indicating
that normalintestinal mucosa is highly polyclonal, often having few
mutations shared between nearby crypts®.

To investigate the prevalence of polyclonal polyps, we estimated
the frequency of polyps with an MRCA that existed before one year
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of age (fewer than 63 clonal SNVs, using WGS data) (Supplementary
Methods), which is far earlier than polyps appear in most individuals
with FAP*and is similar to the estimated clonal mutation counts of the
polyclonal normal mucosa. We found that 6 out of 15 benign polyps
(40%) had anearly MRCA, indicating that they are polyclonal, and 15 out
of 54 dysplastic polyps (28%) had an early MRCA (Fig. 2d-f). Samples
referred to as polyclonal generally do not have a clonal mutation peak
visiblein the raw VAF or ppVAF distributions (Fig. 2d,e and Supplemen-
tary Figs. 8-17), consistent with their early divergence time. WES data
from some samples with WGS data as well as 27 further samples from
our cohort were also subjected to clonal SNV count thresholding to
estimate the prevalence of early-diverging samples and showed a simi-
lar fraction of these lesions (Extended Data Fig. 6). Additionally, clonal
SNV counts indicate that polyclonality is prevalent in premalignant
and malignant multiregion WES samples from a different published
FAP cohort® (Extended Data Fig. 7 and Supplementary Methods).
Asimilar analysis using published multiregion WES data fromindividu-
alswithout ahereditary CRC predisposition syndrome* indicates that
polyclonalinitiation also occurs in sporadic premalignant adenomas
but not AdCas (Extended Data Fig. 7).

These analyses indicate that polyclonalinitiationis probably present
in at least 25-40% of polyps in individuals with FAP. Selective sweeps
occurring after lesion initiation can obscure a polyclonal population
structure, so the true fraction of lesions that initiate polyclonally may
be higher. Thisis particularly truein older lesions or lesions containing
driver mutations with a substantial selective advantage, highlighting
the importance of studying early premalignant adenomas. Amongst
dysplastic polyps, those of monoclonal origin had shorter telomeres
than polyclonal lesions (P = 0.0015; Fisher’s combined P value from
per-patient Wilcoxon rank-sum tests) (Supplementary Methods and
Extended Data Fig. 8), consistent with a higher number of total cell
divisionsduetoearlier lesioninitiation and/or increased proliferation
rate. Early, proliferative lesions would have shorter telomeres when
sampled and would be more likely to seem monoclonal, particularly
ifthere were expansion of an advantageous clone.

Polyclonal polyps have subclonal drivers

We used these monoclonal/polyclonal classifications to further inves-
tigate the role of driver mutationsin polyp initiation and progression.
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KRAS driver mutations. d, ppVAFs of KRAS driver mutations inbenign (left)
and dysplastic (right) polyps. Error barsinaand c are 95% Bayesian credible
intervals (Supplementary Methods), and fractionsinaand c were estimated
fromn=25mucosal, n= 6 polyclonalbenign, n=9 monoclonal benign,n=15
polyclonal dysplasticand n =39 monoclonal dysplasticsamples.

Most monoclonal and polyclonal polyps have an APCsecond-hit driver
mutation (Fig. 3a). As expected, the ppVAFs of APC somatic driver
mutations are lower in polyclonal samples than monoclonal samples
(Fig.3b; P=0.003for benign, P=0.005for dysplastic polyps, Wilcoxon
rank-sumtest), indicating that these mutations are not the sole drivers
of lesioninitiation and growth and have not caused a selective sweepin
the polyclonal polyps. Similarly, KRAS mutations are more likely to be
found at lower subclonal frequencies in dysplastic polyclonal polyps
than dysplastic monoclonal polyps (P = 0.074 for benign, P = 0.012 for
dysplastic polyps, Wilcoxon rank-sum test; Fig. 3¢,d). These data are
consistent with the notion that premalignant lesions are not always
the product of monoclonal expansions associated withcommon early
CRCdriver mutations. However, such driver mutations probably have
aselective advantage that oftenincreases their frequency and canlead
to selective sweeps in more advanced lesions.

Single-crypt WGS shows polyclonality

We performed single-cryptisolation and WGS from polyps and AdCas
from two further patients with FAP (Fig. 4, Extended Data Figs. 9 and
10, Supplementary Methods and Supplementary Table 4) to examine
the clonal relationships between cell populations within each lesion.
Lesions from patients with FAP were dissected into several regions
before single-crypt isolation to better determine the association
between spatial proximity and genomic similarity. After filtering out
low-quality crypts and polyps/tumours, we built phylogenies using
single-crypt WGS data from the remaining three polyps and one AdCa
sample (Supplementary Methods and Supplementary Note 3). We
first focused on the polyp for which the most crypts were sequenced
(FAPO3_P2; 20 single crypts included after filtering). We found that
crypts withinthe polyp diverged early in life, with no mutations shared
byallcrypts sequencedin the polyp (Fig. 4c). This finding indicates that
several distinct genetic lineages with a very early common ancestor
combined to form the polyp. The lack of clonal somatic mutations in
this polyp is reflected in the structure of its single-crypt phylogeny
(Fig. 4c), with long terminal branches and no trunk, as hypothesized
inthe polyclonal schematic shownin Fig. 2b. This high degree of poly-
clonality seems spatially structured, with one polyp region (R4) seem-
ing to be monophyletic (Fig. 4c), with 1,025 mutations shared between
and exclusive to all 5 crypts in the region (Extended Data Fig. 10b).
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Fig.4|Single-crypt phylogenies based on WGSindicate that FAP polypsare
polyclonal, whereas adenocarcinomas are monoclonal. a, Schematic showing
collection of polyp P2 from patient FAPO3, regional dissection, single-crypt
isolationand WGS procedure (Supplementary Methods and Supplementary
Information). b, Images of individual isolated crypts from FAPO3_P2.c, Single-
crypt phylogeny reconstructed from single-crypt WGS data from polyp P2,
patient FAPO3 and adjacent normal mucosa (blue). Putative CRC-associated
mutations are highlighted. The spatial region from which each crypt originated
isindicated by thetip label colours (Supplementary Table 4). d, Schematic
showing collection of CRClesion T3 from patient FAPOl as well as regional

Thisimpliesthat the cryptsin R4 share amore recent common ancestor
thantherest of the polyp, which may have expanded clonally to create
that region. By contrast, the other regions are polyclonal mixtures of
crypts from different genetic lineages.

The single-crypt WGS analysis also showed putative cancer driver
mutations in distinct subpopulations within the polyp. Importantly,
no driver mutations are shared by all crypts in the polyp. Instead,
there were three truncating frameshift mutations in APC occurring in
independent subclones (Fig. 4 and Extended Data Fig. 9¢) that either
arose after lesioninitiation or were present at subclonal frequenciesin
the initiating cell population. One of these APC second-hit mutations
isfoundinallcryptsinregion R4, raising the possibility that it caused a
clonal expansion that dominated that part of the polyp. These observa-
tions indicate that this polyp did not initiate from a clonal expansion
driven by a single APC second hit but rather is a mixture of epithelial
cell clones with independent growth advantages.

By contrast, single-crypt WGS of the malignant AdCa tumour sample
FAPO1_T3 showed amonoclonal expansion, with 479 mutations shared
byall10 cryptsinthe sample (Fig.4d-f). This expanded cloneincludes
asecond-hit stopgain mutation in APC, a missense driver mutationin
SMAD4 (R361C) and a truncating mutation in CTNNBI (beta-catenin)
(Fig. 4f). Lower sequencing depth in somelociin some samples makes
itmore difficult to determine which driver mutation(s) are foundinall
cryptsand possibly responsible for the initial expansion; in particular,
low coverage (less than or equal to 3x) at the APCsecond-hit mutation
locusincryptsR6_G9,R5_G4 and R1_G7 limited our ability to detect the
mutation inthese samples (Supplementary Note 3). However, the phy-
logenetic structure of this tumour (long trunk from which all tumour
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and normal mucosa (blue). Putative CRC-associated mutations are highlighted,
withmutations denoted ingrey if they were filtered out of some samples but
notothersorifthesequencing depthat the mutated site was too low to detect
the variant (Supplementary Methods and Supplementary Note 3, section 5).
The spatial region from which each cryptoriginatedisindicated by the tip label
colours. Illustrationsinaand d were created using Biorender (Ma, Z. (2025)
https://BioRender.com/4v5zpca) and FigDraw (https://www.figdraw.com).

cryptsoriginate) clearly indicates that itismonoclonal (compare phy-
logeny toschematicsin Fig.2c) and provides a contrasting example to
the phylogenetic pattern in the polyclonal polyp FAPO3_P2.

Two further polyps fromthese patients with single-crypt sequencing
data (FAPO1_P6 and FAPO3_P1) show different patterns (Extended Data
Fig.9). The 908 clonal mutationsin the 7 crypts from polyp FAPO1_P6
indicate thatitis monoclonal. The lesion has a clonal expansion, pos-
sibly resulting from the APCLOH event found in all crypts from this
polyp and further fuelled by a subclonal KRAS mutation (Q61R), con-
sistent with most of the APC second-hit driven monoclonal polyps in
our bulk sequencing dataset. By contrast, the single-crypt WGS data
from polyp FAPO3_P1are more difficult tointerpret. Although very few
clonalmutations are present (21shared by all 7 crypts), indicating early
genetic divergence of the crypts withinit, the somatic APCtruncating
mutation presentin 6 out the 7 crypts (which share only 57 other muta-
tions) raises the possibility that this APCsecond hit occurred very early
in life and may have contributed to lesion initiation. In summary, this
single-crypt sequencing dataset provides high-resolution orthogonal
validation of polyclonalinitiationin FAP and highlights the mutational
heterogeneity in polyclonal lesions.

Discussion

Although it is widely assumed that malignancies are the product of
clonal expansions from single mutant cells of origin'®, limited case
studies in CRC and other cancers indicate that premalignant lesions
canbe polyclonal®>***%, However, systematic assessment of the preva-
lence of polyclonality in patient samples is still lacking, despite the
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utility of sequencing to detect this phenomenon. To address this, we
used WGS data from 69 colorectal polyps and found 40% with benign
histology and 28% with dysplasia fromindividuals with FAP originated
from several colon crypts. Furthermore, analysis of single-crypt WGS
datasupported our conclusion that premalignant colorectal lesionsin
individuals with FAP caninitiate polyclonally and showed local expan-
sion of subpopulations within a polyp with unique APC second-hit muta-
tions. These findings point towards a possible role for cell-extrinsic
mechanisms in tumour initiation and indicate that this process may
involve cell-cellinteractionsina premalignant multicellular ecosystem
as well as cell-intrinsic effects of driver mutations.

The finding that many polyps are polyclonal has implications for
understanding the molecular and microenvironmental determinants
and dynamics of tumour initiation and progression. Polyclonal ini-
tiation provides a genetically diverse starting point for premalignant
evolution. Thisintralesion heterogeneity can persist because sweeps
arerelatively rare, with long periods of stasis between such events. The
finding that premalignant polyps may experience several selective
sweeps before accruing genetic alterations and transforming to CRC
is consistent with our previous findings that subsequent evolution is
often effectively neutral® 2. Common drivers (APC, KRAS) may not
directly initiate the lesion by causing a clonal expansion but instead
may be present at subclonal frequencies in the initiating population
or be acquired after lesion initiation. This process can lead to mono-
clonal conversion of a previously polyclonal lesion and may lead to
underestimation of the frequency of polyclonalinitiationin our dataset,
indicating that the extent of this phenomenon may be substantially
higher thanreported here.

Our study has several limitations. First, our bulk sequencing
analysis does not directly estimate the purity of each sample indi-
vidually, but rather uses the distribution of epithelial cell fractions
estimated from scATAC-seq data from the HTAN FAP patient cohort
as ameasure of purity. Although this procedure avoids the pitfalls of
copy-number-based algorithms that render them inappropriate for
non-malignant tissue samples (Supplementary Methods, Extended
DataFig.4 and Supplementary Note 2), samples with lower purity due
to stromal or immune cell inclusion may be falsely called polyclonal.
Although this cannotaccount for all polyclonal samples we identify by
means of bulk genomic sequencing (Supplementary Note 2), further
profiling with strategies that either isolate epithelial cells for sequenc-
ing (such assingle-crypt WGS) or directly measure epithelial cell frac-
tion in the same sample will be instrumental to accurately estimate
the fraction of polyclonal samples. Additionally, we focused on CRC
initiationin the context of ahereditary cancer predisposition syndrome
(FAP).Focus onthis patient population also introduces the possibility
that some of our polyclonal polyps could be caused by stochastic col-
lision of independently initiated lesions due to the increased density
of colorectal polyps in patients with FAP. However, recently published
studiesindicate that polyclonality is ageneral phenomenonin colorec-
tal lesions. Our findings are consistent with studies in the analogous
APCmutant murine model, which demonstrate cellular cooperativity
during colorectal tumorigenesis® and polyclonal tumour origins® .
Moreover, analysis of clonal SNV counts in sporadic CRC adenomas
similarly indicates that 29% are polyclonal***, Thus, polyclonality is
unlikely to be restricted to hereditary colon cancers or exclusively
caused by random polyp collisions.

Our findings raise questions about the events necessary and/or suffi-
cientforcancerdevelopment.Here, wedid notidentify what mechanistic
role these further epithelial cell clones are playing in tumorigenesis,
and follow-up studies will be required to determine how these clones
function and interact. Evidence for the role of cell-cell interactions
in tumour development between epithelial cells indicates that both
cooperation between premalignant clones*’ and recruitment of neigh-
bouring non-malignant epithelium*** may contribute to polyclonal ini-
tiation, although otherinteractions may also be involved. Furthermore,

signals from non-epithelial cells in the microenvironment, including
fibroblasts and immune cells****, may lead to malignant phenotypic
changes in several colonic crypts at once, resulting in a polyclonal
lesion. These findings also raise questions about the role of cano-
nical driver mutations in tumour initiation: how does acquisition of
anoncogenicmutationinanindividual celllead toexpansionof adiverse
group of cells, not all of which have the mutation? More generally, poly-
clonalinitiationmay be common across diverse tissue types****. Indeed,
arecentstudyin premalignant pancreatic cancer lesions demonstrated
extreme multifocality, consistent with polyclonal origins*. The con-
ceptual and analytic framework we outline for assessing polyclonality
fromsequencing data can be extended to other premalignant lesions
to systematically investigate this underappreciated phenomenonin
cancer initiation.
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See Supplementary Information.

Reporting summary
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Extended DataFig.1|Somatic mutationsin FAP and sporadic CRCsamples.
a.0ncoplot summarizing the landscape of non-silent exonic single nucleotide
variants (SNVs), smallinsertions/deletions, copy number amplifications (Amp),
deletions (Del), and copy neutral loss of heterozygosity (cnLOH) within CRC
driver genesbased on WES data from the previously published FAP multi-region
cohort?® (left) and the sporadic multi-region sequencing cohort? (right). Only
somatic mutations are shown. b-d. Comparison of non-silent exonic mutations
across polyp stages between the two FAP cohorts and the CRC cohort (p-values
are estimated using two-sided Wilcoxon rank sum tests). In box-and-whisker plots,

theboxrepresents theinterquartile range (IQR) with the center line
representing the median, and the whiskers are the largest and smallest
datavalueswithin1.5times the IQR from thebox edges. Each pointrepresents
one sequenced normal or polyp sample, with n =29 mucosal, n=35benign,
and n=>57dysplasticsamplesin the multi-polyp HTAN FAP cohort (b),n=7
mucosal,n=13benign, and n =22 dysplastic samples in the multi-region FAP
cohort(c),andn=27adenomaand n=30 carcinomasamplesin the sporadic
CRCcohort(d).e.Lollipop plots showing the distribution and classes of
mutationsin APCacross two FAP cohorts and one sporadic CRC cohort.
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Extended DataFig.2|Distribution of APCand KRAS somatic mutationsin FAP polyps and normal mucosa. a. Number of normal mucosa, benignand
dysplastic polypswith 0,1, or 2somatic APC mutations (‘hits’). b. Number of normal mucosa, benign and dysplastic polyps with 0,1, or 2somatic KRAS mutations.
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Extended DataFig. 3 |Landscape of somatic copy-number alterationsin
FAPlesions and sporadic colorectal tumors. a-c. Fraction of samples with
copy-number gains (red, positive y-axis) or losses (blue, negative y-axis) in the
HTAN FAP multi-polyp cohort (a), FAP multi-region cohort® (b), and sporadic
CRC multi-region cohort?® (c). Centromeres are shown as light yellow vertical
regions. Only samples without whole-genome doubling (WGD) inferred by
FACETS are shown, and the HTAN AdCas were not shown since only one sample
wasin this group. d-f. Comparison of the fraction genome altered (FGA) across
disease stages for the HTAN FAP cohort (d), multi-region FAP cohort (e), and
the sporadic CRC cohort (f). Ine-f, the points of the same color and at the same

x-axis position within each disease stage indicate multiple regions sequenced
fromthe samelesion. WGD samples were included in these plots. In total there
were n =29 mucosal,n=35benign, and n =57 dysplasticsamplesin the multi-
polyp HTANFAP cohort (d), n =7 mucosal, n =13 benign, n = 22 dysplastic, and
n=17 AdCasamplesin the multi-region FAP cohort (e),andn=27adenoma
and n =30 carcinomasamplesinthe sporadic CRC cohort (f). P-values were
computed using two-sided Wilcoxon tests. In box-and-whisker plots, the box
represents the IQR with the center line representing the median, and the
whiskers are the largest and smallest data values within1.5 times the IQR from
theboxedges.
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Extended DataFig. 4 |Purity estimation and ppVAF transformationinnormal
and premalignantsamples. a-b. Comparisonbetween sample purities
estimated by two copy-number based algorithms (FACETS and Sequenza)
inthe HTAN WGS (a) and WES (b) samples. Colorsindicate the type of sample
(green:mucosa, orange: benign polyp, blue: dysplastic polyp) and shape
indicates theinferred clonal origin of the sample from the bulk sequencing
data (circle:monoclonal, triangle: polyclonal). c-d. Comparison between WES
and WGS sample purities estimated by FACETS (c) or Sequenza (d) for samples
profiled withboth modalities. As before, colorsindicate the type of sample
(green:mucosa, orange: benign polyp, blue: dysplastic polyp) and shapeindicates
theinferred clonal origin of the sample from the bulk sequencing data (circle:
monoclonal, triangle: polyclonal). e-f. The distributions of puritiesinferred by
Sequenza (dashed colored lines; mucosashowningreenine, benign (orange)
and dysplastic (blue) polyps are showninf) or FACETS (solid colored lines) are
very different from the epithelial cell fractions measured using scATAC-seq
(greyfilled distributions). g-h. Toy examples showing estimation of ppVAFs
using uncertain sample purity values, foramutation with 20 mutant and 80

Raw VAFs or ppVAFs Raw VAFs or ppVAFs

wild-type reads. Using aknown sample purity with no uncertainty (vertical line
insample purity distributions ing), the posterior distribution for the ppVAF
has the narrowest possible width (corresponding posterior distributionin h).
Asthesample purity distribution gets wider (orange and red distributionsing),
the ppVAF posterior distributions for amutation with the same reference and
alternate allele sequencing counts get wider as well (corresponding orange
andreddistributionsinh). The true ppVAF of the mutation given an 80% pure
sampleis noted by the dashed vertical linein g.i-1. Raw VAF distributions (grey)
and corresponding ppVAF distributions (blue), computed using the scATAC-
seq measured polyp sample purity distribution (showninf) from four example
samples where computational purity estimation using copy-number based
algorithms (FACETS and Sequenza) produced poor results. Inthese examples,
many mutations, including the bulk of the clonal mutation peak, have
substantially higher VAFs than the expected clonal heterozygous VAF
calculated from the FACETS purity (vertical solid line) and/or the Sequenza
purity (vertical dashed line).
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Extended DataFig.5|SNV signatures using WGS dataand known COSMIC
signatures. a. Original and reconstructed mutation profiles using COSMIC
(v.3.2) signatures (SBS1,5,18 and 40) for mutations in normal mucosa, benign,
and dysplastic polyps based on WGS. Each pair of profiles shows the original
(top) and reconstructed (bottom) mutation profiles categorized by nucleotide
substitutiontype (C>A,C>G,C>T,T>A, T>C, T>G)across 96 trinucleotide
contexts. Cosine similarity and residual sum of squares (RSS) between original
andreconstructed profiles are shown for each stage. b. Relative contributions
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of SBS1, SBSS5, SBS18, and SBS40 signatures in each stage. The color gradient
indicates thelevel of contribution, with darker shades representing higher
contributions. c. Cosine similarity of signature contributions across the three
stages. Darker shades represent higher cosine similarity between the stage
andsignature.d. Cosine similarity between the original and reconstructed
mutation profiles using the combined signatures including the clock-like
signatures (SBS1, SBS5) for normal mucosa, benign, and dysplastic polyps.
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Extended DataFig. 6 | Detecting polyclonality using clonal SNV countsin
WES FAP samples. a. Comparison of the number of total SNVs detected with
WES and WGS insamples with data from both modalities. The diagonal line
indicates the approximate expected relationship between WES and WGS
(approximately 2% of the human genome is in the exome). b. Comparison

between early/late MRCA classifications using WES and WGS data for samples

withboth modalities. Classification thresholds shown as dashed lines and
regionsinlightredindicate samples that were classified differently using
the two modalities. c. Comparison between counting clonal SNVs using our

expected clonal counting procedure (Supplementary Methods) and counting
mutations with ppVAF upper bounds (defined as the upper ppVAF value where

the posterior probability is half the maximum) equal to 1, as was used in®,
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Classification thresholds are shown as dashed lines and regionsinlightred
indicate samples that were classified differently using the two procedures.
Thediagonal line shows the expected relationship if the counting procedures
were equivalent (lineisaty =x).In panelsa-c, green points indicate mucosal
samples, orange pointsindicate benign polyps, and blue pointsindicate
dysplastic polyps (coloringasind-e).d. Number of estimated clonal SNVs
detected in WES data from FAP polyps. Samples with fewer than 0.63 clonal
SNVs (dashed line, corresponding to an MRCA at <1 year old) were classified
as havinganearly MRCA and are likely polyclonal. e. Fraction of WES samples
classified as early MRCA (putative polyclonal) based on estimated clonal SNV
count, calculated using n =10 mucosal, n = 25 benign, and n =16 dysplastic
samples. Errorbars are 95% Bayesian credible intervals (Supplementary Methods).
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Extended DataFig.7|Clonal SNV counts and monoclonal/polyclonal
classificationsin published multi-region WESFAP and sporadic CRCcohorts.
a.Estimated clonal SNV countsin an additional published FAP cohort with
multi-region WES data®. Each lesion (polyp or adenocarcinoma tumor) is at

an x-axis location, and sequencing datafrom each regionin thelesion are
shownasindividual points. Point colorsindicate sample type; green: mucosa,
orange: benign, blue: dysplastic, and pink: AdCa. X’sindicate the number of
SNVs shared between all regions of each lesion, and the dashed horizontal
lineis the polyclonal cutoff. Samples marked in green text on the x-axis were
classified as polyclonal, while samples marked in purple text are monoclonal.
b. Estimated clonal SNV countsin a published sporadic CRC cohort with

WES data from adenomas and adenocarcinomas?. Each lesion (adenoma or
adenocarcinomatumor) is at an x-axis location, and sequencing datafrom each

regioninthelesionare shown asindividual points. Point colorsindicate sample
type; blueisadenomas and pinkis adenocarcinomas. X’sindicate the number
of SNVs thatareshared between all regions of eachlesion, regardless of VAF,
and the dashed horizontal lineis the polyclonal cutoff. Samples marked in green
text on the x-axis were classified as polyclonal, while samples marked in purple
textare monoclonal. c-d. Fraction of polyclonal samples (where each sample is
alesionornormal mucosalregion, notanindividual sequenced region within
alesion/region) inthe multi-region datasets (FAP cohortdataincwithn=35
mucosal, n=10benign, n =9 dysplastic,and n=5AdCasamples, and sporadic
CRC cohortdataind with n=8adenomasand n=4carcinomas). Colorsindicate
sampletypeasinaandb.Error bars are 95% Bayesian credible intervals
(Supplementary Methods).
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Extended DataFig. 8| Telomerelengthinmonoclonal and polyclonal
polyps. Boxplot showing computationally estimated telomere length (TL)
(Supplementary Methods) from WGS data for normal mucosa and benign

and dysplastic polyps, separated by patient. Polyclonal and monoclonallesions
areplotted separately for benign and dysplasticsamples. The age at which
colectomy was performed for each patientis noted under the patient IDsand
patientsare ordered by age. Each pointis one sequenced sample from one polyp
ornormal mucosal region, withn =9 mucosal, n = 6 polyclonal dysplastic,

and n =10 monoclonal dysplastic samples for AO02,n =4 mucosalandn=1
monoclonal dysplastic samples for AO14, n =2 mucosal, n =2 polyclonal benign,
n=2monoclonalbenign, n =4 polyclonal dysplastic and n =16 monoclonal

dysplasticsamples for FOO1, n =2 mucosal, n= 6 monoclonalbenign,n=2
polyclonal dysplastic,and n=11monoclonal dysplastic samples for GOO1,n =4
mucosal and n =2 polyclonal dysplastic samples from A015, and n = 4 mucosal,
n=4polyclonal benign, n=1monoclonal benign, n =1polyclonal dysplastic,
and n=1monoclonal dysplastic samples from AOO1. P-values were computed
to compare polyclonaland monoclonal TLin dysplastic polyps with at least two
data points withinindividual patients using two-sided Wilcoxon rank-sum
tests. The combined p-value was computed using Fisher’s method. Inbox-
and-whisker plots, the box represents the IQR with the center line representing
themedian, and the whiskers are the largest and smallest data values within
1.5timestheIQR from thebox edges.
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Extended DataFig.9|FAPsgWGS sampling distribution and additional mutationisindicated as well. d-e. Phylogenetic trees from lesions FAPO1_P6
phylogenetic trees. a-b. Distribution of sampled lesions for patient FAPO1 (d) and FAPO3_P1 (e). Trees were reconstructed from all SNVs and 1-base INDELs
(a) and FAPO3 (b). Samples taken from the normal mucosaare showninblue. at VAF = 0.2, using the neighbor-joining algorithm. Colors indicate the spatial
Lesionsthat passed our filtersare highlighted ingreen. Each patient’'sgermline  region of the polyp or lesion fromwhich glands were extracted, or glands

APC mutationis annotated as well. c. Oncoplot heatmap of mutationsinalistof ~ fromnormal mucosa (inblue). Terminal branches are annotated with missense

20 known CRCdrivers across the four sgWGS-sampled lesions that passed our mutations, nonsense mutations, frameshift mutationsand CNVsinalist of
filters. Forlesion FAPO1_T3, thisincludes mutations originally filtered out 20 known CRCdrivers, ifthe sample below that branch carries such amutation.
(Figure 4f; Supplementary Note 3, Section 5). CNVs are grouped into loss-of- R, region; P, polyp; N, normal.Illustrationsinaand b were created using
heterogeneity (LOH), amplification (AMP) and deletion (DEL) variants. SNVs BioRender (https://biorender.com), Figdraw (https://www.figdraw.com) and
aregrouped into frame-shift (FS), premature stop-codon (STOP) and miss- Servier Medical Artunder aCCBY 4.0licence.

sense (MISS) variants. For APC SNVs, the amino-acid position affected by the
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fewer samples. b. Mutation sharing within the six regions sampled from lesion the counts of mutations that got filtered out (Supplementary Note 3).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXO O O00000F%

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used to collect the sequencing data.

Data analysis As described in the Methods, published analysis tools and standard Python and R statistics and visualization packages were used to analyze
the data and produce the figures. These include:

BWA MEM(v1.10)
GATK(v3.4-46)
Picard-MarkDuplicates(v2.18.7)
nf-core/sarek(v2.7.1)

Mutect2 (GATK)(v4.1.7.0)

Strelka2(v2.9.10)

Manta(v1.6.0)

vcf2maf(v1.6.19)

VariantFilter- https://github.com/rschenck/VariantFilter/tree/strelka2
VEP(v103.1)

FACETS-SUITE(v2.0.8)
FACETS(v0.6.1)
Sequenza(v3.0.0)
mosdepth(0.3.2)
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maftools(v2.17.0)
MutationalPatterns(v3.9.1)
TelSeq(v0.0.2)
Biopython(v1.85)

Source code is available via GitHub: https://github.com/cancersysbio/HTAN-FAP and an archived copy of the code is available on Zenodo
(https://doi.org/10.5281/zenodo.17372231)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability
- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Bulk DNA sequencing data and metadata are available at the HTAN portal: https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs002371.v3.p1.

Additional intermediate data files used for downstream analyses are available in Zenodo (doi: 10.5281/zenodo.13228022). Single-crypt WGS data is available at
https://ngdc.cncb.ac.cn/bioproject/browse/PRICA023981.

Whole-exome sequencing data for the sporadic CRC cohort are available through the European Genome-phenome Archive (EGA) under accession number
EGAS00001003066 (https://ega-archive.org/studies/EGASO00001003066). The whole-exome sequencing data for the FAP multi-region cohort are available through
the Genome Sequence Archive (GSA) under accession number HRAO00127 (https://ngdc.cncb.ac.cn/gsa-human/browse/HRA000127). To facilitate comparisons,
both of these published cohorts were uniformly reprocessed using the same software versions within the Isabl platform, as was used for the HTAN Pre-cancer Atlas
bulk WGS FAP cohort.

WGS/WES was mapped to human reference genome assembly GRCh38 using the following annotations:

gnomAD(r2.1.1) - https://gnomad.broadinstitute.org/

dbSNP(Release 138) - https://console.cloud.google.com/storage/browser/genomics-public-data/resources/broad/hg38/v0/

COSMIC(v3.2) - https://cosmic-blog.sanger.ac.uk/

Mills_and_1000G_gold_standard.indels: https://console.cloud.google.com/storage/browser/genomics-public-data/resources/broad/hg38/v0/

Exome capture kits:

- HTAN Pre-cancer atlas: SureSelect Human All Exon v6(V6)
- External FAP (multi-region) cohorts(HRA000127)

- Sporadic CRC cohort: Truseq DNA exome v1-2

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Familial adenomatous polyposis (FAP) occurs with equal incidence based on sex and is not considered as a covariate for any
analysis within the submitted manuscript. Any further sex and gender based analysis are not considered within the scope of
this study.

Reporting on race, ethnicity, or No groupings based on race, ethnicity, or other social groupings were conducted as part of this study.
other socially relevant

groupings

Population characteristics Only patients with a confirmed diagnosis of familial adenomatous polyposis (FAP) were included within this study. No
considerations around race, ethnicity, or other population based covariates were warranted.

Recruitment Patients with familial adenomatous polyposis (FAP) receiving care at Stanford Health Care were considered for inclusion and
consented to participate in an IRB-approved protocol prior to receiving a partial or total colectomy. This protocol support the
generation of PreCancer Atlas of Familial Adenomatous Polyposis (FAP), including the bulk WGS reported in this study.
Additional samples from FAP patients undergoing colectomy were collected under an IRB-approved protocol and the Sixth
Affiliated Hospital of Sun Yat-sen University.

Ethics oversight Ethical approval for the PreCancer Atlas of Familial Adenomatous Polyposis (FAP) protocol was granted through Stanford

University's Research Compliance Office International Review Board (IRB) under protocol IRB-47044. Additional data The
single-crypt WGS sample collection from FAP patients was overseen by the IRB of the Sixth Affiliated Hospital of Sun Yat-sen
University (2019ZSLYEC-06).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Eligible patients with FAP who consented for inclusion in the IRB-approved protocols were included in the study. This includes six patients,
n=123 samples with WGS and/or WES from the HTAN PreCancer Atlas of FAP and two patients, n=129 samples with single gland WGS from
Sun Yat-sen University.

Data exclusions  No WGS/WES samples from the bulk FAP HTAN PreCancer Atlas were excluded. Due to the challenges in generating high-quality single gland
WGS, we implemented rigorous sample-level quality filters (described in the Supplementary Methods and Supplementary Note 3) which
excluded 85/129 sgWGS samples.

Replication Replicates were not appropriate for this observational study based on the genomic profiles of individual patients. However, the genomic
landscape of the HTAN PreCancer Atlas FAP cohort was compared with bulk genomic data from a published FAP cohort and a sporadic

colorectal cancer cohort.

Randomization  Randomization was not warranted for this observational study; interventions were not assessed. We report participants age and gender but
do not control for these covariates given the small sample sizes available for studying this rare condition (FAP).

Blinding Blinding was not relevant to this observational study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies g |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern
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Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Authentication Describe-any-atithentication-procedtures foreach seed stock-tised-ornovel- genotype generated—Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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