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Loss-of-function mutations in the tumour suppressor APCare aninitial stepin
intestinal tumorigenesis*. APC-mutant intestinal stem cells outcompete their
wild-type neighbours through the secretion of Wnt antagonists, which accelerates

the fixation and subsequent rapid clonal expansion of mutants®>. Reports of
polyclonalintestinal tumours in human patients and mouse models appear at odds
with this process®’. Here we combine multicolour lineage tracing with chemical
mutagenesis in mice to show that a large proportion of intestinal tumours have a
multiancestral origin. Polyclonal tumours retain a structure comprising subclones
with distinct Apc mutations and transcriptional states, driven predominantly

by differences in KRAS and MYC signalling. These pathway-level changes are
accompanied by profound differences in cancer stem cell phenotypes. Of note,
these findings are confirmed by introducing an oncogenic Kras mutation that
results in predominantly monoclonal tumour formation. Further, polyclonal
tumours have accelerated growth dynamics, suggesting a link between polyclonality
and tumour progression. Together, these findings demonstrate the role of
interclonalinteractions in promoting tumorigenesis through non-cell autonomous
pathways that are dependent on the differential activation of oncogenic pathways

between clones.

The earliest event in the initiation of colorectal cancer (CRC) is the
fixation of cancer driver mutations within the colonic epithelium, a
process that requires successful competition with wild-type intes-
tinal stem cells®® (ISCs). Biased competition that favours fixation
of loss-of-function of the tumour suppressor APC has recently been
ascribed to ‘supercompetitor’ behaviour, comprising both cell-intrinsic
behaviours and non-cell autonomous suppressive effects on wild-type
ISC neighbours>™. Secretion of Wnt antagonists such as NOTUM acts
to suppress wild-type stem cells within the same and adjacent crypts.
Suppression of wild-type ISCs therefore promotes both fixation and
subsequent expansion of APC-deficient crypts.

Biased competition by neighbourhood suppression is consistent with
the consensus view of the past fifty years that most cancers are clonal
in origin and evolve through branching evolution'® ™, Genetically engi-
neered mouse models providing a tissue-wide ‘first hit’ of Apceitherin
the germline or somatically and requiring only a further single sporadic
mutation of the wild-type allele for tumour initiation provide a simple
andimmediate route to clonal tumorigenesis. Paradoxically however,
adenomasthatariseinindividuals with familial adenomatous polyposis
(FAP) or sporadically are often polyclonal®*?¢, Mouse models simi-
larly show polyclonality”” 2, Here we set out to determine the extent
and nature of the clonal interactions that define polyclonal tumour
formation and to understand how they relate to supercompetitor
behaviour.

Confettireveals tumour polyclonality

A tumour model based on Villin-cre™®:Apc"*;Rosa™¥* (hereafter
Apc'é:Confetti) mice and N-ethyl-N-nitrosourea (ENU) mutagenesis
was adopted, that combined tissue-wide monoallelic loss of Apc with
sporadic activation of the Confettireporter (Fig. 1a). The small patch
sizes of Confetti-marked crypts maximize the mosaicism that facili-
tates identification of polyclonality compared with that used in previ-
ous approaches, which depended on somatic mosaics””?°?, Around
10% of crypts expressed a Confetti colour (Extended Data Fig. 1a-f).
Subsequent ENU treatment initiated tumours with high multiplic-
ity along the intestinal tract following rapidly resolved DNA damage
(Fig.1b-hand Extended DataFig.2). Tumours displayedincreased levels
of nuclear 3-catenin, consistent with sporadic loss of the second Apc
allele (Extended DataFig.2f,g). We assessed the clonal status of tumours
on the basis of heterotypia in Confetti expression in these ‘Apc™ plus
ENU’ mice. Most tumours were uncoloured and of initially unknown
clonal status (Fig. 1k). Of tumours that expressed Confetti, 60% were
homotypicand 40% were heterotypic, and thus potentially monoclonal
and polyclonal in origin, respectively (Fig. li-m and Extended Data
Fig.1g-i).

To eliminate collisions as an explanation for heterotypia due to high
tumour incidence, we first confirmed that there was no obvious rela-
tionship between tumour density on average across gut segments
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Fig.1|Heterotypic expression of Confettiidentifies polyclonal origins
of Apc-deficient tumours. a, Schematic of experimental approach. Tam,
tamoxifen. b, Immunohistochemistry for 0-6-ethyl-guanine (O°-EG) in
smallintestinal crypts after ENU treatment. Scale bars, 25 um. ¢, Jitter plot
quantifying O°-EG positivity with time following ENU injection. n =3 mice per
timepoint; 7 intestinal regions scored per mouse. d, Kaplan-Meier curves for
Apc'®+ENU, Apc", wild-type (WT) +ENU and wild-type mice aged until the
humane endpoint. Mantel-Cox Pvalue < 0.0001. n =49 mice for Apc"* + ENU,
10 for Apc™, 32 for wild type + ENU and 5 for wild type. e, Number of intestinal
tumours per mouse under indicated conditions. n =5 mice for Apc"*+ ENU,

8 for Apc", and 20 for wild type + ENU. Two-sided Wilcoxon rank-sum tests.

f, Representative wholemounts for Apc"and Apc" + ENU. S1-S5, small
intestine; C1, proximal colon; C2, distal colon. Scale bars,10 mm. g,h, Regional

analysed and the heterotypic fraction (linear regression adjusted
R*=-0.006) (Extended DataFig. 1j). Next, a higher-resolution analysis
taking account of clustering ‘hotspots’ within individual segments of
bowelrevealed that heterotypic tumours were not enriched in regions
of higher tumour density (Extended Data Fig. 1k,I). To further take
account of tumour size as well as density, the number of expected colli-
sions was predicted assuming a Poisson distribution, to show that more

Prox. Distal Prox. Distal
Sl Sl colon colon

Overall

differences intumourburden. n =8 mice for Apc"(g), 5 for Apc"*+ENU (h).

i,j, Representative confocal micrographs showing an uncoloured tumour (i)
and three examples of homotypic tumours (j). Scale bars, 200 pm. k, Frequency
of Confettilabelsin homotypic tumours. Counts based on1,352 intestinal
tumours.n=5mice.l, Confocal micrographs showing three examples of
heterotypic tumours. m, Mean heterotypic fractionand regional distribution.
n=>5mice.Prox., proximal; SI, smallintestine.Scale bars, 500 pm. Inallbox plots,
the centre line shows the median, the bottom hinge shows the 25% quantile, the
top hinge shows the 75% quantile, the bottom whisker shows the smallest
observation greater than or equal to bottom hinge minus 1.5 x interquartile
range (IQR), and the top whisker shows the largest observation less thanor
equal to the top hinge plus1.5 x IQR.

heterotypic tumours are observed than expected by random collision
theory (Extended Data Fig.1m). The additional effect of tumour growth
onthe probability of collisions was tested by simulations and also could
notexplainthe observedincidence of heterotypic tumours (Extended
Data Fig. In-p). Of note, heterotypia was also observed in the small
number of tumours found in either Apc™ control mice not receiving
ENU or in wild-type mice receiving ENU (Extended Data Fig. 1q).
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Fig.2|Polyclonaland monoclonal tumours are distinguished by Apc
mutational profiling. a, Fluorescence dissecting microscope view of a
heterotypic tumour (top) and ahomotypic tumour (bottom). b, Schematic

of experimental approach. Tumours were either bulk- or micro-dissected
before targeted amplicon sequencing. HEP, humane endpoint. ¢, Number
ofinactivating (nonsense-only) mutationsin Apc for each bulk-sequenced
tumour. Based on 56 homotypic, 88 uncoloured and 17 heterotypic tumours
from10 Apc™t+ ENU mice. Two-sided Wilcoxon rank-sum tests.d, Sumof the
VAFs of the inactivating Apc mutations for each tumour in theindicated
bulk-dissected groups.n =148 tumours. Two-sided Wilcoxon rank-sum tests.
e,f, Confocalimages of micro-dissected heterotypic tumours overlaid with
detected high-impact Apc variants (e) and alarge micro-dissected heterotypic
tumour (f). Scale bars,100 pm. g, h, Representative clonality plots showing
mean VAF versus mean sequencing depth for variants shown for ahomotypic (g)

Apcmutations define polyclonal tumours

Aten-genetargeted amplicon panel thatincluded Apc was created for
bulk sequencing of excised tumours with different Confetti outcomes
toidentify drivers of tumour formation (Fig. 2a,b. Extended Data Fig.3
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and anuncoloured (h) tumour. Dotted line represents minimum VAF threshold
forvariant calls. i, Arch diagram overlaid on aschematic of the APC protein to
compare high-impact Apc mutationsin monoclonal and polyclonal tumours.
Archesbeginsatcodon 580, representing the Cre-mediated recombination
event of the transgenic Apcallele. n = 94 monoclonal tumours, 105 major and
105 minor clones. EB1, EB1-binding region; MCR, mutation cluster region; aa,
aminoacid.j, Non-parametric bootstrap analysis showing the probability of
mutationineach of the pre-defined Apcbins for monoclonal tumours, and
major and minor clones. Dataare mean + 95% confidence interval.n=94
samples per group. Inset, magnified view of the Pre-Armadillo bin, highlighting
the significant difference between monoclonal tumours and minor clones.

k, Oncoprint of mutational patternsamong the indicated groups. Percentages
ontherightdenote fraction of samples with detected mutationsin particular
gene.

and Supplementary Table1). Inactivating mutations of Apc were identi-
fiedinhomotypic, uncoloured and heterotypic tumours (161 out of 183
tumours contained Apc mutations). Most (82%) homotypic tumours
contained only a single Apc-inactivating nonsense mutation. By con-
trast, around 20% of heterotypic tumours had a single Apc mutation,



with the remaining containing between 2and 9 Apc mutations (Fig. 2c).
As the model only requires a single Apc mutation to complement the
tissue-wide Cre-mediated loss of the first allele, the Apc variant allele
fraction (VAF) directly reflects the tumour fraction in each sample
sequenced (Extended Data Fig. 3d). Notably, the distribution of calcu-
lated tumour fraction values for all three tumour categories based on
Confetti classification were indistinguishable when the VAF values of
all Apc mutationsin each tumour were summed (Fig. 2d). This excludes
that multiple Apc mutations in heterotypic tumours might arise from
abranching model of tumour evolution whereby subclones acquire
subsequent mutations (Extended Data Fig. 3f). Notably, there was
no difference in the sum of the Apc VAFs and sequencing read depth
between samples with one or more Apc mutations, indicating that the
number of Apc mutations detected cannot be attributed to differences
in tumour purity or sequencing efficiency (Extended Data Fig. 3g,h).

Inamore detailed analysis, different coloured regions from 49 het-
erotypic tumours were dissected from wholemount preparations and
sequenced. This confirmed that most larger (major) and smaller (minor)
clones contained exclusive Apc-inactivating mutations, commonly
only one and occasionally two (Fig. 2e,f and Extended Data Fig. 4a,b).

The status of uncoloured tumours was then assessed on the basis of
bulk sequencing and an assignment of clonality was made for each of
88 suchtumours onthebasis of the number of Apc mutations. Samples
containing asingle somatic Apc mutation were classed as monoclonal.
For polyclonal tumours, divergent VAF values for Apc mutations com-
monly enabled assignment of major and minor clones that contributed
to tumour mass (Fig. 2g,h). This approach was validated owing to the
sparsity of copy number alterations induced by ENU in this model
(Extended DataFig.4c). Comparing the relative frequencies of mutation
indifferent functional domains of Apc for the different clonal tumour
components demonstrated that early truncating mutations landing
N-terminal to the Armadillo repeat region were under-represented in
monoclonal tumours compared with the minor clones of polyclonal
tumours (Fig. 2i,j). Long-read sequencing performed on a subset of
minor clones revealed that the detected Apc mutations arise on the
non-recombined allele, confirming that these clones also depend
on biallelic Apc inactivation (Extended Data Fig. 4d,e). No regional
selection for particular Apc mutations was observed and similarly,
within-tumour paired analysis of major and minor clone mutated
domainsrevealed no selected combinations (Extended Data Fig. 4f,g).
Mutations in the nine other genesin the panelincluding Trp53, Ctnnb1
and Kraswere found but were not differentially enriched within tumour
clones (Fig. 2k).

Clonal RAS-MYC reciprocity

Toidentify phenotypic differences in the clones comprising polyclonal
tumours, major and minor clones from heterotypic tumours were again
dissected and analysed by transcriptional profiling (Fig.3 and Extended
DataFig. 5). The pairing of clones within tumours uniquely controls for
mouse or regional gut difference and analysis retained this integral
relationship. Principal components analysis (PCA) revealed a consist-
entseparation (17 out of 20 tumours) of major and minor clones along
PC2, where PC1 and PC3 separated on mouse and intestinal location
differences, respectively (Fig. 3a,b and Extended Data Fig. 5b). Hier-
archical clustering consistently segregated major and minor clones,
indicating that these tended to similarity within that classification
rather than in pairs common to the same tumour (Fig. 3c). CRC has
been classified into four consensus molecular subtypes (CMS) based
on bulk RNA expression signatures, and this classification has been
shown to have prognostic value?***, CMS1 correlates with hypermutated
microsatellite-unstable cancers with deficient mismatch repair. By
contrast, the remaining subtypes are typically microsatellite-stable but
can be chromosomally unstable: CMS2 (canonical with high levels of
WNT and MYC activation), CMS3 (metabolic with enrichment for KRAS

mutations), and CMS4 (mesenchymal with epithelial-mesenchymal
transitionand stromal features). About10% of tumours contain a mix-
ture of these signatures and remain unclassified by existing algorithms.
Tumour classification based on CMS revealed that 40% of minor clones
remained unclassified, although this was not a statistically significant
enrichment (Extended Data Fig. 5c,d). Their within-tumour pairing indi-
cated that these unclassified minor clones predominantly associated
with CMS3 and CMS4 major clones (Extended Data Fig. 5e). Applying
the more refined intrinsic CMS (iCMS) classification that focuses on
epithelial properties showed relative enrichment foriCMS3 (active RAS
signature) in major clones and iCMS2 (increased expression of stem cell
and MYC signatures) in minor clones (Extended Data Fig. 5f). Enrich-
ment analysis for Hallmark Pathways indicated that major clones had
increased KRAS signalling (normalized enrichment score (NES) =2.09,
g-value =1.58 x10~°) and depleted for MYC signalling relative to minor
clones (NES =-1.99, g-value =1.32 x 10°®) (Fig. 3d and Extended Data
Fig. 5h-j). KRAS signalling in monoclonal tumours showed a higher
netenrichmentscore than foundin minor clones butalower onethan
for major clones. By contrast, monoclonal tumours were enriched
in expression of targets of MYC compared to both major and minor
clones (Fig. 3e,f). Analysis of differentially expressed genes identi-
fied that major and minor clones were also enriched for expression of
secretory and stem cell or replicative genes, respectively (Fig. 3g-k
and Extended Data Fig. 5k).

These findings suggest that Apcloss-of-function mutations have the
capability toinitiate polyclonal tumour development through interac-
tions between clonal populations that have sub-optimal activation of
pathways associated with oncogenic transformation including that of
Kras. To assess whether this capability is dependent on an imbalance
in pathway activation between founding cells, the Kras**““?" allele was
intercrossed to Villin-cre™:Rosa™*"* mice and treated with tamoxifen
and subsequently ENU. Analysis of tumoursin these Kras®?”*;Confetti
mice confirmed that 90% of tumours were likely to be monoclonal, as
indicated by homotypia for Confetti (Fig. 31,m). To minimize loss of
ENU-damaged cells and thus maximize clonal availability, an additional
Trp53™ allele was introduced and the experiment was repeated in
Trp53™4 Confetti mice with and without the Kras®? allele. Again, this
confirmed the resultant tumours to be overwhelmingly homotypic
for Confetti and therefore have a high probability being monoclo-
nal (Fig. 3I,m). By contrast, around 60% of 22 coloured (and therefore
informative) tumours arising at low multiplicity and long latency in
wild-type mice following ENU were heterotypic for Confetti, indicating
that polyclonal tumorigenesis is not dependent on Apc field effects
(Fig.3m).

We nextinvestigated whether the clonal status of tumours changes
with time (Fig. 4a). Microscopic analysis established that although
the heterotypic fraction increased with time, the number of tumours
did not (Fig.4b,c). Thisimplicates tumour growth in the development
of polyclonality and supports clonal recruitment as the underlying
mechanism’®. In humans, polyp size is recognized as one of the most
importantrisk factors that determines the risk of developing cancer®?,
To determine whether polyclonality could act to increase the risk of
cancer development and progression, we investigated the growth char-
acteristics of heterotypic and homotypic tumours. Changing tumour
size distributions with time established that heterotypic tumours grew
toalarger overall size with afourfold faster rate of exponential growth
than homotypic tumours, confirming observations in other mouse
models™ (Fig. 4d). To determine whether the accelerated growth rate
of heterotypic tumours was related to the underlying Apc mutational
profile, tumours were stratified into those recovered early or late
(before or after 80 days, respectively). This indicated a significant
under-representation of N-terminal truncationsin the early-recovered
tumoursthat provides some evidence for their recruitment as tumours
grew (Fig. 4e). To link these observations to tumour phenotype, the
transcriptome of heterotypic tumours was reconstructed by sampling
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Fig. 3| Transcriptional profiling identifies clonal cooperation by
reciprocityinRAS and MYC pathways. a, PCA of comparison between major
and minor clones, showing the first two principal components (PCland PC2).
Major clones connect to corresponding minor clones. Colour represents
locationin the smallintestine. b, Box plot of difference in principal component
within major-minor pairs for each of PC1-PC3. Two-tailed one-sample
Wilcoxonsigned-rank test. ¢, Heat map with hierarchical clustering shows

top S0 differentially expressed genes between the major and minor clones.

d, Volcano plot showing normalized gene set enrichment scores for Hallmark
Pathways in the comparison between major and minor clones. Dotted line
denotesafalse discovery rate (FDR) of 0.05. EMT, epithelial-mesenchymal
transition. e,f, NES of Kras_Signaling_Up (e) and Myc_Targets_v1 (f) for Hallmark
Pathwaysin monoclonal tumours relative to major clones and minor clones.

transcripts from constituent major and minor clones. This revealed an
enrichment of these pseudo-bulk polyclonal tumoursin CMS4, which
is classically associated with a more aggressive phenotype® (Extended
DataFig. 5l).
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n=20biological replicates (20 monoclonal tumours from 2 mice). Values
represent FDR from gene set enrichment analysis. g, Volcano plot of
differentially expressed genes between major and minor clones. Secretory
genesarelabelledinred and stem cell genes are labelled in blue. FC, fold
change. h-k, Transcript counts for Atohl (h), Chga (i), Hdac2 (j) and Cdk4 (k) in
individual major and minor pairs. Paired two-tailed Wilcoxon tests. I, Kaplan-
Meier survival curves for wild type + ENU, Trp53™“ (P) + ENU, Kras®?”* (K) + ENU,
Kras®?:Trp53™! (KP) + ENU and Apc"* + ENU. n = 32 mice for wild type + ENU,

9 mice for P+ENU, 12 mice for K+ ENU, Smice for KP + ENU and 49 mice for
Apc"®+ENU. m, Heterotypic fraction across models described in 1. Assessment
based on 22 coloured tumours for wild type + ENU, 249 for Apc™ + ENU, 90

for Kras®?”* + ENU, 144 for Trp53™! + ENU and 185 for Kras®?”;Trp5§3™“ + ENU.
n=20biological replicates per groupina-k.

Clonal properties confer heterogeneity

It has recently been proposed that human and mouse intestinal
tumoursdevelop fromafitness landscape thatincludes both canonical



a b 100 c
AN & 7.5
— MR Apc";Confetti” o
o
Tam ENU Humane E &S0
endpoint =
vy 53 25
Day 0 10 34 53 82
N a— 0
Early culls S
=}
z 2.5
30 40 50 60 70 80
Days post ENU
e P_Z.O.OOGG f

Mean Apc VAF

P =0.0206 S

Ki67+* cells (%

Lgr5" Lgrs'ow

Fig.4|Growthdynamics and clonal phenotyping ofheterotypic tumours.
a, Schematic of experimental approach. Mice were collected at early timepoints
or aged until humane endpoint.b,c, Normalized number of tumours (b) and
mean heterotypic fraction (c) after ENU. Early culls, green; humane endpoint,
red.n=3 mice, exceptat 63 days, wheren=2.Dataaremean +s.d.d, Growth
curves for heterotypic and homotypic tumours. n =3 mice at 24 and 43 days,
1for other timepoints. Mixed-effects model for exponential growth phase,
two-tailed t-test P< 0.0001. e, Apc VAFs for indicated domains. Tumours are
classed as early (less than 80 days after ENU) and late (more than 80 days after
ENU).n=27samplesintheearly group and 34 samplesinthelate group. Two-
tailed t-test with Benjamini-Hochberg correction. f,g, Immunofluorescence
staining for GFP and RFP, with B-cateninimmunohistochemistry (f) or duplex
RNAscopestaining for LgrSand Anxal (g). h, Anxal positivity in Lgr§" and Lgr§'™"
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populations of both stem cell types reflecting a more plastic state®.
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GFP and RFPimmunofluorescence (i), B-cateninimmunohistochemistry (j),
lysozyme-1(LYZ1) immunofluorescence (k) and UEAlimmunofluorescence (I).
m,n, Quantification of UEAL (m), LYZ1(n) in Lgr5" and Lgr5"°" clones within
heterotypic tumours. o,p, Serial sections withimmunofluorescence for GFP
and RFP and immunohistochemistry for B-catenin (o) and immunofluorescence
forKi67 (p). q, Quantification of Ki67 positivity in Lgr§" and Lgr5'°" clones
within heterotypic tumours.r,s, Serial sections withimmunofluorescence
staining for GFP and RFP and duplex RNAscope staining for Lgr5and Anxal (r)
or fluorescent RNAscope staining for Notum (s). t, Notum positivity in Lgr5"
and Lgr5"" clones within heterotypic tumours. n =12 from 3 mice. u, Notum
expressionin Apc-mutantorganoids. Threeindependent experiments per
sample. Tukey’s multiple comparisons test.In h,m,n,q, n = 8 tumours from

3 mice. Paired two-tailed Wilcoxon test.Scale bars:100 pm (f,g,i-1,0,p),

50 pm (r,s).

To explore whether there were differences between clonal constitu-
entsintheir representation of different stem cell types a tissue micro-
array of heterotypic tumours was probed for expression of stem cell
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(Lgr5 and Anxal), proliferative (Ki67) and secretory (UEAland LYZ1)
markers (Fig. 4). This revealed segregation of mutually exclusive
Lgr5" and Anxal™ tumour regions that overlaid the clonal territories
defined by Confetti (Fig. 4f-h). Paneth cell markers are known to be
increased with Apc loss and to associate with Lgr5 expression® 32,
Comparing goblet and Paneth cells markers (UEAland LYZ1, respec-
tively) identified a reciprocal relationship with the former associat-
ing with Lgr5'°" regions and the latter associating with Lgr5" regions
(Fig. 4i-n). Lgr5" regions also contained more proliferating cells
than Lgr§"" regions (Fig. 40-q). Together, these results support
that polyclonal tumours are maintained by different stem cell states
that are spatially segregated and defined by their Apc mutational
status.

In an attempt to reconcile our findings with the previously des-
cribed supercompetitor behaviour of Apc mutants, we probed the
expression of the Wnt antagonist NOTUM in serial sections from
heterotypic tumours (Fig. 4r,s). This revealed a clear difference in
the level of Notum RNA expression within tumours that overlaid
Confetti-defined subclones, with Lgr5" clones expressing a higher
level of Notum (Fig. 4t). Toinvestigate whether this difference depends
onthenature of the Apc mutation, we created anisogenic allelic series
of Apctruncationsin organoids to reflect the main driver events iden-
tified in the model by sequencing. This analysis confirmed that the
relative expression of Notum was significantly lower in the variants
N-or C-terminal to the Armadillo domain (Fig. 4u and Extended Data
Fig. 5m). This indicates that Apc-mutant clones are likely to differ
in their ability to influence neighbouring cells and, from the obser-
vations on polyclonal tumours reported here, that supercompeti-
tive behaviour also promotes clonal cooperation (Extended Data
Fig.5n).

Although often initiated by a ‘just right’ combination of Apc muta-
tionthat preserves at least one 3-catenin binding domainin oneallele,
dysregulation of Wnt signalling is an ongoing process in the progres-
sion of CRCs**. Loss-of-function mutations in Wnt antagonists and
modifiers continue to be selected®* 38, The development of polyclonal
tumours from clones with distinct Apc mutational profiles suggests that
justright conditions for tumour initiation can be achieved by coopera-
tion between founder clones reciprocating in their perturbation of
APC-MYC and KRAS pathways.

Adenomas represent the earliest recognized stage of tumour
formation that leads to cancer in patients, but few profiling studies
have been performed. However, human analyses accompanying this
study confirm that polyps arising from genetic predisposition or
sporadically frequently have complex clonal origins®. The degree to
which polyclonal polyps have an increased risk of developing into
carcinomas remains uncertain but their larger size already accom-
modates one such risk factor*’. The extent to which APC mutational
profiling indicates an aetiology for sporadic human polyps similar
to that described here will also be important for assigning risk of
progression associated with the phenomenon. Finally, clonal coop-
eration may no longer be required in more advanced cancers*. Mul-
tiregional sampling of such cancers that reconstruct initial trunk
mutations and later branching ones would support this view* .
However, such analyses require identification of a founder clone and
polyclonality may be under-reported for this reason*®*’, Where this
constraint has been addressed, polyclonal sporadic CRCs have been
identified®.
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Methods

Mice

The intestinal epithelium-specific inducible Cre (Villin-creERT2)*
(JAX020282) line was crossed with Apc/"* (ref. 52) and R26R-Confetti*
(JAX017492) lines on a C57BL/6 background to obtain mice heterozy-
gous for these alleles. Additionally, the LSL-Kras®??>* (JAX008179)
and Trp537/% alleles were used in some experiments. Genotyping was
performed by Transnetyx using real-time PCR.

Animal husbandry

Male and female mice of at least 8 weeks of age were used for the
experiments. Mice were housed under controlled conditions (tem-
perature (21 +2 °C), humidity (55 +10%), 12 h light/dark cycle) in
individually ventilated cages in a specific pathogen-free facility
(tested according to the recommendations for health monitoring
by the Federation of European Laboratory Animal Science Associa-
tions). Food and water were provided ad libitum. None of the mice
had beeninvolved in any procedure prior to the study. For survival
curve generation, the mice were aged until they showed pre-defined
clinical signs of tumour burden (anaemia, hunching, and loss of
body condition). No mice were allowed to exceed these pre-defined
endpoints. No randomization or blinding was used. Sample sizes
were determined from the results of preliminary experiments. All
animal experiments were performed in accordance with the guide-
lines of the UK Home Office under the authority of a Home Office
project licence (PD5SFO99BE) approved by the Animal Welfare and
Ethical Review Body at the CRUK Cambridge Institute, University of
Cambridge.

Field induction and mutagenesis

Induction of tumour suppressor and/or oncogene fields (along with
the Confetti multicolour lineage reporter) was triggered by a single
intraperitoneal injection of 4 mg tamoxifen (Merck T5648) dissolved
in ethanol/sunflower oil (1:9). Chemical mutagenesis was performed
exactly 10 days after field induction using 200 mg kg™ ENU dissolved
in ethanol/phosphate-citrate buffer (1:9) given intraperitoneally.

Tissue clearing

Mice were culled by cervical dislocation. The whole intestine was dis-
sected, flushed with cold PBS, cut longitudinally, and wholemounted.
Following fixation in 4% paraformaldehyde for 24 h at 4 °C, the tissue
was washed in PBS and randomly chosen segments of the bowel were
excised. Optical clearing was performed using the CUBIC protocol*®.
In brief, excised segments were incubated with CUBIC-1a solution
(10% urea, 5% N,N,N’,N’-tetrakis(2-hydroxypropyl) ethyl-enediamine,
10% Triton X-100 and 25 mM NaCl in distilled water) at 37 °C for 7-10
days with alternate day solution changes. DAPI was used for nuclear
counterstaining at a dilution of 1:1,000. The cleared tissue was then
washed in PBS for 24 h. Additional clearing and refractive index match-
ing were performed with Rapiclear1.52 (Sunjin Labs 152002) for 24 h.
Finally, the samples were mounted ina 0.25 mmi-Spacer (Sunjin Labs)
for confocal imaging.

Microscopy

Images were acquired on a Leica SP5 TCS confocal microscope (LAS
software v2.8.0, Leica) with a10x objective, 1.4-1.7 optical zoom and
8-12 um z-steps throughout the whole thickness of the tissue. Image
analysis was performed using ImageJ software”. Allidentified tumours
had their Confetti status manually assessed at all of the acquired z posi-
tions. Atumour wasonly identified as heterotypicif it showed evidence
of glands of at least two Confetti colours or one Confetti colour in the
presence of unlabelled glands. Single intermixed glands were disre-
garded for the purpose of determining heterotypic status, as they most
probably represent entrapped normal crypts.

Immunohistochemistry

Wholemounts or swiss rolls were fixed in 4% paraformaldehyde for 24 h
at4 °Cbefore paraffinembedding and sectioning by the CRUK CI Histo-
pathology Core. Haematoxylin and eosin (H&E) staining was performed
using an automated ST5020 Multistainer (Leica Biosystems). Staining
for B-catenin and O-6-ethyl-guanine was performed on Leica’s auto-
mated Bond-Ill platformin conjunction with the Polymer Refine Detec-
tion System (Leica, DS9800). In brief, epitope retrieval was performed
using Leica Epitope Retrieval Solution 1 (Leica, AR9961) at 100 °C.
Blocking was performed with Protein Block Buffer (Dako, X090930-2).
Following incubation with primary antibody against 3-catenin
(0.25 pg mI™, mouse, 610154, BD Biosciences) or O-6-ethyl-guanine
(0.5 ug ml™, rat, SQX-SQMO01, Squarix Biotechnology), sections were
incubated with secondary antibody (rabbit anti-rat, Bethyl Laborato-
ries, A110-322A at 1:250 or rabbit anti-mouse IgG1, Abcam, ab125913 at
1:1,500) before development and mounting. For 3-catenin staining, an
additional mouse-on-mouse blocking step was performed.

Immunofluorescence on paraffin sections

Heat-mediated epitope retrieval was performed on rehydrated 3-um-
thick paraffinsectionsin10 mMsodium citrate (pH 6.0). The sections
were thenincubated inblocking solution (10% donkey serum and 0.05%
Tween-20in PBS) at room temperature for 30 min. Primary antibodies
against RFP (1:100, rabbit, R10367, Thermo Fisher), GFP (1:100, chicken,
ab13970, Abcam), Ki67 (1:100, rat, 14-5698-82, Thermo Fisher), or
lysozyme (1:100, goat, sc-27958, Santa Cruz) were diluted in blocking
solution, in which sections were then incubated in the dark at 4 °C for
12 h. Sections were washed and incubated with fluorophore-conjugated
secondary antibodies (donkey anti-rabbit A31572, goat anti-chicken
A11039, donkey anti-goat A21447, Thermo Fisher) diluted 1:200in 0.05%
Tween-20 in PBS for 45 min at room temperature. DAPI (1:1,000) was
used for nuclear counterstaining along with native Ulex Europaeus
Lectin1(UEA1) (AbD Serotec, 9420-00024) used at1:200. After wash-
ing, the stained sections were mounted using ProLong Gold Antifade
Mountant (Thermo Fisher, P36930).

RNAscope

Simultaneous detection of Lgr§and Anxal and detection of Notum were
performed on paraffinembedded sections using Advanced Cell Diag-
nostics (ACD) RNAscope 2.5 LS Duplex ReagentKit (322440), RNAscope
2.5LSProbe-Mm-Anxal (509298), RNAscope 2.5 LS Probe-Mm-Lgr5-C2
(312178-C2), and RNAscope 2.5 LS Probe-Mm-Notum-C1 (428988-C1)
(ACD). Three-micrometre-thick sections were baked for 1h at 60 °C
before loading onto a Bond RX instrument (Leica Biosystems). Slides
were deparaffinized and rehydrated on board before pre-treatments
using Epitope Retrieval Solution 2 (AR9640, Leica Biosystems) at 95 °C
for 15 min, and ACD Enzyme from the Duplex Reagent kit at 40 °C for
15 min. Probe hybridization and signal amplification were performed
according to manufacturer’s instructions. Fast red detection of C2
was performed on the Bond Rx using the Bond Polymer Refine Red
DetectionKit (Leica Biosystems, DS9390) according to ACD protocol.
Slides were then removed from the Bond Rx and detection of the C1
signal was performed using the RNAscope 2.5LS Green Accessory Pack
(ACD, 322550) according tokitinstructions. Slides were heated at 60 °C
for 1 h, dipped in Xylene and mounted using VectaMount Permanent
Mounting Medium (Vector Laboratories, H-5000). The slides were
imaged on the Aperio AT2 (Leica Biosystems) to create whole slide
images. Images were captured at 40x magnification, with aresolution
of 0.25 pm per pixel.

Immunostaining quantification

All histological quantification was performed using QuPath (v.0.4.3;
https://github.com/qupath/qupath). Annotations based on Confetti
status were first manually created for each heterotypic tumour using a
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section stained for RFP and GFP. Positive cells for other markers were
thenidentified using the positive cell detection feature with intensity
threshold of 5 and a nucleus background radius of 8 pm, using DAPI
as nuclear marker. For chromogenic or fluorescent duplex RNAscope
staining, immunofluorescent detection of LYZ1and UEAL, results were
reported as the number of positive cells per unit area of the annota-
tion. For Ki67 staining, results were reported as percentage of DAPI-
positive cells.

Tumour microdissection

Confocally imaged intestinal segments were washed with PBS and
pinned onto black silicone pads. Tumours were visualized under a
fluorescence dissecting microscope (Leica MZ16F) and were either
dissected whole or micro-dissected using fine scissors and forceps.

DNA extraction and amplicon sequencing library preparation
DNA extraction from bulk or micro-dissected tumours was performed
using a QIAmp DNA FFPE Tissue kit (Qiagen, 56404) according to the
manufacturer’sinstructions, apart fromalonger lysisincubation time
of12 hat56 °Cand omission of the 90 °Cincubation step. The purified
DNA was quantified using a NanoDrop spectrophotometer. Extracted
DNA was stored at —20 °C.

Targeted amplicon panel design

Standard BioTools’ D3 Assay Design software was used to design a
targeted panel of primers covering ten genes (Apc, Ctnnb1, Kras, Nras,
Hras, Braf, Pten, Fbxw7, Smad4 and Trp53).Apc, Ctnnbl, Kras and Trp53
had100% of their exonic regions covered by the panel, whereas the cov-
erage for the other genes waslimited to previously identified hotspots
onanexome hybridization panel (unpublished). Allthe targeted nucleo-
tides in the panel were covered by at least two amplicons apart from
Apc and Pten, which had 99.2% and 77% dual coverage, respectively.

Targeted amplicon library preparation

The targeted ampliconlibrary was prepared according to the Standard
BioTools protocol using the 8.8.6 integrated fluidic chip (IFC) and the
Juno system. In brief, each IFC allowed the highly multiplexed interro-
gation of 48 samples against 8 independent panels of primers, leading
to the generation of 286 amplicons for each sample. The harvested
amplicons from each IFC were quantified using a Bioanalyzer 2100
(Agilent) and pooled equimolarly. Sequencing was performed as paired
end 150-bp reads on the Illumina platform.

Mutation calling and filtering

FASTQ files were aligned against the Genome Reference Consortium
mouse genome 39 (GRCm39)*° using BWA-MEM (https://github.com/
Ih3/bwa). Mutation calling was performed using the ampliconseq pipe-
line (https://github.com/crukci-bioinformatics/ampliconseq) with
VarDict as variant caller and a minimum allele fraction threshold of
0.01. Variant annotation was performed using Ensembl VEP*°. The list
of called mutations was filtered to remove variants that did not pass
internal noise filters. Indels were removed because of the predilection of
ENU to predominantly cause single-nucleotide variants®. Finally, vari-
ants were retained only if they were called in at least two amplicons per
sample and supported by at least five mutant reads. Given that codons
73-84 and122-139 of Apc were only covered by one amplicon, variants
falling in these regions were manually inspected, and only retained if
they were called by at least five mutant reads and a VAF of more than
0.01. This only affected one sample (2122307_26).

RNAisolation and library preparation

Freshly dissected tumours were immediately placed in RNAlater
(Thermo Fisher, AM7021) and stored at 4 °C. RNA was extracted using
an RNeasy Plus Mini Kit (Qiagen, 74136) according to the manufac-
turer’s instructions. Purified total RNA was quantified using a Qubit

2.0 fluorometer (Thermo Fisher), and integrity was assessed using
a TapeStation 4200 (Agilent Technologies). Only samples with RNA
integrity number equivalent (RINe) > 8.0 were used for sequencing.
Sequencing library preparation was performed with a starting input
0f 100 ng RNA using the I[llumina Stranded mRNA Prep Kit (Illumina,
20040534), according to the manufacturer’s instructions. The equi-
molarly pooled library was quantified using a Quant-it High Sensitivity
fluorometer, and sizing was performed with Tapestation. Sequencing
(paired end 50-bp reads) was performed onanS2 flow cellonanlllumina
NovaSeq6000 platform.

RNA-sequencing data analysis
Sequenceread quality was assessed using FastQC (v0.11.9; http:/www.
bioinformatics.babraham.ac.uk/projects/fastqc/). Adapter content
was trimmed from the reads using Trimmomatic (v0.39)%%. Trimmed
reads were aligned to GRCm39 Ensembl release 103 for quality control
purposes using STAR version 2.7.7a% and quality control of the aligned
reads was carried out using Picard tools (v2.27.3). Gene expression
quantification was carried out using Salmon (v1.9.0) against indexes
generated from Gencode Mouse release M30. Differential gene expres-
sion was performed using the DESeq2 package®*. Genes were deter-
mined to be statistically differentially expressed at an adjusted Pvalue
of 0.05. Gene set enrichment analysis was performed in R using the
GSEA function of the clusterProfiler package (version 4.4.4)%, Signature
scores were based on the Hallmark Pathways® and published gene sets
formouse ISCs by Mufioz et al.””, Merloz-Suarez et al.® and mouse small
intestinal and colonic secretory signatures from Tomic et al.%®. Addi-
tional published Wnt pathway and Apcknockout gene sets, aswellasan
unpublished mouse intestinal-specific Kras“? list of genes were used”.
Mouse intestinal cell-type signatures were derived fromacompendium
of single-cell RNA-sequencing experiments hosted at PanglaoDB"".
Consensus Molecular Subtyping was performed on DESeq2 vst nor-
malized counts using gene set collection C in the MmCMS package*
(https://github.com/MolecularPathologylLab/MmCMS). Pathway-
derived subtyping was performed using the PDSclassifier package
described by Malla et al.”?, using the default prediction probability
of 0.6 asrecommended (https://github.com/sidmall/PDSclassifier).
For the pseudo-bulk analysis (Extended Data Fig. 41), bulk RNA-
sequencing reads from paired major and minor clones were randomly
sampled at a 2:1ratio and compiled to create a new pseudo-sample.
Differential gene expression analysis was performed between these
pseudo-tumours and monoclonal tumours using the DESeq2 pipeline
as described above.

Organoid culture

Standard growth medium consisted of advanced DMEM/F12 (ADF)
(Invitrogen, 12634-028) with 10 mM penicillin-streptomycin (Gibco,
15140122),10 mM L-glutamine (Gibco, 35050-061),10 mM HEPES (Life
Technologies, 15630106), N-2 supplement (Invitrogen, 17502-048),
B27-supplement (Invitrogen, 12587-010), 50 ng ml™” recombinant
human EGF (Peprotech, AF-100-15) and 100 ng mI™ recombinant murine
Noggin (Peprotech, 250-38). Dissociation medium was made with
DMEM (Gibco, 11965092), 2.5% FBS, 10 mM penicillin-streptomycin,
75U ml™ collagenase IV (Worthington Biochem, LS004188), 50 pg ml™*
liberase TL (Roche, 5401020001) and 0.8 pg mI™ DNAse I (StemCell
Tech, 07900).

Micro-dissected mouse intestinal tumours wereimmediately placed
in 200 pl dissociation medium at the time of dissection. They were
incubated at 37 °C for 30 min. Next, 5 mlice-cold ADF was added and
the sample was spun at 1,200 rpm at 4 °C and supernatant aspirated.
The pellet was resuspended in5 ml ADF and spun down again. After aspi-
rating the supernatant, the pellet was resuspended in a small volume
of Cultrex Basement Membrane Extract (R&D Systems, 3433-001-R1).
This was plated and left to set at 37 °C for 10 min before the addition
of growth media. Organoids were grown at 37 °C, 5% CO, and 21% O,.
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CRISPR-based editing of organoids

CRISPR-based knockout of Apcwas performed as described by Skoufou-
Papoutsaki et al.”. In brief, mouse small intestinal organoids were
single-cell dissociated at 37 °C in TrypLE Express (Gibco, 12605010)
and Y-27632 (1:1,000, Tocris, 1254) for 30 min. One-hundred thou-
sand cells were then incubated with a Cas9 enzyme (TrueCut Cas9
Protein v2, Invitrogen, A36497) and single guide RNA (sgRNA) com-
plex (Synthego).sgRNAs were designed using Benchling (https:/www.
benchling.com/) and Indelphi (https://indelphi.giffordlab.mit.edu/)™.
Guides were designed to lead to out of frame indels and therefore,
truncations at codons S96 (pre-Armadillo domain), T619 (Armadillo
domain) and F1378 (MCR). The sgRNA sequences were: pre-Armadillo,
CCTTCGCTCCTACGGAAGTC; Armadillo: TGTCTGGCTCCGGTAAGTGA;
and MCR, TGAATACGAGCGGAGTCTCC. The cells were then transferred
into a 16-well nucleovette strip (Lonza) and incubated for 10 min at
room temperature. Electroporation was performed on an Amaxa 4D
Nucleofector (Lonza) using the DS138 programme. After 10 minat 37 °C,
cellsweretransferred toa 0.5 mltube, suspendedin 20 pl Cultrex and
plated as described above. Once organoids were formed (usually about
7-10 days after plating), single organoids were picked using a EZGrip
micropipette (CooperSurgical Fertility Solutions) under microscopic
visualization. Single-picked organoids were then placedin 5 pl TrypLE
Express for 10 min at room temperature, mixed with 15 pl Cultrex and
replated to generate clonal organoids. DNA was extracted using the
PicoPure DNA extraction kit according to the manufacturer’s instruc-
tions. PCR was performed using custom designed primers and the
product Sanger sequenced. PCR primers used were: Pre_Armadillo
forward, GGCAGATGGGTTCAAAGGGGTAGAG; Pre_Armadilloreverse,
AAACTCCCACGCACACACAGTACTT; Arm forward, TGACTCATAGAA
ACAGCACTGACCCA; Armreverse, GCATGGCTGGATTTCTCAACTACCA;
MCR forward, TCAGACAACACAGGAAGCAGA; and MCR reverse, GG
CCCACTCTCTCTCTTCTC. Deconvolution was performed using the
ICE Synthego platform (https://ice.synthego.com/) to determine the
knockout score and clonality.

Quantitative PCR

cDNA was synthesized from1 pug RNA using the iScript cDNA synthesis
kit (Bio-Rad,1708891). Real-time quantitative PCR for Notum was per-
formed using a Tagman gene expression assay (Mm01253273_m1)
according to the manufacturer’s instructions on a QuantStudio 6
(Applied Biosystems). Relative fold change in gene expression was
calculated using the 2722 method. All AAC, values were normalized
to the housekeeping genes Gapdh (Mm99999915 g1) and Rpl37
(MmO00782745 sl).

Haplotype transcript phasing of Apc truncating mutations
mRNA was isolated from micro-dissected minor tumour clones as
described above. First strand cDNA synthesis was carried out using
a NEB ProtoScript Il First Strand cDNA synthesis kit (E6560) accord-
ing to the manufacturer’s instructions. Both oligo-dT or a gene spe-
cific reverse primer (rev_3699 GCCTTTTGGCATTAGATGGA) were
used.

NEB Q5 High-Fidelity DNA polymerase (M0491S), with primers
hybridizing to exons 4 and 16 of Apc (for_261-AAAAATGTCCCTTCGC
TCCT and rev_3149-CTGTGAGGGACTCTGCCTTC, respectively) was
used for PCR amplification of cDNA template. For each sample a dif-
ferent five nucleotide barcode was incorporated onto the 5’ end of
the forward primer. PCR products of each minor clone sample were
first analysed by gel electrophoresis to confirm expected size distri-
bution (several bands due to alternative splicing and Cre-mediated
excision of exon 15 with a mean size of 2,585 bp), purified, quantified
and then pooled in an equimolar ratio. A PacBio SMRTbell library was
constructed and sequenced onaPacBio Revio SMRT Cell (25 M, 24 hr)
by the Earlham Institute, Norwich, UK.

Sequenced reads were provided in unaligned BAM (uBAM) format.
The reads were first converted back to FASTQ format using samtools
(version1.20).Reads were demultiplexed intoindividual sample FASTQ
filesbased on their barcode sequence using acustom Pythonscript. The
FASTQfileswere thenaligned to the mouse reference genome (GRCm39)
using the Minimap2 aligner (version 2.28) with default parameters.
Genomic references for alignment were downloaded from Ensembl.
Theresulting BAM files were splitinto isoform specific BAM files using
bedtools (version 2.31.1). Mutation calling was carried out on each
isoform/sample bam file using Mutect2 in tumour only mode on each
sample using the nf-core sarek pipeline” (https://github.com/nf-core/
sarek). Mutect2 was run with default parameters except the “WELL-
FORMEDREADFILTER” was disabled in order to avoid reads being dis-
carded duetotheintrongaps, and the “max-reads-per-alignment-start”
was set to 0 to avoid downsampling. References of known SNPs and
shortindels were downloaded from the Mouse Genomes Project. The
resulting VCF files were annotated using the Ensembl Variant Effect
Predictor (VEP) tool (version 112). Annotated VCF files were converted
into tabular format for further analysis using a custom R script.

Todetermine the error rate of long-read sequencingin this context,
four samples were technically duplicated. The minimum VAF threshold
for downstream filtering was chosen so that duplication of mutation
calls in technical replicates was achieved. This was found to be 0.02.
Additionally, mutation calls were filtered to only include nonsense
mutations with >100 read depth.

Whole genome sequencing and copy number analysis

Libraries for whole genome sequencing were prepared from 400 ng
of genomic tumour DNA using an Illumina DNA PCR-Free Prep Tag-
mentation kit (20041795). Prepared libraries were sequenced on a
NovaSeq6000 sequencer. Reads were aligned to the mm10 reference
genome using BWA v0.7.17 and aligned reads were processed with
QDNAseq v1.30.0 to generate copy number data. Read counts within
100-kb bins were normalized relative to a matched normal sample
from the sample model prior to segmentation. Ploidy (defined as 2 by
default) and cellularity estimation (2 x average VAF) and absolute copy
number fitting were carried out using Rascal v0.7.07 (https://github.
com/crukci-bioinformatics/rascal).

Confettilabelling simulation

To perform the Confetti labelling simulation (Extended Data Fig. 1f),
a custom PERL script was written to randomly assign a Confetti label
to cryptsinal0 x 100 field of unmarked crypts, using the observed
Confetti fluorophore frequencies (CFP 2.7%, YFP 4.1%, and RFP 3.8%).
The number of patches (contiguous crypts with the same fluorophore)
was quantified for each simulation (a total of 1,000 simulations were
run for each fluorophore), and the distribution of coloured crypts
within particular patch sizes was calculated.

Random collision modelling

Following an approach described by Novelli et al.™*, a Poisson approx-
imation to the binomial distribution was carried out to estimate the
number of collisions expected purely by chance. In brief, this model
assumes a one-dimensional arrangement of y crypts containing n
adenomas each of width x. The number of inter-adenoma spacings that
areless thanx (thatis, the number of collisions between adenomas)mi(s
approximately binomially distributed with a probability P=1-¢e 7,
From this, the expected number of collisions for eachintestinal region
(and therefore, heterotypic tumours) is given by nP and the variance
by nP(1- P).

To investigate whether heterotypic tumours arise in regions of
highest density, the spatstat package was used to calculate local spatial
tumour density within each imaged bowel segment. The local spatial
density was extracted at the location of each tumour, and densities
at heterotypic tumours were compared to those of non-heterotypic
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tumours using a Q-Q plot and the Kolmogorov-Smirnov test. This
allows assessment of whether the density distributions differ between
these groups, with the hypothesis that densities would be higher on
average at heterotypic tumour locations if clustering occurs in high
density regions.

Additionally, a simulation making use of the observed growth rates
oftumoursinthe Apc™ + ENU model was created. For each confocally
imaged region of intestine, anumber of points were initialized at =0
after ENUwitheach point attributed a Confettilabel (based on observed
frequencies of CFP, RFP, YFP and uncoloured crypts) and a growth
rate sampled from the distribution of observed growth rates. These
points were then allowed to expand until the simulation was stopped
at the humane endpoint reached by the mouse. The number of colli-
sions resulting in heterotypic tumours for each of these simulations
was tallied. The simulations were repeated for 10,000 seeds for each
segment of intestine scored. The observed number of heterotypic
tumourswas then compared to the expected number for each sample
using a paired two-tailed t-test.

Modelling of tumour growth

To quantify the growth dynamics of heterotypic and homotypic
tumours (Fig. 4d), a mixed-effects model was built using the package
nlme using mouse identity asarandom effects term. The rate of tumour
expansion was quantified during the exponential growth phase (that
is, between timepoints 40 and 63 days after ENU).

Bootstrap approach for Apc mutation probability

Inference for the comparison of the probabilities of mutation per
location between the monoclonal and major (independent) groups,
monoclonal and minor (independent) groups and major and minor
(dependent) groups was performed by defining percentile confidence
intervals viaaper tumour type (thatis, monoclonal versus polyclonal)
stratified non-parametricbootstrap for the difference in probabilities
of interest.

Statistical analyses and reproducibility

Visualization and statistical analysis of data were performed in the
Rstatistical computing environment (version4.2.3) or GraphPad Prism
version10.2.2 (341). Multiple testing correction of Pvalues was carried
outusing the Benjamini-Hochberg method” for the RNA sequencing.
Allimmunostaining and RNAscope experiments were performed on
atleastthreeindependent biological replicates (three different mice).
Micrographs depict representative data derived from at least three
independentbiological replicates. Statistical tests and corresponding
Pvalues are indicated in the figure legends and figures, respectively.
Box plots display the distribution of data using the following compo-
nents: lower whisker show the smallest observation greater than or
equal to lower hinge minus 1.5x IQR; lower hinge shows the 25% quan-
tile; the centre line shows the median, 50% quantile; the upper hinge
shows the 75% quantile; the upper whisker shows the largest observa-
tion less than or equal to upper hinge plus 1.5x IQR.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The RNA-sequencing data generated in this study are publicly available
through the Gene Expression Omnibus (GEO) with the accession code
GSE272850. DNA sequencing data, including amplicon sequencing
andlong-read sequencing, have been deposited to the Sequence Read
Archive (SRA) with BioProject ID PRJNA1141743. Source data are also
availableviafigshare at https://doi.org/10.6084/m9.figshare.24771732
(ref. 78).Source data are provided with this paper.

Code availability

Custom scriptsto generate the bootstrap analysis and random collision
modelling are available on https://github.com/sadieni/polyclonality.

51.  ElMarjou, F. et al. Tissue-specific and inducible Cre-mediated recombination in the gut
epithelium. Genesis 39, 186-193 (2004).

52. Colnot, S. et al. Colorectal cancers in a new mouse model of familial adenomatous
polyposis: Influence of genetic and environmental modifiers. Lab. Invest. 84, 1619-1630
(2004).

53. Snippert, H. J. et al. Intestinal crypt homeostasis results from neutral competition
between symmetrically dividing Lgr5 stem cells. Cell 143, 134-144 (2010).

54. Jackson, E. L. et al. Analysis of lung tumor initiation and progression using conditional
expression of oncogenic K-ras. Genes Dev. 15, 3243-3248 (2001).

55. Jonkers, J. et al. Synergistic tumor suppressor activity of BRCA2 and p53 in a conditional
mouse model for breast cancer. Nat. Genet. 29, 418-425 (2001).

56. Susaki, E. A. et al. Whole-brain imaging with single-cell resolution using chemical cocktails
and computational analysis. Cell 157, 726-739 (2014).

57.  Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat. Methods
9, 676-682 (2012).

58. Bankhead, P. et al. QuPath: open source software for digital pathology image analysis. Sci
Rep. 7,16878 (2017).

59. Harrow, J. et al. GENCODE: producing a reference annotation for ENCODE. Genome Biol.
7,S4(2006).

60. Martin, F. J. et al. Ensembl 2023. Nucleic Acids Res. 51, D933-D941(2023).

61. Kucab, J. E. et al. A compendium of mutational signatures of environmental agents. Cell
177, 821-836.€16 (2019).

62. Bolger, A. M., Lohse, M. & Usadel, B. Timmomatic: a flexible trimmer for Illumina sequence
data. Bioinformatics 30, 2114-2120 (2014).

63. Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21(2013).

64. Love, M. ., Huber, W. & Anders, S. Moderated estimation of fold change and dispersion
for RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).

65. Wu, T. et al. clusterProfiler 4.0: a universal enrichment tool for interpreting omics data.
Innovation 2,100141(2021).

66. Liberzon, A. et al. The Molecular Signatures Database Hallmark Gene Set Collection. Cell
Syst. 1, 417-425 (2015).

67. Munoz, J. et al. The Lgr5 intestinal stem cell signature: Robust expression of proposed
quiescent ‘+4’ cell markers. EMBO J. 31, 3079-3091 (2012).

68. Merlos-Sudrez, A. et al. The intestinal stem cell signature identifies colorectal cancer
stem cells and predicts disease relapse. Cell Stem Cell 8, 511-524 (2011).

69. Tomic, G. et al. Phospho-regulation of ATOH1 is required for plasticity of secretory
progenitors and tissue regeneration. Cell Stem Cell 23, 436-443.e7 (2018).

70. Sansom, O. J. et al. Myc deletion rescues Apc deficiency in the small intestine. Nature
446, 676-679 (2007).

71.  Franzén, O., Gan, L. M. & Bjorkegren, J. L. M. PanglaoDB: A web server for exploration of
mouse and human single-cell RNA sequencing data. Database 2019, baz046 (2019).

72. Malla, S. B. et al. Pathway level subtyping identifies a slow-cycling biological phenotype
associated with poor clinical outcomes in colorectal cancer. Nat. Genet. 56, 458-472
(2024).

73. Skoufou-Papoutsaki, N. et al. Efficient genetic editing of human intestinal organoids using
ribonucleoprotein-based CRISPR. Dis. Models Mech. 16, dmm050279 (2023).

74. Shen, M. W. et al. Predictable and precise template-free CRISPR editing of pathogenic
variants. Nature 563, 646-651(2018).

75. Hanssen, F. et al. Scalable and efficient DNA sequencing analysis on different compute
infrastructures aiding variant discovery. NAR Genomcis Bioinformatics 6, lqae031(2024).

76. Sauer, C. M. et al. Absolute copy number fitting from shallow whole genome sequencing
data. Preprint at bioRxiv https://doi.org/10.1101/2021.07.19.452658 (2021).

77.  Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: a practical and powerful
approach to multiple testing. J. R. Stat. Soc. B 57, 289-300 (1995).

78. Sadien, |, Winton, D., Lourenco, F., Kemp, R. & Sawle, A. Polyclonality overcomes fitness
barriers in Apc-driven tumorigenesis. Figshare https://doi.org/10.6084/m9.figshare.24771732
(2024).

Acknowledgements We thank the Core Facilities at the Cancer Research UK Cambridge
Institute, in particular the Biological Resource Unit, Histopathology Service, Genomics Core
and Bioinformatics and Statistics Unit.

Author contributions 1.D.S., F.C.L., R.K. and D.J.W. designed and interpreted the results of all
experiments. 1.D.S., F.C.L., S.A. and S.M. performed all of the experiments and analysed the
results. S.B. performed preliminary experiments. R.K. and M.E. processed the DNA sequencing
data. A.S. and I.D.S. processed and analysed the RNA-sequencing data. D.L.C. provided statistical
advice and performed some of the analysis. D.J.A. provided advice on analysis and manuscript
preparation. I.D.S. and D.JW. wrote the manuscript.

Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-024-08053-0.

Correspondence and requests for materials should be addressed to Douglas J. Winton.
Peer review information Nature thanks James DeGregori, Richard Halberg and Simon
Leedham for their contribution to the peer review of this work.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE272850
http://www.ncbi.nlm.nih.gov/sra?term=PRJNA1141743
https://doi.org/10.6084/m9.figshare.24771732
https://github.com/sadieni/polyclonality
https://doi.org/10.1101/2021.07.19.452658
https://doi.org/10.6084/m9.figshare.24771732
https://doi.org/10.1038/s41586-024-08053-0
http://www.nature.com/reprints

Article

a c d P 0.0059
Fixation ~Random & S P0.028
sampling 2 30 ? 12) F==<2
| (0] [0
S% )
3520 5g 8 .
g 3] - g 3] R
£8 Nt B BEEX =
. e M=ELH W
Olpt|93| —.Confocal S 0 L |8 3
Clearing imagin = N =
ging Y e Fots - CFP RFP YFP
e f T O%\Qé}o 0&0
CFP RFP YFP Number of colours
, 100 m ” 2m3
£ 5 1.00
g T = = 3
£0.75 Eors
E 5
£0.50 © 0.50
= Re]
® £0.25 : < 5025
tumour = 12345.671234_5671234.567 SI Colon
h . Patch size Patch size Patch size
i .
@ Homotypic  Heterotypic J 1.00[e RZ-0.006
£ 2colours 3 colours P22e16 4006
5 : B — FPbe7 S075 Tumour
20.75 25000 — e . diameter (um)
2 Label £ 4000 .EO.SO e « 500 3e-06
%0'50 d ; E 3000 & : « 1000
50.25 L 13 = - %0'25 '.', g Heterotypic £e-06
s Ifh 3 1000<‘> o T o tumour ™~
8 0 E 0 0.00[= = 1e—06
e X7 P SmallGol 00 25 50 75
. be@ @\o‘\/‘/ intestine olon Tumour density
| N\ m N _Sample4 Seed25 O A
e L J ®e .. L
6606 ] ; Prediction with . e, q, .
56-06. £20 standard deviation » o ST b <o ‘f. . o
2 io06H 25 * Observed number of vt e e "X
= e : g heterotypic tumours ¢ e . o . . ®
S 3e-06 { o [ e : o LYY 0o
s 7 510 L. L0 p o \ o of
T 2e-06 £ 5 . P 14, -
1e-06{ £5 lir g 15]Po00%07 .
0e+002 Alumeurs_ 1 2 {HHIHHHHHH{I!mm;:::: % 104 ,
SIPPPEL S Sample 2 p 8 .
& \Q'Q/“’”b"’biz’ope’ & gég. .
1 3*
%E g‘ ’.
O 0 Ex%ectédogllisi(?ns 10

Extended DataFig.1| Confettiexpression quantification and estimation of
contribution ofrandom collisions. a, Schematicillustrating tissue preparation
steps prior to confocalimaging. b, Confocal micrograph of Confetti-labelled
cryptsinsagittal (left) and cross (right) sections. Tissue was collected from

an Apc"*animal 10 days after tamoxifeninduction. ¢, Box plot showing the
frequency of Confettifluorophore expressionin different intestinal regions
assessed.n=4lintestinal segmentsfrom 7 mice.d, Box plot of frequency of
individual Confettifluorophores. Two-tailed t-test. e, Schematicillustrating

theinfluence of patch size onthe heterotypic fraction assessment. Ifan

adenomaarises from two contiguous crypts with two different Confettilabels,
theresulting tumourisidentified as heterotypic. However, if it arises froma
patchof similarly coloured crypts, itis identified as homotypic despite being
polyclonalinorigin. f, Box plot showing the simulation results for estimating
patchsizes forindividual fluorophores.1000 simulations were performed
foreachfluorophore. g, Bar chart showing the number of Confetticolours
inheterotypic tumours. h, Bar chart depicting the relative sizes of Confetti-
labelled clonesin heterotypic tumours.n =13 tumours from 5 mice. i, Violin
plot comparing the diameters of homotypic and heterotypic tumoursinthe

smallandlargeintestines. Based on162 homotypic and 98 heterotypic

tumours. Two-tailed t-test. j, Scatter plot of the heterotypic fraction against

tumour density (number of tumours per 1000 crypts). Linear regression
adjustedR?-0.006.k, Representative heat map of the spatial tumour density
for oneintestinal segment. Tumours are marked by black dots, with the only
heterotypic tumourin this segmentlabelled in white.l, Q-Q plot of heterotypic
tumour spatial density against spatial density of all other tumours. Heterotypic
tumours are not associated with a higher spatial density. m, Scatter plot
showing the results of a Poisson model predicting the number of random
tumour collisions for individual gut segments. The mean predicted number of
collisions with the associated standard deviationisshowninred, with the green
dotrepresenting the observed number of heterotypic tumours for the segment.
n=37samplesfrom10 mice.n,0, Examples ofintestinal segments reconstructed
following simulation of tumour initiation and growth. Random collisionino
highlighted with black arrowhead. p, Q-Q plot of mean observed number of
heterotypic tumours perimaged intestinal segment versus expected number
of collisionsin that segment based onsimulation under conditions of random
collision. Paired two-tailed t-test. q, Confocal micrograph of asegment of small
intestine fromawildtype + ENU animal containing only one tumour. The inset
shows that this tumour was heterotypic, consisting of at least two clones

(uncoloured and yellow). Error bars denote s.d. (h, m). Details on the boxplots

are provided in the Methods.
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Extended DataFig.2|Characterisation of ethyladduct clearance
dynamics and ENU-mediated tumorigenesis. a, H&E and IHC staining for
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Scale bars300 pm. g, H&E- and B-catenin-stained swissroll sections from

Apc"®+ENU model. h, Representative H&E-stained sections showing low-grade
(top) and high-grade dysplasia (bottom) in tumours in Apc" + ENU. 1, Bar plot
showing the distribution of tumours with low- and high-grade dysplasiaacross
different regionsinthe Apc" + ENU model.n =30 tumours across 3 mice.
Errorbarsrepresent standard deviation around mean. j, Box plot showing
distribution of tumour sizes between smallintestine and colon. Based on 868
smallintestinal and 585 colonic tumorsin 5 mice. Two-tailed t-test. Scale bars:
25pm (h),300 um (f),1000 um (a,g). Details on the boxplots are provided in the
Methods.

B-catenininalongitudinal section fromasmallintestinal tumour in the Apc"
modelintheabsence of ENU.Scale bars1000 um.b, Schematic representation
of ENU-mediated nucleotide alkylation. ¢, Decay curves for O-6-ethyl-guanine
positivity following ENU administration. n = 3 animals per time pointin each
region. Error barsdenotes.d.d, Box plot showing comparison of O-6-ethyl-
guanine positivity at 48 hin the different intestinal regions. n = 25 half-crypts
perregion per animal. 3 animals used. Kruskal-Wallis test. e, Box plot showing
theintestinal tumour burdenby regioninwildtype mice after ENU. n =20 mice.
f,H&E and B-catenin IHCin a smallintestinal tumourinawildtype + ENU mouse.
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Extended DataFig. 3| Targeted ampliconsequencing of Apc. a, Plot showing
the overall sequencing coverage across all samples at various depths.n = 522
samples. b, Box plot showing the mean read depth between optically cleared
and uncleared samples.n=21cleared tumours and 24 uncleared tumours.

¢, Schematic showing the pre-processing and mutation-calling pipeline.

d, Schematic showing derivation of tumour spheroids used to confirm
recombination of the transgenic Apcallele in both heterotypic and homotypic
tumours. PCR for the floxed allele of Apc was performed on DNA derived from
spheroids. Electrophoregram showing complete loss of the unrecombined
band (209 bp) in monoclonal tumours and major-minor pairs. Positive controls
shownontherightofthe gel are from liver tissue of an Apc"® mice (two bands)
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and Apc™ animal without tamoxifen (one band). n = 6 monoclonal tumour
spheroids and 10 major-minor pairs from 5 polyclonal tumours. e, Plot
showing the number of amplicons covering each amino acid positionin Apc.
f,Schematic showing the influence of the clonal/subclonal structure onthe
resulting Apc VAF. Assuming a constant tumour fraction of 0.5, the sum of Apc
VAFsis higherinsituations of branching evolution (with more than one Apc
mutation per tumour cell). g, h, Boxplot of Apcdriver VAF (g) and Apc
sequencing depth (h) for monoclonal tumours (one Apc mutation) and
polyclonal tumours (two or more mutations). n =154 monoclonaland 93
polyclonal tumours. Two-tailed Wilcoxon testinb, gand h. Details onthe
boxplots are provided inthe Methods.
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Extended DataFig. 4 | Explaining the multiple Apchits. a, Microdissection
of heterotypic tumour with detected Apc nonsense mutations overlaid.

b, Possible organisation of clones that would explain sequencing results
obtainedina. c, Copy number analysis summary showingrelative quiescence
of copy number alterations in Apc" + ENU tumours. n = 6 tumours. d, Schematic
showing experimental design for mutation phasing experiment.e, Lollipop
plotshowing Apc mutation location and allelotypes from microdissected

—Armadillo

minor clones.n=11minor clones with detected Apc mutations. f, Stacked
bar chart showing the fraction of tumours across differentintestinal regions
withmutationsin particular Apc domains. n =59 tumoursinSI10, 51in SI20,
25inSI30,18inSI40, 4 in colon, and 99 tumours with norecorded location
information. g, Circos plot showing combinations of Apc domain mutations
between the major and minor clone pairs within polyclonal tumours.
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Extended DataFig. 5| Clonal architectureinfluences transcriptional
heterogeneity. a, Bar chart comparing the number of differentially expressed
genes between major and minor clones, monoclonal versus minor clones, and
monoclonal versus major clones at an adjusted p-value < 0.05. b, Principal
component (PC) analysis of major-minor clones showing relationship between
PC2andPC3.c¢,d, Barchart of consensus molecular subtype (CMS) prediction
for 20 monoclonal tumours (¢) and, 20 major and minor clones (d) based on

the MmCMS algorithm (option C). e, Sankey diagram showing pairing of major-
minor clones according to their CMS status. f, Bar chart showing results of gene
setenrichmentanalysis between major and minor clones usingiCMS signatures.
Values denote FDR from GSEA. g, Stacked bar chart showing results of pathway-
derived subtyping (PDS) for major and minor clones. h, Volcano plot showing
genesetenrichmentscores for major-minor clone comparison using mouse-

specific Wnt and Kras signalling signatures. i, Gene set enrichment scores for
intestinal cell-type-specific signatures. j,k, Enrichment plots for Hallmark_
Myc_Targets_v1 (j) and Hallmark_Kras_Signaling_Up (k) gene sets for major-
minor clone comparison. 1, Bar chart of CMS classification of 20 monoclonal
tumours and 20 reconstructed polyclonal tumours (pseudo-bulk). Two-tailed
z-test of equality of proportions. m, Sanger sequencing of clonal Pre-Armadillo
(S96*), Armadillo (T619*) and MCR (F1378*) Apc knockouts with representative
brightfieldimages showing the respective organoids. Scale bars: 50 pm.

n, Schematic showing suggested mechanism through which different level
of Wntantagonism can contribute to polyclonal tumorigenesis. A poorly-
transforming APC mutantintestinal stem cell (ISC) is unable to outcompete
neighbouring wildtype ISCs due to inadequate Wnt antagonist secretion,
unlessinthe presence of another APC mutant with supercompetitor behaviour.



nature portfolio

Corresponding author(s): Doug Winton

Last updated by author(s): 18/8/24

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

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.

[ ] Adescription 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

XXX O O OX OO0OS

|:| 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  Microscopy and scoring:
Leica SP5 TCS confocal microscope with LAS X software (v2.8.0, Leica)
QuPath (v.0.4.3, https://github.com/qupath/qupath)
ImagelJ2 (version 2.14.0/1.54f)

Quantitative PCR:
QuantStudio 6 (Applied Biosystems)

Amplicon design:
Standard Biotool D2 Design Software (https://d3.standardbio.com/account/login)

CRISPR guide design:
Benchling (https://www.benchling.com/)
Indelphi (https://indelphi.giffordlab.mit.edu/)

CRISPR analysis:
ICE Synthego platform (https://ice.synthego.com/)

Custom code deposited at: https://github.com/sadieni/polyclonality

Data analysis Analyses were performed predominantly with R version 4.2.3 (2023-03-15) or GraphPad Prism version 10.2.2 (341).

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
A
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Life sciences study design

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

Sample size Formal sample size and power analysis were not performed due to the lack of extensive a priori data and uncertain estimates of effect size
with this newly described model. Instead, the sample sizes took into consideration preliminary effect sizes from pilot experiments and
balanced the 3Rs (Replacement, Reduction, Refinement) to limit the unnecessary use of animals.

Data exclusions  No data were excluded, unless mentioned otherwise.

Replication Tissue sections from 3 independent animals (n=3) were stained for all immunohistochemistry, immunofluorescence and in-situ hybridisation.
For the organoid experiments, 3 independent passages from one biological replicate for each of the three knockout lines generated were
used. All attempts at replication were successful.

Randomization  Control and experimental animals were co-housed independent of genotype and cohorts were comprised of a balance of both male and
female animals. In order to reduce the impact of covariates such as gender or housing, animals were recruited to treatment groups in a
partially randomised manner while taking these factors into account.
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Blinding For animal welfare reasons, researchers were not blinded to genotype during study and data collection.
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Rat. This antibody was validated by the company.
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Mice of both sexes aged at least 8 weeks old were induced. C57/BL6J mice with a combination of Villin-CreERT2, Apcfl/+, R26R-
Confetti, LSL-KrasG12D, or Trp53fl/fl alleles were used.

No wild animals were used in the study.
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