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Interactions between tumour cells and the surrounding microenvironment
contribute to tumour progression, metastasis and recurrence!. Although mosaic
analyses in Drosophila have advanced our understanding of such interactions*, it has
been difficult to engineer parallel approaches in vertebrates. Here we present an
oncogene-associated, multicolour reporter mouse model—the Red20nco system—
that allows differential tracing of mutant and wild-type cells in the same tissue. By
applying this system to the small intestine, we show that oncogene-expressing mutant
crypts alter the cellular organization of neighbouring wild-type crypts, thereby
driving accelerated clonal drift. Crypts that express oncogenic KRAS or PI3K secrete
BMP ligands that suppress local stem cell activity, while changes in PDGFR°CDS81*
stromal cellsinduced by crypts with oncogenic PI3K alter the WNT signalling
environment. Together, these results show how oncogene-driven paracrine
remodelling creates a niche environment that is detrimental to the maintenance of
wild-type tissue, promoting field transformation dominated by oncogenic clones.

The tumour microenvironment (TME) constitutes a complex ecosystem
that comprises mutant and wild-type (WT) cells, as well as endothelial,
immune and mesenchymal cells*2. From the earliest phase of tumour initia-
tion, the TME adapts tosignals from tumour cells®. However, little is known
about how these changes affect non-malignant cells. Much of our under-
standing of thistopic has beeninformed by studiesin Drosophila,inwhich
WT cells eliminate less fit’ cells through ‘cell competition™®. Conversely,
tumour cellsbearing mutationsingenes such as Myc, Rasor Apccanbecome
‘super-competitors’ that eliminate their WT neighbours®. In mammals,
increasing emphasis has been placed on cell competition during tumour
development’, with oncogene-driven changesinboth mutantcellsand the
TME® having the potential to influence neighbouring WT cells™ (Fig. 1a).

Multicolour reporters with oncogenes

Celllabelling strategies have been devised to study fate changes dur-
ing tumour development™?, Although such methods provide insight
intofactors thatdrive field cancerization, ithas been difficult to assess
how neighbouring WT cells react to, and influence, tumour growth.
To study cross-talk between mutant and WT cells, previous studies
have used mosaic labelling approaches™ to study gain and loss of
function. However, challenges in the design of these approaches limit
their potential. Here, to circumvent these difficulties, we adapted the

multicolour Confettireporter line®, based on the Brainbow-2.1 cassette,
toinclude anadditional cDNA cassette following the tdimer2red fluo-
rescent protein (RFP) cDNA (Fig.1b). Thisinducible Red20nco system
allows anoncogene to be co-expressed specifically in RFP* clones. Upon
Cre activation, the R26R-Red20nco construct stochastically recom-
binesto express one of four fluorescent proteins, and only RFP* clones
co-express the oncogenic cDNA (Fig. 1b, ¢, Supplementary Video 1).
To demonstrate the utility of the Red20nco system, we developed
lines for RFP-specific co-expression of the intracellular domain (ICD)
of Notchl, Kras®?" or PIK3CA™“® We first confirmed that RFP expres-
sion overlapped with gene expression (NOTCHI1-ICD) or downstream
activation (p-ERK for KRAS(G12D); p-AKT for PIK3CA(H1047R)) inintes-
tine (Extended Data Fig. 1a, b). Consistent with their role in driving
hyperplasia'®", we found that RFP* cells that co-expressed Kras®?® or
PIK3CA™°*R showed increased proliferation (Extended Data Fig. 1c).
Similarly, as expected™, NotchI'® expression blocked differentiation of
secretory cells (Extended DataFig.1d, e). We also confirmed the viabil-
ity of the Red20nco systemin other organs (Extended Data Fig. 1f, g).

Mutant intestinal clone expansion

In mammals, the small intestine is composed of crypts and
villi. All absorptive and secretory cell lineages are generated by
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Fig.1|Red20nco system: anoncogene-associated multicolour reporter.
a, Schematic showing possible routes for cross-talk between mutantand
neighbouring WT cells. b, Red20nco knock-in strategy. The 2A peptide
sequence and oncogene cDNA (Kras®??, PIK3CA"°*® or Notch1'®) were cloned
in-frame downstream of the RFP cDNA in the R26R-Confetti cassette’, which
encodes four fluorescent proteins. ¢, Representative images fromsections
(left, top right) or whole mounts (bottom right) of smallintestine from
Villin-CreERT2;Red2-Kras®?” mice 2 days (d) or 2 weeks (w) after tamoxifen
administration (representative of three independent experiments). White
dashed line, mucosal lining. Bottom right shows crypt fission (arrow) and
fusion events (arrowhead).d, Schematicillustration of aWT (YFP*) clonein
proximity to afixed (monoclonal) mutant (RFP*) crypt. Clone sizes quantified
asdefinedin Extended DataFig.2g. e, Representative confocalimages of WT
(YFP*) clones remote from, or proximate to, fixed mutant (RFP*) cryptsin
whole-mount smallintestine from Villin-CreERT2;R26R-Confetti(Conf) or
Red20nco mice (R2KR, Red2-Kras®?”; R2P3, Red2-PIK3CA"°*R) at1,2 and 3w
after tamoxifen administration. Images are representative of tissues
quantified inf.f, Heat maps indicate relative clone fractions of indicated sizes
(columns) at various times after induction (rows). Points and error bars denote
mean ts.e.m.n=6mice pergroup and time point.n=103, 80,169 clones
(Conf); 93,129,178 (remote WT R2KR); 106, 94,187 (remote WT R2P3); 90, 99,
241 (proximate WT R2KR); and 64,137, 88 (proximate WT R2P3) at1,2,3 wafter
induction, respectively. Remote clones are separated by more than two crypt
diameters from mutant crypts. Proximate clones are neighbouring fixed
mutant crypts. R26R-Confettiand remote WT data from Extended Data Fig. 2i
arereproduced for comparison. Scale bars:200 pm (c, left); SO pm (c, right, e).

intestinal stem cells (ISCs) that reside at the crypt base. As ISCs
divide, neighbouring cells become displaced from the niche and
enter into a differentiation programme. As aresult, ISC-derived
clones stochastically expand and contract, leading to ‘neutral
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drift’ of clones until they are lost or the crypt becomes mono-
clonal®?°,

Alongside WNT, mutationsinthe RAS-MAPK and PI3K-AKT pathways
represent key drivers of colorectal cancer™??, Unlike WNT, activation
of RAS signalling does not lead to obvious changes in tissue architec-
ture, leading to the assumption that mutations in WNT signalling may
represent the first oncogenic hit. However, the discovery that KRAS
mutations are abundantin the ageing human intestinal epithelium'®%,
as well as in patients with Crohn’s disease®*”, raised the question of
whether mutationsin RAS-MAPK or PI3K-AKT signalling components
couldalso functionas drivers of early mutant clone expansion. To inves-
tigate the effects of altered gene expression on clonal competition,
we performed lineage tracing in Villin-CreERT2;R26R-Red20nco mice
using a clonal dosage of tamoxifen (0.2 mg per 20 g body weight, at
which each crypt on average hosts less than one labelled, ISC-derived
clone) (Extended DataFig.2a-f). Sevendays after Creinduction, mutant
clones already showed evidence of biased drift (Extended Data Fig. 2g—
i). Although both mutant and WT clones showed a broad distribution
of sizes, boththe average size and the frequency of monoclonal (fixed)
cryptsincreased more steeply inmutant thanin WT clones (Extended
Data Fig. 2j, k). These findings echoed the results of previous studies
based on clonal activation of KRAS using a conventional reporter con-
struct®*¥, Quantitative comparison of isolated, WT (non-red) clones
with the Confetti control (Extended Data Fig. 3a-c) indicated that the
modified Confetti construct had no systemic effects on clone dynamics.

To resolve the dynamics of mutant clone expansion, we invoked a
modelling-based approach, the validity of which has been tested pre-
viously®, Within this framework, crypts are modelled as a chain of N
‘effective’ ISCs that line the circumference of the crypt base. ISC loss
(atrateA)is correlated with the duplication of a neighbour, leading to
neutral drift of clone size (Supplementary Theory). Applied to the Con-
fetticontrol, withan effective stem cell number for the proximal small
intestine of N=>5 (ref. ), a quantitative fit to the clone data obtained a
loss-replacement rate of A=0.9 per week, similar to previous findings
(Extended Data Fig. 3a). Following oncogene expression, mutant cells
experience asurvival advantage, leading to non-neutral competition.
The resulting clone dynamics can be mapped to a refined model in
which the loss-replacement rate acquires a bias 0 < § <1, with mutant
ISCs replacing their WT neighbours at rate A(1+ §), whereas WT ISCs
replace mutant neighbours atrate A(1-6). Taking N=3§, the biased drift
model predicted accurately the dynamics of clone sizes withA=2.4 per
week and §=0.71for Kras®” (similar to previous estimates**%’),1=1.9
perweek and 6=0.64 for PIK3CA™*® and A=1.1perweekand §=0.36
for Notch1'® (Extended Data Fig. 3d-f).

Active competition through apoptotic elimination of less-fit cells has
been well documented in Drosophila and mouse epiblasts*. However,
immunodetection of cleaved caspase-3 in crypts of R26R-Red20nco
mice showed no evidence of increased apoptosis (Extended Data
Fig. 3g). By contrast, a two-hour pulse of 5-ethynyl-2’-deoxyuridine
(EdU) showed anincreased number of EQU* crypt base columnar cells
inmutantclonesinall three Red20nco models (Extended DataFig. 3h, i).

Oncogene-induced effects on neighbours

To study whether mutant clones influence the fates of WT clones in
neighbouring crypts, we performed lineage tracing in Villin-CreERT2;R
26R-Red20nco miceinduced at anear-clonal dosage of tamoxifen (2mg
per 20 gbody weight), when more than30% of crypts contained labelled
cells. Unexpectedly, two weeks after induction, the frequency of fixed
WT crypts in Red2-Kras®™® and Red2-PIK3CA"°*® mice had increased
compared to controls (Extended Data Fig. 4a, b), which suggests that
mutant cells mediate changes in the dynamics of WT cells. To dissect
this phenotype, we used a clonal dosage of tamoxifen (0.2mgper20g
body weight) to compare the dynamics of WT clones in crypts that
were either neighbouring (proximate) or remote (more thantwo crypt
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Fig.2|Reduced effective stem cellnumberleads to accelerated drift of WT
clonesincryptsthatneighbour mutant crypts. a, Cumulative size
distribution of WT (YFP*) clonesin crypts neighbouring crypts monoclonal for
given mutant or Confetti control against the angular clone size frescaled by the
average (6). Points show data from two time points and dashed line denotes
scaling function, exp[-1(6/(6))*/4] x100%, predicted by neutral drift model
(seemaintextand Supplementary Theory). b, Corresponding average clone
size(0)/360° as afunction of time afterinduction, scaled by effective drift rates
x=tA/N? obtained fromafit to predicted square root dependence (dashed line)
(Supplementary Theory).Ina, b, experimental data as in Fig. 1f; for
R2NI1-proximate clones, n=6 mice per group and time point, and 87,128 clones
were scored at14,21d afterinduction. ¢, d, Representative confocal images (c)
and quantification (d) of EAU* proliferating LGRS stemcellsin WT crypts
neighbouring mutant (MT) crypts. Dashed white outlines, proliferating stem
cellsin WT crypts.n=4mice per group, 100 crypts analysed per mouse.

e, f,Representative confocal images (e) and quantification (f) of LGR5-EGFP*
stem cells. Dashed white outlines, EGFP* cellsin WT crypts. n=5mice per
group, 100 cryptsanalysed per mouse. ¢, e, Whole-mount small intestine
imaged from Lgr5-EGFP-IRES-CreERT2;Red20nco mice 2 w after tamoxifen
administration. Arrows, proximate WT crypts; arrowheads, fixed mutant
crypts. Dashed grey outlines, cryptborders. ***P<0.0001; unpaired two-tailed
t-test (d, f).NS, not significant. Dataare mean +s.e.m. (b) ormean +s.d. (d, f)
frombiological replicates. For exact Pvalues, see Source Data. Scale bars, 50 pm.

diameters) from crypts containing amutant clone (Fig.1d). Notably, WT
clonesthat were proximate to mutant crypts showed accelerated drift
in Red2-Kras®?" and Red2-PIK3CA"°*® mice, greatly exceeding that in
remote WT crypts or Confetti controls (Fig. 1e, f). These observations
were corroborated by quantification of clone size, which showed a cor-
responding increase in average clone size and fixation rate (Extended
DataFig.4c, d). Furthermore, when segregated according to whether
clones were oriented towards (inner) or away (outer) fromaneighbour-
ing mutant crypt, the clone size distributions were comparable, sug-
gesting that accelerated dynamics take place in the context of neutral
competition (Extended Data Fig. 4e-g).

To make a further quantitative assessment of WT clones in crypts
that neighbour mutant crypts we noted that, before fixation, neutral
clonedynamics are predicted to enter ascaling regime inwhich the size
distribution depends only on the composite drift rate A/N? (Supplemen-
tary Theory)™. Comparison of the clone size datashowed convergence
onto the predicted scaling form in both Confetti control and mutant
conditions (Fig. 2a). Fromafit to the average clone size, we found a drift
rate that was 1.9 times larger in clones that were proximate to mutant
crypts compared to Confetti controls (Fig. 2b, Extended Data Fig. 4h,
Supplementary Theory).

Toresolve the origin of accelerated drift, we considered whether the
rate of ISCloss or replacement had increased (Extended Data Fig. 4i).
However, measurements of the ISC proliferation rate based on EdU
incorporation showed similar values (Fig. 2¢c, d), independent of the
proximity of WT clones to mutant crypts, which suggests that the loss—
replacement rate had not changed. We then estimated the number of
ISCs on the basis of Lgr5-driven EGFP expression. When the major-
ity of mutant crypts were already fixed, we found that the number of
LGR5-EGFP’ cells was 20% lower in WT crypts neighbouring mutant
cryptsthaninremote WT crypts (Fig. 2e, f). Similar results were found
when we used OLFM4 expression (Extended Data Fig. 4j). These findings
suggest that accelerated clonal drift is associated with areductionin
the number of stem cells?.

An observed reduction in the physical size of WT crypts neigh-
bouring mutant crypts (Extended Data Fig. 5a-c) led us to investigate
whether the change in ISC number is associated with deformation of
surrounding tissue by the increase in size of mutant crypts. However,
from measurements of the circularity of WT crypts, we found no evi-
dence for an effect of local mechanical strain (Extended Data Fig. 5d, e).
Wethenreasoned that, if the effect were mediated by paracrinefactorsfrom
mutantcells, it should scale with the multiplicity of neighbouring mutant
crypts (Extended Data Fig. 5f). Consistently, when proximate to multiple
mutantcrypts, WT clones from Red2-Kras®” and Red2-PIK3CA"** R mice
showed increased rates of clonal drift and fixation alongside a further
reductioninISC number and cryptsize (Extended Data Fig. 5g-1).

Finally, we questioned whether mutation-induced changes promote
field expansion. Notably, in contrast to Confetti and Red2-Notch1'®
mice, the fraction of mutant cryptsincreased steadily in Red2-Kras®?®
and Red2-PIK3CA"°“® mice at the expense of WT crypts (Extended
Data Fig. 5m, n). We then used the abundance of ‘cojoined’ crypts to
estimate the relative frequency of crypt fission and fusion (Extended
DataFig. 50). Following a previous study>’, we found that crypts mutant
for Kras®?® and PIK3CA"**® showed increased rates of fission and fusion
compared to Confetti controls (Extended Data Fig. 5p), which sug-
gests that the deleterious effects of mutant crypts on neighbouring
WT crypts contribute to field transformation.

Comparative single-cell analysis

To define the mechanisms that mediate cross-talk, we exploited the
design of the Red20nco system for comparative single-cell transcrip-
tomics (Fig. 3a). Villin-CreERT2;R26R-Red20nco mice (Kras®™ or
PIK3CA""**®) were induced using amosaic dosage of tamoxifen (4 mg per
20 g body weight). Following dissociation of intestine, we used flu-
orescence activated cell sorting (FACS) to sort individual mutant
(RFP*) and WT (YFP”) epithelial cells, and profiled them alongside
neighbouring stromal tissue (Extended Data Fig. 6a). By combining
these results with single-cell RNA sequencing (scRNA-seq) data from
control Confettimice, we found evidence for mutation-driven changes
in gene expression in epithelial, stromal and immune cells (Fig. 3a,
Extended DataFig. 6b; see Methods). Epithelial cells from Red2-Kras®?°,
Red2-PIK3CA"*® and Confetti control mice were clustered on the basis
of marker-gene expression (Fig. 3b, Extended Data Fig. 6¢-f, Supple-
mentary Table 1). All major cell types were detected in ratios compa-
rable to those reported previously* . Despite oncogene-induced
transcriptional changes, cells from all three conditions overlapped
within distinct clusters (Extended Data Fig. 6g; see Methods).

To explore the influence of oncogene activation on lineage specifi-
cation, we examined the proportions of each cell type in Red2-Kras®?®
and Red2-PIK3CA™"°“® mice compared to Confetti controls. Notably, in
both models, the proportion of mutant LGR5* stem cells was signifi-
cantly decreased, whereas the proportion of mutant goblet cells was
increased (Extended Data Fig. 6h). In Red2-PIK3CA"°*® mice, there
was also anincrease in the proportion of mutant enterocytes. As with
mutant cells, the WT population contained alower proportion of stem
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Fig.3| Comparativessingle-cell analysis identifies oncogene-driven niche
changes. a, Schematic of comparative single-cell analysis. Mutantand WT
epithelial, mesenchymal and immune cells are isolated from small intestine. By
comparing profiles across models, the effects of oncogene expressionon
mutantand WT epithelial cells and the surrounding environment can be
resolved. b, Uniform manifold approximation and projection (UMAP)
plotshowing clustering of epithelial cellsbased on marker expression: stem
cells, transit-amplifying (TA) cells, enterocyte progenitors (EP), enterocytes
(Ent), enteroendocrine cells (EEC), goblet cells, Paneth cells and tuft cells.

c, Fractions of WT epithelial cell typesin Red20nco and Confetti mice.

d, Priming scores of WT (YFP*) stem and transit-amplifying cells towards
enterocytelineagesin Red20nco and Confetti mice. Centreline, 50th
percentile; dashed lines, 25th and 75th percentiles. Green asterisks, higherin
Red20nco than Confetti. e, Fractions of ‘active’ cells with high enrichment

and transit-amplifying cellsin both Red20nco models (Fig. 3¢, Extended
DataFig. 6i), consistent withareductioninISCs (Fig. 2). Thereduction
in ISC fraction was confirmed by immunohistochemistry and FACS
(Extended Data Fig. 6j—n).

We then investigated whether changes in the fractions of stem
and progenitor cells were accompanied by changes in their molec-
ular characteristics. We first defined lineage-specific genes as
molecular signatures of fate priming using scRNA-seq data from a
previous study*? (Supplementary Table 2). We then calculated the
priming score towards differentiation for individual WT (YFP*) and
mutant (RFP*) stem and transit-amplifying cells (see Methods). In
Red2-Kras®?" and Red2-PIK3CA"°*® mice, both WT and mutant stem
and transit-amplifying cells showed enhanced differentiation towards
secretory and absorptive lineages, respectively (Fig. 3d, Extended Data
Fig.7a,b); thisresult was confirmed by marker-based quantitative PCR
withreverse transcription (QRT-PCR) analysis and immunostaining or
insitu hybridization (Extended Data Fig. 7c-j). These results suggested
that stem cell priming towards differentiation is a potential driver of
thereduced stem cell fractionin mutant and neighbouring WT crypts
in both Red2-Kras®?” and Red2-PIK3CA™°“® mice.
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scores for BMP (left) and WNT (right) pathways in mutantand WT epithelial
cells from Red20nco and Confettimice.f, t-Distributed stochastic neighbour
embedding (t-SNE) representing mesenchymal cell clusters. ENC, endothelial
cell; GLC, glial cell; IC, interstitial cell of Cajal; MF, myofibroblast; STC1/2/3:
stromal cell1/2/3.g, h, Dot plots showing average expression of secreted
factors known to modulate BMP and WNT signalling in mutant epithelial cells
(g) and mesenchymal cells (h) from Red20nco and WT cells from Confetti mice.
Dotsize denotes percentage of cells expressing given gene, colour denotes
average expressionacrossall cellsof that type. i, Degree of transcriptomic
change for each mesenchymal cell type in Red20nco mice (see Methods).
*P<0.05,**P<0.01,***P<0.0001; two-sided likelihood ratio test (c, e),
two-sided Kolmogorov-Smirnov test (d). NS, not significant. Dataare
meanzs.e.m. (c, e) frombiological replicates (n=2for Conf,R2P3; n=3 for
R2KR). For exact Pvalues, see Source Data.

To study the mechanisms that underlie biased differentiation, we
then assessed the activities of major signalling pathways>*. Gene set
enrichment analysis (GSEA) (Supplementary Table 2; see Methods)
revealed higher BMP signalling activity inboth mutantand WT cells of
Red2-Kras®?” and Red2-PIK3CA™°*® mice compared to Confetti controls,
whereas WNT signalling activity was lowerin bothmutantand WT cells
of Red2-PIK3CA"°*” mice (Fig. 3e, Extended DataFig. 7k). By contrast,
NOTCH signalling activity was reduced in mutant cells, but notin WT
cells, inboth Red2-Kras®?” and Red2-PIK3CA"°“® mice (Extended Data
Fig. 71, m). Onthe basis of these findings, we focused on changesin BMP
and WNT signalling to trace the basis of inter-crypt cellular cross-talk.

Mutant clones drive niche remodelling

We then examined direct (epithelial cell-to-cell) and indirect (via mes-
enchymal or immune cell) routes of communication that could affect
the BMP and WNT pathways. Mesenchymal and immune cells were
clustered on the basis of expression signatures (Fig. 3f, Extended Data
Fig.8a-c,Supplementary Table 3). Three clusters (labelled STC for stro-
mal cell) showed marked expression of secreted factors for intestinal
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Fig.4|Functional validation of oncogene-driven niche remodelling.

a, b, Representative insitu hybridizationimages (a) and quantification (b) of
Bmp2expression. White dashed outline, WT crypts; grey dashed outline,
mutant crypts. Prox, proximate WT crypts. For each group, 50 crypts analysed
fromn=3mice.c,d, Representative multiplexed insitu hybridizationimages
(c) and quantification (d) of Rspo3 expressionin Cd81" cells. Grey dashed
outlines, crypts. Foreach group, 50 crypt pairs analysed from n=3 mice.

e, Sorted LGR5" cells were cultured with either PDGFRA'°CD81"STC1 cells or
PDGFRA°CD81'STC2 cells from Confetti or Red2-PIK3CA"%*Rintestine.

f,g, Representative bright-field images (f) and quantification (g) of intestinal
organoids formed after 4 d of co-culturing.n=3 independent experiments.
Mes®™, Mes*?"*: mesenchymal cells from Confetti, Red2-PIK3CA™°** mice.

h, i, Representative confocal images (h) and heat map distribution of clone

stromal cells*** (Extended Data Fig. 8d). Notably, Bmp4 was highly
expressed in cluster STC1, whereas STC2 expressed genes encoding WNT
pathway-modulating factors such as Rspo3, as well as the BMP antago-
nist Grem1. We then searched for changes in the expression of secreted
factors (Supplementary Table 4) that bind to receptors (Extended Data
Fig. 8e, f) that modulate the BMP and WNT pathways. We noticed an
increasein the expression of BMP ligand genes, such as Bmp2and Bmp7,
that are found mainly in mutant secretory cells in Red2-Kras®?” and
Red2-PIK3CA"°#® mice (Fig. 3g). We also detected an increase in the
expression of WNT pathway antagonist genes, such as Sfrp2and Sfrp4,
as well as a decrease in the expression of WNT pathway agonist genes,
such as Rspo3, in cluster STC2 from Red2-PIK3CA™°*® mice (Fig. 3h).
Changes in ligand expression in mesenchymal cells raised the pos-
sibility that the niche environment may become altered following onco-
gene activation. Following quantification of transcriptional changesin
mesenchymal and immune cells (see Methods), we found that the STC2
population in Red2-PIK3CA"°*® mice experienced significant altera-
tions compared to other cell types (Fig. 3i, Extended Data Fig. 8g-1).
In addition, this STC2 population showed increased levels of genes
that regulate the extracellular matrix, such as Fnil, Mmp2 and collagens

DAPI [2{3d RFP mCFP

Clone fraction 01

fractions (i) of whole-mount smallintestine from Villin-CreERT2;R26R-Confetti
or Red20nco mice at 2w afterinduction. LDN193189 (LDN, BMP type I receptor
blocking agent), LGK974 (LGK, porcupine inhibitor) or vehicle (veh) was
administered following the dosing regimen shown (inset). White arrows, fixed
WT crypts. Dataare mean +s.e.m.n=3mice per group. Wescored 212 clones for
Conf+veh; 85,78,96 clones forremote WT R2KR (in veh, LDN, LGK conditions,
respectively); 91,90, 113 for remote WT R2P3;130,108, 75 for proximate WT
R2KR;132, 81, 65 for proximate WT R2P3. a, ¢, Sections of small intestine from
Villin-CreERT2;R26R-Confetti or Red20nco mice 2w after induction. White
arrowheads, fixed mutant crypts.*P<0.05,***P<0.0001; one-way ANOVA with
Games-Howell’s multiple comparisonstest (b, d) and unpaired two-tailed t-test
(g) frombiological replicates. Dataare mean+s.d. (b,d, g). Forexact Pvalues,
seeSource Data.Scalebars: 50 pm(a, h), 25 um (c), 500 pm (f).

(Col6a2 and Col5a2) (Extended Data Fig. 8m). Together, these results
showed that epithelial oncogene expression of either mutant KRAS
or PI3K induces a BMP-rich signalling environment and, for PI3K, a
WNT-poor environment (Extended Data Fig. 8n).

Blocking oncogenic niche remodelling

To validate these findings, we performed in situ hybridization for
Axin2and /d1,whichare downstream target genes of the WNT and BMP
pathways, respectively. As expected from our single-cell analysis, we
observed decreased expression of Axin2in both mutant and neighbour-
ing WT crypts in Red2-PIK3CA™°**mice, but not in Red2-Kras®*?” mice
(Extended Data Fig. 9a,b). Id1 expression was increased in mutant and
neighbouring WT crypts in both Red20nco models (Extended Data
Fig.9¢,d). These results were consistent with qRT-PCR data (Extended
Data Fig. 9e, f), confirming that WNT activity was decreased only in
Red2-PIK3CA"°“® mice, whereas BMP activity was increased in both
Red20nco models. These findings were further supported by in vitro
organoid assays, in which changesin BMP and WNT signalling mimicked
the effects of different niche conditions (Extended Data Fig. 9g-m).
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Insitu hybridization, qRT-PCR and organoid assays also confirmed
increased expression of Bmp2in mutant epithelial cells of both Red20nco
models (Fig.4a, b, Extended Data Fig. 9n), as well as the functionality of
epithelial BMP ligands in vitro (Extended Data Fig. 90-r).

PDGFRAPCDS81* stromal cells are animportant source of R-spondin
and Gremlin-1—-a WNT agonist and a BMP antagonist, respectively>®.
The STC2 population in our study, which showed high Rspo3 expres-
sion (Extended Data Fig. 8d), expressed high levels of GremI and Cd81
compared to other mesenchymal cells; consistent with previous find-
ings®, these cells were located adjacent to the crypt base (Fig. 4c,
Extended Data Fig.10a, b). Consistent with scRNA-seq data (Fig. 3h),
in situ hybridization and qRT-PCR analysis showed that STC2 cells
expressed higher levels of Sfrp2 and Sfrp4, and lower levels of Rspo3, in
Red2-PIK3CA""°*® mice than in Red2-Kras®™” mice and Confetti controls
(Fig.4c,d, Extended Data Fig.10b-h). To test whether oncogene-driven
changes in STC2 cells compromise niche function, we co-cultured
LGR5-EGFP* ISCs with PDGFRA®CDS81” STC1 cells or PDGFRA'°CDS81*
STC2 cells isolated from WT and Red2-PIK3CA™*® mice (Fig. 4€). As
expected, the STC2 population from the WT mice supported organoid
formationingrowth factor-deprived conditions (lacking Noggin and
withlow levels of R-spondin; -Nog Rspo'¥), whereas the STC2 popula-
tionsorted from the intestine of Red2-PIK3CA™“* mice showed a sig-
nificantly reduced capacity to support organoid formation (Fig. 4f, g).

To further test our hypothesis that BMP and WNT pathways are
involvedin cross-talk, we used inhibitors that block either reception of
BMP ligands (LDN193189, BMP type I receptor blocking agent) or secre-
tion of WNT ligands (LGK974, porcupine inhibitor)®. Administration of
LDN193189 and LGK974 to Red20nco mice suppressed BMP and WNT
pathwaysignalling, respectively (Extended DataFig.11a, b).In addition,
LDN193189 rescued therate of clonal drift of WT clones neighbouring
mutant crypts, whereas LGK974 accelerated drift still further (Fig.4h, i,
Extended DataFig.11c). Notably, fixation of mutant crypts was delayed
by treatment with LDN193189, suggesting that unlabelled WT cells in
the same crypt compete more efficiently against mutant clones when
the BMP effect is abolished (Extended Data Fig. 11d, e). We also con-
firmed that the phenotypes from both Red20nco systems are largely
recapitulated in LSL-Kras®™ and PIK3CA'*“"°“F mice, which express
therespective oncogenes under the corresponding endogenous locus
(Extended Data Fig. 11f-m).

Conclusions

Local cell displacement provides amechanism for eliminating ‘loser’ cells
inepithelial tissues. In this case, direct cell-to-cell competition triggers
thedifferentiation or apoptosis of adjacent WT stem cells***°, Our find-
ings show that, through long-range paracrine signals, mutant cells may
also affect WT cellsin neighbouring domains, either directly or through
oncogene-driven alterations of the shared niche environment. Along-
side the two oncogenes considered here, mutants with WNT activation
caused by Apcloss also show paracrine effects that result from secretion
of WNT inhibitory factors (Extended Data Fig. 12), which suggests that
niche remodelling may be a general feature of tumorigenic mutants.
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Methods

Mice

Allinducible Cre lines (R26R-CreERT2:JAX008463; Villin-CreERT2:
JAX020282; Lgr5-EGFP-IRES-CreERT2: JAX008875; Sftpc-CreERT2:
JAX028054; Krt5-CreERT2: JAX029155), the R26R-Confetti line
(JAX017492), the LSL-Kras®?" (JAX008179) line, the Apc™” line
(JAX009045) and the Apc*™ line (JAX002020) were obtained from
The Jackson Laboratory. The PIK3CA"*"1°#% [ine was donated by
W. A. Phillips*. Red20nco targeting vectors were generated by gene
synthesis. Oncogene sequences were obtained from Addgene
(NotchI": Addgene plasmid #15079*%; Kras®?": Addgene plasmid
#11549%; PIK3CA™°*R: Addgene plasmid #12524**). Mice were cre-
ated by inserting the Red20nco cassette into the tdimer2 locus in
ES cells obtained from R26R-Confetti mice using CRISPR-Cas9
nickase-mediated homologous recombination. Insertion of the onco-
genic sequence was confirmed by long-range PCR. Specific genotyping
primers were designed outside of the homology arms and were used
in combination with primers within the knock-in cassette.

Animal treatments

All experiments were approved by the UK Medical Research Coun-
cil and University of Cambridge local ethical review committees and
conducted according to Home Office project license PPL70/8296. To
performlineage tracing, tamoxifen (Sigma, T5648) dissolved in corn oil
was injected intraperitoneally into 8-12-week-old mice. As indicated,
the dose of tamoxifen used for each experiment was determined onthe
basis of recombination efficiency. For the clonal analysis, it is crucial
that crypts are marked at clonal density so that labelled cells can be
identified reliably as the output of an individual labelled cell. Titra-
tion experiments indicated that this can be achieved by a tamoxifen
dose of 0.2 mg per 20 g mouse body weight. Tamoxifen and chemical
inhibitors (LDN193189, BMP type I receptor blocking agent, Selleck-
chem, S2618; LGK974, porcupine inhibitor, Cayman Chemical, 14072)
were concomitantly administered as indicated (Fig. 4h). LGK974 and
LDN193189 were administered every 48 h through oral gavage, ata
concentration of 5 mg/kg (LGK974) or 3mg/kg (LDN193189) in a vehicle
of 0.5% Tween-80/0.5% methylcellulose. Chemical-treated mice did
not show any loss of body weight or physical activity, demonstrating
that there were no severe toxic side effects.

Allmice were group housed under specific pathogen-free conditions
inindividually ventilated cages always with companion mice, and cages
were placed under a12-h light-dark cycle. Food and water were pro-
vided ad libitum. Room temperature was maintained at22 °C +1°Cwith
30-70% humidity. None of the mice had beeninvolved in any previous
procedures before the study.

Experiments were carried out with male and female animals, except
for single-cell transcriptomic analysis, for which only females were
used. No gender-specific differences were observed.

Intestine preparation

Mice were killed by cervical dislocation and the intestine collected by
dissection. The smallintestine was cut longitudinally and subsequently
placed ona piece of cold PBS-soaked 3M paper, using forceps to flatten
the tissue before fixation in 4% paraformaldehyde at 4 °C overnight
(-18 h) with shaking. After fixation the intestine was washed for3x 6 h
with PBS at 4 °C with shaking.

Tissue clearing and immunofluorescence

CUBIC clearings were performed as previously described®. In brief,
fixed tissue was dissected into small fragments (-2 cm) and trans-
ferred into 10 ml CUBIC R1a solution (10% urea, 5% N,N,N’,N’-tetraki
s(2-hydroxypropyl) ethyl-enediamine, 10% Triton X-100 and 25 mM
NaCl in distilled water) in a 15-ml conical tube and incubated for
2 days at 37 °C with shaking. All subsequent incubation steps were

then performed at4 °Conarotor. The fragments were incubated with
blocking and permeabilization solution consisting of 5% DMSO, 0.5%
Triton-X-100 and 2% normal donkey serum (NDS) in PBS overnight.
The following day, the solution was replaced with primary antibody
for cleaved caspase-3 (1:200; Cell Signaling Technology, 9661), OLFM4
(1:100; Cell Signaling Technology, 39141), p-ERK (1:100; Cell Signaling
Technology, 4370), p-AKT (1:100; Cell Signaling Technology, 4060)
or KRAS(G12D) (1:100; Cell Signaling Technology, 14429) diluted in
blocking solution (1% DMSO, 0.5% Triton-X-100 and 2% NDS in PBS),
and the whole mount was incubated for 3 days. The samples were then
washed 6 times with fresh PBS over a 24-h period before incubation
with secondary antibody (1:500; donkey anti-rabbit or anti-mouse,
Invitrogen) diluted in blocking solution for 3 days. The samples were
then washed 6 times with PBS and incubated with 2 pug/ml DAPlin PBS
for 24 h. The samples were then transferred into 10 ml CUBIC R2 solu-
tion (50% sucrose, 25% urea, 10% 2,20,20 -nitrilotrie-thanol and 0.1%
Triton X-100 in distilled water) in a15-ml conical tube and incubated for
2days atroom temperature withshaking. Tomatch the refractiveindex,
samples were transferred into an Eppendorftube containing 1 ml Rapi-
Clear1.52 (Sunjin Lab) and incubated overnight at 4 °C. Samples were
then mountedina0.25mmi-spacer (Sunjin Lab) for confocalimaging.

Proliferation assay

Tomeasure cell proliferationin vivo, 1 mg of 5-ethynyl-2’-deoxyuridine
(EdU) (Life Technologies, A10044) was dissolved in 200 pL of PBS and
injected into each mouse. Tissues were collected after 2hand a Click-iT
EdU Alexa Fluor 647 Imaging Kit (Thermo Fisher, C10340) was used to
detect EdU+cells.

Immunohistochemistry on near-native sections

Organswere dissected, fixed and embedded in 4% low-melt agarose as
previously described*¢ for generation of 100-um-thick near-native sec-
tionsusing a LAICA VT 1000S Vibratome. The sections were removed
from any remaining agarose using forceps and subsequently trans-
ferred to a12-well plate into wells containing blocking and permeabi-
lization solution (5% DMSO, 0.5% Triton-X-100 and 2% NDS in PBS) to
beincubated overnight (-18 h) at 4 °C with shaking. The following day,
the blocking and permeabilization solution was replaced with primary
antibody for CPA1 (1:200; R&D systems, AF2765), 3-catenin (1:200;
SantaCruz, sc-7199), SPC (1:300; Millipore, AB3786), LYZ (1:200; DAKO,
A009902-2) or MUC2 (1:200; Abcam, ab90007) diluted in blocking
solution (1% DMSO, 0.5% Triton-X-100 and 2% NDS in PBS) and the sec-
tionincubated for 72 hat4 °C.Sections were subsequently washed and
incubated with secondary antibody (1:500; donkey anti-rabbit or goat
AF647, Invitrogen) and DAPI diluted in blocking solution (1% DMSO,
0.5% Triton-X-100 and 2% NDS in PBS) for 48 h at room temperature
with shaking. After being washed for 3 x 2 h with PBS, sections were
carefully transferred from wells to microscope slides using a brush
before mounting in RapiClear 1.52 (Sunjin Lab).

Immunohistochemistry on paraffin sections

Immunohistochemistry was performed according to standard pro-
tocols. In brief, the intestine was dissected and fixed in 4% PFA over-
nightat 4 °Cbefore paraffin embedding. Paraffin-embedded sections
(5 pm) were rehydrated, and the epitopes were exposed using Tris/
EDTA (EDTA) buffer. Sections were then incubated inblocking solution
(2% donkey or goat serum, 5% DMSO and 0.5% Triton-X-100 in PBS) at
room temperature for 2 h. Primary antibody against NOTCH1 (1:100;
Abcam, ab52627), 3-catenin (1:50; Sigma, 05-665), or OLFM4 (1:100;
CellSignaling Technology, 39141) was diluted in blocking solution (1%
DMSO, 0.5% Triton-X-100 and 2% normal goat serum in PBS) and the
sections were incubated in this for 24 h at 4 °C. Sections were subse-
quently washed and incubated with secondary antibody (1:500; goat
anti-rabbit HRP, Perkin ElImer) and DAPI diluted in blocking solution
(1% DMSO, 0.5% Triton-X-100 and 2% normal goat serum in PBS) for
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2hatroomtemperature with shaking. The TSA Plus Cyanine 5 System
(Perkin ElImer, NEL752001KT) was used for visualization.

Insitu hybridizationin cryo-sections

RNA staining was performed with an RNAscope Multiplex Reagent Kit V2
(ACDBio,323100) according to the manufacturer’s protocols. Collected
tissues were fixed with 4% PFA, cryoprotected in OCT and sectioned at
16 um. In brief, the sections were pre-treated with protease IV for 15min.
ACD-designed and -synthesized probes were used to detect transcripts
of interest. Up to two probes were hybridized simultaneously. The
RNAscope assay was followed by a regular immunostaining protocol
with antibodies against RFP (1:50; SICGEN, AB8181-200), KRAS(G12D)
(1:250; Cell Signaling Technology, 14429), p-AKT (1:50; Cell Signaling
Technology, 4060) or 3-catenin (1:50; Sigma, 05-665). Sections were
subsequently washed and incubated with secondary antibody (1:500;
horse anti-rabbit, Vector Lab or donkey anti-goat HRP, GeneTex) and
mounted with Prolong Gold antifade reagent supplemented with DAPI.
Probes for Fabpl (Cat No.562831), Axin2 (Cat No.400331), /d1 (Cat No.
312221), Bmp2 (Cat No. 406661-C2), GremlI (Cat No. 314741-C3), Sfrp2
(CatNo.576891-C2), Cd81 (Cat No.556971), Rspo3 (Cat No. 402011-C3),
Wifl (Cat No.412361-C3), Lgr5 (Cat No.312171-C2), and Notum (Cat No.
428981) were purchased from ACDBio. The TSA kits TSA Plus Cyanine
5 (Perkin Elmer, NEL745001KT), TSA Plus Fluorescein (Perkin Elmer,
NEL741001KT) and TSA Plus TMR (Perkin EImer, NEL742001KT) were
used for visualization. The multiplexed staining was performed with
the help of the Wellcome Trust-Medical Research Council Cambridge
Stem Cell Institute Histology facility.

Single-cell sorting for sequencing

To collect mutant and wild-type cells from neighbouring crypts for
scRNA-seq, we developed a strategy based on mosaic labelling. In this
approach, Villin-CreERT2; R26R-Red20nco mice (Kras®?” or PIK3CA™4R
mutation) wereinduced using a high dosage of tamoxifen (4 mgper20g
body weight). The majority of crypts (>56% for Red2-Kras®?" and >54%
for Red2-PIK3CA"°“®) were found to be monoclonal for mutant onco-
gene expression by 2 weeks post-induction at this level, while almost all
of theremaining (wild-type) crypts, 94% for Red2-Kras®™” and 92% for
Red2-PIK3CA"°*R neighboured mutant crypts. After the dissection of
these tissues, intestinal cell dissociation was performed as previously
described with afew modifications to deplete villi further and enrich for
intestinal crypts®**. Inbrief, the proximal halves of smallintestines were
carefully washed with cold PBS, and villi were scraped off using a cover
slip. Theremaining tissue with crypts and lamina propria was then cut
into 2-mm fragments and incubated in 10 ml Gentle Cell Dissociation
Reagent (STEMCELL technologies) at 4 °C for 30 min. The fragments
were then shaken vigorously and the supernatant was collected as
thefirstfractioninanew conical tube. The remaining fragments were
furtherincubated in fresh Gentle Cell Dissociation Reagent and a new
fraction was collected every 30 min. The first and second fractions were
discarded because they might contain some debris and villi. The third
to fifth fractions contained the majority of the intestinal crypts. The
crypt-enriched fractions were then washed with 10 ml of cold PBS and
filtered through a100-pum cell strainer (Falcon). The crypts were then
further dissociated into single cells by incubation with TrypLE Express
enzyme (GIBCO) at 37 °C for 5 min. The cells were filtered through a
40-pm cell strainer (Falcon). Remaining fragments with lamina propria
were further digested with dissociation solution (2.5 mg/ml Liberase
TL, Sigma; 10 U/ml DNase, Promega) at 37 °C for 1 h. To aid dissociation,
we gently mixed tissue pieces by pipetting up and down every 10 min.
After 20 min, supernatants were harvested and 1 volume of DMEM
containing 10% fetal bovine serum (FBS, Sigma Aldrich) was added
while adding 5 ml of fresh dissociation mix to the remaining tissue
pieces. This step was repeated three times for a total time of 1 h. After
completionofthethree cycles, the remainingintestinal fragments were
mechanically disaggregated on a100-um mesh using a syringe plunger.

The cell suspension was filtered through a 40-pum cell strainer into a
15-mltube. The tube and filters were washed twice with 1 ml of 2% FBS
inPBS and the cell suspension was then centrifuged at 300g for 5min.
The supernatant was removed and the cell pellets were resuspendedin
100 plantibody mix (2% FBS; 1:125 CD45 (30-F11)-APC, BD Biosciences;
1:125 EPCAM (G8.8)-PE-Cy7, BioLegend) and incubated for 1h oniice.
Both epithelial and lamina propria cells were then washed with 3 ml of
2% FBS in PBS and filtered once more if clumps were observed. After
centrifugation at 300g for 5 min, the cell pellets were resuspended
in1ml of 2% FBS and 10 U/ml DNase in PBS for sorting. The MOFLO
system (Summit software v5.2, Beckman Coulter) or SH800S Cell Sorter
(SH800 software v2.1.5, Sony) was used for cell sorting and data were
analysed with FlowJo software (v10.6.2, BD).

Library preparation and sequencing of RNA from single cells
scRNA-seq libraries were generated using 10X Genomics kits. As we
wished to achieve statistically significant results across the wide
range of intestinal cell types, for each biological replicate, cells sorted
from gates R5, R6, R7 and R8 (Extended Data Fig. 6a) were pooled in
equal ratios (RFP" epithelial cell:YFP" epithelial cell:mesenchymal
cell:immune cells, 1:1:1:1) and loaded into one channel of a 10X
Chromium microfluidics chip to package theminto onelibrary. Thus, as
aresultof thisenrichment, the relative proportions of epithelial cells,
immune cells and mesenchymal cells are not expected to reflect the
in vivo ratios found in the small intestine. In our experiments, seven
biological replicates (two for Confetti, three for Red2-Kras®? and two
for Red2-PIK3CA"°“R) were used to make seven libraries in total. The
libraries were sequenced on an Illumina HiSeq 4000.

Intestinal organoid culture and imaging
Intestinal epithelial organoids were established as previously
described*®. In brief, we freshly isolated crypts from mouse smallintes-
tine and mixed the crypts with 20 pl Matrigel (Corning). After Matrigel
polymerization, the crypts were cultured in ENR medium composed of
advanced Dulbecco’s modified Eagle’s medium/F12 supplemented with
penicillin/streptomycin,10mMHEPES, glutamax, N2 (Life Technologies),
B27 (Life Technologies) and 1 mM N-acetylcysteine (Sigma), 50 ng/ml
murine recombinant epidermal growth factor (EGF; Peprotech),
R-spondinl (conditioned medium from 293T-HA-Rspol-Fc cells, 10%
final volume), and 100 ng/ml Noggin (Peprotech) for 3 days to gener-
ate organoids. On the basis of the evidence for oncogene-associated
changes in the BMP and WNT pathways, we tested two conditions:
(1) withdrawal of Noggin from the full culture medium (-Nog), which
mimics aBMP-rich environment in Red2-Kras“?®, and (2) withdrawal of
Noggin from R-spondin-reduced (10% to 1%) medium (-Nog Rspo'"),
which mimics the BMP-rich and WNT-deprived environment in
Red2-PIK3CA"°*® (Extended Data Fig. 9h-j). For the organoid formation
assay (Extended DataFig. 91, m), organoids were collected 2 days after
treatmentand then dissociated into single cells with TrypLE (Thermo
Fisher Scientific) for 5min at 37 °C. The dissociated cells were filtered
througha40-pum cell strainer (Falcon). We mixed 2 x10* collected cells
with20 pl Matrigel and seeded theminto each well of 48-well plate. After
20 min of solidification at 37 °C, 250 pl of WENR medium was added.
ENRwas supplemented with WNT3A (conditioned medium (CM) from
WNT3A L-cells, 50% final volume), 10 uM Y-27632 (ROCK inhibitor,
STEMCELL Technologies) and nicotinamide (Sigma) to make the WENR
medium. Organoids were imaged and counted using an EVOS M7000
microscope (EVOS M7000 Revision software v2.0, Thermo Scientific).
To obtain organoids from Red20nco mice, RFP* cells were sorted from
Villin-CreERT2;Red20nco mice two weeks after tamoxifen administra-
tion. We pelleted 1x10° sorted cellsin 20 pl Matrigel. After solidification
at37°C, organoids wereinitially formed and treated with the following
conditions: WENR: WNT3A CM, EGF, Noggin and R-spondin1 CM; ENR:
EGF, Noggin, and R-spondinl CM; -Nog: withdrawal of Noggin from
the ENR medium; -Nog Rspo'*: withdrawal of Noggin and lowered



R-spondin1 CM concentration (10% to 1%) from the ENR medium; —~EGF
+ Gefitinib: withdrawal of EGF and addition of Gefitinib (EGFR inhibi-
tor) (Extended Data Fig. 9q). Note that organoids from both mutants
are sensitive to growth factor withdrawal while they are resistant to
EGF removal.

To produce conditioned medium, 250 pl of WENR medium was added
to organoids from Confetti or Red20nco mice. After 7 days, organoids
were supplemented with Noggin-deprived medium (-Nog) to generate
conditioned medium. The conditioned medium was harvested after
7 days of culture. The medium was centrifuged at 1,000g for 5 min at
4 °C and the supernatant was then filtered through a 0.22-mm filter
(Sartorius). Wild-type organoids were then treated with CM from either
R26R-Confetti or Red20nco mice for 6 h with or without LDN193189
(BMP type I receptor blocking agent, Selleckchem, S2618, 1 uM) to
assess the effect of the CM on activation of BMP signalling.

RNAisolation and quantitative PCR
Isolated intestinal organoids or cells were resuspended in 350 pl of
RLT buffer (QIAGEN). Total RNA was isolated using RNeasy Mini Kit
(QIAGEN) according to the manufacturer’s instructions. Equivalent
quantities of total RNA were reverse-transcribed to synthesize cDNA
using a SuperScript cDNA synthesis kit (Life Technology). qPCR was
performed using Power SYBR Green PCR Master Mix (Thermo). Primer
sequences were as follows:

Lgr5:F, CGGGACCTTGAAGATTTCCT; R, GATTCGGATCAGCCAGCTAC

Olfm4: F, CGAGACTATCGGATTCGCTATG; R, TTGTAGGCAGCCAGA
GGGAG

1d1:F, ATCGCATCTTGTGTCGCTGAG; R, AGTCTCTGGAGGCTGAAAGGT

Ttr:F, AGCCCTTTGCCTCTGGGAAGAC; R, TGCGATGGTGTAGTGGCGA
TGG

Chga:F, GTCTCCAGACACTCAGGGCT; R, ATGACAAAAGGGGACACCAA

Clcal:F, TCTTGTGTAGATGCCATCATTTTT; R, CCAATGTCACAGCCCT
CATA

Lyz:F, ATGGAATGGCTGGCTACTATGGAG;R,CTCACCACCCTCTTTGCA
CATTG

Alpi:F, AGGATCCATCTGTCCTTTGG; R, ACGTTGTATGTCTTGGACAG

Aldhlal:F, TGTCGGATTTAGGAGGCTGC;R, GCATTGGAAAATTCCAGG
GGATG

Mki67:F, CCAGCTGCCTGTAGTGTCAA;R, TCTTGAGGCTCGCCTTGATG

Ccnb2:F, GCCAAGAGCCATGTGACTATC; R, CAGAGCTGGTACTTTGGT
GTTC

Axin2:F, GCTCCAGAAGATCACAAAGAGC;R,AGCTTTGAGCCTTCAGCATC

Ascl2: F, GCCTGACCAAATGCCAAGTG; R, ATTTCCAAGTCCTGATG
CTGC

Bmp2:F, GAAGTTCCTCCACGGCTTC; R, AGATCTGTACCGCAGGCACT

Bmp7:F, ACGGACAGGGCTTCTCCTAC; R, ATGGTGGTATCGAGGGTG
GAA

Cd8I:F, ACACCTTCTACGTGGGCATC; R, TGCTTCACATCCTTGGCGAT

GremI:F, TGGAGAGGAGGTGCTTGAGT; R,AACTTCTTGGGCTTGCA
GAA

Frzb:F, TGCAAATGTAAGCCTGTCAGAGC; R, TCCACAACGGCGGTCA
CATC

Rspo3:F, ATGCACTTGCGACTGATTTCT; R, GCAGCCTTGACTGACAT
TAGGAT

Sfrp2:F, CGTGGGCTCTTCCTCTTCG; R, ATGTTCTGGTACTCGATGCCG

Sfrp4:F, GTGGCGTTCAAGGATGATGCTTC; R, TTACTGCGACTGGTGC
GACTG

Pdgfra:F, GCAGTTGCCTTACGACTCCAGA; R, GGTTTGAGCATCTTCAC
AGCCAC

Foxl1:F, TCATCATGGATCGCTTCCCG; R, CCTCTTCCTGCGCCGATAAT

Dkk2:F, ACTCCATCAAGTCCTCTC; R, TCACATTCCTTATCACTGCTG

Wifl:F, ACCCTGCCGAAATGGAGGT; R, TTGGGTTCGTGGCAGGTTC

Notum:F, CTGCGTGGTACACTCAAGGA; R, CCGTCCAATAGCTCCGT
ATG

Actin:F,AAATCGTGCGTGACATCAAA;R,AAGGAAGGCTGGAAAAGAGC

Invitro co-culture

As described above, lamina propria was isolated from mouse small
intestine. The cells were resuspended in 100 pl antibody mix (2% FBS;
1:125 CD45 (30-F11)-APC, BD Biosciences; 1:125 EPCAM (G8.8)-PE-Cy7,
BioLegend; 1:125 PDGFRA (CD140a) (APA5)-BV421, Biolegend; 1:125
CD81 (Eat-2)-PE, BioLegend) and incubated for1honice. The cells were
then washed with 3 ml of 2% FBS in PBS and filtered once more. After
centrifugation at 300gfor 5min, the cell pellets were resuspendedin 1
ml of 2% FBS and 10 U/mlI DNase in PBS for sorting. We cultured 8 x10*
sorted STC1 (CD81" PDGFRA'° EPCAM™ CD45") or STC2 cells (CD81"
PDGFRA® EPCAM™CD45") in 48-well plates in 20 pl Matrigel together
with 3 x10*EGFP*ISCs sorted from LgrS-EGFP-IRES-CreERT2 mice. Niche
factor-reduced medium (-Nog Rspo'*, described above) was supple-
mented to test the supporting function of the mesenchymal cells on
organoid formation. Organoids were imaged using an EVOS M7000
microscope (Thermo Scientific).

Confocal imaging and quantification

Mouse smallintestine samples were prepared for confocal microscopy
asdescribed above. Confocal imaging was performed with a Leica SP5
TCS confocal microscope (LAS software v2.8.0, Leica). The argon laser
intensity was set to 20% and Z-step size was set to 2 um. Laser scanning
frequency was set to 400 Hz and the frame average was set to 3. Section
images were processed and analysed using Image]J. To chart the clone
dynamics of labelled mutant and wild-type cells, intestinal crypt bot-
toms were visualized under the confocal microscope and clone sizes
were quantified accordingto their circumferential spanat the ‘+4 row
position’, representing the border of the niche domain? (Z-step 8-10;
16-20 pmupward from the crypt base). Clone sizes at the crypt bottom
are denoted as eighths of the crypt circumference: 1indicates that a
fraction of1/8 of the crypt circumferenceis occupied by asingle clone,
and so on. Clone sizes at the crypt neck are determined as the total
circumferential angle spanned by the clone. Statistical analysis of the
detailed cellular arrangements of clones at the crypt base confirmed
that such measures were representative of ISC clone sizes (Extended
DataFig.2b-e)

To perform reliable and consistent measurements, we set z-stack
positions for each crypt by considering the first z-plane that showed
any epithelial cell as the z=0 position of individual crypts. Consistent
with studies based on the original Confetti construct, yellow (EYFP),
red (RFP) and cyan (mCFP) labelling was induced in approximately
equal proportions, while green (nuclear GFP) cells were observed only
infrequently (Extended Data Fig. 1b). Note the similar degree of induc-
tion between models, which enables comparative clonal analysis using
the R26R-Confetti and Red20nco mice.

The central angle of the clonal circular sector (Extended Data Fig. 2g)
was determined by three points (P1: clone starting point, Pc: crypt
centre, P3: clone end point) on the crypt circumference. Only RFP*
clones (wild-type in Confetti mice, mutant in Red20nco mice) or YFP*
clones (wild-type) were quantified. Wild-type clones in Red20nco mice
were grouped with respect to their proximity to crypts containing
mutant clones (Fig. 1d). Wild-type (YFP*) clones distant (three crypt
diameters or more) from crypts containing mutant clones were con-
sidered to be ‘remote’ while YFP* clones neighbouring fixed mutant
(RFP*) crypts were considered to be ‘proximate’. In Extended Data
Fig. 4, proximate wild-type clonal data from Fig.1were reanalysed
and partitioned into two groups, ‘inner’ and ‘outer’, depending on
whether the geometric centre of the clones was positioned in the
crypt half nearest to or furthest from the mutant crypt (Extended
Data Fig. 4e). For quantification of crypt base columnar cells, either
the nuclear morphology (Extended Data Figs. 3i, 4j) or overlap with
LGR5-GFP was used (Fig. 2d, f). Three-dimensional representations
were created using Image] (1.52e). The number of cells per crypt was
counted in z-stacks.
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Cryptsize and circularity measurement

Asindicated in Extended Data Fig. 5a, for analysis of the circularity
and area of individual crypts, thresholded images were generated by
ImageJ. The regions of interest were then analysed using the Analyze
Particles function in ImageJ to obtain outlined images and measures
of location, size and circularity of individual crypts. Circularity was
defined as 41 x (area/perimeter?) so that unity represents a perfect
circle and a figure <l indicates a degree of distortion (Extended Data
Fig.5d, e). For these analyses, the particle size was set to alower limit of
400 pixels. The size limit corresponds to circular particles of approxi-
mately 20 umin diameter and was chosento exclude cellsin the lamina
propria from the analysis.

Intestinal clone dynamics in Red20nco mice

Toaddress theinfluence of oncogene expression on the clone dynam-
ics of mutant and wild-type crypts, we use an established statistical
modelling approach used previously to study the stem cell dynamics
of the intestinal crypt under normal and perturbed conditions'?.
In this approach, quantitative features of the clonal data, including
the time evolution of the average clone size (scored as fraction of the
crypt circumference) and crypt fixation frequency, are fit against a
statistical modelling scheme based on aminimal number of adjustable
parameters. Best fit parameters are then obtained using a standard
least-squares fitting approach. Details of the modelling framework,
itsjustification, and the implementation of the statistical analysis are
presented in the Supplementary Theory.

Single-cell RNA-seq data analysis

Data processing for scRNA-seq. The raw sequencing data from the
10X Genomics platform were processed using CellRanger (v2.1.1). Cell-
Ranger aligned reads, filtered empty dropouts and counted unique
molecular identifiers (UMIs) to generate a count matrix. We used
Ensembl GRCm38/mm10 (release 92) appended with the sequences for
tdimer2 (RFP) and EYFPas thereference genome for the read alignment.
The filtration of empty droplets was also checked with the R package
DropletUtils (v1.2.2). To filter out low quality cells, cells with fewer
than 100 genes were removed. In addition, cells with mitochondrial
proportions above 15% were discarded from further analysis. Genes
expressed in fewer than three cells were removed. Basic statistics and
QC metricsforallsamplesareincludedin Supplementary Table1. EYFP*
cells were considered to be wild-type epithelial cells in the intestinal
crypts of Confetti, Red2-Kras“?® and Red2-PIK3CA"°*® animals, whereas
EPCAM' and EYFP" cells were considered to be mutant epithelial cellsin
the intestinal crypt. UMIs were normalized by a deconvolution method
using the R package scran (v1.12.1)*.

Dimension reduction and data visualization. Principal component
analysis (PCA) combined with technical noise modelling was applied to
the normalized datafor dimensionreduction, whichwasimplemented
by the denoisePCA() function in the R package scran. This denoise
PCA does not strictly require explicit feature selection, such as highly
variable genes. The data were then projected using two-dimensional
UMAP or t-SNE with default parameter settings.

Thebiological replicates for each condition (two for Confetti, three
for Red2-Kras®" and two for Red2-PIK3CA"°“® models) overlapped
wellwitheach other, implying reproducibility betweenreplicates and
providing confidence in the statistical reliability of our comparative
analysis. The reproducibility confirmed that batch effects between
different samples and conditions were negligible and batch effect cor-
rection was not necessary for further analysis (Extended Data Fig. 6b).

Data clustering and cluster annotation. Based on the expression of
marker genes such as Epcam, Vim and Ptprc (Cd45), all cells were split
into three major categories: epithelial cells, mesenchymal cells and

immune cells. For each category, we then performed clustering using
agraph-based method. First, a shared nearest-neighbour graph was
constructed using k nearest neighbours of each cell (buildSNNGraph
function in the R package scran). k was set to 6 for epithelial cells and
to 10 for mesenchymal and immune cells. In this graph, two cells were
connected by an edge if they shared nearest neighbours, with the edge
weight determined by the highest average rank of the shared neigh-
bours. Thenthe Walktrap method fromthe R packageigraph (v1.2.4.1)
(withsteps=4asthe default option) was used to identify densely con-
nected communities that were considered to be cell clusters.

Cell clusters were annotated on the basis of differentially expressed
genes and known marker genes for cell types. To annotate epithelial
cellsof theintestinal crypts, we referred to marker genes for cell types
used in Extended Data Fig. 1of a previous study™. If a few neighbour-
ing clusters in the dimension reduction spaces shared key expres-
sion patterns, they were merged into one cell type manually. Thus,
we classified 33 clusters into 8 epithelial cell types (Extended Data
Fig. 6¢c-e). As aresult, we confirmed that the fractions of individual
celltypesinthe Confetti control were comparable to those in previous
reports®*, The fractions were as follows: 29.6% for stem cells; 30.2%
for transit-amplifying cells, 11% for enterocyte progenitors; 5.3% for
enterocytes; 3.6% for Paneth cells; 14.7% for goblet cells; 2.4% for tuft
cells;3.2% for enteroendocrine cells. We note that our stringent removal
ofthe villus fraction during sample preparationislikely to explain the
smaller fraction of enterocyte lineage cells that are found compared
to other reports®*, While annotating epithelial, mesenchymal, and
immune cells we found that, out of a total of 21,183 cells, 1,400 cells
(6.6%) had a very low number of genes, and showed ambiguous and
promiscuous expression. We considered them to be pseudo-cells, pos-
sibly contaminated with ambient RNA floating in single-cell suspension,
and they were removed from further analysis.

Statistical analysis of cell-type composition. To obtain an overview
of cell-type composition, we calculated the fraction of each cell type
by taking the number of a cell type normalized by the total number of
cells for each animal. To detect changes in cell-type composition, we
modelled the number of each cell type asarandom count variable using
aPoisson process. The rate of detection was modelled using the total
number of cells profiled in each condition (RFP* or YFP*) of an animal
as an offset variable, with the condition of each animal (Confetti or
Red20nco) used as a covariate. We fitted the model using the glm func-
tionin the R package stats (v3.6.0). The Pvalue for the significance of
the effect due to oncogene expression was estimated using alikelihood
ratio test on the regression coefficient.

To interpret the fractional change of stem and progenitor cells in
Extended DataFig. 6h, itisimportant to note that the mutant stem cell
fraction may not correlate straightforwardly withthe increased division
rate observed in Red2-Kras®?® and Red2-PIK3CA"**® mice (Extended
Data Fig. 3h, i). Although both mutant and neighbouring WT crypts
show a fractional decrease in stem cell number, the absolute num-
ber of mutant stem cells in both Red2-Kras“?” and Red2-PIK3CA"*R
mice remained comparable to the Confetti and remote WT controls
(Extended DataFig. 6k, 1). Thisimplies that although oncogene expres-
sion increases the division rate of mutant stem cells, it may result in
more rapid production of progenies rather than an increase in stem
cellnumber. If oncogene expression drives anincreased rate of differ-
entiation®, itis more likely that the number of mutant stem cells may
be outweighed by anincreasein the abundance of their differentiating
progenies, leading to a net reduction in the mutant stem cell fraction.
Itis likely that such changes in differentiation bias are responsible for
the significant drop in the fraction of mutant stem cells, as observed
in Extended Data Fig. 6h, I, m.

Asdescribed above, changesin the composition ofimmune and mes-
enchymal cells were also analysed. The results are shown in Extended
DataFig. 8g, h, except for stromal cells1, 3, B cells, macrophages1and



plasmacells, which did not show significant changes in fractions (data
not shown).

Analysis of priming towards differentiation. To understand the origin
of the altered relative proportions of mutant and wild-type epithelial
celltypesin Red20nco mice, we calculated the degree of fate priming
of stem cells and their progenitors using the R package FatelD (v0.1.9)".
We first identified marker genes for each differentiated sub-lineage,
including enterocytes, Paneth cells, goblet cells, tuft cells and enter-
oendocrine cells. To this end, we analysed scRNA-seq data generated
fromsmallintestinal cryptsina previous study®. Weidentified highly
expressed genes in each of the differentiated sub-lineages using the
findMarkers function from the R package scran (FDR <0.05). Asaresult,
the numbers of the marker genes for differentiated sub-lineages were
as follows: 2,497 genes for enterocytes; 4,941 genes for goblet cells;
2,494 genes for Paneth cells; 3,416 genes for tuft cells; 4,660 genes
for enteroendocrine cells. Using the marker genes for differentiated
sub-lineages, we then calculated the fate bias scores of all epithelial
cells for each differentiated sub-lineage using two functions (reclassify
and fateBias) of the FatelD package with default parameter values. We
considered the fate bias scores to be the degree of fate priming. Then
the distribution of the priming scores for stem cells and their progeni-
tors in the Red20nco mice was compared with that from the Confetti
control using the Kolmogorov-Smirnov testin GraphPad Prism 8.

Gene set enrichment analysis (GSEA). Based on prior knowledge,
we selected three major signalling pathways (WNT, BMP and NOTCH)
that substantially affect the stem cell and differentiation potential of
intestinal stem cells>**2 To define gene sets for these pathways, we
curated andreferred to previous studies where the pathways of interest
were considered to be specifically altered inintestinal crypts. Specifi-
cally, asthe gene set for the BMP pathway, we used 293 genes that were
highly expressed in BMP4-treated LGR5" intestinal organoids®. As the
gene set for the WNT pathway, we used 113 genes (MSigDB ID M1428)
that were highly expressed in the intestinal crypts of Apc KO mice*.
As the gene set for the NOTCH pathway, we used 315 genes that were
highly expressed in the intestinal crypts of Atoh1 KO mice ascompared
to DBZ-treated mice™.

Using the manually curated gene sets, we performed GSEA using the
Rpackage AUCell (v1.6.1). Toidentify ‘active’ cells with high enrichment
scores, we fitted the distribution of the enrichment scores using the
AUCell_exploreThresholds function of the R package AUCell and the
cut-off (‘Global_k1’ value) for the high enrichment scores was selected
amongthose suggested by the AUCell_exploreThresholds function. The
fraction of active cells above the cut-off for each pathway is as shown
inFig. 3e and Extended Data Fig. 7m.

See Supplementary Table 2 for the details of the gene sets used in
Fig.3 and Extended Data Fig. 7.

Estimating the degree of transcriptomic change. To estimate the
degree of transcriptomic change for mesenchymal and immune cells,
for each cell type we tested the statistical significance of the distance
between the cell clusters in the Confetti and Red20nco mice using two
different methods.

In the first method, statistical significance was estimated based
on how much larger inter-variability between cell clusters was than
intra-variability. To this end, we defined cell-to-cell variability as
1-(Pearson correlation) for any pair of cells. If two cells from the same
model (either the Confetti control or Red20nco mice) were selected,
the cell-to-cell variability was considered to be the intra-variability.
Onthe other hand, if one cell was selected from the Confetti control
and the other from a Red20nco mice to forma pair, the cell-to-cell vari-
ability was considered to be the inter-variability. The dispersion and
mean of the distributions of the inter-variability and intra-variability
were summarized inthe form of at-statistic. To make a null hypothesis

distribution for this statistic, we randomly sampled cells for each cell
type and formed ‘pseudo-confetti’and ‘pseudo-Red2’ samples, before
calculating the ¢-statistics for the variability; this was repeated 20,000
times and generated an empirical null hypothesis distribution of the sta-
tistics. The significance of larger inter-variability than intra-variability
was tested against this null hypothesis distribution, generating a
Pvalue, Pysg.

In the second approach, we used Augur (v1.0.2), amethod to rank
cell types based on their degree of response to biological perturba-
tionsinsingle-cell data®. Augur uses amachine-learning framework to
quantify the separability of perturbed and unperturbed cells withina
high-dimensional space of single-cell measurements. To feed our data
set to the Augur workflow, we randomly selected Confetticells and split
theminto two groups (Confettiset Aand B) for each cell type. Then we
calculated condition-specific AUC values for each cell type by compar-
ing Confettiset Awith Red20nco mice and Confettiset Awith Busing the
calculate_auc function with subsample_size = 6 and default values for
other parameters. To calculate the null distribution of AUCs for each
celltype and condition, the calculate_auc function was executed again
for Confettiset Aversus Red20nco mice and for Confettiset Aversus B
with subsample_size = 6, augur_mode = ‘permute’, and default values
for other parameters. Using the condition-specific AUCs and their null
distributions, the statistical significance of differential prioritization
between Confetti set A and Red20nco mice and Confettisets A and B
was calculated by running calculate_differential_prioritization func-
tion with default parameter values. To guarantee the robustness of our
results, werepeated the random splitting of the Confetticells followed
by the calculation of the statistical significance of the differential prior-
itisation 50 times, and chose the median Pvalues as the representative
ones (Pycur) for each cell type and condition. Py,g and Pyygur for each
celltype were compared, as shown in Fig. 3i for mesenchymal cells and
Extended Data Fig. 8i forimmune cells.

Gene ontology analysis. Genes that were differentially expressed in
the stromal cell STC2 cluster between Red2-PIK3CA"°*® and Confetti
mice wereidentified using the findMarkers function fromthe R package
scran. We selected 377 genes with Pvalue <0.05 and absolute value of
log,(fold change) > a(=0.259) for gene ontology analysis, where a is
the 95th percentile of absolute values of all log,(fold change). The gene
ontology analysis was performed using DAVID (v6.8)*".

Statistical analysis

GraphPad Prism 8 software was used to perform statistical analyses.
Unless otherwise specified, statistical significance was determined by
applying Student’s ¢-test or analysis of variance (ANOVA) to raw values
from at least three independent experiments.

Sample size, randomization and blinding

The sample size was chosen based on previous experiencein the labora-
tory and the literature'?, No statistical methods were used to prede-
termine sample size. No method of randomization was followed and
no animals were excluded from this study. The investigators were not
blinded to sample allocation during the experiments and assessment
of results.

Extended Data Figure 1.In a, images are representative of two inde-
pendent experiments; b, n=3 mice per group, 10 fields ofimages were
analysed per mouse; c-e, n=5mice per group,100 crypts analysed per
mouse; f,images are representative of two independent experiments;
g, images are representative of two independent experiments.

Extended Data Figure 2.In c-e, n=3 mice per group (R26R-Confetti: 211
clones; Red2-Kras®?":171 clones; Red2-PIK3CA"°*®:142 clones); f,n=3
mice per group, 10 fields of images (2.41 mm?) were analysed per mouse;
i, n=6 mice per group and time point; ini-k, 112,103, 80, 169 clones
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were scored for Conf, 76,78, 87,128 for Red2-wild-type R2N1, 80, 93,129,
178 for Red2-Wild-type R2KR, 81,106, 94,187 for Red2-Wild-type R2P3,
93, 91, 74,118 for Red2-Mutant R2N1, 107, 63, 89, 120 for Red2-Mutant
R2KR,and 121, 61,98, 111 for Red2-MutantR2P3 at4 d, 1w, 2w, 3w after
induction, respectively;j, k, n=6 mice per group.

Extended Data Figure 3.Inb, cande, f, source experimental data, mice
cohortnumbers and clone numbers are asin Fig. 1fand Extended Data
Fig.2i,respectively; g, images are representative of threeindependent
experiments; h,i,n=5mice per group,100 clones analysed per mouse.

Extended Data Figure 4.Inb, n=3 mice per group, 10 images analysed
permouse; ¢, d, n=6 mice per group and time point; R26R-Confettiand
remote WT control data from Extended Data Fig. 2j, k are reproduced
for comparisoninc, d; f, n=6 mice per group and time point; 103, 80,
169 clones scored for Conf, 49, 52,140 for ‘inner’ proximate WT R2KR,
41,47,101for ‘outer’ proximate WT R2KR, 33, 68, 38 for ‘inner’ proximate
WTR2P3,and 31, 69, 50 for ‘outer’ proximate WT R2P3, at 1,2, 3 w after
induction, respectively; g, n = 6 mice per group and time point (here
we reproduced R26R-Confetti control data (Extended Data Fig. 2j) for
comparison, and we regrouped proximate WT data (Fig. 1f) intoinner
and outer clones (f,g)); h, n=6 mice per group and time point; 103, 80,
169 clones scored for Conf, 90, 99, 241 for proximate WT R2KR, 64,137,
88 for proximate WT R2P3, and 78, 87,128 for R2N1-proxat1, 2, 3w after
induction, respectively; analysis based on experimental data presented
inFig.1f; j, n=5mice per group, 100 crypts analysed per mouse.

Extended Data Figure 5.Inb, c, 265 crypts for R26R-Confetti, 326 crypts
for Red2-Kras®?°, and 305 crypts for Red2-PIK3CA™**® were analysed;
inc,datafrombare regrouped and displayed as aviolin plot (the n for
eachgroupis shown); d, e, 265 crypts for R26R-Confetti, 326 crypts
for Red2-Kras®?, and 305 crypts for Red2-PIK3CA™°“® were analysed;
ine, datafromdareregrouped and displayed as a violin plot (the nfor
eachgroupisshown); h, n=3mice per group and time point; 146 clones
scored for Conf, 60 neighbouring 1 mutant cryptand 58 neighbouring
>Imutant crypt for proximate WT R2KR, and 58 neighbouring 1 mutant
cryptand 63 neighbouring >1 mutant crypt for proximate WT R2P3; i,
n=3micepergroup;j, k,n=5mice pergroup, 100 crypts analysed per
mouse; n, n=3 mice per group, 50 images analysed per group; p, 670
crypts for R26R-Confetti, 452 crypts for Red2-Kras®?", and 457 crypts
for Red2-PIK3CA"1°*R were analysed; n=3 mice per group.

Extended Data Figure 6. In b, n for ‘within condition’: 5 except MF
(n=4)andIC (n=2); nfor ‘between condition’: 16 except MF (n=11)
and IC (n=8); see Source Data for statistical significance; h, i, n=2 for
Confetti and Red2-PIK3CA"°® n =3 for Red2-Kras®?"; j-1, n = 4 mice
per group, 100 crypts analysed per mouse; m, n, n=6 mice per group.

Extended Data Figure 7.In c, n=5mice per group; d, e, n=5mice per
group, 100 crypts analysed per mouse; h-j, n =3 mice per group, 50
crypts analysed per group; m, n=2for Confand R2P3, n=3 for R2KR.

Extended Data Figure 8.Ing, h, n=2for Confand R2P3, n=3 for R2KR.

Extended Data Figure 9. In a-d, n=3 mice per group, 50 crypts ana-
lysed per group; e, f,n=5mice per group; h,images are representative
of threeindependent experiments; i, n=3independent experiments;
j,images are representative of three independent experiments; k, ex-
perimental set-up forl, m; I, m,images are representative of organoids
quantified inm, n=3independent experiments; n,n=>5mice per group;
p,n=3independent experiments; q,images are representative of three
independent experiments; r, n=3 independent experiments.

Extended Data Figure 10.In b, ¢, n=3 mice per group, 50 crypt pairs
analysed per group; g, h, n=3 mice per group.

Extended Data Figure 11.Ina, b, n=3 mice per group; ¢, n=3 mice per
group, 212 clones scored for Conf + Veh, Veh: 85, LDN: 78, LGK: 96 for
remote WT R2KR, Veh: 91, LDN: 90, LGK: 113 for remote WT R2P3, Veh:
130, LDN: 108, LGK: 75 for proximate WT R2KR, and Veh: 132, LDN: 81,
LGK: 65 for proximate WT R2P3; d, n =3 mice per group, Veh: 65, LDN:
116, LGK: 96 clones scored for mutant R2KR, and Veh: 82, LDN: 99, LGK:
92 for mutant R2P3; e, n =3 mice per group, Veh: 65, LDN: 116, LGK: 96
clones scored for mutant R2KR, and Veh: 82, LDN: 99, LGK: 92 for mu-
tantR2P3; f, g, n=3 mice per group, 100 crypts analysed per mouse; i,
n=3mice per group, 180 crypts for Lgr5-EGFP-IRES-CreERT2 control,
142 crypts for LgrS-EGFP-IRES-CreERT2;LSL-Kras®?, and 160 crypts for
Lgr5-EGFP-IRES-CreERT2;PIK3CA"*""1%R mice; j, k, n=3 mice per group,
50 cryptsanalysed per group; I, m, n=3 mice per group, 50 crypt pairs
analysed per group.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Extended DataFig.1|Red20ncosystem:anoncogene-associated
multicolour reporter.a, Representative confocal images of mutant clones
from sections (Red2-Notch1'?) or whole mounts (Red2-Kras®?” and
Red2-PIK3CA"19“®) of small intestine from Villin-CreERT2;Red20nco mice 2w
after tamoxifen administration. Crypt borders are marked with agrey dashed
outline. b, Average clone numbers collected from asingle field of image (0.15
mm?) of whole-mount smallintestine from Villin-CreERT2;R26R-Confetti or
Red20nco mice 2 d after tamoxifen administration. c-e, Representative
confocalimages (left) and quantification (right) of EAU" proliferating crypt
cells(c), LYZ' Panethcells (d) and MUC2' goblet cells (e) from sections of small
intestine from Villin-CreERT2;R26R-Confetti or Red20nco mice 4 w after
tamoxifen administration. f, Representative confocalimages of 100-pm-thick
sections or whole mounts of tissues from adult R26R-CreERT2; Red20nco mice

(skinand stomach corpus), Sftpc-CreERT2; Red20nco mice (lung) or
Krt5-CreERT2; Red20nco mice (oesophagus) at1,2 and 4 w after tamoxifen
administration. White dashed line, epithelial lining. 3-catenin stained asacell
membrane marker. SPC marks alveolar typell cellsinlung. g, Representative
confocal images of sectioned mouse embryonic pancreas tissue from the
R26R-CreERT2; Red2-Kras®?” mouse on embryonic day (E)18.5, 6 d after
tamoxifen administration. Magnified panel to the right shows an example of
acinar cellexpansion in developing pancreas. CPAl marks acinar cells.*P<0.05,
**P<0.01,***P<0.0001by one-way ANOVA with Games-Howell’s multiple
comparisonstest (b, ¢) or unpaired two-tailed -test (d, e) from biological
replicates. Dataare mean +s.d. (b) ormean+s.e.m. (c-e).Exact Pvaluesare
presentedin Source Data. Scale bars: 50 pm (a, c-f) or200 pm (g).
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Extended DataFig.2|Oncogenesdrive non-neutral clone expansionin the
mouseintestinal crypt. a, Schematicillustration of clonal events within the
Red20nco system (left) and representative tile scanimages (right). Images are
representative of tissues quantified in h-k. Arrow, WT crypt; arrowheads, fixed
mutantcrypts. b, Representative confocalimages of the base and neck of
crypts.Images are representative of tissues quantified in c. c-e, Strong
correlationbetween clone size at the base and neck of a crypt from
Villin-CreERT2;R26R-Confetti (2 w after tamoxifen administration) or Red20nco
mice (1w after tamoxifen administration). f, Average number of clones per 100
crypts. g, Schematicillustration of mutant (RFP*) and WT (YFP*) clonesin
crypts, remote fromeach other. h, Representative confocalimagesat4d, 1w,
2wand 3w after tamoxifen administration. Images are representative of
tissues quantified ini-k. Red2-Wild-type: remote YFP' clones; Red2-Mutant:

Clone fraction 0 [l 1

RFP*clones. i, Heat mapsindicate therelative clone fractions of the indicated
sizes (columns) at various time points afterinduction (rows). Data are
meants.e.m.j, k, Average clonesize (j) and percentage of monoclonal crypts
(k) at different time points after tamoxifen administration. Asterisks for
statistical significance omitted in graphsinj, k for better visualization.
Confocalimages of smallintestine are from Villin-CreERT2;R26R-Confetti
(a,b,h) or Red20ncomice (a, h). Cryptborders are marked with a white dashed
outline (a, b). Significance (*P<0.05; **P<0.01; ***P<0.0001) was determined
by unpaired two-tailed Pearson’s correlation test (c-e), one-way ANOVA with
Games-Howell’s multiple comparisons test (j) or unpaired two-tailed t-test (k)
frombiological replicates. Dataare mean +s.d. (f) or meants.e.m. (j, k). For
exact Pvalues, see Source Data. Scalebars:100 um (a, b) or 50 pm (h).
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Extended DataFig. 3 | Biophysical modelling of mutant clone expansion.
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(Supplementary Theory). Analysisina,d based ondatainc, f, respectively.
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Points show data, lines show model prediction at optimal parameter values.
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g, Representative confocalimages of cleaved caspase-3"apoptotic cells. A
single cleaved caspase-3*apoptoticcellin the villus tip isindicated by the white
arrow as apositive control. h, i, Representative confocalimages (h) and
quantification (i) of EAU* proliferating crypt base columnar cells. Whole mount
of smallintestine from Villin-CreERT2;R26R-Confetti or Red20ncol1w (g) or2w
(h, i) after tamoxifen administration. *P<0.05,**P< 0.01, ***P<0.0001;
unpaired two-tailed t-test (i) from biological replicates. Dataare mean +s.e.m.
(b, c, e, f,i). Exact PvaluesinSource Data.Scale bars: 50 pm (g) or 25 um (h).
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Extended DataFig. 4 |See next page for caption.
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Extended DataFig. 4 |Mutant crypts perturb clonal dynamics of WT cellsin
neighbouringcrypts. a, Representative confocal images of tissues quantified
inb. Fixed (monoclonal) WT crypts areindicated by white arrows. b, Percentage
of monoclonal WT smallintestinal crypts. c,d, Average clone size (c) and
percentage of monoclonal crypts (d) of remote and proximate WT (YFP*)
clonesatdifferenttime points after tamoxifen administration. e, Schematic
illustration of proximate WT clonesin relation to fixed mutant crypts.

f,Heat mapsindicate therelative clone fractions of the indicated sizes
(columns) at various time points afterinduction (rows). Dataare mean +s.e.m.
g, Average clone size of proximate (inner and outer) WT (YFP") clones at
different time points after tamoxifen administration. h, Average clone size
(0)/360° of WT (YFP*) clonesin crypts neighbouring fixed mutant cryptsas a
functionof time t afterinduction. Dataare mean+s.e.m.Bluelineshowsafit to

thesquare root dependence predicted by the neutral drift model
(Supplementary Theory). Orange line shows the 95% confidence interval.

i, Schematicillustration of factors that affect rate of clonal drift
(Supplementary Theory). j, Representative images (left) and quantification
(right) of OLFM4*ISCs. Arrows, proximate WT crypts; arrowheads, fixed
mutant crypts; grey dashed outlines, cryptborders. Confocalimages of whole-
mount smallintestine are from Villin-CreERT2;R26R-Confetti or Red20nco mice
(a) and Lgr5-EGFP-IRES-CreERT2;Red20nco mice (j) 2w after tamoxifen
administration.*P<0.05,**P<0.01,***P<0.0001; one-way ANOVA with Games-
Howell’s multiple comparisons test (c, g) and unpaired two-tailed t-test (b, d, j)
frombiological replicates. Dataare mean +s.e.m. (b-d, f-h) ormean +s.d. (j).
For exact Pvalues, see Source Data. Asterisks for statistical significance
omitted ingraphsinc,d, g for better visualization. Scale bars, 50 pm (a, j).
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Extended DataFig. 5| Reduced effective stem cellnumber leads to
accelerated drift dynamics. a, Original image (left) was thresholded (top
right) and outlined (bottom right) to measure crypt size and circularity. Image
representative of tissues quantified inb-e. b-e, Scatter and violin plots display
size (b, ¢) and circularity (d, €) of WT crypts against distance from nearest fixed
mutant (RFP*) crypt.f, g, lllustration (f) and confocalimages (g) of clones
representative of tissues quantifiedinh, i. h, Heat mapsindicate relative clone
fractions of givensizes. Dataare mean +s.e.m. i, Percentage of monoclonal
crypts of proximate WT (YFP®) clones. j, k, Confocal images (j) and
quantification (k) of EGFP* (LGR5") ISCs. Images representative of tissues
quantifiedink, 1. White dashed lines, EGFP* cellsin WT crypts. 1, Violin plots
display size of WT cryptsinrelation to multiplicity of neighbouring mutant
crypts.nforeachgroupisshown.m, n,Representative confocalimages of
Red20ncointestine (m) and fractions of WT crypts fromsingle field (0.15 mm?;
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fusion eventin‘8-shaped crypts’’. Images representative of tissues quantified
inp.p, Percentage of crypts undergoing crypt fission (upper) or fusion (lower).
Whole mount of smallintestine from Villin-CreERT2;R26R-Confetti or Red20nco
mice (a-i, m, o, p), and Lgr5-EGFP-IRES-CreERT2;Red20nco mice (j, k) at
indicated time points. Proximate WT crypts and fixed mutant crypts indicated
by white arrows and arrowheads, respectively (g,j). Crypt borders marked by
dashed grey outlines (g,j,0).Inb, d, blueshaded areaand red dashed line
indicate 95% confidence interval of R26R-Confetti controls and average
distancebetween the centre of fixed mutant crypt and proximate WT crypts,
respectively.*P<0.05,**P<0.01,***P<0.0001; unpaired two-tailed t-test

(c,e, i, k,1,p).Dataaremean+s.d. (i,k, n) ormean +s.e.m. (h, p). For exact
Pvalues, see Source Data.Scale bars,50 um (a, g,j, m, 0).
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Extended DataFig. 6 |See next page for caption.



Extended DataFig. 6| Oncogene-drivensignalling changes. a, FACS sorting
strategy toisolate cells from Confettiand Red20ncotissue.R1, live; R2, singlet;
R3, mesenchymal/immune (EPCAM"); R4, epithelial EPCAM*); R5, mutant-
epithelial (RFP*); R6, WT epithelial (YFP*); R7,immune (CD45"); RS,
mesenchymal (CD45°). b, Box plots showing distributions of Pearson
correlation coefficientsin averaged log,-transformed normalized UMIs for cell
typesacross all pairs of mice from the same (white) and between different
(grey) conditions. c, UMAP of epithelial cells detected by Louvain. k, k nearest-
neighbour value.d, UMAPs showing distribution of averaged expression of
marker genes. Colour bars, average log,-transformed normalized UMIs. Top
left from Fig.3b. e, Heat map representing marker expression for epithelial
cells. Coloured panel (left) groups marker genes (right) for cell types. Colour
bar, auto-scaled log,-transformed normalized UMIs. f, Heat maps representing
differential gene expression for epithelial cellsin Red20nco compared to
Confetti. Parentheses, number of differentially expressed genes. Colour bar,

log,(fold change) (Supplementary Table1). g, UMAPs showing distributions of
mutant (RFP") and WT (YFP*) epithelial cells for Confettiand Red20nco mice.

h, i, Fractions of mutant (h) and WT (i) epithelial cells in Red20nco and Confetti
mice.See Fig.3c for other WT data. j-1, Confocal images (j) of EGFP* cells,
representative of tissues quantified for stem cell number (k) and fraction (I). In
j.whitearrowsindicate WT crypts proximate to mutant (MT) crypts. White
dashed lines mark crypts. Scalebars, 25um. m, n, FACS plots (m) and
quantification (n) of EGFP" stem cell fractions from R5 or R6 (a). Small intestine
from Lgr5-EGFP-IRES-CreERT2;Red20nco 2 w after induction (clonal dosage
(0.2mgper 20 gbody weight) for j-1, mosaic dosage (4 mg per 20 gbody
weight) form, n). *P<0.05,**P<0.01,***P<0.0001; n.s., statistically not
significant, P>0.05; two-sided Kolmogorov-Smirnov test (b), two-sided
likelihood ratio test (h, i) and one-way ANOVA with Games-Howell’s multiple
comparisonstest (k,1,n). Dataaremeants.e.m. (h,i,k,I) ormeants.d. (n).For
exact Pvalues, see Source Data.
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Extended DataFig.7|Mutantcryptinduces primed differentiation.

a,b, Priming scores of stem (SC) and transit-amplifying (TA) cells of mutant (a)
and WT (b) crypts towards secretory and enterocyte lineages in Red20nco and
Confettimice.Blackline, 50th percentile; dashed lines, 25th and 75th
percentiles. Green and black asterisks, higher and lower in Red20nco thanin
Confetti,respectively.c, qPCR of lineage markers (LgrS$, ISC; Clcal, goblet cell;
Fabpl, Alpi, enterocyte; Mki67, proliferation) using sorted RFP*and YFP* cells
from Villin-CreERT2;R26R-Confettior Red20nco mice 2 w after tamoxifen
administration. d, e, Confocal images (d) and quantification (e) of MUC2*
gobletcells. f, h-j, Images (f) from RNA in situ hybridization of enterocyte

marker Fabpl and quantificationinremote WT (Remote_R2KR, Remote_R2P3;
h), proximate WT (Prox_R2KR, Prox_R2P3; i) and mutant crypts (MT_R2KR or
MT_R2P3;j) along cryptaxis. Inf, Fabpl® cellsinlower crypts (below +8) marked
by white arrow. g, lllustration of cellular localization along crypt axis. Position

Cell position in the crypt

Oiscryptbasecell.k,I, UMAPs showing distributions of enrichment scores for
BMP (k, left), WNT (k, right), and NOTCH () pathways in epithelial cells of
Red20nco and Confettimice. Colour bars, enrichment scores. m, Fractions of
‘active’ cells with high enrichment scores for NOTCH pathway in mutant (MT)
and WT epithelial cells from Red20nco and Confetti mice. Smallintestine
sections from Villin-CreERT2;R26R-Confettior Red20nco 2 w after tamoxifen
administration (d, f). WT and mutant crypts marked with white and grey
dashed outlines, respectively (d, f). Remote WT incrypts separated by >3 crypt
diameters from mutant crypts. Proximate WT in crypts neighbouring fixed
mutantcrypts.*P<0.05,**P<0.01,**P<0.0001; two-sided Kolmogorov-
Smirnov test (a, b), unpaired two-tailed t-test (c, e, h—j) and two-sided
likelihood ratio test (m). Dataare mean +s.e.m. (c, e, m) or mean =s.d. (h-j).
For exact Pvalues, see Source Data. Scalebars, 50 pm (d, f).



a d ; e f
Immune cell clusters Ligand expression Fzd7
in STC1,2,3
®BC eDC © . [Repas S¥Pressing £ Tuft{e o - - - .
e PLC oTC ceds o % 4 T @@ - °
20 ® Mono ®MP1 o [Hgf ® 40 [ N Stemle@e s - - - . - @
® MP2 Ccl9 60 i .
1 > Paneth{« @
o~ Cxelts
% <« IDKkk3 .10 Goblet{ - ® - o - - e
» O +  |wntsa & 20 EEC].- « - @ - -+ - + @
= - frgm2 :38 7
EP .
.. |Tgm3 oe- ¢
20 ® -(Bmps g Average Ent] e@® - -
- o -lGremt 9% expression o5 Ho ‘ag\qu;b{b @
o -l ®6 4 M %4‘6%63(\9(\
@ o|ighps @8 I ¥y
9top: Avg Avg. expression % expressing
999 epresson ° .o
000 e 1012 102030
=N -10 1
Celitype g 05 Fractions of mesenchymal cells  h Fractions of immune cells i Degree of transcriptomic
ENC ~ 7 gggr&fR T gggr&fR change in immune cells
GLC
i VR2P3 . VR2P3 . :’\Bn; :’aiz:’;"fg" O R2KR
= 04 = o = Ars
Scn7a STC1 =]
Apoe sTC2 - -
51006 sTC3 < . . -
E=] O - - o
e C 0.2+ = ~
Crip1 - g
Scba ol u =
Anot 2%
118r1 2
Myl9 n.s @
Adta2 5 01+ g g
Myh11 :
Pdgfra
Adamdect 1
o |
fmemizea || L1 ok : : o 1 2 3 4
’ STC2MF IC ENCGLC DC Mono MP2 TC ~10g(Pyae)
o s
§ 0 J GO for STC2 (Conf vs R2P3) k STC2 (872) ENC (540) ~ Glial 270) IC (333)
N | «Tgfbr2 Fnl %
Negative regulation of _m Igfbp6 Vim |
-05 BMP signaling pathway ‘l—Mm 2 .
i “ighops : |
I Wound healing —m i
-1
Cellty Cell adhesion Ny —
ell type
BC Regulation of cell _m MF STC1(1070) STC3 (590)
bC proliferation
M Canonical Wnt
lono g ” -
MP1 signaling pathway
MP2 Extraoellular-ma;nx _ \\\“
PLC organization
TC 0 1 2 3 4 R2KR R2P3
-log,, (p-value) R2KRR2P3 R2KRR2P3
| Bcell (614) DC (1393) MP1(1588)
Mono (615) DEG for STC2 (Confvs R2P3)
\ «Fnt
& |
4 | - Igfbp6
I T, \ I En
3 4 |
05 § stpg I
) pos & WIgSﬁPZ
5 Sfrpt “jd2 » Col6a2
= ?j(b}f : £ o g5l FZ:’# Tg'mTim.p‘ngdsaz
chain T £ -
e & ° £, T, Siiipps
- Mzb1 N 2 Coi8at
—— ) o :
E— «Tghi W ‘
[ — R2KR R2P3 05 Y 0 1 2
E R2KRR2P3 R2KRR2P3 R2KRR2P3 log,fold change)
Wild-type neighbor PI3K activation

microenvironmental changes

BMPs 4 @‘(

ISC

Normal

PI3K-driven

O

I1SC

BMPs4 ‘»(Rspos&

changes

SFRPs 4

ISC

Extended DataFig. 8 |See next page for caption.
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Extended DataFig. 8| Mutation-induced environmental changes. a, t-SNE
representingimmune cells from Confetti and Red20nco mice.b, ¢, Heat maps
representing differential expression (DE) patterns for mesenchymal (b) and
immune (c) cells from Red20nco and Confetti mice: top 300 genes or less
(FDR<0.05, pairwise t-test). Colour bar, averaged Z-scores of log,-transformed
normalized UMIs. d, Secretion factor expression in stromal clusters for
Confetti.Ind, f, dot size denotes percentage of cells expressing gene; colour
shows average expression. e, UMAPs showing expression of Bmprla and Fzd7in
epithelial cells. Colour bar, log,-transformed normalized UMIs. Inset from
Fig.3b.f, Dot plots showing expression of receptors upstream of BMPand WNT
pathways for epithelial cells. g, h, Fractions of mesenchymal (g) and immune
(h) cellsinRed20nco and Confetti mice. Dataare mean +s.e.m. Two-sided
likelihood ratio test: *P<0.05, **P<0.01; n.s., statistically not significant
(P>0.05).i,Degree of transcriptomic change forimmune cells estimated by

cell-to-cell variability (Py,g) or separability of perturbed and unperturbed cells
(Pyucur)- Dotted lines show —log,,(0.01). Dot colour denotes cell type; dot shape
shows Red20nco.j, Enriched biological processes from gene ontology (GO)
analysis of DE genes in STC2 of Red2-PIK3CA™"°*® mice relative to Confetti. One-
sided Fisher’s exact test. Dotted line, -log,,(0.05). k, I, Heat maps representing
DE genesand their numbers (in parentheses) for mesenchymal (k) and immune
(I) cellsin Red20nco mice compared to Confetti. Colour bar, log,(fold change)
(Supplementary Table 3). m, Volcano plot representing DE genesin STC2 of
Red2-PIK3CA"1°“F mice relative to Confetti. Two-sided pairwise t-test. Red dots,
genes forbiological processesinj. Vertical dotted lines, absolute value
oflog,(fold change) =0.259; horizontal, -log,,(0.05). n, Model of direct and
indirect cross-talk between mutantand WT cryptsin Red20nco mice.BC, B cell;
DC, dendritic cell; Mono, monocyte; MP1,2, macrophage1,2; PLC, plasmacell;
TC, Tcell. Forexact Pvalues, see Source Data.
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Extended DataFig. 9 |Mutant clonessecrete functional BMP ligands.

a-d, Representative insitu hybridizationimages and quantification of Axin2
(a,b)and/dI(c,d) onsections of smallintestine from Villin-CreERT2;R26R-
Confettior Red20nco mice 2 w after tamoxifen administration. Arrowheads,
fixed mutant crypts. Crypts are marked with dashed outlines.e, f,qQPCR
analysis of Axin2 (e), and Id1 (f). g, Experimental set-up for h-j. h, Bright-field
images of intestinal organoids after 2 days of treatment. The number and size
of crypt-like budding structures arereducedin treated organoids. i, qQPCR
analysis of lineage markers. j, Representative images of LGRS-EGFP organoids
show thatthe number of LGR5" cells decreases following treatment.

k, Experimental set-up for I, m.1, m, Bright-field images (I) and quantification
(m) of intestinal organoids after 6 days of culture in WENR medium.n, qPCR
analysis of BMP ligands (Bmp2and Bmp?). o, Experimental set-up for p. p, qPCR

analysis of /d1 using WT organoids after the CM treatment. q, Bright-field
images of intestinal organoids from Villin-CreERT2;R26R-Confetti or Red20nco
mice 1month after tamoxifen administration. Insets, RFP expressioninthe
mutantorganoids. r,qPCR analysis of WT and mutant organoids culturedin
ENRmedium.Ine,f,n,sorted RFP" or YFP* cells from Villin-CreERT2;R26R-
Confettior Red20nco mice 2 w after tamoxifen administration (4 mgper20g
body weight, mosaic dosage) were analysed. *P<0.05,**P<0.01, **P<0.0001;
one-way ANOVA with Games-Howell’s multiple comparisons test (b, d) and
unpaired two-tailed t-test (e, f, i, m, n, p, r). Quantification graphs show data
fromthreeindependent experiments (i, m, p, r). Dataare mean +s.d.
(b,d,i,m,p)ormeants.e.m.(e,f n,r).ForexactPvalues,see Source Data.
Scalebars: 50 pm (a, ¢, h), 100 pm (j, q) and 500 pm (I).
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Extended DataFig.10 |Mutant clonesdrive niche stromal remodelling.

a, Heat map showing marker gene expression for STC2 among mesenchymal
cells. Colour bar, averaged Z-scores of log,-transformed normalized UMIs over
allcellswithina cell type in Confettimice.b, ¢, Representative multiplexed
insitu hybridizationimages (b) and quantification (c) of Sfrp2in GremI* cellson
smallintestine sections from Villin-CreERT2;R26R-Confettior Red20nco mice
2w after tamoxifen administration. Arrowheads, fixed mutant crypts; grey
dashed outlinesindicate crypts; arrows, GremI*STC2 cells.d, Heat map
showing expression of marker genes and secreted factorsin STC1, 2 from
Red20nco and Confettimice. Colour bar, averaged Z-scores of log,-transformed
normalized UMIs over all cells within a cell type and condition. e, Projection of
Pdgfraexpression (middle) onto UMAP from Fig. 3f (left) for comparison.
Projection of Cd81 expression onto Pdgfra® cell clusters (STCL, 2) (right).

Colour bar, log,-transformed normalized UMIs. f, Sorting strategy toisolate
STC2 fromintestinal mesenchymal cells by FACS. R1, non-immune cells
(CD45%); R2, mesenchymal cells (EPCAM"); R3, PDGFRA" population.g, qPCR of
STC2 markers (Cd81, GremI), STC1marker (Frzb) and secreted WNT modulators
(Rspo3, Sfrp2, Sfrp4) using sorted CD45"EPCAM PDGFRA°CDS81" cells (STC1) or
CD45 EPCAMPDGFRA"°CDSI" cells (STC2) from Villin-CreERT2;R26R-Confetti
or Red20nco mice 2 w after tamoxifen administration. h, qPCR of telocyte
markers (Pdgfra, Fox!I) using sorted STC1,2and PDGFRA" telocytes. *P< 0.05,
**P<0.01,***P<0.0001; one-way ANOVA with Games-Howell’s multiple
comparisonstest (c) and unpaired two-tailed t-test (g, h). Dataare mean £ s.d.
(c,g) ormean s.e.m. (h). For exact Pvalues, see Source Data. Scale bars, 25 um
(b).



[=3

a 15+ 1a1 c .
: veh
s cont _E‘ 2 w g +LDN
9 g |Rexr i ” |2 g«
5107 S| & Tl 5 +LGK
o
E > & [R2P3 { h . E
-4 S| | tveh
D
%_ 0.5 >§ R2KR ﬂ—uj & é +LDN
& Clropz | HHH < +LGK
@
0.0 T T T T T B |R2KR A » Clone fraction 0 ol
od 2d 4d 7d 14d E one facton
LDN193189 treatment 2| & |R2P3 it €
Q Conf |
b 1.5 . -
: -8 Axin2 + | x |R2KRp » S
- 9 4 R2KR HHE
ke - Lgrs Q| pop3 _H R +
%104 . w | R2P3 GHa:
S = . ]
E 2 RakR- Th b Z ‘ES R2KR - t
& 05 §|&IRePe Wi B = 7S | rops <
3 2 & | & @
3 *| 5 |RHR 1 @e+%-e 3 s|ClRer 4
w
0.0 ; ; ; ; ; % | R2pP3 < %ﬁ < :‘ R2P3 <Heq
0d 2d 4d 7d 14d —TT T T T .
LGK974 treatment 0 25 50 75 0 25 50 75 100
f Monoclonal wild-type Monoclonal wild-type
= crypt fraction (%! crypt fraction (%!
2
S
©
~ g (X1000)
endo Kras®'?® B
x 2 _ o
< 5} € 4 P
5 2 >
E g’
4 N
endo p-Akt v 3 2
g = 51
§ 3 °
* 0
L5 enKRenP3
i k | m
2.59 3

enkR

Avg # of Bmp2 dots / crypt cell

enP3

enkR

Extended DataFig.11|Functional validation of oncogene-driven niche
remodelling. a,b, qPCRanalysis of /d1 (a), Axin2 and Lgr5 (b) after
administration of indicated inhibitor. ¢, Fraction of monoclonal WT (YFP*)
cryptsremote from (Remote) or proximate to (Prox) mutant cryptsin
Red20ncomice.d, Heat mapsindicate relative clone fractions of the indicated
sizes. Dataaremean+s.e.m.e, Fraction of monoclonal (RFP*) mutantcryptsin
Red20nco mice.f, g, Representative confocal images (f) and quantification (g)
of EGFP* (LGR5") ISCs. Images are representative of tissues quantified in g.
Arrows, proximate WT crypts; arrowheads, fixed mutant crypts.

h, Representative confocalimages of whole-mount smallintestine. Images are
representative of tissues quantified ini. Arrowheads, fixed mutant crypts.

i, Violin plots of proximate WT crypt size. j, k, RNA in situ hybridization (j) and
quantification (k) of Bmp2. Arrowheads, fixed mutant crypts.
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Avg # of Rspo3 dots / Cd871+ cell

I, m, Representative multiplexed in situ hybridizationimages (I) and
quantification (m) of Rspo3in Cd8I’ cells. Arrow: Cd81-positive STC2 cells;
Arrowheads, fixed mutant crypts. Whole mount (f-i) and sections (j-m) of
smallintestine from Lgr5-EGFP-IRES-CreERT2 control (L5), Lgr5-EGFP-IRES-
CreERT2;LSL-Kras®?” (enKR) or PIK3CA“ 1947k (enP3) mice 2 w after tamoxifen
administration. Inc-e, graphs show data collected 2 w after concomitant
administration ofindicated drug and tamoxifen. Cryptborders are marked by
dashed outlines (f, h,j, I).Inf, h,j, 1, white (f, h) or red (j,1): immunostaining for
mutant KRAS(G12D) inenKR, or p-AKTinenP3.*P<0.05,**P<0.01,
***P<0.0001; one-way ANOVA with Games-Howell’s multiple comparisons test
(k, m) and unpaired two-tailed t-test (c, e, g, i). Dataaremean +s.d. (a,b, g, k, m)
ormeanzs.e.m.(c,e). Forexact Pvalues, see Source Data. Scale bars: 50 pm

(f, h,j)and 25um (I).
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Extended DataFig.12|Apc mutationinducesreductionofstemcellsin
neighbouring wild-typecrypts. a, b, Representative confocal images of small
intestine from Villin-CreERT2; Apc”/ mice at 2 w after tamoxifen administration
(a) and from Apc"™* mice at 12 weeks of age (b). Images are representative of
twoindependent experiments. OLFM4 staining shows areduced number of
stem cellsinwild-type crypts neighbouring mutant crypts. Grey dashed
outlines, Apc mutant foci (Villin-CreERT2; Apc™) or polyps (Apc™™*); white
dashed outlines, cryptborders. Scale bars, 50 um. ¢, Bright-field images of
intestinal organoids after 7 days of culture in ENR medium. Images are
representative of threeindependent experiments. Note that organoids from
Villin-CreERT2; Apc”’ mice form spheroids in ENR medium. Scale bars, 500 pm.
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d, qPCRanalysis of WNT target gene (Axin2) and secreted WNT inhibitory
factors (Dkk2, Wifl and Notum) following Apc deletion. Dataare mean +s.d.
n=3independentexperiments.*P<0.05,**P<0.01,***P<0.0001; unpaired
two-tailed t-test. e, f, Representative multiplexed in situ hybridizationimages
of Axin2 and Wifl (e) and Lgr5 and Notum (f) on sections of smallintestine from
Villin-CreERT2; Apc”’ mice 2 w after tamoxifen administration. Images are
representative of twoindependent experiments. Axin2 (e) and Lgr5 (f) staining
shows areduced number of stemcellsin wild-type crypts neighbouring Apc
mutant crypts. Grey dashed outlines, Apc mutant foci (Villin-CreERT2; Apc”);
white dashed outlines, crypt borders. Scalebars, 50 pm.
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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.
n/a | Confirmed

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.

X X X

A description of all covariates tested

X X

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

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)

X

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

X

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

OXX O 00 000 O 00

X L]

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  The confocal (Leica SP5) images generated were merged and displayed using the LAS software (v2.8.0, Leica). Flow cytometry cell sorting was
performed on a MOFLO system using the Summit software (v5.2, Beckman Coulter) or on a SH800S Cell Sorter using SH800 software (v2.1.5,
Sony). Organoids were imaged and counted using an EVOS M7000 microscope using EVOS M7000 Revision software (v2.0, Thermo Scientific).
Realtime PCR was performed on StepOnePlus™ Real-Time PCR System (Thermofisher).

Data analysis Confocal images were processed and analyzed using ImageJ (1.52e). Statistical analysis were performed using GraphPad Prism (8.00) unless
otherwise specified. Flow cytometry data analysis were performed using a FACSAria sorter using FlowJo software (v10.6.2, BD). The
mathematical modelling and simulation based on clonal data was carried out using FORTRAN (G95 compiler). The analysis of single-cell RNA-
seq data was performed using publicly available softwares and R packages as follows. The raw data from single-cell RNA-seq experiment using
the 10X Genomics platform were processed using CellRanger (v2.1.1, https://support.10xgenomics.com/single-cell-gene-expression/software/
downloads/latest). CellRanger aligned reads, filtered empty dropouts and counted unique molecular identifiers (UMlIs) to generate a count
matrix. Ensembl GRCm38/mm10 (release 92) appended with the sequences for tdimer2 (RFP) and EYFP was used as the reference genome for
the read alignment. The filtration of empty droplets was checked with R package DropletUtils (v1.2.2, https://bioconductor.org/packages/
release/bioc/html/DropletUtils.html). UMIs were normalised using a deconvolution method in R package scran (v1.12.1, https://
bioconductor.org/packages/release/bioc/html/scran.html). Dimension reduction of normalised UMI data was performed by PCA combined
with technical noise modeling which was implemented in denoisePCA() function in R package scran. The data were projected using two-
dimensional Uniform Manifold Approximation and Projection (UMAP) or t-Distributed Stochastic Neighbor Embedding (t-SNE) with default
parameter setting. Based on gene expression, cells were clustered using a graph-based method which was implemented by buildSNNGraph
function in R package scran and walktrap method from R package igraph (v1.2.4.1, https://igraph.org/r/) with default option (steps = 4). After
annotating cell types based on marker gene expression, the fraction of cell types for all conditions were calculated. The fractional changes
between conditions were tested using R package stat (v3.6.0, http://www.R-project.org/). To evaluate the degree of priming of stem cells
toward sub-lineages, the fate bias of stem cells and their progenitors was calculated using R package FatelD (v0.1.9, https://github.com/
dgrun/FatelD). The distributions of priming cores were compared between conditions using Kolmogorov-Smirnov test (ks.test function) in R
package stats (v3.6.0). To detect signaling pathways contributing stem cell priming, gene set enrichment analysis was performed using R
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package AUCell (v1.6.1, https://bioconductor.org/packages/release/bioc/html/AUCell.html). To calculate the degree of transcriptome change
for each cell type, Augur (v1.0.2, https://github.com/neurorestore/Augur) was used. To understand transcriptional change caused by
oncogene expression, gene ontology analysis was performed using DAVID (v6.8, https://david.ncifcrf.gov/). The custom codes and data used
for clonal analysis and single-cell RNA-seq analysis are deposited in GitHub (https://github.com/BenSimonsLab/Yum_Nature_2021).

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 Research 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
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The single-cell RNA-seq data we generated for this study has been deposited in ArrayExpress under E-MTAB-8656. The reference genome sequence was
downloaded from the Ensembl (http://www.ensembl.org/Mus_musculus) and used for alignment of the single-cell RNA-seq data. To evaluate stem cell priming,
single-cell RNA-seq data was downloaded from the Single Cell Portal (https://portals.broadinstitute.org/single_cell/study/small-intestinal-epithelium) and used to
define gene sets for differentiated sub-lineages of epithelial cells. The lists of marker genes used to annotate types of epithelial, mesenchymal, and immune cells in
Fig. 3b, f and Extended Data Fig. 6d, 8a, b, c are given in Supplementary Tables 1 and 3. Gene sets used in Fig. 3d, e, and Extended Data Fig. 7a, b, k, |, m are
provided in Supplementary Table 2. All source data supporting the findings of this study are provided together with corresponding figures.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

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

Sample size No statistical methods were used to predetermine sample size for experimentation. Sample size was determined based on our experience and
the known literatures (n=3-6). (DOI: 10.1126/science.1196236. and DOI: 10.1016/j.cell.2010.09.016)

Data exclusions  No data were excluded from the analysis

Replication Experimental data was replicated using at least 2 independent biological samples (Precisely stated in the figure legends) with similar results.
For organoid experiments, indepedndent experiments refer to fully independent cultures starting from different animal. Single cell mRNAseq
experiments were replicated using at least 2 independent biological samples per condition.

Randomization  Based on their genotype, randomized cohorts including both male and female animals were distributed in an unblinded manner into the
experimental time points for analysis

Blinding The investigators were not blinded to allocation during experiments and outcome assessment. Blinding was not possible as the mice had to be
genotyped by PCR before the analysis. Computational analysis required proper identification of sources, and this was also not suitable for
blinding.

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 7 Involved in the study
Antibodies [] chip-seq
[ ] Eukaryotic cell lines [ 1IIX| Flow cytometry
[ ] Palaeontology and archaeology [ ] MRI-based neuroimaging
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Antibodies

Antibodies used

Validation

Goat polyclonal anti-CPA1 R and D Systems Cat# AF2765 1:200

Rabbit monoclonal anti-OLFM4 Cell Signaling Cat# 39141 1:100

Rabbit monoclonal anti-Phospho-p44/42 MAPK(Erk1/2) Cell Signaling Cat# 4370 1:100
Rabbit monoclonal anti-Phospho-Akt (Ser473) Cell Signaling Cat# 4060 1:100 or 1:50
Rabbit polyclonal anti-Cleaved Caspase 3 Cell Signaling Cat# 9661 1:200

Rabbit polyclonal anti-Ras (G12D Mutant specific) Cell Signaling Cat# 14429 1:100 or 1:250
Rabbit polyclonal anti-beta-catenin Santa Cruz Cat# sc-7199 1:200

Mouse monoclonal anti-beta-catenin Sigma cat# 05-665 1:50

Goat polyclonal anti-RFP SICGEN Cat# AB8181-200 1:50

Rabbit polyclonal anti-SPC Merck Millipore Cat# AB3786 1:300

Rabbit polyclonal anti-LYZ DAKO Cat# A009902-2 1:200

Rabbit polyclonal anti-MUC2 Abcam Cat# ab90007 1:200

Rabbit monoclonal anti-NOTCH1 Abcam Cat# ab52627 1:100

Rat monoclonal anti-CD45 APC conjugated BD Pharmingen Cat# 559864 1:125

Rat monoclonal anti-CD326 (EpCAM) PE/Cy7 conjugated Biolegend Cat# 118216 1:125
Armenian Hamster monoclonal anti-CD81 PE conjugated Biolegend Cat# 104906 1:125
Rat monoclonal anti-CD140a (PDGFRA) BV421 conjugated Biolegend Cat# 135923 1:125
Goat anti rabbit IgG HRP conjugated Perkin EImer Cat# NEF812001EA 1:500

Donkey Anti-Rabbit IgG Alexa Fluor 647 conjugated Invitrogen Cat# A32795 1:500
Donkey Anti-Mouse IgG Alexa Fluor 647 conjugated Invitrogen Cat# A32787 1:500
Donkey Anti-Goat IgG Alexa Fluor 647 conjugated Invitrogen Cat# A32849 1:500

Horse Anti-Rabbit IgG HRP Vectorlab Cat# MP-7401-50 1:500

Donkey Anti-Goat IgG HRP Genetex Cat# GTX232040-01 1:500

Concentration of each antibody is detailed in the manuscript as well.
Primary antibodies for immunostaining:

Goat polyclonal anti-CPA1 R and D Systems Cat# AF2765: The antibody guarantee covers the use of detecting mouse
Carboxypeptidase A1/CPA1 in direct ELISAs and Western blots.
https://www.rndsystems.com/products/mouse-carboxypeptidase-al-cpal-antibody_af2765

Rabbit monoclonal anti-OLFM4 Cell Signaling Cat# 39141: The antibody guarantee covers the use of detecting mouse OLFM4 in
Western blot, Immunoprecipitation, Immunohistochemistry and Immunofluorescence.
https://www.cellsignal.com/products/primary-antibodies/olfm4-d6y5a-xp-rabbit-mab-mouse-specific/39141

Rabbit monoclonal anti-Phospho-p44/42 MAPK(Erk1/2) Cell Signaling Cat# 4370: The antibody guarantee covers the use of detecting
phospho-p44/42 MAPK(Erk1/2) from Human, Mouse, Rat, Hamster, Monkey, Mink, D. melanogaster, Zebrafish, Bovine, Dog, Pig and
S. cerevisiae in Western blot, Immunoprecipitation, Immunohistochemistry, Immunofluorescence and Flow Cytometry.
https://www.cellsignal.com/products/primary-antibodies/phospho-p44-42-mapk-erk1-2-thr202-tyr204-d13-14-4e-xp-rabbit-
mab/4370

Rabbit monoclonal anti-Phospho-Akt (Ser473) Cell Signaling Cat# 4060: The antibody guarantee covers the use of detecting
pPhospho-Akt (Ser473) from Human, Mouse, Rat, Hamster, Monkey, Mink, D. melanogaster, Zebrafish and Bovine in Western blot,
Immunoprecipitation, Immunohistochemistry, Immunofluorescence and Flow Cytometry.
https://www.cellsignal.com/products/primary-antibodies/phospho-akt-ser473-d9e-xp-rabbit-mab/4060

Rabbit polyclonal anti-Cleaved Caspase 3 Cell Signaling Cat# 9661: The antibody guarantee covers the use of detecting cleaved
Caspase 3 from Human, Mouse, Rat and Monkey in Western blot, Immunoprecipitation, Immunohistochemistry,
Immunofluorescence and Flow Cytometry.
https://www.cellsignal.com/products/primary-antibodies/cleaved-caspase-3-asp175-antibody/9661

Rabbit polyclonal anti-Ras (G12D Mutant specific) Cell Signaling Cat# 14429: The antibody guarantee covers the use of detecting
G12D Mutant Ras from Human in Western blot.
https://www.cellsignal.com/products/primary-antibodies/ras-g12d-mutant-specific-d8h7-rabbit-mab/14429

Rabbit polyclonal anti-beta-catenin Santa Cruz Cat# sc-7199: The antibody guarantee covers the use of detecting beta-catenin from

Mouse, Rat, Human, Xenopus and Zebrafish in Western blot, Immunoprecipitation, Immunohistochemistry and Immunofluorescence.

https://www.scbt.com/ko/p/beta-catenin-antibody-h-102

Mouse monoclonal anti-beta-catenin Sigma cat# 05-665: The antibody guarantee covers the use of detecting beta-catenin from
Human, Mouse and Rat in Western blot, Immunohistochemistry, Immunofluorescence and Flow Cytometry.
https://www.sigmaaldrich.com/catalog/product/mm/05665?
lang=en&region=GB&gclid=CjwKCAjw3pWDBhB3EiwAV1c5rFm_3Q5WYQVp_-IzKXdfIPe3RAjV7GloHqgf_UeeJN2Nfv383Z10-
bxoCICcQAVD_BwE

Goat polyclonal anti-RFP SICGEN Cat# AB8181-200: The antibody guarantee covers the use of detecting RFP in Western blot and
Immunofluorescence.
https://www.origene.com/catalog/antibodies/primary-antibodies/ab8181-200/tdtomato-goat-polyclonal-antibody

Rabbit polyclonal anti-SPC Merck Millipore Cat# AB3786: The antibody guarantee covers the use of detecting SPC from Human,
Mouse and Rat in Western blot, Immunoprecipitation, Immunohistochemistry, Immunofluorescence and ELISA.
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https://www.merckmillipore.com/GB/en/product/Anti-Prosurfactant-Protein-C-proSP-C-Antibody, MM_NF-AB37867?
ReferrerURL=https%3A%2F%2Fwww.google.com%2F

Rabbit polyclonal anti-LYZ DAKO Cat# A009902-2: The antibody guarantee covers the use of detecting Lysozyme from Human in
Immunohistochemistry.
https://www.agilent.com/en/product/immunohistochemistry/antibodies-controls/primary-antibodies/lysozyme-ec-3-2-1-17-
(concentrate)-76124

Rabbit polyclonal anti-MUC2 Abcam Cat# ab90007: The antibody guarantee covers the use of detecting pMUC2 from Human in
Immunohistochemistry and Immunofluorescence.
https://www.abcam.com/muc2-antibody-ab90007.html

Rabbit monoclonal anti-NOTCH1 Abcam Cat# ab52627: The antibody guarantee covers the use of detecting NOTCH1 from Human
and Mouse in Western blot,Immunohistochemistry, Immunofluorescence and Flow Cytometry.
https://www.abcam.com/notchl-antibody-ep1238y-ab52627.html

Primary antibodies for flow cytometry:

Rat monoclonal anti-CD45 APC conjugated BD Pharmingen Cat# 559864: The antibody guarantee covers the use of detecting CD45
from Mouse in Flow Cytometry.
https://www.bdbiosciences.com/eu/applications/research/stem-cell-research/cancer-research/mouse/apc-rat-anti-mouse-cd45-30-
f11/p/559864

Rat monoclonal anti-CD326 (EpCAM) PE/Cy7 conjugated Biolegend Cat# 118216: The antibody guarantee covers the use of detecting
CD326 (EpCAM) from Mouse in Flow Cytometry.
https://www.biolegend.com/en-us/products/pe-cyanine7-anti-mouse-cd326-ep-cam-antibody-5303

Armenian Hamster monoclonal anti-CD81 PE conjugated Biolegend Cat# 104906: The antibody guarantee covers the use of
detecting CD81 from Mouse and Rat in Flow Cytometry.
https://www.biolegend.com/en-us/products/pe-anti-mouse-rat-cd81-antibody-238?GrouplD=GROUP20

Rat monoclonal anti-CD140a (PDGFRA) BV421 conjugated Biolegend Cat# 135923: The antibody guarantee covers the use of
detecting CD140a (PDGFRA) from Mouse and Rat in Flow Cytometry.
https://www.biolegend.com/en-gb/products/brilliant-violet-421-anti-mouse-cd140a-antibody-17921?GrouplD=ImportedGROUP1

All antibodies have been validated by the manufacturer as above for the species and the application to be used. As positive control
for immunostaining, tissues with known expression of the marker were used on mouse sections. As negative control, staining
omitting the primary antibody was performed.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals
Field-collected samples

Ethics oversight

Allinducible Cre lines (R26R-CreERT2: JAX006965, Villin-CreERT2: JAX020282, Lgr5-EGFP-IRES-CreERT2: JAX008875, Sftpc-CreERT2:
JAX028054, Krt5-CreERT2: JAX02915), the R26R-Confetti line (JAX017492), LSL-KrasG12D (JAX008179) line, Apcfl/fl line (JAX009045)
and ApcMin line (JAX002020) were obtained from The Jackson Laboratory. Pik3calat-H1047R line was kindly provided by Wayne.A
Phillips. The generation of Red20nco mice (R26R-Red2-Notchlicd, R26R-Red2-KrasG12D, R26R-Red2-PIK3CAH1047R) is described in
this publication. Both male and female mice were used. Experiments were performed with 8-12 week-old mice unless otherwise
stated in the figure legends. All mice were group housed under specific pathogen-free conditions in individually ventilated cages
always with companion mice, and cages were placed under a 12hr light-dark cycle. Food and water were provided ad libitum. Room
temperature was maintained at 22°C + 1°C with 30-70% humidity. None of the mice were involved in any previous procedures
before the study.

No wild animals were used in this study.
No field-collected samples were used in this study.

All mice were group housed under specific pathogen-free conditions. All procedures were performed according to UK Home Office
regulations and local animal welfare committee guidelines. All experiments were approved by the UK Medical Research Council and
University of Cambridge local ethical review committees and conducted according to Home Office project license PPL70/8296.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots

Confirm that:

X] The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

X] The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

X] All plots are contour plots with outliers or pseudocolor plots.

X] A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

Small intestines were washed with cold PBS and villi were scraped off using a cover slip. The remaining tissue with crypts and
lamina propria were then cut into 2 mm fragments and incubated in 10 mL Gentle Cell Dissociation Reagent (STEMCELL
technologies) at 4 °C for 30 min. The fragments were then shaken vigorously and the supernatant was collected as the first
fraction in a new conical tube. The remaining fragments were further incubated in fresh Gentle Cell Dissociation Reagent and
a new fraction was collected every 30min. The first and second fractions were discarded since they might contain some
debris and villi. The third to fifth fractions contained the majority of the intestinal crypts. The crypt-enriched fractions were
then washed with 10 mL of cold PBS and filtered through a 100 um cell strainer (Falcon). The crypts were then further
dissociated into single cells by incubation with TrypLE Express enzyme (GIBCO) at 37 °C for 5 min. The cells were filtered
through a 40 pm cell strainer (Falcon). Remaining fragments with lamina propria were further digested with dissociation
solution (2.5 mg/mL Liberase TL, Sigma; 10 U/mL DNAse, Promega) at 37 °C for 1 h. To aid dissociation, we gently mixed
tissue pieces by pipetting up and down every 10 min. After 20 min, supernatants were harvested and 1 volume of DMEM
containing 10% fetal bovine serum (FBS, Sigma Aldrich) was added while adding 5 mL of fresh dissociation mix to the
remaining tissue pieces. This step was repeated 3 times for a total time of 1 h. After completion of the 3 cycles, the remaining
intestinal fragments were mechanically disaggregated on a 100 pm mesh using a syringe plunger. The cell suspension was
filtered through a 40 pm cell strainer into a 15 mL tube. The tube and filters were washed twice with 1 mL of 2% FBS in PBS
and the cell suspension was then centrifuged at 300 g for 5 min. The supernatant was removed and the cell pellets were
resuspended in 100 pL of antibody mix (2% FBS; 1:125 CD45 (30-F11)-APC, BD Biosciences; 1:125 EPCAM (G8.8)-PE-Cy7,
BioLegend) and incubated for 1 h on ice. Both epithelial and lamina propria cells were then washed with 3 mL of 2% FBS in
PBS and filtered once more if clumps were observed. After centrifugation at 300 g for 5 min, the cell pellets were
resuspended in 1 mL of 2% FBS and 10 U/mL DNAse in PBS for sorting. For specific stromal cell sorting, the dissociated lamina
propria cells were resuspended in 100 pL of antibody mix (2% FBS; 1:125 CD45 (30-F11)-APC, BD Biosciences; 1:125 EPCAM
(G8.8)-PE-Cy7, BioLegend; 1:125 PDGFRA (APA5)-BV421, Biolegend; 1:125 CD81 (Eat-2)-PE, BioLegend) and incubated for 1h
on ice. The cells were then washed with 3 mL of 2% FBS in PBS and filtered once more with a 40 um cell strainer. After
centrifugation at 300 g for 5 min, the cell pellets were resuspended in 1 mL of 2% FBS and 10 U/mL DNAse in PBS for sorting.
The MOFLO system (Beckman Coulter) or SH800S Cell Sorter (Sony) of the Wellcome Trust-Medical Research Council
Cambridge Stem Cell Institute Flow Cytometry Facility was used for sorting and

data were analyzed with FlowJo software (BD).

MOFLO system (Beckman Coulter), SH800S Cell Sorter (Sony)
Summit v5.2, SH800 software v2.1.5

Samples were sorted at 1000-1500 events/sec with a 2-way or 4-way purity mode, and using the 100um nozzle, achieving
~95% purity by FACS analysis. Efficiency was typically around 80-90%.

FSC/SSC: gating for the live cell population; FSC/Pulse width: singlet gating. FSC/EPCAM: gating for mesenchymal and immune
cells (EPCAM-)and gating for intestinal epithelial cells (EPCAM+). RFP: gating for mutant epithelial cells (RFP+). YFP: gating for
WT epithelial cells (YFP+). CD45: gating for immune cells (CD45+) and gating for mesenchymal cells (CD45-). The gating
strategy of the relevant cell populations is shown in Extended Data Fig.6a and Extended Data Fig.10f.

X] Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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