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Carcinogenesis results from the sequential acquisition of oncogenic
mutations that convert normal cells into invasive, metastasizing cancer
cells. Colorectal cancer exemplifies this process through its well-described
adenoma-carcinoma sequence, modeled previously using clustered
regularly interspaced short palindromic repeats (CRISPR) to induce

four consecutive mutations in wild-type human gut organoids. Here, we
demonstrate that long-term culture of mismatch-repair-deficient organoids
allows the selection of spontaneous oncogenic mutations through the
sequential withdrawal of Wnt agonists, epidermal growth factor (EGF)
agonists and the bone morphogenetic protein (BMP) antagonist Noggin,
while TP53 mutations were selected through the addition of Nutlin-3.
Thus, organoids sequentially acquired mutations in AX/NI and AXIN2

(Wnt pathway), TP53, ACVR2A and BMPR2 (BMP pathway) and NRAS (EGF
pathway), gaining complete independence from stem cell niche factors.
Quadruple-pathway (Wnt, EGF receptor, p53 and BMP) mutant organoids
formed solid tumors upon xenotransplantation. This demonstrates that
carcinogenesis can be recapitulated in a DNA repair-mutant background
throughin vitro selection that targets four consecutive cancer pathways.

Colorectal cancer (CRC) remains one of the deadliest cancers'. CRC
cases are divided into two major genetic instability categories; 85%
of sporadic CRCs display chromosomal instability (CIN), while 15% of
CRCs are hypermutated and display microsatellite instability (MSI)2
CIN tumors harbor combinations of common driver mutationsin APC,
TP53, KRAS, SMAD4 and PIK3CA (ref. 3). Histologically, CRC develops
through awell-described adenoma-carcinomasequence, known as the
‘Vogelgram’ (ref. 4), which coincides with arelatively ordered acquisi-
tion of mutations in the previously mentioned genes. Hypermutated

MSICRC occursinthe context of the hereditary Lynch syndrome (LS),
whichis caused by germline mismatch repair (MMR) gene mutation, or
as high-MSI (MSI-H) sporadic CRC caused by somatic MMR silencing
typically associated with the BRAF'*°° mutation®°. Of note, the onco-
genic driver mutations found in MSI-H CRC (ACVR2A, TGFBR2, AXIN1,
AXIN2, BMPR2 and BRAF) tend to be different from those in CIN CRC>""%2,

Recently, we and othersintroduced CRC driver genes into normal
human colon organoids through clustered regularly interspaced short
palindromic repeats (CRISPR)-Cas9 genome editingand demonstrated
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thatcombined APC, SMAD4, TP53, KRAS and/or PIK3CA mutations trans-
form colon epithelial organoidsinto full-blown cancer cells”".Indeed,
subsequent in vivo experiments showed that the combination of these
mutations enabled the modified organoids to metastasize to distant
organs”. These data demonstrated that the sequential introduction
of CRC driver mutations into human wild-type (WT) colon organoids
does recapitulate the proposed Vogelgram of sequential histological
changes toward CRC. While four different pathways (Wnt, epidermal
growth factor (EGF), bone morphogenetic protein (BMP) and p53)
were specifically targeted by CRISPR constructs, mutant organoids
could be selected by removing the corresponding components from
the medium (Wnt, R-spondin 1, EGF or the BMP inhibitor Noggin) or
by adding the small-molecule p53 inhibitor Nutlin-3 (Nut3)"*'*. These
findings indicated that the carcinogenic CRC process exploits niche
growth factor dependencies to transform normal cellsinto cancer cells.
Assaid, the genes typically mutated in CIN cancers are less frequently
altered in MMR-deficient hereditary CRCs and MSI-H hypermutated
CRCs, while these MMR-deficient CRCs are known to harbor specific
genetic mutationssuchasACVR2A, TGFBR2, RPL22, RNF43, AXINI, AXIN2
and BRAF mutations® "¢,

Previously, we generated MMR-deficient human colon orga-
noids with knockout (KO) of the MLHI gene and demonstrated that
short-termin vitro culture could recapitulate the mutational signature
of MMR-deficient CRCs". MLH1, MSH2, MSH6, PMS1 and PMS2have been
identified as predisposing MMR pathway genes'®. Of these, germline
mutations in MLHI and MSH2 are correlated with the highest risk of
developing CRCin LS, while MLHI promotor hypermethylated silenc-
ing is the key mechanism for MMR-deficient hypermutated CRC***. We,
therefore, chose to exploit the MLHI-mutant background for our study.
Here, we build on this experimental approach by selecting spontane-
ous oncogenic mutations of MLHI-mutant organoids by removing the
niche factor components Wnt, R-spondin 1, EGF and Noggin from the
organoid culture medium or by adding the small-molecule p53 inhibi-
tor Nut3. Thus, this study asks whether simple growth factor-based
selection of MMR-deficient (yet otherwise WT) organoids would allow
the derivation of full-blown colon cancer cells in vitro, potentially
mimicking features of MSl-related CRCs.

Results

Wnt deprivation selects AXINI-mutant and AXIN2-mutant
organoids

On the basis of our previous study, we knew that MLHI*® human
colon organoids recapitulate the MMR-deficient phenotype in vitro
and accumulate substantial numbers of substitutions and insertion
or deletions (indels) during in vitro culture". Withdrawal of Wnt3a
and R-spondin 1from the culture medium allowed us previously to
select CRISPR-induced APC inactivation mutant organoids>**. Here,
we attempted to similarly select Wnt signal-independent MLHI*°
human colon organoids, yet without specific gene targeting (Fig. 1a).

As expected, WT and MLHI*® organoids rapidly died after single-cell
seedinginamedium lacking Wnt3aand R-spondin1(-WR). This allowed
us to recover rare MLHI*® subclonal cells (MLHI*®-1) from an MLHI*®
organoid line that was continuously cultured for -350 days after
single-cell cloning. No such subclones could be derived from two other
MLHI1 mutation clones derived from the same donor (MLHI*°-2 and
MLHI*-3) (Fig. 1b,c). No Wnt-independent subclones could be isolated
from the MLHI*°-1line at earlier time points (30,100 and 200 days).
Single surviving organoids were manually picked and expanded for
downstream analysis (Fig.1d). These organoid clones (MLHI*°-1-WR-1
and MLHI*®-1-WR-2) presented as dense and budding structures when
cultured in -WR medium, whereas APC*° organoids are reported to
display a much more cystic structure”?**, Similar selections were per-
formed using media designed to inhibit or activate key pathways of the
stem cell niche (EGF receptor (EGFR), BMP and p53). Despite the limited
initial clonal outgrowth, we could not establish long-term expanding
cultures under these conditions, suggesting that no mutations affecting
these pathways were present at this stage (Extended DataFig.1a,b). The
emergence of surviving clones in the -WR condition was also observed
inthe MLHI*° clonal line derived from another donor, which indicated
this to be areproducible phenomenon (Extended Data Fig. 1c,d).
The selected subclones (MLHI*°-1-WR-1 and MLHI*°-1-WR-2)
were subjected to whole-genome sequencing (WGS) analyses. The
genomic sequence of the parental MLHI*°-1 clone allowed us to sub-
tract somatic mutations that were already present in the parental
clone (Fig.1a). As expected from our previous study, surviving clones
accumulated single-base substitutions (SBSs) (8,748 + 149 mutations)
and indels (23,010 + 110 mutations), which recapitulated the muta-
tor phenotype of MSI-H tumors with high tumor mutational burden
(TMB) (Fig. 1e). The number of actual mutations and the previously
calculated mutation number per genome division allowed us to cal-
culate an estimated culture duration (354 + 69 days)". This matched
our actual culture duration (417 days) well. The clonality of selected
organoid clones was confirmed by variant allele frequency analyses
(Extended Data Fig. 2). We compared the mutations acquired by the
two surviving clones to the parental MLHI*® clone. Among 6,372 base
substitutions and 18,479 indels shared in two clones, we identified 74
base substitutions and 81 indels as nonsynonymous somatic coding
mutations (Supplementary Table 1). Among those listed mutations,
we found two compound heterozygous AXINI mutations (c.1051C>T,
p.GIn351* and ¢.1523 del, p.Gly508fs*197) and a homozygous AXIN2
mutation (c.1994 del, p.Gly665fs*) carried in both subclones (Fig. 1e).
These mutations are reported as hotspot mutations in the cBioPortal
andin the Catalog of Somatic Mutations in Cancer (COSMIC) database
as cancer-related somatic variants (COSM8405446, COSM1240884
and COSM1385326) (Extended Data Fig. 3). Biallelic loss-of-function
mutations of both AXINI and AXIN2 lead to Wnt pathway activation
and occurin CRC*.Indeed, arecent report confirmed that CRISPR KO
of AXINI of human intestinal organoids allows growth in the absence

Fig.1|Niche factor deprivation strategy successfully selected AXINI-mutant
and AXIN2-mutant organoids from MLHI*° human colon organoids.

a, Strategy to select the survived organoids with deprivation of Wnt pathway
factors. Organoids were dissociated into single cells and then 200,000 single
cells were cultured in niche-factor-deprived medium to select mutated stem cells
(red) out from WT stem cells (blue) and differentiated cells (white). W, Wnt3a;

R, R-spondin1; N, Noggin; E, EGF. Surviving clone organoids were expanded
briefly for WGS and WES analysis. Accumulated mutations were determined

by subtracting the mutationsin the original clone (blue) from the mutationsin
the selected subclone (red). b, WT organoids and MLHI*°-1 organoids grew in
complete medium (WRNE) but some of organoids grew out only from MLHI*°-1
organoids in —-WR medium (representative pictures from n = 3 clonal organoid
lines). Scale bars, 500 pum. (¢) Quantification of survived organoids in-WR
medium. Meanands.d. (error bars) of n =4 clonal organoid lines. Pvalues
(two-sided Welch'’s t-test): MLHI*®-1versus MLHI*°-2, P= 0.0001; MLHI*°-1

versus MLHI*°-3, P=0.0002.d, Single survived organoids (MLHI*°-1-WR-1and
MLHI*°-1-WR-2) were expanded and passaged in ~-WR medium (representative
pictures from n =3 independent replicates). Scale bars, 500 pm. e, The Venn
diagramsillustrate the number of base substitutions and indels found in WGS
data of survived clones (MLHI*°-1-WR-1and MLHI*°-1-WR-2). AXIN1 and AXIN2
candidate gene mutations are listed in the overlapping section. The numbers
indicate nonsynonymous mutations and the numbers in brackets indicate all
mutations found in WGS. f, RT-qPCR analysis of AXIN2 mRNA levels. AXIN2
transcripts were compared between each clone cultured in the medium with or
without Wnt3a and R-spondin 1. Mean and s.d. (error bars) of n = 3 biologically
independent experiments. Pvalues (two-sided Welch’s t-test): MLHI**-1 versus
MLHI*¥®-1-WR-1in-WR medium, P= 0.0048; MLHI*°-1versus MLHI*°-1-WR-2
in-WR medium, P=0.0037.g, Representative images of Sanger DNA sequencing
of AXINI and AXIN2 mutations in Wnt-independent clones (MLHI°-1-WR-1and
MLHI*®-1-WR-2).
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of Wnt and R-spondin 1, similar to APC*° organoids™. In contrast, the
common co-occurrence of AXIN2 mutations with AXIN1 and other Wnt
pathway mutations suggests that weak pathway activation caused by
AXIN2loss of function may synergistically upregulate Wnt signal®® 25,

We performed a medium selection experiment comparing the
AXIN-mutant subclones with organoids that were CRISPR-engineered
to carry mutations in other driver genes. This confirmed that orga-
noids with AXINI and AXIN2 mutations upon MLHI*® acquire the same
Wnt signal independency as APC-mutant organoids (Extended Data
Fig. 4). Wnt pathway activation was further confirmed by reverse
transcription (RT)-qPCR analysis for the Wnt target gene AX/IN2, as
AXIN2was expressed at higher levels in the selected clones (MLHI*°-1-
WR-1and MLHI*°-1-WR-2) than in the WT and MLHI*® clone without
Wnt3aand R-spondin1(Fig.1f). The SBSin AX/NI p.GIn351* (GCA>GTA)
matched the MMR-linked mutational signature SBS 20 observed in
MLHI* organoid"?. Both AXINI p.Gly508fs* and AXIN2 p.Gly655fs*
result from single-nucleotide deletion in homopolymer cytosine
repeats, representative of the mutation pattern known as slippage in
MMR-deficientand MSI-H tumors (Fig. 1g)**°. Importantly, these types
of AXINI and AXIN2 mutations are reported in MSI-H CRCs and gastric
cancers’ %3, Thus, MLHI*® organoids allowed the faithful selection
of some of the specific mutations seen in MMR-deficient and MSI-H
tumorsinin vitro culture.

Sequential mutant selections gain niche independence
Because these observations indicated that functional selection of
spontaneous oncogenic mutationsin MLHI*® organoids allowed us to
model MMR-deficient tumorigenesisin vitro, we performed sequential
selection of these mutant clones (MLHI*°-1-WR-1and MLHI*-1-WR-2)
in—-Noggin, —-EGF +gefitinib (-EGF+Gef) or +Nut3 medium. We, thus,
hoped to find BMP pathway mutations, Ras and Raf pathway muta-
tions and TP53 mutations, respectively. Surviving organoids readily
grew out from the MLHI*°-1-WR-1 clone in the -Noggin condition. In
contrast, only one organoid survived and grew into a large budding
organoid from the MLHI*°-1-WR-1 clone in +Nut3 medium (Fig. 2a,b).
These surviving organoids were picked and clonally expanded for fur-
ther genomicanalyses (Extended DataFig. 5). As expected, amissense
mutation in TP53 (c.473G>T, p.Argl58Leu (Hom)) was found in the
Nut3-selected clone (MLHI*°-1-WR-1+Nu) by whole-exome sequenc-
ing (WES), which was confirmed by Sanger sequencing. Aberrant p53
protein expression and increased p21 expression were confirmed by
western blot (Fig. 2¢). This TP53 mutation is mostly reported in lung
tumors but also seen in persons with CRC (Extended Data Fig. 3)*>*.

Interestingly, the Noggin-independent clones arising from the
MLHI*®-1-WR-1 clone (MLHI®-1-WR-1-N) carried ACVR2A mutations
(c.285 del, p.Thr96* (Hom)) or BMPR2 mutations (c.255G>A, p.Trp85*
(Het) and c.1748 del, p.Asn583fs* (Het)). SMAD4 mutation, the most
common BMP pathway driver mutation in sporadic CRC, was not
encountered (Extended Data Fig. 3). Another Noggin-independent
clone selected from the MLHI*°-1-WR-2 clone (MLHI*°-1-WR-2-N)
also carried partially the same ACVR2A (c.285 del, p.Thr96* (Het) and
c.1310del, p.Lys437fs(Het)) and BMPR2 (c.1748 del, p.Asn583fs* (Hom))
mutations. These mutations occurred through one nucleotide deletion
in the polyadenine tract (ACVR2 Ag, BMPR2 A,)), as reported in MSI-H
CRCsandrecently defined as arepresentative indel mutational signa-
ture for MSI (ID2 signature)>'%'2>**35 In particular, ACVR2A mutations
wererecently found and functionally validated as driver mutations for
CRC?*. The BMPR2 mutation is reported to be mutually exclusive with
SMAD4 in sporadic CRC**,

These double-mutant lines were selected again inadditional condi-
tions. Some surviving clones arose in —-Noggin or ~-EGF+Gef medium
from the TP53 mutated clone (MLHI*°-1-WR-1+Nu-1). Again, surviv-
ing organoids readily grew out in —Noggin medium (Fig. 2d,e). We
selected two Noggin-independent clones in —-Noggin medium and
sent these for WES analyses (Extended Data Fig. 6). Interestingly, we

confirmed that one (MLHI°-1-WR-1+Nu-N-1) acquired duplication
of a somatic mutation in ACVR2A (c.285 del, p.Thr96*(Hom)) and the
other one (MLHI*°-1-WR-1+Nu-N-2) acquired compound heterozy-
gous mutations in ACVR2A (c.285 del, p.Thr96*(Het) and ¢.1310 del,
p.Lys437fs). As the earlier clone (MLHI*°-1-WR-1+Nu-1) harbored a
single ACVR2A (c.285 del, p.Thr96*) mutation, this means that the
clone obtained another ACVR2A mutation during the selection step,
resulting in loss of heterozygosity (LOH). Of note, this clone did not
carry the BMPR2 homozygous mutations observed in the previously
selected Noggin-independent clones (MLHI*®-1-WR-1-N, MLHI¥°-1-
WR-2-N), suggesting that the clone acquired Noggin independency
solely through LOH of the ACVR2A gene. This was consistent with the
previous findings identifying ACVR2A as adriver gene in the transform-
inggrowth factor-B (TGFpB) pathway* and reporting the BMPR2 as con-
tributing cooperatively to the development of sporadic CRC but not as
single driver mutation'****". We again extracted mutational signatures
fromeach selected clone. All clones showed the expected mutational
spectra (Fig. 2f)”. We next extracted mutational signatures for com-
parison to the COSMIC database, using cosine similarity as ameasure
of closeness™?*®, All selected organoids showed mutational signatures
that resembled signatures SBS6, SBS15, SBS20 and SBS44, which are
associated with defective DNA MMR (d-MMR) and occur in microsat-
ellite unstable tumors™ (Fig. 2g). Again, signature ID2 (representing
the slippage of DNA MMR deficiency) was found in all mutant clones
(Fig. 2h). These data clearly suggest that the mutational signature of
d-MMR induced by MLHI mutation remained the dominant driver of
mutagenesis regardless of the accumulated genetic mutations.

Long-term cultured d-MMR organoids complete tumor
progression

As early attempts to select out mutant clones carrying EGF, Ras
and Raf pathway mutations failed, we extended culturing times of
the triple-pathway mutant clone (MLH1*°-1-WR-1+Nu—-N-1) up to
300 days to allow for the accumulation of further critical driver muta-
tions. Recently, differential drug sensitivities of EGFR inhibition were
reported among various different RAS-mutant patient-derived CRC
organoids (PDOs). The pan-human EGFR inhibitor afatinib (Afa) can
eliminate ERK activity oscillations in KRAS-mutant PDOs**°, To select
Ras and Raf pathway mutant clones more reliably, we used Afa as an
alternative EGFR inhibitor in addition to Gef. Some organoids grew
out in —~EGF+Gef or ~EGF+Afa conditions (Fig. 3a). These surviving
organoids could be continuously expanded under both —~EGF+Gef
and -EGF+Afa conditions (Fig. 3b).

Through WES analyses, we found that surviving clonal organoids
under both inhibitor conditions (MLHI*°-1-WR-1+Nu—-N-E+Afa/
Gef) acquired a heterozygous somatic mutation in NRAS (c.181C>A,
p.GIn61Lys(Het) COSM580) (Fig. 3c and Extended DataFig. 6), aknown
oncogenic mutation in the Ras and Raf pathway**'. While KRAS muta-
tions are reportedly more commonin low-MSI (MSI-L) relative to MSI-H
CRC, the NRAS mutationis equally frequent between MSI-L and MSI-H
CRC tumors*. To confirm that the selected NRAS?®™ mutant orga-
noids (MLHI*°-1-WR-1+Nu-N-E+Afa/Gef) indeed exert constitutive
ERK signaling activity, transcription of ERK target genes (ETV4, ETVS,
DUSPS, DUSP6 and CCNDI) was compared between NRASY" and NRAS®K
mutant organoids by RT-qPCR (Extended DataFig.7a). Furthermore,
western blot analysis confirmed that NRAS?™® mutant organoids
increased phosphorylation of ERK1and ERK2 (Fig. 3d). Taken together,
we obtained quadruple-pathway mutant organoids, which sequentially
acquired MSI-H mutations in AXINI and AXIN2 (Wnt pathway), TP53,
ACVR2A and BMPR2 (BMP pathway) and NRAS (Ras and Raf pathway)
and, thus, became completely independent from the pertinent niche
factors. Both triple-pathway and quadruple-pathway mutant organoids
were highly proliferative and, as indicative of an active Wnt signaling
pathway, accumulated expression of nuclear [3-catenin (Fig. 3e). The
quadruple-pathway mutant organoids appeared as more compact/
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and with mutant p53 (MLHI®-1-WR-1+Nut3) treated with DMSO or 10 pM

Nut3 for 24 h. The analysis was performed with n = 2 biologically independent
experiments for one organoid clone. d, MLHI*°-1-WR-1+Nut3 organoids were
selected in —-WR+Nut3-Noggin or -WR+Nut3-Noggin—-EGF+Gef medium
(representative pictures fromn =3 clonal organoid lines). Scale bars, 500 pm.
e, Quantification of survived organoids in -Noggin and ~EGF+Gef medium. Mean
and s.d. (error bars) of n =4 clonal organoid lines. P values (two-sided Welch’s
t-test). f, Mutational spectra of all base substitutions observed for each selected
clone. g,h, Heat map showing the cosine similarity scores for each indicated
clone and COSMIC SBS signature (g) and indel signature (h). Arrows indicate
signatures associated with deficiency in DNA MMR in previous analyses™**.

less cystic structures as seen in our previous CRISPR-engineered
quadruple-pathway mutant organoids”. To investigate the acquisi-
tion of drug resistance in the quadruple-pathway mutant organoids,
we performed drug screening with various pathway inhibitors. We,
thus, observed the expected sensitivity of NRAS"T organoids toward
Afa and Gef and the resistance of NRAS-mutant organoids. In con-
trast, the mutant organoids remained sensitive to the MEK inhibitors

selumetinib and trametinib, the mTOR inhibitor everolimus, the PI3Ka
inhibitor alpelisib and the multiple-CDK (cyclin-dependent kinase)
inhibitor dinaciclib (Fig. 3f,g and Extended Data Fig. 7b-d). Recently,
Rasstatus was reported to correlate with SH2 domain-containing phos-
phatase 2 (SHP2) inhibitor sensitivity in several cancers; in particular,
the NRAS®* mutation in neuroblastoma confers resistance to SHP2
inhibitors***. Consistent with this, our NRAS®¥ mutant organoids
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exhibited resistance to SHP2 inhibitor SHP099 treatment (Fig. 3f,g).
We constructed a mutant phylogenic tree for each sequential mutant
clone (Fig. 3hand Supplementary Table 3). The acquisition of identical
mutations was independently observed in different clones. The avail-
abledataindicated that these recurrent mutations aroseindependently
yet were because of a shared mutational mechanism. Taken together,
simple selection in an MLHI*® mutant organoid background allowed
the sequential isolation of spontaneous quadruple-pathway mutant
organoids, starting from a single MLHI*° stem cell, over a period of no
more than 30 months.

MSI status and mutational tendency in d-MMR organoids

To assess the MSI profile of our MMR-deficient organoids, we compared
the somatic mutations acquired in our quadruple-pathway mutant
organoids to those of CRCs from The Cancer Genome Atlas (TCGA)
database (TCGA-COAD). Leveraging two bioinformatic MSI predict-
ing tools, MSMuTect and MANTIS* ¥, we derived MSI scores from
WES data. Notably, MANTIS enabled the extraction of TCGA-COAD
samples annotated as MSI-H and microsatellite-stable (MSS), facili-
tating group-specific comparisons. In the MANTIS analysis, the MSI
scores of the quadruple-pathway mutant organoids mirrored those
of the MSI-H group, significantly diverging from the MSS counter-
parts (Fig. 4a). This observation clearly indicated that ML HI*® mutant
organoids recapitulated the phenotype of MMR-deficient colorec-
tal tumors. Furthermore, to evaluate the fidelity of the MSI-H tumor
landscape in the MMR-deficient organoids, we checked whether the
frequent microsatellite loci*® of MSI-H cancers were targeted in our
organoids. As expected, culturing of the mutant clones over time led
to increased numbers of somatic mutations in the microsatellite loci
found inMSlI cancers (Fig. 4b). We then calculated the expected prob-
ability for acquiring specific mutations in in vitro cultured MLHI*®
organoids, taking into account the specific mutational signatures and
the kinetics of mutation accumulation. First, by analyzing all muta-
tional signatures in collected mutant clones, we visualized the ‘aver-
age’ mutational signature as the mutational frequency in 96 channels
(Fig.4c). The mutational signature of the mutant clones was compared
to the mutational signatures of in vitro cultured organoids and in vivo
tissue derived from smallintestine and colon, as previously reported
(Fig. 4d)*. Next, candidate mutations known as driver mutationsin the
Ras, Raf, MAPK, PI3K and ErbB pathways were listed from the previous
report in MSI-H cancers’. The relative probability of occurrence in
each specific mutation was calculated from the average mutational
signature derived from the previous approach® and compared to the
mutational rate in normal intestinal tissue and organoids (Fig. 5). As
expected, KRAS®?® and KRAS®™®, known as the most frequent mutations
in the Ras pathway, were unlikely to occur in an MMR-deficient back-
ground. BRAF mutations, which represent the most common mutations
of the Ras and Raf pathway in sporadic MSI-H, were also calculated as
being of low probability, which is consistent with a previous report

that BRAF'*°°F mutation frequency is low in MMR mutation carriers™*.,

Selection in —-EGF+Afa medium resulted in NRAS®™® mutation despite
being previously reported as of lower probability albeit detected in
MMR-deficient CRCs*>. In contrast, the high relative probability of
AXINI®* corresponded to our selection result (described above).
The TP53¥® mutation found in our clone showed arelatively low prob-
ability, corresponding to the occurrence of a single surviving clone in
the Nut3 selection step (Fig. 2a,b). The report of TP53**®" mutations
specifically in carcinogenesis related to inflammatory bowel disease
suggests that the TP53mutationis influenced by various backgrounds
and mutational signatures®. Despite the low probability of TPS3 muta-
tions in our MLHI*® mutant organoids, we were able to select a TP53
missense mutation. Together, these data suggest that driver mutations
inferred from the mutational signature are acquired with high prob-
ability while other oncogenic mutations with relatively low probability
canalso be acquired (albeit at lower frequency), shaping the genetic
diversity of MSI-H CRCs.

Xenotransplantation of quadruple-pathway mutant
organoids
To characterize the molecular features of the sequential mutant orga-
noids, we compared the gene expression patterns for each mutated
driver pathway. Given that the NRAS?™ mutant organoids (being the
quadruple-pathway mutant clone) displayed niche factor independ-
ency for all four pathways, we compared gene expressions of each
mutant clones cultured for 24 hinthe condition that inhibited all four
pathways (that is, in the absence of WRNE and in the presence of p53
activator Nut3, EGFR inhibitor Afa, Wnt antagonist Dickkopf1 (DKK1)
and BMP2 receptor ligand BMP2). Comparison of the representative
gene expression patterns related to each pathway confirmed their
activation by the specific gene mutations affecting each pathway in
the sequential driver gene mutant clones (Fig. 6a). We then sought
to investigate whether the spontaneous quadruple-pathway mutant
clone was tumorigenic in vivo. To compare the tumorigenic activity
between NRAS®™ and KRAS®'?°, the most prevalent mutation of spo-
radic CRCs and hypermutated CRCs inthe Ras pathway, we introduced
the KRAS?P activating mutationinto our NRAS" triple-pathway mutant
clone through previously used CRISPR-Cas9-mediated gene editing®.
KRAS®® mutants were selected by withdrawing EGF and adding Gefto
the culture medium (Extended Data Fig. 8a-c). Genotyping of clonally
expanded organoids confirmed that the clone harbored the KRAS®'?
heterozygous mutation together withthe acquired AXIN1,AXIN2, TP53,
ACVR2A and MLHI mutations (Extended Data Fig. 8d). We subcutane-
ously injected triple-pathway mutants (VRAS"T), quadruple-pathway
mutants (VRAS®¥), triple-pathway + KRAS®?® engineered mutants
and the previously engineered AKPS (APC*°;KRAS®*"; TP53%°;SMAD4*)
mutants derived from the same donor” into immunodeficient mice.
After 8 weeks, most of the mice injected with quadruple-pathway
mutants, triple-pathway + KRAS®'?® engineered mutants and

Fig. 3 |MMR-deficient organoids acquired quadruple colorectal driver
mutationsin long-term culture. a, MLHI*°-1-WR+Nu-N organoids were
selected in —-WRN+Nu—EGF+Afa/Gef medium (MLHI*®-1-WR+Nu-N-E+Afa/Gef).
Outgrowing clones are shownin the inset. Representative pictures fromn=3
independentreplicates. Scale bars, 500 um. b, Survived MLHI*°-1-WRN+Nu—
EGF+Afa/Gef organoids were picked up and continuously expanded in each
selection medium. Representative pictures from n = 3 clonal organoid lines. Scale
bars, 500 pm. ¢, Sanger DNA sequencing result of NRAS?X (Het) mutation in the
selected clone (MLHI*®-1-WR+Nu-N-E+Afa). d, Representative western blot
analysis to detect p44/42 MAPK and B-actin in NRAS"" and NRAS?*™® organoid lines
cultured in WRNE medium or -WRNE medium +10 pM Nut3 and 1 uM Afa. The
analysis was performed with n =2 biologically independent experiments for one
organoid clone. e, Representative H&E staining and IHC analysis of E-cadherin,
Ki67, B-catenin and EGFR in the parental clone (VRAS"") and the mutant clone
(NRAS®'®). The analysis was performed with n = 2 clonal organoid lines. Scale bar,

100 um. f, Dose-response curves showing the sensitivity of NRASY" and NRAS®™*
clones toinhibitors of the EGFR (Afa), MEK (selumetinib) and SHP2 (SHP099).
Theyaxis represents the viability of the samples while the x axis represents the
drug concentration (power of 10 pM). Mean and s.d. (error bars) of n =3 technical
replicates for n = 2independent organoid clones for each genetic background.

g, Heat maps reporting the viability of the drug screening performed on NRAS""
and NRAS®™ organoids as normalized to vehicle-treated organoids. Color
mappingranges from low viability (red) to high viability (green). The analysis was
performed with n =3 technical replicates for n = 2independent organoid clones
for each genetic background. h, Timescale phylogenic tree of the selected mutant
clones that arose from the MLHI*°-1 single organoid clone. Organoids were
selected under each condition (colored rectangles). Circles represent survived
clones and dashed-line circles represent nonrecovered clones. Horizontal bars
indicate the culture duration of cloning and expanding each clone. All mutations
ineach clonearelisted in Supplementary Table 3.
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AKPS-mutant organoids developed visible nodules. By contrast,
some of the mice injected with triple-pathway mutants showed very
small nodules. Compared to tumors of triple-pathway mutants,
quadruple-pathway mutant tumors were larger and well vascular-
ized (Fig. 6b,c). Tumor size analysis confirmed that some of the
triple-pathway organoids engrafted but remained small, while the

quadruple-pathway mutant clones had a higher rate of tumor for-
mation and larger tumor size. No significant differences were found
between KRAS®?° engineered mutant clones and the NRAS®™* mutant
clones (Fig. 6d). Histological analysis revealed that triple-pathway
tumors grew as thin, cystic organoids encapsulated in the injected
subcutaneous region, while quadruple-pathway tumors were larger

a _WRN+Nut3 -WRN+Nut3 -WRN+Nut3 -WRN+Nut3 b -WRN+Nut3 -WRN+Nut3
-EGF -EGF+Gef 1 pM -EGF+Afa 1 pM -EGF+Afa 1uM -EGF+Gef 1puM
8 ‘©
<< &)
z ) &
o I [l
5 T =
z 2 2
;I S =}
T x x
—_ —_ —_ —_ F =
C o NRAS p.Gln61Lys(Het) e HE E-cadherin Ki67 B-catenin EGFR
<
=
z
‘ml I
2 %
< s
24 =
g &gt & e
S R S
W O P O
& FE & . — — — —
d
44K0a pA4/42 MAPK |
g
2
S S
F© gf\o‘” L —_ —_ —_ —_
@ S &
NN
X
X
f - g  Afatinib Selumetinib SHP099
150 - 150 200 - TOONRAS M ] 40
—*— NRAS"™ #2 20
—o— NRAS®K# 20 4 60
150 4 Q61K 4 4
o 100 ] 100 o~ NRAS #2 1 40 40
= s 60 80
2 100 - o & 1 < 60
> 504 50 | fc())o | 80 100
50 A
1 T T T T 1 T T T T 100 T T T 120
0 — 0 0+ L NP TN 2 O xR (% RS AP 1N A 12
3249012 24401 2 -32-1012 vé_‘,&\v%\g@g@ £§§’\§’\ ££§’\§’\
Afatinib (uM) Selumetinib (LM) SHPO99 (M) N &V &‘% & ¢ V\q} v\@ & ¢ &v V\Q}
h 417 days 124 days 77 days 303 days
103 days
-W/R/+Nut3/-Noggin -W/R/N/+Nu/-EGF+Afa
MLHTC-1-WR-1+Nu-N-1
WRNE -Wnt/R-spondin 1 ACVR2A p.Lys95fs (Hom)
MLH1¥0 MLHT*-1-WR-1 MLH1C-1-WR-1+Nu=N-2 MLHT*C-1-WR-1+Nu-N-E+Afa
AXINT p.GIn351*(Het) ACVR2A p.Lys95fs(Het) ACVR2A p.Lys95fs(Hom) NRAS p.Gln6iLys (Het)
LR el RO T 1) - ACVR2A p.Lys437fs(Het) ACVR2A p.Lys437fs(Het)
AXIN2 p.Gly665fs (Hom) -W/R/-Noggin
Day 30 Day 100 Day 200 ACVR2A p.Lys95fs (Het) MLHT*C-1-WR-1-N
—Wnt/R:s_podim —Wnt/R:gpodim —Wnt/R:s_podim MLH7KO-1—WR-2
4 3 J AXINT p.GIn351A(Het)

-Noggin

Loy

-Noggin

AXIN1 p.Gly508fs*197(Het)
AXIN2 p.Gly665fs (Hom)
ACVR2A p.Lys95fs (Het)

BMPR2 p.Asn583fs(Het)
BMPR2 p.Trp85*(Het)
ACVR2A p.Lys95fs(Hom)

-Noggin

-Noggin

b e =

—WlR/—Noggin
MLHT*>-1-WR-2-N
BMPR2 p.Asn583fs(Hom)

ACVR2A p.Lys95fs(Het)
ACVR2A p.Lys437fs(Het)

Nature Cancer



Article

https://doi.org/10.1038/s43018-024-00841-x

a MANTIS

1.25 4 .

1.00 + .

0.75 = .

Score MANTIS

0.50 -

g
Yoo

0.25 d

T
Organoid
n=8

MSI-H
n=38

MSS
n=38

MSMuTect

logy, (no. of A-motif MS indels)

T
MSMuTect2
n=262

T
Organoid
n=8

0.1

T>G

0.1

HITHHT

0.1

1 Lo Jen

0.1

Relative contribution

10 dlm

0.1 -

0 HH-H

0.1 -

96 trinucleotide changes

Fig. 4 |Signatures of MSI in mutant organoids. a, MANTIS scores were calculated
inthe mutant organoid clones (n = 8 samples) and MSI-H (n = 38 samples) and

MSS (n=38 samples) of TCGA-COAD. We used the stepwise difference threshold
set by MANTIS, which defines ascore above 0.4 as MSI-H (unstable) and below

this threshold as MSS (low) using TCGA-COAD. MSMuteTect2 scores were also
calculated in the mutant organoid clones (n = 8 samples) and all samples used

in TCGA as MSMuTect2 (n =262 samples). The minimum values are the smallest
number per MANTIS and MSMuTect2 scores. Sample numbers are written below
each group. The first quartile above the whiskers represents the data point that
separates the lowest 25% of the data from the rest. The center line per box plot

L oybH N

LN-LAM- LML IH T

Z-N-L-dm-

TN-NN+HL-UM= L-N-NNHL-IM- - INHL-IM-

NLN
Chr.2:90464841-90464871
DEFI

Relative contribution

ACVR2A
IQGAP1
SCLT1

ATP6VOA2
CCDC73

Chr.16:33126634-33126651
Chr.16:32766399-32766416
DD,

X55
SPTBN1
PRKACA
DNAJC2
HNRNPC
MECOM
RECQL
STT3B
ARHGEF15
BRAF

1058
DEFBT05A

NMS
GTF2H2B

C>A

C>G

C>T

T>A T>G

0.1 -

o oe_salel

sojdwes

Dallcaloo0osnn a

0.1 -

o0 Mo vsaola_cl

|l|lll|lll|lll|ln

oA UL IS

Doon-oe0omcoas.]] toeaal

0.1 -

o ,[In-|]|]u-|][Ia.,ﬂl]l].,I]-._.--,...---.,l'.lllnll.ulll-ln o 0o.00acbo-cl

omnur|s

Ooall o

0.1 -

0 -lo-sBo_alls_aln

-|I|IIII|II|IIIII o Oaoll Doosl a

OAIA U} 10D

0.1 -

o Mte.. [ I

| T —— lolusliBnane b8 Bocoo_locoo__Ooog

ouNIA ULOD

Oo0o0_000-0-00-0_00=_0__collas
A A AR KRR

<OOS VROV LOOE TN OORLOV-LOOETOVS LUV LUV TOVLTOBSIOOS LU0 LOOE<QOS TUVRTOORTOOETONLTOOSIOO=TOOS
<<<LOC0UBBEOHFRN << 4<030IBEE0HFT <<< <003 UBEEOH RN << <O00UBEE0R R <2 <EI0UBEEBHRT < <2 <030IBEEOHHRT

96 trinucleotide changes

represents the median value among the data points. The third quartile just on top
of the box plot separates the lowest 75% of the data points from the highest 25%.
The maximum value represents the largest score of each tool. b, MSI mutations
(pink, mutated) harbored in each mutant organoid clone (columns). The top 50
most differentially unstable microsatellite loci (rows) were selected from the
previous study*®. ¢, Mutational spectra of all base substitutions observed for
eachselected clone. d, The average mutational signature of the mutant clones
extracted from care shown ontop (samples). The mutational signatures of in vitro
cultured organoids and in vivo tissue derived from the small intestine (SI) and
colon (Col) were referred from the previous result®.
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Fig. 5 | Relative risks for specific driver mutations in mutant organoids.
Relative risk of frequent driver mutations for Ras, Raf, MAPK, PI3K and ErbB
pathways listed from the previous report in MSI-H cancers®. Each mean relative
risk was calculated from mutational signatures of normal human colonic
organoid (Cin vitro, n =1), normal human colonic tissue (C in vivo, n = 21), normal

human smallintestinal organoid (Sl in vitro, n = 6), normal human small intestinal
tissue (Slinvivo, n =14) and the average mutant organoids (samples, n =12). Left,

SBS mutations found in the mutant organoids (AXINI®*" and TP53%%") are shown
together. Data are presented as mean values £ s.d.
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Fig. 6 | Quadruple-pathway mutant organoids grow as colorectal carcinomas
invivo. a, Heat map diagram of expression levels for each representative genes
in CRC driver pathways. Columns and rows in the heat map represent mutant
clones and genes, respectively. Color scale indicates fold changes in gene
expression (n =3 clonal organoid lines). b, Triple-pathway mutant organoids
(NRAS"") and quadruple-pathway mutant organoids (NRAS®™) were injected
subcutaneously in NSG immunodeficient mice. Both triple-pathway mutant
(NRAS"T) and quadruple-pathway mutant (VRAS®'¥) organoids developed
visible nodules. NRAS®™ organoids grew as tumors with vasculature in the
subcutaneous lesion. Representative pictures from n = 6-12 tumors. Scale bars,
5mm. ¢, Representative images of extracted tumors of NRAS"" organoids (top)
and NRAS®™ organoids (bottom). Representative pictures from n = 6-12 tumors.

d, Tumor size measurement of xenografts at 8 weeks after xenotransplantation.
Mean and s.e.m. (error bars) of n = 6-12 tumors. Pvalues (two-sided Welch t-test):
N-1VRAS"" versus N-1KRAS'®, P= 0.0023; N-2 NRAS" versus N-2 NRAS%™

1, P=0.0473; N2 NRAS"" versus N-2 NRAS®% 2, P=0.0334; N-2 NRAS®X 2 versus
N-1KRAS®?®, p=0.2812. e, Representative H&E stain, hNA, E-cadherin and Ki67
immunostaining on nodules isolated from triple-pathway mutant (VRAS"") and
quadruple-pathway mutant (NRAS?®) injected mice. Triple-pathway mutant
organoids did engraft but remained thin with a cystic structure of organoids,
similar to adenoma features. Quadruple-pathway mutant organoid-derived
tumors showed a thick and irregular multilayered epithelium. The analysis was
performed onn =3 tumors. Scale bars, 100 mm.
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andallexhibited anirregular multilayered epithelium. The tumor origin
was confirmed using a human-specific nuclear antigen (hNA) (Fig. 6e).
Thesedataimplied that MLHI*® organoids carrying quadruple-pathway
mutations (Wnt, EGFR, p53 and BMP) form malignant tumors upon
xenotransplantation. Notably, a comparison of growth rates dur-
ing in vitro culture confirmed no apparent difference between
AKPS-mutant organoids and the quadruple-pathway mutant organoids
(Extended Data Fig. 9a,b). The AKPS organoid line was engineered to
carry the strongest mutations in each of the four pathways, while the
quadruple-pathway mutant MLHI*® carries much weaker versions. We
donotknow how each of these mutations contributes to the observed
invivogrowth difference, yet they apparently add up toa notably more
malignant phenotype of the AKPS organoids upon transplantation.

Discussion

Here, we apply long-term culture of MLHI* organoids with sequential
clonalselection for CRC driver mutations using niche factor deprivation
in an attempt to obtain spontaneous tumor organoids in vitro. Previ-
ously, we demonstrated that CRISPR-mediated KO of the MLHI gene
in human colon organoids recapitulates the mutational signature of
MMR-deficient tumors eveninshort-term culture”. We now extend this
experimental approach by using MMR-deficient organoidsinlong-term
culture to recapitulate the acquisition of CRC driver mutations by
clonal selection using niche factor selection. Organoid culture is now
awell-established method for the robust culture of normal human
epithelial stem cellsin vitro, which typically remain genetically stable
during prolonged culturing®. On the other hand, tumor organoids
retain the genetic mutations and phenotypic characteristics of the
original tumor®>*, Having said this, SBSs and indels stochastically occur
inhumanintestinal organoids, just as these occurin human adult stem
cells over time*,

MLHI® intestinal organoids acquire mutations at an accelerated
rate compared to normal stem cells and the resulting mutation spec-
trum mimics the characteristic mutational signature seen in MSI-H
CRCs". As mutations accumulate at a considerably faster rate than in
normal tissues, this suggests that MLHI*° organoids canbe used as an
in vitro model for MSI-H tumorigenesis. After nearly 1 year of in vitro
culture, we were able to isolate clones with oncogenic mutations in
AXINI and 2, negative regulators of the Wnt pathway. Such mutations
are generally considered to establish the first step in colon tumori-
genesis. Further selection identified oncogenic mutations in ACVR2A
and BMPR2 upon BMP inhibition, TP53 upon Nut3 selection and NRAS
upon EGF and Ras pathway inhibition. All observed mutations fit the
MMR-deficient mutational signature and the single-base slippage pat-
terns, as these occur in MSI-H tumors. These results, thus, imply that
MLHI*® organoids faithfully recapitulate the specific mutational pat-
terns of MMR-deficient and MSI-H tumors. Organoid culture is based
ontheinvitro recapitulation of stem cell niche factor conditions and
it has been shown previously that tumor organoid culture condition
reflects independency from the niche factors™"**>", Consistent with
thesereports, quadruple-pathway mutant clonesisolated in this study
were tumorigenic in vivo upon subcutaneous transplantation.

Our approach has some limitations. As only pure epithelial cell
components can be evaluated in tumor epithelial organoids, the orga-
noid culture system used in this study is limited inits ability to replicate
the tumor microenvironment or high neoantigen immune response
observedin MSI-H tumors. T cell infiltration in the rectal mucosa of per-
sons with LS was recently reported to shape carcinogenesis regardless
of mutation burden*®.Indeed, the abnormal immune environmentinLS
was proposed to represent the initial step of MMR-deficient cancer’.
Because of the time and scale constraintsin our experimental scheme,
we were not able to assess different combinations of driver mutations
or various patterns of mutational acquisition order. However, the
conservation of the d-MMR mutation signature in all progeny clones of
MLHI-mutant organoids suggests that the d-MMR mutation signature

derived from MLHI mutation is strongly retained as the mutation sig-
nature shaping the tendency to acquire subsequent mutations, regard-
less of accumulated genetic mutations, suggesting that the mutation
signature, rather than the acquired gene mutation, is the strongest
factor influencing the propensity to acquire mutations. Indeed, a
recentreportshowed thatlong-term culturing of TP53-deficient gastric
organoidsleads toa CIN phenotype®®, but not to the sequence changes
observed in the current study. Our approach is not easily generaliz-
able to other tumor types. CRC appears relatively unique in that the
four most commonly mutated pathways can be easily and specifically
selected for: Three of these pertain to growth factor dependencies
(Wnt, EGF and BMP), while Nut3 allows for selection of mutations in
the fourth pathway (TP53).

To our knowledge, this study provides the example of the deriva-
tion of full-blown cancers from WT cells, simply by providing selec-
tive pressure for four well-defined oncogenic pathways. We chose
to perform our study in an MLHI-mutant background, which has an
increased rate of accumulation of genetic mutations and is well known
to confer CRC predisposition. Similar approaches with WT cells or with
organoids carrying other cancer predisposing mutations will likely
yield similar results.

Methods

Ethics statement

The study was approved by the UMC Utrecht and Diakonessenhuis
ethical committee (TC-Bio 12-093) and was in accordance with the
Declaration of Helsinki and according to Dutch law. This study is com-
pliantwithallrelevant ethical regulations regarding research involving
human participants.

Animals

Allmouse experiments were conducted under a project license (AVD
8010020209924) granted by the Central Committee Animal Experi-
mentation of the Dutch government and approved by the KNAW-
Hubrecht Institute Animal Welfare Body (H121.39.04). NOD scid gamma
(NSG; NOD.Cg-Prkdc“ I12rg™"/Sz]; 8 weeks old) mice were used
in the study. The mice were kept in a constant-temperature environ-
ment of 21 °C (40-60% humidity) with a natural day-night light cycle
inaconventional animal colony with free access to food and water. All
mice were housed in a pathogen-free vivarium in sterile, disposable
microisolator cages and fed a sterile, irradiated diet with free access
tosterile, irradiated water.

Allthe mice were monitored and weighed once aweek. Mice with
symptoms of severe discomfort (for example, >20% weight loss com-
pared to beginning or >15% weight loss in 2 days) with tumor burden
orwith measured tumors larger than1,000 mm®were humanely killed.
In this study, three mice in the subcutaneous transplantation experi-
ment were killed with the estimation of exceeded maximal tumor
burden at an earlier time point. As tumor size was weekly checked by
manual palpation, it was only possible to estimate the size of the tumors
ahead of killing. Indeed, we noted that n =1 tumor of the killed animals
exceeded the size limit.

Organoid culture establishment

MLHI*® colon organoids were established from two WT human colon
organoid cultures in a previous study”. These were derived from
endoscopy material of a healthy donor (female, age 31 years)®™ and
from the normal tissue of a resected colon segment derived from a
person (female, age 60 years) diagnosed with CRC (sigmoid)*. As the
differences by sex in mutational progression were not expected, we
did not consider sex or gender in our study design. Organoid culture
establishment and medium conditions were described previously®.
Briefly, basal culture medium (AdDMF+++) contained advanced DMEM/
F12 (Invitrogen) supplemented with 10 mM HEPES, 2 mM GlutaMAX,
100 U per ml penicillin and 100 pg ml™ streptomycin. The culture
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medium (WRNE) contained AdDMF+++including B27 (Invitrogen), nic-
otinamide (Sigma-Aldrich), N-acetylcysteine (Sigma-Aldrich), Noggin
(Peprotech), R-Spondin1-conditioned medium (20%, produced using
R-spondin 1 cells (Trevigen)), EGF (Peprotech), Wnt3a-conditioned
medium (50%, produced using stably transfected L cells), TGF(3 type
I receptor inhibitor A83-01 (Tocris) and p38 inhibitor SB202190
(Sigma-Aldrich). Organoids were embedded in domes of Cultrex
B-mercaptoethanol (BME; Trevigen) and covered by culture medium
(WRNE). Established MLHI* colon organoids were cultured in two wells
of a six-well plate (480 pl of BME, approximately 160,000-200,000
cells before passaging). Organoids were passaged weekly at a1:2 split
ratio, keeping multiclonal cell diversity without selective pressure.

Organoid selection

Organoids were dissociated into single cells using TrypLE Express
(Thermo Fisher Scientific) in the presence of 10 uM Y-27632 (Tocris
Bioscience) for 20 min and mechanically dissociated into single cells.
A total 0of 120,000 single cells were counted, centrifuged at 600g for
1min, resuspended in 240 pl of Cultrex BME and seeded at low density
on a prewarmed six-well culture plate (Corning). Survived organoids
derived from single cells were manually picked up, resuspendedin 20 pl
of Cultrex BME and seeded on a 48-well culture plate (Corning). Clon-
ally selected organoids were cultured in selection medium to confirm
asthey grow in that culture condition. For selection of Wnt pathway or
BMP pathway mutants, organoids were grownin culture medium lacking
Wnt3a-conditioned medium and R-spondin1-conditioned medium or
Noggin, respectively. For mutant p53 selection, organoids were cultured
inthe presence of 10 mM Nut3 (Cayman Chemical) and maintainedinthe
presence of 1 mM Nut3. For selection of Ras and Raf pathway mutants,
organoids were grown in culture medium lacking EGF and containing
1uM Gef (Selleck Chemicals) or 1 uM Afa (Selleck Chemicals).

WGS and WES

Individual outgrowing organoids surviving the medium-based selec-
tion were manually picked and propagated as clonal lines for a cou-
ple of passages to avoid unexpected mutation accumulation before
being harvested for WGS and WES. In brief, organoids were collected
in ice-cold ADMF+++, centrifuged at 400g for 3 min and washed
twice inice-cold PBS to ensure the removal of all remaining BME. The
DNA was extracted using the Quick-DNA miniprep kit (Zymoresearch,
D3024) following the manufacturer’s instructions. Then, 1 pug of DNA
was used for WES performed with the Agilent SureSelect V7 kit, using
8 Gb per sample (50x average mapped) data throughput, with 150-bp
paired-end sequencing on NovaSeq. Sequence reads were mapped
against humanreference genome GRCh37 using the Burrows-Wheeler
Aligner version 0.7.17 mapping tool® with settings ‘bwa mem -c 100
-M’. Sequence reads were marked for duplicates using Sambamba
version 0.6.8 and realigned per donor using the Genome Analysis
Toolkit (GATK) version 4.13.0. A description of the complete data
analysis pipeline is available on GitHub (https://github.com/Tools-
VanBox/NF-IAP). Raw variants were called in multisample mode using
the GATK HaplotypeCaller and GATK-Queue with default settings
and additional option ‘EMIT_ALL_CONFIDENT SITES’. The quality of
variant and reference positions was evaluated using GATK VariantFil-
tration with options ‘--filter-expression QD < 2.0 --filter-expression
MQ < 40.0 --filter-expression FS > 60.0 --filter-expression HaplotypeS-
core >13.0 -filter-expression MQRankSum < 12.5 --filter-expression
ReadPosRankSum < 8.0 --filter-expression MQO R 4 && ((MQO/
(1.0 *DP)) > 0.1) --filter-expression DP < 5--filter-expression QUAL 4.0
--filter-name SNP_LowQualityDepth --filter-name SNP_MappingQuality
--filter-name SNP_StrandBias --filter-name SNP_HaplotypeScoreHigh
--filter-name SNP_MQRankSumLow --filter-name SNP_ReadPosRank-
SumLow --filter-name SNP_HardToValidate --filter-name SNP_Low-
Coverage --filter-name SNP_VeryLowQual --filter-name SNP_LowQual
--filter-name SNP_SOR -cluster 3 -window 10". To obtain high-quality

somatic mutation catalogs, the somatic variant filtering tool SMuRF
(https://github.com/ToolsVanBox/SMuRF) was applied. We applied
postprocessing filters as described***>*, Somatic variants that passed
allthese filters were annotated with ‘PASS’ or with the respective param-
eter that did not meet any of the previous thresholds. All samples are
listed in Supplementary Table 2.

Mutation calling and filtering

Raw variants were called in multisample mode using the GATK Haplo-
typeCaller version 3.4-46 (ref. 64) and GATK-Queue version 3.4-46 with
defaultsettings and additional option ‘EMIT_ALL_CONFIDENT SITES’.
The quality of variant and reference positions was evaluated using GATK
VariantFiltration version 3.4-46 with options ‘--snpFilterName LowQual-
ityDepth --snpFilterExpression QD < 2.0 --snpFilterName Mapping-
Quality --snpFilterExpression MQ < 40.0 --snpFilterName StrandBias
--snpFilterExpression FS > 60.0 --snpFilterName HaplotypeScoreHigh
--snpFilterExpression HaplotypeScore >13.0 --snpFilterName MQRank-
SumLow --snpFilterExpression MQRankSum < -12.5 --snpFilterName
ReadPosRankSumLow --snpFilterExpression ReadPosRankSum < -8.0
-cluster 3 -window 35'. To obtain high-quality somatic mutation cata-
logs, we applied postprocessing filters as described*’. Briefly, we con-
sidered variants at autosomal chromosomes without any evidence
from a paired control sample (mesenchymal stem cells isolated from
the same bone marrow), passed by VariantFiltration with a GATK
phred-scaled quality score that was =100 for base substitutions and
>250forindels, abase coverage of at least 20 in the clonal and paired
control sample, no overlap with single-nucleotide polymorphisms
(SNPs) inthe SNP Database version 137.b3730 and absence of the vari-
antinapanel of unmatched normal human genomes. We additionally
filtered to exclude in vitro accumulated mutations as described***,
Allmutations are listed in Supplementary Table 3.

Driver mutations

SBSs or indels were considered as driver mutations if they had an MQ
0f30, had aminimum of 10x base coverage or were found in the driver
genes COSMIC cancer gene consensus (version from 9 May 2019).
Additionally, these driver mutations were annotated as missense,
frameshift, stop-gain, insertion or deletion, had either a high or mod-
erate effect as annotated by SnpEff and were not in the SNP Database
version 146 or a panel of unmatched normal human mesenchymal stem
cells and fetal genomes (BED file available upon request).

Mutational signature analysis

Mutational patterns was used for the SNV signature analysis with the
developed R package (MutationalPatterns)®, First, we extract the
96-trinucleotide mutational count matrix from the somatic mutation
catalog with the mut_mat() function and the relative contribution plot
wasextracted with plot_96_profile(). The COSMIC version 3 signatures
were used and identified on the basis of a cosine similarity > 0.85.

Variant allele frequency calculations

Thevariantallele frequency (VAF) is ametric (range 0-1) that describes
the fraction of reads covering a particular variant position and how
much the coverage supports it. VAFs are expected to be around -0.5
because a heterozygous mutation means that only one of the two
allelesis altered, whereas a VAF of O shows no supportinavariantand
aVAF close to1showsthatall reads support that variant. We plotted the
VAF distribution for each clone including all variants (Extended Data
Figs.2,5and 6). A VAFfiltering threshold of 0.3 was applied to discard
mutations that were introduced after the single-cell sort according to
aprevious method®.

Evaluation of MSI
We performed the comparison of two bioinformatics tools to calcu-
late MSI: MANTIS* and MSMuTect version 2 (ref. 46). Both tools use
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normal-tumor-paired, aligned and processed BAM files (hg19). The
WGS clone CJMLH1C1was used as normal. For MANTIS, we used the rec-
ommended settings for whole-exome usage (--mrq =20.0 --mlq = 25.0
--mlc=20--mrr=1) withaWESIocus hgl9 panelin BED format (included
inthe MANTIS repository). Torun MSMutect2, we created areference
hg19 locus table with Phobos (version 3.3.12; http://www.rub.de/eco-
evo/cm/cm_phobos.htm)withthe same WES locus panel from MANTIS.
We compared our clone or organoids to TCGA-COAD (MSI-H, MSS and
MSMutect2). In the case of MANTIS, we recommend the use of the
stepwise difference metric where any value greater 0.4 is considered
MS-unstable (Fig. 4a).

Relative risk analysis

Therelative mutation probability of driver gene mutations was calcu-
lated as described in the previous report™. Frequent mutations of MSI-H
cancers in the Ras, Raf, MAPK, PI3K and ErbB pathways were selected
from a previous study*°. Mutational signatures in in vivo colonic and
small intestinal tissue mutational signatures and in vitro colonic and
smallintestinal organoids were taken from our previous work'”*.

Simultaneous inhibition of all four major pathways in vitro
Gene expressionand protein analyses were prepared as follows. Orga-
noids were passaged to single cells following an enzymatic dissocia-
tion with TrypLE for 10 min at 37 °C. Cells were then resuspended in
Matrigel and cultured in full human colon organoid expansion medium
for 5 days to allow organoid formation. Fully formed organoids were
then washed three times in PBS and cultured for 24 h in either full
expansion medium or selection medium (-WRNE + 1 mM Nut3, 1 pM
Afa, 50 ng mI BMP2 and 200 ng ml™ DKK1). After 24 h, the organoids
were collected and subjected to either RNA or protein extraction and
used for RT-qPCR and western blot analyses.

RNAisolation, complementary DNA preparation

and RT-qPCR

Organoids were collected in RLT lysis buffer supplemented with BME
and mRNA was isolated using the QIAGEN RNeasy micro kit (QIAGEN)
following the manufacturer’sinstructions. Followingisolation, 1 pg of
RNA was used for cDNA synthesis using GoScript reverse transcriptase
(Promega) following the manufacturer’s instructions. RT-qPCR was
performed foraselection of genes using IQ SYBR green mix (Bio-Rad).
Results were quantified using the 44C, method. All primer sequences
arelisted in Supplementary Table 4.

Westernblotting

Cells werelysed inradioimmunoprecipitation assay buffer containing
cOmplete EDTA-free protease inhibitor cocktail tablets (4693132001,
Sigma-Aldrich). Protein quantification was performed using a stand-
ard Bradford assay (Bio-Rad) and equal amounts of protein were run
on SDS-PAGE gels and transferred to PVDF membranes (Millipore).
After transfer, membranes were blocked, washed and incubated with
antibodies against p53 (1:1,000; DO-1, Santa Cruz Biotechnology), p21
(1:1,000; F-5, Santa Cruz Biotechnology), glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; 1:5,000; ab9485, Abcam), phospho-p44/42
MAPK (ERK1and ERK2) (Thr202, Tyr204) (1:1,000; CST9101, Cell Sign-
aling Technology) and B-actin (1:5,000; 13ES5, Cell Signaling Technol-
ogy). The signals were detected using enhanced chemiluminescence
(SuperSignal West Femto maximum sensitivity substrate, Thermo
Fisher Scientific).

Drugscreening

Drug screenings were performed as described elsewhere®®. In brief,
outgrowing organoids were recovered from BME and enzymatically
dissociated in TrypLE for 5 min at 37 °C. Following TrypLE inactiva-
tion, dissociated organoids were resuspended in BME and allowed to
recover for 2 days ina medium containing alow concentration of EGF

(0.5 ng mi™ before being cultured inamedium lacking EGF for two addi-
tional days. Onthe day of dispense, prewarmed dispase wasadded and
the organoids were incubated for1 hat 37 °C, after which the organoids
were collected and washed with ice-cold AADMF+++. The organoids
were counted and dispensed at a density of 1,000 organoids per well
in 40 pl of culture medium lacking EGF and containing 5% (v/v) BME
using a multidrop dispenser (Thermo Fisher Scientific) in a 384-well
plate. Theinhibitors and the vehicle for the normalization were added
withan HP D300e digital dispenser (Hewlett-Packard). After 5 days of
treatment, 30 pl of Cell Titer Glo (Promega) was added to each well
using a multidrop dispenser and the plate was shaken for 5 min and
incubated for an additional 15 min at room temperature before the
luminescence was read using a SPARK luminescence detector (Tecan)
with Tecan SparkControl software (version 2.1). The experiments were
performed ontwo different clones, each with three technical replicates;
organoids before obtaining NRAS mutations were used as a control.

Generation of KRAS®?® mutant organoid

Single guide RNAs (sgRNAs) targeting the human KRAS gene were
clonedintoan SpCas9-eGFP vector (Addgene, plasmid 48138) as previ-
ously described®. sgRNA and a homology-directed repair (HDR) donor
DNA template for introducing the KRAS®?® mutation were selected
from the previous study”. To generate KRAS“?° mutants, the organoids
were dissociated into single cells with TrypLE express and transfected
using a NEPA21 super electroporator (NEPA GENE) with SpCas9-eGFP
containing the locus-specific sgRNA and the KRAS*° HDR template as
described before®®. Then, 3 days after transfection, culture medium
supplemented with Y-27632 was exchanged with selection medium
lacking EGF and containing 1 pM Gef (Selleck Chemicals) (-EGF+Gef).
Clonal lines were generated by isolating individual organoids which
survived the selection and dissociating them to single cells with Try-
pLE express. Outgrowing clones were separated and expanded as
clonallines that were used for subsequent analyses. Clonal lines were
genotyped using the Zymogen Quick-DNA microprep kit following
the manufacturer’s instructions. Correct gene editing was verified by
genomic DNA extraction followed by PCR amplification of targeted
loci using Q5 high-fidelity polymerase (New England Biolabs). Finally,
Sanger sequencing of the generated amplicons by Macrogen con-
firmed correct gene editing. Primers used for amplification and Sanger
sequencing can be found in Supplementary Table 4.

Invivo subcutaneous transplantation

Clonal organoids were passaged with TrypLE Express (Thermo Fisher
Scientific) and allowed to recover in the appropriate culture medium
for 2 days before being collected for the transplantation. The cultured
organoids wereincubated with TrypLE Expressin the presence of 10 uM
Y-27632 (Tocris Bioscience) and mechanically dissociated into single
cellsand counted. A total of 200,000 cells were resuspended in 100 pl
of culture medium, mixed with Cultrex BME (Trevigen) at a 1:1 ratio
and subcutaneously injected into both sides of the posterior flank
of NSG mice (n =3-6 mice, 6-12 injection sites per organoid line) as
previously described”. Then, 8 weeks after transplantation, the mice
werekilled and analyzed for the presence of atumor mass. Three mice
in the CRISPR-AKPS organoid transplantation condition were killed
with the estimation of exceeded maximal tumor burden 7 weeks after
transplantation. Tumor volume was calculated using the modified
ellipsoidal formula ((length x width?)/2). After measuring, the tumor
specimens were fixed overnightat4 °Cin4% PFA, paraffin-embedded
and processed for histological analyses.

Histology

Tissues and organoids were fixedin 4% PFA, dehydrated in ethanol and
embedded in paraffin. Sections were subjected to hematoxylin and
eosin (H&E) and immunohistochemical (IHC) staining. Slides were
cut at 5-pm thickness and used for histology. Organoids were stained
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with H&E or primary antibodies for IHC. In brief, the organoids were
dehydratedinan ethanol gradientand thenrinsed in PBS. Heat-induced
antigenretrieval was performed and the slides were sequentially incu-
bated with the primary and secondary antibodies. Finally, DAB was
applied ontheslides, which were then counterstained with hematoxy-
lin, dehydrated and mounted with permanent mounting medium. The
imaging was performed on a LEICA microscope (DM6000) and images
were processed using Leica LAS-X (version 1.1) software. The following
primary antibodies were used for IHC staining: mouse anti-E-cadherin
clone36(1:1,000; 610182, BD Biosciences), mouse anti-Ki67 clone MM1
(1:1,000; 550609, BD Pharmingen), rabbit anti-3-catenin H-102 (1:500;
sc-7199, Santa Cruz Biotechnology) and rabbit anti-EGFR clone EP38Y
(1:1,000; ab52894, Abcam).

Statistics and reproducibility

No statistical method was used to predetermine sample size but our
sample sizes are similar to those reported in a previous publication®.
No data were excluded from the analyses. The experiments were not
randomized. The investigators were not blinded to allocation during
experiments and outcome assessment. Data collection and analysis
were not performed blind to the conditions of the experiments. Data
distribution was assumed to be normal but this was not formally tested.
Statistical analysis was performed with Prism 9.0 (GraphPad, Dotmat-
ics). For comparisons between two independent groups, a two-tailed
unpaired Welch’s t-test was used. P values < 0.05 were defined as sta-
tistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The sequencing data were deposited to the European Genome-Phe-
nome Archive (https://ega-archive.org/) under accession numbers
EGAS00001001682, EGAS00001000881 and EGAS50000000114.
All other data supporting the findings of this study are available from
the corresponding authors upon request. Source data are provided
with this paper.

Code availability

Mutation calling and filtering pipeline NF-IAP is available from GitHub
(https://github.com/ToolsVanBox/NF-IAP). Somatic variants were
extracted with SMuRF version 3.0.0 (available from GitHub: https://
github.com/ToolsVanBox/SMuRF) and MutationalPatterns (available
from GitHub: https://github.com/ToolsVanBox/MutationalPatterns).
In-house R scripts (version 4.2.3) were used to generate VAF plots and
the comparison of MANTIS and MSMutect2 with library ggplo2.
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Extended Data Fig. 1| Various niche factor selection of MLHI*® human

colon organoids. (a) MLH1¥°-1 organoids were selected by inhibition of other
niche factor pathways. Triple independent MLHI*°-1 organoid lines grew in
complete medium (WRNE), but all of small organoids formed in all conditions
died within aweek (representative pictures from n = 3 clonal organoid lines).

W, wnt3a; R, R-spondinl; N, Noggin; E, EGF; Gef, gefitinib. Scale bars, 500 pm. (b)
Quantification of formed organoids in each condition. Mean and SD (error bars)
of n=4clonal organoid lines. -EGF+Gef (P= 0.0004, P<0.0001, P<0.0001),

-Noggin (P<0.0001, P=0.0011, P< 0.0001), +Nut3 (P < 0.0001, P< 0.0001,
P=0.0941), two-sided Welch’s t-test. (c) MLH1*°-1 organoid clones established
from another individual were selected with the deprivation of Wnt factor. Some
of organoids grew out only from MLH1¥°-1 clone in -WR medium. Outgrowing
clones are shown ininset. Scale bars, 500 um. (d) Quantification of survived
organoids in each condition. Mean and SD (error bars) of n = 4 clonal organoid
lines. P<0.0001, P < 0.0001, two-sided Welch'’s t-test.
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Extended DataFig. 2| Variant Allele Frequency distribution of mutant clones. Graphs show Variant Allele Frequency (VAF) distribution of somatic mutations per
organoid clone (MLHI*°-1-WR-1and MLHI*°-1-WR-2) in WGS. A VAF-filtering threshold of 0.3 (dotted line) is applied to discard mutations that are introduced after the
single-cell sort.
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Extended DataFig. 3| Mutational spectrum of AXINI, AXIN2, BMPR2, ACVR2A,  dotindicated other types of mutation. The length of each lollipop represents
and TP53in CRC. Lollipop diagram corresponding colorectal cancer studies the number of patients with the specific mutation. Specific mutations found in
selected in cBioPortal (https://www.cbioportal.org). Ablack dot indicated a MLHI*-1organoid are represented on top of each lollipop.

truncating mutation; agreen dot indicated a missense mutation; and a purple
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Extended Data Fig. 4 | MLHI*® AXIN1/2-mutant organoids only gained Wnt- organoids (CRISPR-APC*°, CRISPR-KRAS®?®, CRISPR-P53°) in WRNE (complete
pathway independency. The medium selection experiments with the MLHI*® medium), -WR, -EGF +Afatinib, +Nutulin3, and -Noggin+BMP2. Representative
AXIN1/2-mutant organoids (MLHI*°-1) and each pathway driver CRISPR-mutant pictures from n = 3 clonal organoid lines. Scale bars, 200 pm.
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Extended DataFig. 5| Variant Allele Frequency distribution of mutant clones. Graphs show Variant Allele Frequency (VAF) distribution of somatic mutations per
organoid clone (MLHI**1-WR-1-N, MLHI**1-WR-1+Nu, and MLHI*>1-WR-2-N) in WES. A VAF-filtering threshold of 0.3 (dotted line) is applied to discard mutations that
areintroduced after the single-cell sort.
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Extended DataFig. 6 | Variant Allele Frequency distribution of mutant clones. Graphs show Variant Allele Frequency (VAF) distribution of somatic mutations per
organoid clone (MLHI*®-1-WR-1+Nu-N-1, ML HI**-1-WR-1+Nu-N-2, and ML H1*°-1-WR-1+Nu-N-E+Afa) in WES. A VAF-filtering threshold of 0.3 (dotted line) is applied to
discard mutations that are introduced after the single-cell sort.
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Extended Data Fig. 7| Drug sensitivity assay of NRAS®'* mutant organoids.
(a) qQRT-PCR analysis of ETV4, ETVS, DUSP4, DUSPS and CCNDI mRNA levels.
These transcripts were compared between NRAS wildtype parental clone (WT)

and NRAS-Q61K clone cultured in the medium with or without afatinib (Afa+/-).

n=2clonal organoid lines. (b) Dose-response curves showing the sensitivity
of NRAS-WT and NRAS-Q61K clones to inhibitors of the EGFR (Gefitinib), MEK
(Trametinib), mTOR/PI3Ka (Everolimus/Alpelisib) and CDKs (Dinaciclib).
Y-axis represent the viability of the samples while X-axis represent the drug

concentration (power of 10 pM). Mean and SD (error bars) of n = 3 technical
replicates for n = 2independent organoid clones for each genetic background.
(c) Representative bar graphs showing the sensitivity of NRAS-WT and NRAS-
Q61K organoids to different inhibitors, calculated as area under the curve (AUC).
n=2clonal organoid lines. (d) Heatmaps reporting the viability of the drug
screening performed on NRAS-WT and NRAS-Q61K organoids as normalized to
vehicle treated organoids. Color mapping range from low viability (red) to high
viability (green).
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Extended Data Fig. 8| Introduction of KRAS®*® mutation on triple-pathway
mutant organoids. (a) Triple-pathway mutant organoids were transfected

with Cas9, sgRNA and the oligonucleotide previously designed for KRAS®'?°
mutation. KRAS®?® mutants were selected in the medium lacking EGF, with the
EGFR inhibitor gefitinib (-WRNE+Nut3+Gef). Small single organoids survived
and grew (Inset). Representative pictures from n = 3 clonal organoid lines. Scale
bars, 500 pm. (b) Picked up surviving KRAS*?° mutant organoid (representative

pictures fromn =3 clonal organoid lines). Scale bars, 100 um. (c¢) Single survived
organoids were expanded and passaged in the medium lacking EGF, with the
EGFRinhibitor gefitinib (-(WRNE+Nut3+Gef). Representative pictures from
n=3independent replicates. Scale bars, 500 pm. (d) Sequence analysis of the
targeted KRAS exon. Oncogenic GGT > GAT mutationis indicated in green; silent
mutations are in blue; protospacer adjacent motif (PAM) isunderlined inred.
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Extended DataFig. 9 | Growth speed of AKPS mutant organoids and the 100 pum. (b) Quantification in cell numbers of the quadruple-pathway mutant
quadruple-pathway mutant organoids. (a) the quadruple-pathway mutant organoids (VRAS®™) and AKPS mutant organoids Mean and SD (error bars) of
organoids (VRAS®™) and AKPS mutant organoids grew in complete medium n=3clonal organoidlines.

(WRNE). Representative pictures from n = 3 clonal organoid lines. Scale bars,
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- Accession codes, unique identifiers, or web links for publicly available datasets
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Data availability statement in the manuscript as follows: "The sequencing data have been deposited to the European Genome-Phenome Archive (https://ega-
archive.org/) under accession numbers EGAS00001001682, EGAS00001000881 and EGAS50000000114. Source data for Figs. 1-5 and Extended Data Figs. 1-9 have
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Reporting on sex and gender Mutated colon organoids were established from two wild-type human colon organoid cultures in previous study. These were
derived from endoscopy material of a healthy donor (female, age 31 years) and from normal tissue of a resected colon
segment derived from a patient (female, age 60 years) diagnosed with CRC (sigmoid). As the differences by sex in mutational
progression were not expected, we did not consider sex or gender in our study design.

Reporting on race, ethnicity, or  Ethnicity was not assessed.
other socially relevant

groupings

Population characteristics Mutated colon organoids were established from two wild-type human colon organoid cultures in previous study. These were
derived from endoscopy material of a healthy donor (female, age 31 years) and from normal tissue of a resected colon
segment derived from a patient (female, age 60 years) diagnosed with CRC (sigmoid).

Recruitment Biopsy specimens for organoid cultures were obtained from the patients listed above.

Ethics oversight The study was approved by the UMC Utrecht and Diakonessenhuis (Utrecht, Netherlands) ethical committee (TC-Bio 12-093)

and was in accordance with the Declaration of Helsinki and according to Dutch law. This study is compliant with all relevant
ethical regulations regarding research involving human participants.

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

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

Sample size No statistical method was used to predetermine sample size. We confirmed in vivo organoid transplantation results using multiple mice (3-6
mice per organoid line) according to previous experience(Drost et al. Nature 2015). For most in vitro experiments, we used n=>3 for according
to previous experience with similar experiments. The sample size typically results in standard error <25% of the mean.

Data exclusions  No data from in vitro experiments were excluded. For in vivo experiments, animals were excluded only if they died or had to be killed
according to protocols approved by the animal welfare committee.

Replication Replicates for each experiment are described in the figure legends and methods. If not specified, the experiments were performed once with
the presented number of data points shown in the figures. All datapoints were distinct; no repeated measures were used.

Randomization  Forin vivo experiments of subcutaneous transplantation, animals were randomized. For in vitro experiments, all samples were analyzed
equally with no sub-sampling therefore there was no requirement for randomization.

Blinding Data collection and analyses were not performed blinded to the conditions of the experiments. For in vivo experiments, blinding was not
performed because identification of mice was required due to practical constraints. For in vitro studies, experiments were not performedin a
blinded manner because investigator need it to identify samples to perform treatments.
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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

n/a | Involved in the study n/a | Involved in the study

|:| |Z Antibodies |Z |:| ChiIP-seq

|Z| |:| Eukaryotic cell lines |Z |:| Flow cytometry

|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

|:| |Z Animals and other organisms

X|[] clinical data

X|[] bual use research of concern

X|[] Plants

Antibodies

Antibodies used Western blot analysis:
Mouse anti-P53 (clone DO-1), diluted 1:1000 (Santa Cruz Biotechnology, #sc-126)
Mouse anti-P21 (clone F-5), diluted 1:1000 (Santa Cruz Biotechnology, # sc-6246)
Rabbit anti-Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), diluted 1:1000 (Cell Signaling Technology, CST9101)
Rabbit anti-B-Actin (13E5), diluted 1:5000 (Cell Signaling Technology, #4970)
Rabbit anti-GAPDH, diluted 1:5000 (Abcam, #ab-9485)
Immunohistochemistry:
Mouse anti-E-cadherin (clone 36), diluted 1:1000 (BD Biosciences, #610182)
Mouse anti-Ki67 (clone MM1), diluted 1:1000 (BD Pharmingen, #550609)
Rabbit anti-B-catenin (H-102), diluted 1:500 (Santa Cruz Biotechnology, #sc-7199)
Rabbit anti-EGFR (clone EP38Y), diluted 1:1000 (Abcam, #ab52894)

Validation Antibodies used for western blot and immunohistochemistry have been validated on supplier's website and used in previous studies

as cited below.

Western blot analysis:

Mouse anti-P53 (clone DO-1), diluted 1:1000 (Santa Cruz Biotechnology, #sc-126)
https://www.scbt.com/p/p53-antibody-do-1

Ref: Nature 521, 43—47 2015. https://doi.org/10.1038/nature14415

Mouse anti-P21 (clone F-5), diluted 1:1000 (Santa Cruz Biotechnology, # sc-6246)
https://www.scbt.com/p/p21-antibody-f-5

Ref: Nature 521, 43—47 2015. https://doi.org/10.1038/nature 14415

Rabbit anti-Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), diluted 1:1000 (Cell Signaling Technology, CST9101)
https://www.cellsignal.jp/products/primary-antibodies/phospho-p44-42-mapk-erk1-2-thr202-tyr204-antibody/9101
Ref: Nat Commun 12, 2656 2021. https://doi.org/10.1038/s41467-021-22969-5

Rabbit anti-B-Actin (13E5), diluted 1:5000 (Cell Signaling Technology, #4970)
https://www.cellsignal.com/products/primary-antibodies/b-actin-13e5-rabbit-mab/4970?producttype=siRNA%7CPolyclonal
+Antibody&tab=product&Nrpp=100&No=100&fromPage=plp&language=en

Ref: PNAS 121 (12) 2309902121 2024. https://doi.org/10.1073/pnas.2309902121

Rabbit anti-GAPDH, diluted 1:5000 (Abcam, #ab-9485)
https://www.abcam.com/products/primary-antibodies/gapdh-antibody-loading-control-ab9485.html

Ref: Nature 521, 43—-47 2015. https://doi.org/10.1038/nature14415

Immunohistochemistry:

Mouse anti-E-cadherin (clone 36), diluted 1:1000 (BD Biosciences, #610182)
https://www.bdbiosciences.com/en-us/products/reagents/microscopy-imaging-reagents/immunofluorescence-reagents/purified-
mouse-anti-e-cadherin.610182

Ref: Nature 521, 43—47 2015. https://doi.org/10.1038/nature14415

Mouse anti-Ki67 (clone MM1), diluted 1:1000 (BD Pharmingen, #550609)
https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/
purified-mouse-anti-ki-67.550609

Ref: Nature 521, 43—47 2015. https://doi.org/10.1038/nature14415

Rabbit anti-B-catenin (H-102), diluted 1:500 (Santa Cruz Biotechnology, #sc-7199)
https://www.scbt.com/p/beta-catenin-antibody-h-102

Rabbit anti-EGFR (clone EP38Y), diluted 1:1000 (Abcam, #ab52894)

Ref: PNAS 121 (12) e2309902121 2024. https://doi.org/10.1073/pnas.2309902121
https://www.abcam.com/products/primary-antibodies/egfr-antibody-ep38y-ab52894.html
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

For mice experiments, 8-week-old NOD scid gamma (NSG; NOD.Cg-Prkdcscid 12rgtm1Wijl/SzJ) mice were used in the study. The mice
were kept in a constant temperature environment of 21°C (40-60% humidity) with a natural day/night light cycle in a conventional
animal colony with free access to food and water. All the mice were housed in a pathogen-free vivarium in sterile, disposable
microisolator cages and fed a sterile, irradiated diet with free access to sterile, irradiated water.

The study did not involve wild animals.
The performed experiment has no special request for the sex of animal models.
No field collected samples were used in the study.

All mouse experiments were conducted under a project license (AVD 8010020209924) granted by the Central Committee Animal
Experimentation (CCD) of the Dutch government and approved by the KNAW-Hubrecht Institute Animal Welfare Body (IvD) (HI
21.39.04).

All the mice were monitored and weighed once a week. Mice with symptoms of severe discomfort (e.g., >20 % weight loss compared
to beginning, >15 % weight loss in two days) with tumor burden or with measured tumors larger than 1,000mm3 were humanely
sacrificed. In this study, three mice in subcutaneous transplantation experiment were sacrificed with the estimation of exceeded
maximal tumor burden in earlier time point. As tumor size was weekly checked by manual palpation, it was only possible to estimate
the size of the tumors ahead of sacrifice. Indeed, we noted n = 1 tumor of the sacrificed animals exceeded the size limit.

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

Plants

Seed stocks

Novel plant genotypes

Authentication

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

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

Describe-any-atthentication-procedures foreach-seed-stock-used-or-novel-genotype-generated.-Describe-any-experiments-tsed-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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