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not clear which (epi-)genetic changes are most important in neoplastic progression and we
begin to address this knowledge gap herein.

Design: We utilise organoid culture combined with CRISPR/Cas9 genome engineering, to
sequentially introduce genetic alterations associated with serrated CRC and which regulate
the stem cell niche, senescence and DNA mismatch repair.

Results: Targeted biallelic gene alterations were verified by DNA sequencing. Organoid
growth in the absence of niche factors was assessed, as well as analysis of downstream
molecular pathway activity. Orthotopic engraftment of complex organoid lines, but not
Braf "’ alone, quickly generated adenocarcinoma in vivo with serrated features consistent
with human disease. Loss of the essential DNA mismatch repair enzyme, Mlhl, led to
microsatellite instability. Sphingolipid metabolism genes are differentially regulated in both
our mouse models of serrated CRC and human CRC, with key members of this pathway
having prognostic significance in the human setting.

Conclusion: We generate rapid, complex models of serrated CRC to determine the
contribution of specific genetic alterations to carcinogenesis. Analysis of our models
alongside patient data has led to the identification of a potential susceptibility for this tumour

type.
SUMMARY BOX:

What is already known about this subject:

e 25% of colorectal cancers (CRC) form via an alternate molecular pathway typified by
activating mutation in the BRAF kinase and accrual of epigenetic modifications at
specific promoter locations.

e The molecular evolution of these serrated CRCs and how this relates to natural history
is poorly understood and may hold the key to better treatment and prevention options
for this form of CRC.

What are the new findings:

e Here we use next generation sequence information from human serrated CRC,
combined with organoid culture, gene editing and orthotopic transplantation
techniques to rapidly generate complex, preclinical models of serrated CRC.

How might it impact on clinical practice in the foreseeable future?

e These preclinical models will allow therapeutic evaluation in known, previously
untested genetic landscapes.

e Transcriptomic analysis of our models, combined with patient data, have suggested
potential vulnerabilities for this tumour type that we will test in the future.

INTRO:

Sporadic colorectal cancer (CRC) develops via two main genetic pathways. The conventional
pathway described by Fearon & Vogelstein [1] has characteristic chromosomal instability
(CIN) with stepwise loss of key tumour suppressors (eg. Adenomatous polyposis coli, APC)
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and activation of oncogenes (eg. KRASGI2D mutation). In the last two decades, an alternate
molecular pathway has been identified that accounts for 25% of CRC [2]. This subtype of
CRC is named for the serrated, or saw-toothed, morphology of the precursor lesion, including
sessile serrated polyps, and comprises a molecularly distinct, somewhat heterogeneous
tumour type that forms without CIN. It can be best differentiated from conventional CRC by
two characteristic molecular markers; the presence of the BRAF"*’F mutation that activates
the mitogen-activated protein kinase (MAPK) pathway and the coincident, coordinated
epigenetic modification of specific target promoters termed the CpG Island Methylator
Phenotype (CIMP) [3]. BRAF"*!/CIMP" tumours account for 8-20% of all CRC [2, 4].
These are preferentially located in the proximal colon, frequently present with higher grade
and contain a group of cancers with the worst prognosis of all CRC [2, 5]. Furthermore, of
relevance to the gastrointestinal cancer preventionist, these serrated lesions are less well
detected by current CRC screening programs and are overrepresented in colonoscopic
interval cancers [6, 7]. The molecular basis for these subtype characteristics are not well
understood, but may hold the key to preventing and treating serrated CRC.

The culture of normal and tumour derived organoids pioneered by Hans Clevers and his
group [8, 9] allows the indefinite, in vitro propagation of primary gut epithelia and neoplastic
specimens. Cells are grown in self-organising aggregates with representative epithelial
architecture, suspended within a basement membrane-gel matrix and supported by stem cell
niche signalling factors. For the colon these factors, Wnt/R-spondin, Epidermal growth factor
(EGF), and Noggin activate the Wnt and MAPK pathways and inhibit the bone morphogenic
protein (BMP) pathway, respectively. This culture system supports the stem cell population,
as well as more differentiated cell types, allowing long-term primary culture containing many
of the representative epithelial cell types of the original tissue.

The next-generation sequencing revolution has armed us with more information than ever
before about the (epi-)genetic changes associated with serrated CRC. Mining this static data
is relatively simple, yet understanding the contribution of genetic events to carcinogenesis is
a real challenge. To this end, we have combined recent advances in stem cell biology [10]
with genome editing techniques [11], to produce a system in which multiple genetic
alterations can be assessed for their contribution to serrated CRC. This is analogous to the
approach taken to model the conventional pathway to CRC [12, 13] and is inspired by the
observation that many recurrent CRC mutations lie within genes involved in key signalling
pathways that are essential for maintenance of the intestinal stem cell niche [14]. Our work
provides new insights into the importance of common (epi-)genetic alterations found in
human serrated CRC and highlights a potential vulnerability of this cancer type.

RESULTS:

To identify recurrent serrated CRC associated alterations in stem cell niche signalling and
senescence pathways, we analysed The Cancer Genome Atlas (TCGA) (epi-)genomic data
for 633 CRC cases [15]. BRAF"*"F mutation is estimated to mark 50-67% of serrated CRCs
[2] and, in the absence of microsatellite instability (MSI), is associated with poor outcome for
late stage disease [2, 16]. As only 30% of serrated CRCs retain serrated crypt morphology
[2], we use the BRAF"*""F molecular marker rather than histological appearance to extract
serrated CRC cases from the TCGA set. In the 50 TCGA CRC cases that contain BRAF*""*
(depicted in Figure 1), we then used a candidate gene approach to look for frequently co-
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altered genes that play important roles in regulating the stem cell niche or senescence. p/6
INK4A encodes a tumour suppressor protein critical for oncogene induced senescence. Loss
of p16 INK4a expression is associated with the conversion of serrated polyps to high-grade
dysplasia/CRC and cooperates with Braf *"’F in a mouse model of serrated CRC [17, 18, 19].
Consistent with previous reports, we detected p/6 INK44 hypermethylation or mutation in
46% of TCGA CRC cases overall and in 84% of BRAF"*’F CRC (Figure 1) [20, 21, 22].
The Wnt pathway intricately regulates intestinal stem cell proliferation and differentiation.
The classic Wnt-pathway regulator, 4PC, is the most commonly mutated gene in CRC [15].
However for BRAF"%"F CRC, we identified two negative regulators, ZNRF3 and RNF43, as
the most commonly altered Wnt pathway genes (Figure 1) [23]. Interestingly, in mice,
cooperative inactivation of both Rnf43 and Znrf3 are required for polyp formation [24] and
we detect alteration of both genes in 32% of BRAF'*"”* CRC. This is consistent with reports
of differential Wnt pathway disruption in precursor lesions of the serrated pathway to CRC
compared to the conventional pathway [25, 26]. The mutation rate of RNF43 is likely under-
represented in the TCGA dataset due to incomplete calling of frame-shift mutations because
of their similarity to technical DNA polymerase slippage errors [27]. The transforming
growth factor-f (TGFp) pathway is frequently aberrantly regulated in CRC, often through
mutation of TGFf receptor 2 (TGFpR2) [15]. TGFPR2 mutation occurred in 10% of the
BRAF"" CRC cases we examined (Figure 1), again reflecting under calling of the
polyadenine repeat tract mutations in the TCGA dataset as use of older sequencing modalities
identified TGFBR2 as mutated in 90% of MSI CRC [28]. Lastly, we wanted to model MSI
CRC and so examined the key mismatch repair gene, MutL homolog 1 (MLH1). In line with a
meta-analysis of MLHI methylation frequency in CRC, we detected MLH1 hypermethylation
in 20% of TCGA CRC cases [29]. This increased to 74% alteration in BRAF %" CRC
(Figure 1).

Carcinogenesis is a story of liberation and, as we genetically engineer successive stages of
serrated CRC, we select organoids through their unique biology, microenvironmental
requirements and treatment sensitivities. Firstly, the BRAF'*"”* mutation is an early genetic
change in serrated polyps [30]. To first incorporate this mutation, we established colon
organoid cultures from BRAF/Villin®“**"mice (Figure 2). In vitro treatment with 4-
hydroxytamoxifen (4-OHT) induced highly efficient recombination to Braf’ ™"
(Supplementary Figure 1) and activation of ERK1/2 phosphorylation (Figure 2A). This in
vitro system mimics the chemoresistance to epidermal growth factor receptor (EGFR)
inhibitors observed for MAPK mutant CRC in the clinic [31]. Treatment with EGFR inhibitor
results in a significant growth inhibition of wild-type organoids in culture but not Bra 600E
organoids (Figure 2B, Supplementary Figure 2).

Genome editing using microbial Cas9 nucleases from the clustered regularly interspaced
short palindromic repeats (CRISPR) adaptive immune system has revolutionised the field of
genome editing [11]. We have modelled serrated CRC using this genome editing technique.
Thus, following mutation of Braf we sequentially incorporated 4 further genetic alterations
using CRISPR/Cas9 [11] (Figure 2). Similar to previous work [12, 13], the addition of Tgf3
to culture medium selected for organoids with functional loss of the Tgfp pathway, in this
case TgfPr2 (Braf” 600 . T, gfbr2NA, abbreviated to Braf”" S0OEAT) (Figure 2B). Indeed, wild type
(WT), Bra 500 and control transfected cultures do not survive in the presence of TgfP [32]
(Figure 2B). Quantitative real-time PCR (qRT-PCR) analysis of the Tgfp response gene,
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Serpinl, showed that TgfP can activate this pathway in Braf’ *"’* organoids as shown by an
increase in Serpin]l mRNA levels. However, organoids containing loss of function of Tgffr2
have low basal expression of Serpinl and are not Tgf]} responsive (Supplementary Figure
3). Next, removal of Wnt-ligands, Wnt3a and Rspo2, kills WT, Braf' """, Braf*""* AT and
control transfected cultures (Figure 2B). However, transfection of plasmids encoding Cas9
and guideRNAs (gRNAs) targeting the negative Wnt regulators, Rnf43 and Znrf3, allowed
outgrowth of organoids with cystic morphology (Figure 2B, growth of organoids in Wnt-
ligand deficient NT medium). Loss of the pl6Ink4a tumour suppressor was not directly
selected for using changed media conditions, but this gene was targeted simultaneously with
Rnf43 and Znrf3 and its loss likely provided a growth advantage to Bra 50%F mutant cells
[17]. This resulted in Braf’®"’F: Tgfbr2*:Rnf43""/Znrf3**;p16 Ink4a™" (Braf " "“ATRZI)
organoids. qRT-PCR analysis of the Wnt-pathway response genes, Axin2 and Lgr5, showed
that activation of this pathway in the Braf’ """ ATRZI organoids in the absence of Wnt ligands
is similar to the level in control Braf’™’* organoids cultured in the presence of Wnt ligands,
i.e. the pathway is super-activated by targeting Rnf43 and Znrf3 (Supplementary Figure 3).
qRT-PCR analysis also indicates a reduction in pl6Ink4a mRNA levels in Braf’ SWOEATRZI
compared to Braf’ *’F organoids (Supplementary Figure 3).

Lastly, to select for loss of MIhl we exploited the clinical finding that MSI-High (MSI-H)
cancers are reported to show relative resistance to backbone chemotherapeutic 5-fluorouracil
(5-FU) [33]. We used media containing 5-FU to promote DNA mismatches [34]. Mlhl is an
essential component of the DNA mismatch machinery [35] and so we hypothesised that
inactivation of Mlhl would lead to increased survival of cells despite DNA damage-arrest
signals, consistent with the poor response of MSI CRC to 5-FU based adjuvant chemotherapy
[33]. Organoids that had been transfected with a plasmid encoding Cas9 and a gRNA
targeting MIh1 (Braf' *"" ! ATRZIM) were better able to withstand a pulse of 5FU treatment
than control transfected Braf' *""*ATRZI (Figure 2B). The activity of previously unpublished
gRNAs (Tgffr2 and MIhl gRNAs) was evaluated in polyclonal organoids before proceeding
to handpicking single clones and expansion of lines (Supplementary Figure 4). We also
used bioinformatic prediction of the possible off-target sites for each of these gRNAs and
verified that they were not changed in our organoid lines by Sanger sequencing
(Supplementary Table 1). Bi-allelic, loss of function insertions and deletions (indels) in
target genes were verified using DNA sequencing (Figure 2C, Supplementary Table 2).

To assess the effect of this series of genetic alterations on colorectal tumourigenesis, we
transplanted organoids into NOD.Cg-Prkdc*“I12rg™""7"5% (NSG) mice and used in vivo
murine colonoscopy to directly visualize and score pathologic changes (Figure 3A,
Supplementary Videos). Using a modified needle attachment, we injected organoids into the
orthotopic site, the mucosal layer of the colon wall (Figure 3A, Supplementary Figure 5A,
5B) [36]. Injection of Bra 500 pyutant organoids failed to induce tumour formation over a 3
month time course as assessed by colonoscopic surveillance, at necropsy and by pathological
evaluation (Figure 3B, 4B, Supplementary Figure 6). Introduction of Tgfp pathway
perturbation in Braf"*"" AT organoids results in 57% of organoid injections forming tumours
within 3 months (Figure 3B). However, significantly more Braf'®""?ATRZI and
Braf®""P ATRZIM injected organoids formed tumours, 98% and 100% respectively (Figure
3B, p<0.05). Similar to human sessile serrated polyps, 94% (n=11 mice) of Braf’ " ATRZI
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and 100% (n=8 mice) of Braf’ *"’*ATRZIM tumours developed a noticeable mucus cap visible
from two weeks post-injection via colonoscopic surveillance [37] (Supplementary Figure
5C). This is in contrast to only 9% (n=12 mice) of the Braf’ *"’*AT tumours with a mucus cap.
The more genetically complex organoids (Braf'®""*ATRZI and Braf' " ATRZIM) grew
significantly more quickly than Braf’*""*AT tumours (Figure 3C, Supplementary Figure 6,
p<0.001) and overall survival was also significantly decreased, with mean time from
injection to humane endpoint of the experiment at 6 weeks for Braf *""*ATRZI and 4 weeks
for Braf """ATRZIM (Figure 3D, p<0.001).

Histologically, tumours generated using Braf” B0OEAT, Braf” SEATRZI and Braf” SOEATRZIM
organoids are invasive, adenocarcinomas with features of human serrated CRC (Figure 4,
Supplementary Table 3) [2, 38]. We observed infrequent liver metastasis (9% or 1 out of
11) mice), with no macro-metastasis to other sites (lung, peritoneum) after injection with
Braf """ ATRZI (Supplementary Figure 5D). Organoid-derived cells were readily visualised
by morphology and using immunohistochemical detection of Braf'**" (Figure 4D,
Supplementary Figure SE). The tumours display a substantial desmoplastic stromal reaction
(Figure 4E), particularly with Bra SEATRZI compared to the less genetically complex
Braf" """ AT (85% vs. 33% p<0.05, Supplementary Table 3). Thus the genetics of the
tumour in this model was important in the co-evolution of the stroma. This stromal reaction is
composed of smooth muscle actin expressing cancer activated fibroblasts amongst other cell
types (Figure 4G). The more complex Braf *"’*ATRZI and Braf *"’“ATRZIM, but not
Braf """ AT tumours, featured tumour budding (Figure 4F, Supplementary Figure 5F) and
approximately half were categorised as mucinous adenocarcinoma [38], indicating a change
to the amount of mucin produced by tumours with more complex genetic alterations, (42-
50% vs. 0% p<0.01, Supplementary Table 3). This could also be visualised using Alcian
Blue mucin staining (Figure 4G). Muc2 mRNA, encoding a core component of mucus, was
increased in the Braf' *""*ATRZI but not the Braf'®""* or Braf’®"" AT organoids (p<0.05,
Supplementary Figure 7).

To investigate the consequences of mutating the essential DNA damage response gene, Mlhl,
we analysed microsatellite marker length in our organoid series. Braf’ *""*ATRZIM, but not
Braf"®" " ATRZI organoids have altered microsatellite length (MSI) when compared to the
donor mouse from which organoids were derived, in 4 mononucleotide markers previously
validated for use in mouse [39, 40]. These cells accrued further MSI in vivo, with
Braf ""EAT, 'RZIM, but not Bra S0EATRZI tumours containing additional microsatellite tract
length variability (Supplementary Figure 8).

Discrete transcript profiles of serrated and conventional pathway tumours

In addition to our series of serrated pathway tumours, we also generated tumours driven by
alteration of commonly mutated conventional CRC pathway genes, Apc and Kras®'?".
Similar to previous reports [36], colonic organoids expressing adeno-virally delivered Cre,
derived from Kras"*""*"";4pc"™" mice survived culture in the absence of Wnt3a or Rspo2
(Supplementary Figure 9). Adenocarcinomas arising from orthotopic injection of
Kras®'??’ +;Apcﬂ/ﬂ organoids, were verified as Kras®'?? ! “Ape® 80174580 (Kras®"*P; Apc & 4
genotype and displayed nuclear B-catenin localisation (Supplementary Figure 9). We
isolated RNA from our series of serrated and conventional pathway tumours and compared
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mRNAseq expression profiles between these different tumours and normal colonic mucosa
from tumour bearing animals (n=4 biological replicates per group). The multidimensional
scaling (MDS) plot generated from our RNAseq data showed that, as expected, the normal
colon samples had quite different transcript profiles to the tumour samples (Figure 5A). In
comparison, the Braf "%, serrated subtype tumours all clustered closely together and
separated from the Kras“?";Apc®* tumours (Figure 5A). Consistent with alterations to the
MAPK pathway in our Braf'®"’* organoid series, gene set enrichment analysis (GSEA)
identified differential expression of MAPK-pathway transcripts as enriched in the Braf’ """
tumours compared to normal colon (Supplementary Figure 10A). Validating our attempt to
model MSI CRC, the tumours derived from Braf“’“*ATRZIM organoids were also
significantly enriched for differential expression of a human MSI CRC-associated gene set
(Supplementary Figure 10B) [41].

The top enriched gene set based on normalised enrichment score in our analyses across all
Braf”®, but not Kras®'?’;Apc®*, tumours when compared to normal colon was the
sphingolipid (SP) de novo biosynthesis pathway (Figure 5B, Supplementary Table 4). We
validated the differential expression of SP pathway transcripts from the leading edge of the
GSEA by real-time qPCR in Braf" 59 and conventional pathway tumours (Figure 5C,
Supplementary Figure 11). Two key enzymes regulating SI1P levels in this pathway are
sphingosine kinase 1 (SPHK1) and the counter-acting sphingosine-1-phosphate phosphatase
1 (SGPP1) [42]. Consistent with previous reports in human CRC [43, 44], we observed
increased expression of Sphkl transcripts in our series of Braf*’* tumours compared to
normal mouse colon and a converse decrease in Sgppl transcripts (Figure 5C). This
suggested at the transcriptomic level that the pathway may be primed for increased
production of the pro-survival molecule sphingosine 1-phosphate (S1P) in our model of
serrated CRC [42]. We next wished to determine if this shift at the transcript level was also
observed in human CRC samples. SPHK was significantly upregulated in 622 TCGA CRC
samples compared to matched normal controls, with greatest expression levels in BRAF" "%
tumours (Figure 5D). Conversely, SGPP1 expression was significantly decreased in all CRC
samples compared to matched normal controls. Increased expression of SPHKI and
decreased expression of SGPPI were both separately associated with poor survival in the
TCGA cohort (Figure 5E).

DISCUSSION:

Here we have focused on the serrated pathway to CRC that accounts for up to 25% of all
CRC, and for microsatellite stable cases has very poor outcome [2]. We have developed a
panel of CRISPR/Cas9 genome engineered organoids that model DNA alterations found in
BRAF mutant serrated CRC. In this way we are producing novel, preclinical models of
colorectal adenocarcinoma with features of serrated CRC, and most notably desmoplastic
stromal responses, infiltrative growth, tumour budding and mucinous differentiation [2, 45,
46] (see Figure 4, Supplementary Table 3 & Figure 5). Mucous caps characterise human
serrated polyps at colonoscopy. When we look at an early time point in tumour development
in our serrated CRC mouse models with complex genetics (Braf'*"’ ATRZI and
Braf”®"" ATRZIM) we also observe mucous caps. Previous studies using CRISPR/Cas9 to
model the conventional molecular pathway to CRC using human intestinal organoids were
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either unable to generate invasive CRC [12], or required 4 gene alterations for invasive
tumour growth [13]. We find here that alterations to just two genes, Braf and Tgfbr2, results
in transmurally invasive adenocarcinoma. Further altering the oncogene-induced senescence
factor, p16 Ink4a, and the Wnt pathway leads to increased tumour initiation and decreased
survival time (Figure 3 & 4). These more genetically complex tumours had increased stromal
response, tumour budding and mucinous differentiation. We also model MSI “hypermutator”
CRC by inducing loss-of-function mutations in the DNA mismatch repair gene, Mihl.
Similar to recent work describing a 6-fold higher DNA mutation rate in CRISPR/Cas9
engineered MLHI™* human colon organoid lines [47], we have successfully generated the
MSI phenotype as judged by instability in microsatellite repeat tract length (Supplementary
Figure 8).

We utilise the recently adapted small animal colonoscopy technique [36, 48] to enable rapid,
orthotopic injection of engineered organoids to the mucosal layer of the colon wall and
tumour monitoring thereafter (Supplementary Figure 5 & videos). This is especially salient
given the observed differences in metastatic potential for engineered conventional pathway
CRC organoids delivered either subcutaneously or using a rectal prolapse model, where only
tumours growing at the orthotopic colon site produced liver metastases [49]. A second report
using similar conventional pathway mutant organoids injected using a colonoscope resulted
in metastasis in 30% of mice [36]. We observe liver metastasis in the serrated CRC models
presented here, albeit infrequently, and no lung or peritoneal spread of the disease. This may
be due to the model not containing strong metastasis promoting alterations or alternately, in
the future, luminal preservation through colonoscopic biopsy may allow a more complete
evaluation of disease progression.

These models will advance this field by providing a rapid, inexpensive and pathologically
faithful approach to studying the biology of serrated CRC. Other models, whilst valuable in
their own right, are slow, require complicated in vivo breeding and have a prescribed number
and sequence of genetic alterations [18, 19, 50, 51, 52, 53]. Our models can be readily
adapted to investigate the many leads generated by next generation sequencing of human
serrated CRC and will be particularly valuable for testing potential therapeutics in the setting
of complex, but known, genetic landscapes. Transcriptome analysis of our genome
engineered models of serrated and conventional CRC have identified putative changes to
sphingolipid metabolism in these tumours. The differential expression of transcripts encoding
two key enzymes in this pathway are mirrored in human CRC and are associated with worse
prognosis. Future work will investigate the therapeutic efficacy of targeting the sphingolipid
biosynthesis pathway for BRAF"*""F CRC.

METHODS

Mouse experiments. This study was approved by the MIT Institutional Animal Care and Use
Committee, QIMR Berghofer and SAHMRI Animal Ethics committees (P1208, SAM174,
SAM205). Mice heterozygous for both the conditionally active Braf** and Villin-Cre™®"
alleles to induce the mutation analogous to human BRAF"F specifically in the intestine
were generated as described [52]. Similarly, mice containing the Kras™“%'??"* [54] and
ApcKKO [55] alleles were interbred to produce double transgenic offspring that were used
to generate Kras“'?""*; Apc **""***" colonic organoids [36].
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Orthotopic Injection. NOD.Cg-Prkdc™“112rg™ ""/Sz] (NSG) mice (male and female, 6-12
weeks old) were obtained from the SAHMRI Bioresources facility and housed under
pathogen-free conditions. Organoids were isolated from matrigel and dissociated to single
cells and small clusters using TrypLE. The cell clusters (equivalent to ~150 organoids) were
washed three times with cold PBS containing 10uM Y-27632 and then resuspended in 20ul
10% GFR matrigel 1:1000 india ink, 10uM Y-27632 in PBS and injected into the mucosa of
the distal colon of anaesthetised NSG mice. Colonoscopy-guided orthotopic injection into the
colon wall was undertaken as previously described [36] with modifications described in
Supplementary methods.

Genome engineering. gRNAs specific for each target gene were either published sequences
targeting Rnf43, Znrf3 or p16 Ink4a [56, 57] or designed de novo using the CRISPR design
Tool to target the first exon immediately downstream of the translation start codon [11] (see
Supplementary Methods table 2). gRNA oligos were cloned into px-459, which expresses
both the Cas9 nuclease and single gRNAs [11]. Organoid transfection and culture details are
included in the Supplementary methods section.

Nucleic acid analyses, bioinformatics, western blotting and immunohistochemistry.
Please see the Supplementary Methods section.
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Figure Legends

Figure 1. Co-occurring molecular events in stem-cell niche, microsatellite instability and
senescence pathways in BRAF"™ mutant serrated CRC. Of the 50 patients with
BRAF""E CRC from the TCGA CRC cohort (n=527 patients total), we depict the co-
alteration (non-synonymous mutation and/or hyper-methylation) of selected genes in these
pathways. Number of patients with each alterations is indicated by bar graph on right, % of
BRAF""F cases containing the alteration is indicated by numbers on left. Coloured blocks
indicate gene is altered in the sample, grey is unaltered.

Figure 2. Introduction of genetic alterations associated with serrated CRC promotes
independence from niche factor requirements. A, activation of MAPK pathway in
Braf”® organoids visualized by phosphorylation of the ERKI1/2 effector protein, 4-
hydroxytamoxifen (4-OHT). B, Generation of a ‘serratoid’ series from normal mouse colonic
organoids through sequential CRISPR/Cas9 targeting and in vitro selection. Braf’*""F,
Braf"® " Tgfor2**  (Braf”®""" AT),  Braf"*""*  Tgfbr2**  Rnf43**/Znrf3** p16Inkda™*
(Braf" ™ ATRZI), Braf"*"" Tafbr2**Rnf43**/Znrf3** p16Inkda™*Mih1**
(Braf """ ATRZIM). Normal media components required as stem cell niche factors Wnt-3a
(W), Rspo-2 (R), Noggin (N), additional selection with TGFB1 (T) and chemotherapeutic
agent, 5-Fluorouracil (SFU). C, DNA sequence verification of biallelic insertion/deletion
(indel) mutations that result in prematurely truncated proteins.

Figure 3. Bra 0% alone is not sufficient for colon tumour formation, but with

increasing serrated pathway genetic alterations tumour penetrance and growth rate
increases. A, colonoscopic images showing injection and rapid growth of serratoid
Braf """ ATRZI line. B, Tumour penetrance as a percentage of the number of organoid
injections that gave rise to a tumour/mouse in 3 months for each line, with 1-3
injections/mouse. C, Colonoscopic scoring of largest tumour in each mouse (n=5 mice per
group, Becker scale). D, Kaplan-Meier plot showing overall survival post-injection with
organoid lines Bra 000E =4 mice, Bra S9EAT n=12 mice, Braf'®"""ATRZI n=11 mice,
Braf"®"" ATRZIM n=8 mice, compared to Braf *"’* using a Bonferroni adjustment for
multiple comparisons. ns=not significant, *=p<0.05, **=p=<0.01, ***=p<0.001.

Figure 4. Multi-hit ‘serratoids’ generate invasive adenocarcinoma with features of
human serrated CRC. Colonoscopy (A) and histology (B-H) images of mouse colon
orthotopically injected with mutant organoid lines Braf'®"%, Braf"*""* AT, Braf ** ATRZI,
Braf”®""  ATRZIM. B, H&E stained sections of whole colon. C, higher magnification H&E,
arrows denote position of muscularis mucosae, * denotes remnant ink from injection. D,
immunohistochemical staining for mutant Braf'® protein clearly delineates serratoid
derived tumour cells. E, representative images of desmoplastic stromal response and F,
tumour budding (circled). G, tumour stromal response stains positive for alpha-smooth
muscle actin (aSMA). H, mucin lakes present in mucinous adenocarcinoma visualised using
Alcian Blue stain. Scale bars are (B) 500um, (C-H) 100um.
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Figure 5. Serrated pathway tumours are molecularly distinct from conventional
pathway tumours. A, multi-dimensional scaling plot of RNA expression data from normal
mouse colon (black), serrated pathway Braf’*"’AT (blue), Braf'*" " ATRZI (red) and
Braf”®"" " ATRZIM (yellow) and conventional pathway tumours Kras®?’:Apc®? (grey), n=4
samples per group. B, gene set enrichment analysis (GSEA) for Sphingolipid de novo
biosynthesis Reactome between Braf """ ATRZI serrated tumour and normal mouse colon.
Enrichment score (ES), normalised enrichment score (NES), false discovery rate (FDR). C,
Expression of Sphkl is increased and Sgpp! is decreased in mouse Braf’*"F serrated CRC
compared to normal mouse colon. Fold induction of mRNA expression is normalized to
Gapdh, with transcript level in normal colon set to 1. Results from at least four animals with
triplicate technical replicates are shown, error bars denote standard deviation. Two-tailed t-
test used for pair-wise statistical analysis. D, Violin plots depicting z-score values for
normalized expression of SPHKI (top) and SGPPI (bottom) transcripts in 622 human TCGA
CRC and normal colon samples separated into wild-type BRAF/KRAS, KRAS mutant and
BRAF""E CRC. E, Kaplan-Meier plots showing TCGA patient survival probability based on
expression level of SPHK (top, SPHK high group n=139 in red, low group n=483 in green)
or SGPPI (bottom, SGPPI low group n=145 in green, high group n=477 in red). *=p<0.05,
**=p<(.01, ***=p<0.001, NS= not significant.
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Figure 1.

Figure 1. Co-occurring molecular events in stem-cell niche, microsatellite instability and senescence
pathways in BRAFV600E mutant serrated CRC. Of the 50 patients with BRAFV600E CRC from the TCGA CRC
cohort (n=527 patients total), we depict the co-alteration (non-synonymous mutation and/or hyper-
methylation) of selected genes in these pathways. Number of patients with each alterations is indicated by
bar graph on right, % of BRAFV600E cases containing the alteration is indicated by numbers on left.
Coloured blocks indicate gene is altered in the sample, grey is unaltered.
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Figure 2. Introduction of genetic alterations associated with serrated CRC promotes independence from
niche factor requirements. A, activation of MAPK pathway in BrafV600E organoids visualized by
phosphorylation of the ERK1/2 effector protein, 4-hydroxytamoxifen (4-OHT). B, Generation of a ‘serratoid’
series from normal mouse colonic organoids through sequential CRISPR/Cas9 targeting and in vitro
selection. BrafV600E, BrafV600ETgfbr2A/A (BrafV600EAT), BrafV600E Tgfbr2A/A Rnf43A/A/Znrf3A/A
pl16Ink4aA/A (BrafV600EATRZI), BrafV600E Tgfbr2A/A Rnf43A/A /Znrf3A/A pl16Ink4aA/A MIh1A/A
(BrafV600EATRZIM). Normal media components required as stem cell niche factors Wnt-3a (W), Rspo-2 (R),
Noggin (N), additional selection with TGFB1 (T) and chemotherapeutic agent, 5-Fluorouracil (5FU). C, DNA
sequence verification of biallelic insertion/deletion (indel) mutations that result in prematurely truncated
proteins.
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Figure 3. BrafV600E alone is not sufficient for colon tumour formation, but with increasing serrated pathway
32 genetic alterations tumour penetrance and growth rate increases. A, colonoscopic images showing injection
33 and rapid growth of serratoid BrafV600EATRZI line. B, Tumour penetrance as a percentage of the number of
34 organoid injections that gave rise to a tumour/mouse in 3 months for each line, with 1-3 injections/mouse.
35 C, Colonoscopic scoring of largest tumour in each mouse (n=5 mice per group, Becker scale). D, Kaplan-
36 Meier plot showing overall survival post-injection with organoid lines BrafV600E n=4 mice, BrafV600EAT
n=12 mice, BrafV600EATRZI n=11 mice, BrafV600EATRZIM n=8 mice, compared to BrafV600E using a
Bonferroni adjustment for multiple comparisons. ns=not significant, *=p<0.05, **=p<0.01, ***=p<0.001.

39 254x190mm (96 x 96 DPI)

60 https://mc.manuscriptcentral.com/gut



oNOYTULT D WN =

Gut

Figure 4.

Figure 4. Multi-hit ‘serratoids’ generate invasive adenocarcinoma with features of human serrated CRC.
Colonoscopy (A) and histology (B-H) images of mouse colon orthotopically injected with mutant organoid
lines BrafV600E, BrafV600EAT, BrafV600EATRZI, BrafV600EATRZIM. B, H&E stained sections of whole
colon. C, higher magnification H&E, arrows denote position of muscularis mucosae, * denotes remnant ink
from injection. D, immunohistochemical staining for mutant BrafV600E protein clearly delineates serratoid
derived tumour cells. E, representative images of desmoplastic stromal response and F, tumour budding
(circled). G, tumour stromal response stains positive for alpha-smooth muscle actin (aSMA). H, mucin lakes
present in mucinous adenocarcinoma visualised using Alcian Blue stain. Scale bars are (B) 500um, (C-H)
100um.
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30
31 Figure 5. Serrated pathway tumours are molecularly distinct from conventional pathway tumours. A, multi-
32 dimensional scaling plot of RNA expression data from normal mouse colon (black), serrated pathway
33 BrafV600EAT (blue), BrafV600EATRZI (red) and BrafV600EATRZIM (yellow) and conventional pathway
34 tumours KrasG12D;Apc A/A (grey), n=4 samples per group. B, gene set enrichment analysis (GSEA) for
35 Sphingolipid de novo biosynthesis Reactome between BrafV600EATRZI serrated tumour and normal mouse
36 colon. Enrichment score (ES), normalised enrichment score (NES), false discovery rate (FDR). C, Expression
37 of Sphk1 is increased and Sgpp1 is decreased in mouse BrafV600E serrated CRC compared to normal mouse

colon. Fold induction of mRNA expression is normalized to Gapdh, with transcript level in normal colon set to
38 1. Results from at least four animals with triplicate technical replicates are shown, error bars denote
39 standard deviation. Two-tailed t-test used for pair-wise statistical analysis. D, Violin plots depicting z-score
40 values for normalized expression of SPHK1 (top) and SGPP1 (bottom) transcripts in 622 human TCGA CRC
41 and normal colon samples separated into wild-type BRAF/KRAS, KRAS mutant and BRAFV600E CRC. E,
42 Kaplan-Meier plots showing TCGA patient survival probability based on expression level of SPHK1 (top,
43 SPHK1 high group n=139 in red, low group n=483 in green) or SGPP1 (bottom, SGPP1 low group n=145 in
44 green, high group n=477 in red). *=p<0.05, **=p<0.01, ***=p<0.001, NS= not significant.
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Supplementary Figure 1-Presence of
BrafV600E mutation in organoids verified
by Sanger sequencing. gDNA prepared
from 4-hydroxy tamoxifen treated
organoids from VillinCreERT; BrafcA mice
(A) or vehicle treated controls (B).
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Supplementary Figure 2-Functional BrafV60E in
colonic organoids results in increased cellular
proliferation and resistance to epidermal growth
factor receptor inhibitor (EGFRIi) treatment.
Quantification of metabolically active cells using
Real Time-Glo in Braf wild-type or BrafV60% mutant
mouse colonic organoid cultures after treatment with
vehicle or EGFRI. Control cells did not survive in the
presence of EGFRI, whilst BrafV6%°E grganoids were
resistant. Representative experiment conducted in
triplicate, error bars denote st.dev.
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Supplementary Figure 4. Effective targeting of genes
associated with serrated CRC using CRISPR/Cas9 gene editing
followed by media selection of correctly targeted clones. A,
Melt/reanneal of PCR amplicons from Tgfgr2 targeted genomic
region in edited clones show the formation of hybrid complexes
(slower migrating bands) in the presence of specific gRNAs but
not the empty gRNA control by PAGE.
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Supplementary Figure 5. Orthotopic injection site in colon wall. A, Colonoscopic image with needle and dark ink spots
at injection sites and B, histological location of injected dye immediately adjacent to the colonic epithelium in the
mucosal layer. C, Representative colonoscopy image of Braf¥6®%EATRZI tumours showing white mucous cap on
BrafV60%® ATRZI tumours (arrow). D, histology of infrequent liver metastasis (n=1 from 11 mice) in BrafV600EATRZI
injected animals. E, low (i) and high (ii) power images of immunohistochemical staining for mutant BrafV600E protein in
serratoid derived tumour cells. These are the same samples as depicted in Figure 4D but here high power image
f_ocusses on part of thg sectio_n with tumour (to L?}zgsoé rgggggtgclri{ggc In i) Ca%)rrlnc}grd?rr_nal epithelium (to right of dashed line in
ii). F, tumour budding (circled) from Braf"®%EATRZI tumours is positive for cytokeratin 20 (CK20) by

immunohistochemistry. Scale bars 500um (Ei), 100um (B, D Eii), 50um (F).
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Supplementary Figure 6. A, Necropsy images of dissected distal colon
showing ink spots only following BrafVé%& organoid injections and
invasion/extra-colonic growth from more complex organoid lines. Scale
bar is 0.5cm. B, Colonoscopic scoring of largest tumour in each mouse
(n=5 mice per group, Becker scale). Extended time course for tumour
scoring to show relatively slow growth of BrafV6%%E AT tumours out to 12
weeks (Figure 3C depicts the same data but fiffisHes greieéKs)ral-com/gut

Page 26 of 62



Page 27 of 62 Gut

1
2

> - 40 %

g g 35 [ 3. S

6 3 30

; % 2.5

o3

1(1) S 10

12 S os

13 00 .

14 BrafY600E  BrafV600E  BrafV600E
" AT ATRZI
17

18 Supplementary Figure 7. Expression
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Supplementary Figure 8. Analysis of microsatellite instability using 5 validated mouse
microsatellite markers. A, repeat tract length for 5 validated mouse microsatellite markers shows
variability (MSI) in MIh mutant organg|d§/ and_tumours not, determlned B, representative
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Supplementary Figure 9. A, coftfiic organoids derived from KrastSL-6120/+: Apci mice, that were
7 treated with Ad5CMV::Cre survived culture in the absence of Wnt3a or Rspol. B, colonoscopic
9~ ‘M" image showing orthotopic growth of Kras®12D/+;Apc 458014580 grganoids. C, H&E and D, Ctnnbl
3" T 3 i immunohistochemistry of KrasG12b/+:Apc 458014580 tymours (20x). Genotyping of transgenic alleles

1
2
3 confirm (E) homozygous recombination of the floxed Apc locus and (F) heterozygous recombination
‘5‘ of the floxed Kras locus.
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Supplementary Table 1-Sanger sequencing the top bioinformatically
predicted Tgfbr2 and Bmpr2 gRNA off-target sites reveals no off-target
events in mutant organoid lines.

Location Sequence Mismatches | Strand | Type ?;x"é;?;;‘;;g::; ;:‘:ee:;;;:c::g:‘ni?:A isolated
Tgfbr2 gRNA On-site 9:116174992-116175014 GGACGATATGCAGCGGCCACAGG 0 + Exonic
Tgfbr2_off_sitel 18:65431501-65431523 GGAAGATATGAAGGGGCCACTGG 3 - Intronic No change compared to reference mouse genome
Tgfbr2_off_site2 13:74221583-74221605 GGACCATATGCAGTGGTCACAGG 3 + Intronic No change compared to reference mouse genome
Tgfbr2_off_site3 12:26345670-26345692 GGCTCACATGCAGCGGCCACAGG 4 - Intronic No change compared to reference mouse genome
Tgfbr2_off_sited4 4:74305539-74305561 GGAGCTTATGCAGAGGCCACAGG 4 - Intronic Repeat sequence, Sanger sequencing not possible
4:124246525-124246547 GGAAGAGAAGCAGAGGCCACAGG 4 + Intergenic No change compared to reference mouse genome
1:87663023-87663045 GGACGGGAAGCAGAGGCCACTGG 4 + Intronic No change compared to reference mouse genome
7:69437642-69437664 GGACCATGTGAAGGGGCCACTGG 4 - Intergenic No change compared to reference mouse genome
Tgfbr2_off_site8 12:118438479-118438501 | GGATTATATGCACAGGCCACTGG 4 + Intergenic No change compared to reference mouse genome
Tgfbr2_off_site9 8:13155901-13155923 GGAATATATGCAAAGGCCACAGG 4 + Intergenic | No change compared to reference mouse genome
Tgfbr2_off_site10 6:29249997-29250019 GGAAGATATGAAAAGGCCACAGG 4 - Intergenic | No change compared to reference mouse genome
Location Sequence Mismatches Strand Type 2_:':‘"(‘:;?;::72::; :en:::;i':ek;:::g:‘ni?:m isolated
MIh1 gRNA On-site 9:111271459-111271481 TAGTGAACCGCATAGCGGCG GGG 0 - Exonic
MIh1_Off_Sitel 12:99158597-99158619 CAGTGAACAGCATAGCGGGG AGG 3 - Intergenic | No change compared to reference mouse genome
Identical to reference mouse genome except for
MIh1_Off_Site2 14:53741961-53741983 TAGTAAACAGCAGCGCGGCG AGG 4 + Intergenic | SNP:rs579384457. This SNP present in parental
mouse gDNA, i.e. not an off-target event.
MIh1_Off_Site3 15:84631904-84631926 TAGAGAACAGCATGGGGGCG GGG 4 - Intergenic | No change compared to reference mouse genome
MIh1_Off_Site4 15:36853646-36853668 TAGTGATCCCCATAGGGCCG GGG 4 + Intergenic | No change compared to reference mouse genome
Mih1_Off_Site5 9:69989986-69990008 TAGTGCACCCCATAGCCTCG GGG 4 + Intronic No change compared to reference mouse genome
MIh1_Off_Site6 10:61247708-61247730 | TAGAGAAACGCAGAGCGGGG AGG 4 + Intronic No change compared to reference mouse genome
MIh1_Off_Site7 5:137788331-137788353 TACTGAACCCCACAGCGGAG GGG 4 - Intronic No change compared to reference mouse genome
MIh1_Off_Site8 8:50161834-50161856 TAGTGAACAACAGAGCGGGG GGG 4 - Intergenic | Repeat sequence, Sanger sequencing not possible
MIh1_Off_Site9 1:143952103-143952125 TAGAGAACCACATAGTGGTGTGG 4 - Intergenic | No change compared to reference mouse genome
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Supplementary Table 2. Loss of function insertions/deletions (indels) at target sites using CRISPR/Cas9 combined with
media selection for correctly targeted organoid clones. Sanger sequencing of each target site allele and resulting change
to protein sequence is displayed in the table below. N.B.* we sequenced 7 plasmid clones containing PCR-amplified
pl6inkda target genomic sequence and all were identical. This suggests that likely both alleles were altered in an
identical manner or a larger deletion has removed the PCR primer sites at the target site for allele 2.

wt protein| DNA A Change to Protein DNA A Change to Protein
Allele 1 Allele 2
Rnf43 784 aa 5bp del | p.R246fs* (premature stop 250aa) 10bp del p.R246fs* (premature stop 272aa)
Znrf3 913 aa 3bp del p.T308del (912aa) 4bp ins p.T308ins* (premature stop 337aa)
Tofpr2 567 aa | 13bpdel| p.L9fs* (premature stop 51aa) 339bp del Removes +1ATG translation start site
pl6ink4a 168 aa | 1 bp del p. S34fs* (premature stop 42aa) *
MIh1 760 aa | 31lbp del p.L10fs* (premature stop 24aa) 2bp ins+12bp del p.A19fs* (premature stop 31aa)
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Tumour ID Type A E B NREREE1 R g 2
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25| 8|w|E|E|E = |R| = 5
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402 Adenocarcinoma | 1 [0 [0 [ 1|1 0 0 | 4 |Minimal Present Absent
197 Adenocarcinoma | 0 [0 [ 1|1 |0 1|0 0 | 3 | Present Present Absent
i ( ) 199 Adenocarcinoma | 0 [o[1[0o|0|1|1] 0 0 | 3 |Minimal Present Absent
Bra AT (n=6
457 Adenocarcinoma | 0 |0 (1|1 |1]|0f1]| O 0 | 4 |Minimal Present Absent
401 Adenocarcinoma | 1 [ o [1[1|1]0|21] 1 1 | 7 | Present Present Absent
403 Adenocarcinoma | 0 (o [0 [0 |00 |1] 0O 0 | 1 | Absent Present Absent
High grade
348 tubulovillous olo|lo|ofo|o|1]| O 0 | 1 | Absent Absent Absent
adenoma
349 Adenocarcinoma | 0 [o [0 [ 1|10 1] 1 0 | 4 | Present Absent Absent
351 DIOEITED olololololol1]| 1| 1|3 |present| present | Presentlow
adenocarcinoma level)
352 Adenocarcinoma | 0 [0 |0 | 1|1 |01 0 0 3 | Absent Present Absent
353 WITETETS olololololol1| 1| 1|3 |present| present |Presentlow
adenocarcinoma level)
Mucinous
600F 354 " . ofojoflofofOo]|1] 1 1 | 3 | Present Present Absent
BrafV ATRZI adenocarcinoma
(n=14) 112 oS olol1]lololol1| 1| o3 |present| present | Presentliow
adenocarcinoma level)
111 Adenocarcinoma | 0 |0 (1|10 |0 1] 1 0 | 4 | Present Present Absent
109 Adenocarcinoma | 0 |0 (1| 0|0 |0 |1 1 1 | 4 | Present Present Absent
108 Adenocarcinoma | 0 |0 (1|0 |0 |0 |1 1 0 | 3 | Present Present Absent
107 Adenocarcinoma | 0 |0 (1|10 |0 |1 1 0 | 4 | Present Present PreT::;;Iow
106 Adenocarcinoma | 0 [o[1 (0|00 |1 ]| 1 0 | 3 | Present Present PreT:\rI:l;Iow
105 Mucmo.us ojlo|lo|ofo|lo|1] 1 1 | 3 | Present Present sEit {5
adenocarcinoma level)
lenocarcinoma sent sent sent
1 Ad i o|jo|OfjO|O|Of1 0 0 1 | Ab Ab: Ab
517 Mucmclius ofojoflofofOo]|1] 1 1 | 3 | Present Present Absent
adenocarcinoma
B EOOEATRZIM 518 Adenocarcinoma | 0 | oo |0 |o|O0|[0O]| O 0 0 | Absent Present Absent
(n=6) 519 RvEes ololo|o|o|lo|l1] 1| 1|3 |Present| Present Absent
adenocarcinoma
566 . de':]";’:a"r‘g:;ma oloflololo|o|l1| 1| 1|3 |present| Present P"*T::;;"’W
567 Adenocarcinoma | 0 | 0 |0 |1 |1 |01 0 0 3 | Minimal Absent Absent
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38upplementary Table 3. Pathology scoring of mouse tumours for type (WHO classification 4™ Ed, 2010), serrated features
3gommon to human serrated adenocarcinoma (WHO RIASifieaition AH°E ! 2016} the desmoplastic stromal reaction, infiltrative

j‘_lbrovvth and tumour budding properties.



Page 33 of 62

oNOYTULT D WN =

Gut

NOM.p

ES NES |val FDR g-val
Top 5 GSEAs BrafY6%%t AT tumour vs normal colon
REACTOME_SPHINGOLIPID_DE_NOVO_BIOSYNTHESIS 0.539| 2.629 0.00 0.013
REACTOME_SPHINGOLIPID_METABOLISM 0.494| 2.276 0.00 0.013
KEGG_LYSOSOME 0.452| 2.147 0.00 0.018|
KEGG_TOLL_LIKE_RECEPTOR_SIGNALING_PATHWAY 0.581| 1.989 0.00 0.015
KEGG_CHEMOKINE_SIGNALING_PATHWAY 0.638| 1.948 0.00 0.016
Top 5 GSEAs BrafV69% ATRZI tumour vs normal colon
REACTOME_SPHINGOLIPID_DE_NOVO_BIOSYNTHESIS 0.45] 2.267 0.00 0.028|
KEGG_LEISHMANIA_INFECTION 0.743| 2.145 0.00 0.023
KEGG_TOLL_LIKE_RECEPTOR_SIGNALING_PATHWAY 0.556| 2.061] 0.00 0.022
ST_ERK1_ERK2_MAPK_PATHWAY 0.578| 2.045 0.00 0.023
REACTOME_DEADENYLATION_OF_MRNA 0.523| 1.97 0.00 0.031
Top 5 GSEAs BrafY6%% ATRZIM tumour vs normal colon
REACTOME_SPHINGOLIPID_DE_NOVO_BIOSYNTHESIS 0.502| 2.526 0.00 0.013
KEGG_APOPTOSIS 0.389] 2.027] 0.00 0.038]
ST_P38_MAPK_PATHWAY 0.39] 1.93 0.00 0.030]
KEGG_LEISHMANIA_INFECTION 0.672| 1.889 0.00 0.027|
KEGG_RIG_I_LIKE_RECEPTOR_SIGNALING_PATHWAY 0.348] 1.88 0.00 0.030
Top 5 GSEAs in KrasS12PApc4Atumour vs normal
REACTOME_EGFR_DOWNREGULATION 0.439| 2.058 0.00 0.055
REACTOME_ANTIVIRAL_MECHANISM_BY_IFN_STIMULAT
ED_GENES 0.33] 1.662 0.00 1.000
KEGG_CITRATE_CYCLE_TCA_CYCLE 0.607| 1.621 0.00 0.723
KEGG_PYRUVATE_METABOLISM 0.597| 1.619 0.00 0.683
REACTOME_GLUCONEOGENESIS 0.595| 1.604 0.00 0.644

Supplementary Table 4. Top 5 gene sets enriched for each
pair-wise comparison of normal mouse colon with tumour

samples. Nominal p values (NOM.p val) all
Enrichment score (ES), false discovery

normalized enrichment score (NES).
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Supplementary Figure 10. GSEA
identified differential expression of
(A) ERK1/2 MAPK pathway
transcripts in the BrafV60%EATRZI
tumours and (B) transcripts up-
regulated in a human MSI-CRC
gene set (Watanabe et al., Cancer
Res 2006;66:9804-8) in the
BrafV600EATRZIM tumours
compared to normal colon.
Enrichment score (ES), false
discovery rate (FDR), normalized
enrichment score (NES).
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3> Supplementary Figure 11. Differential expression of spingolipid metabolism transcripts in normal mouse colon and

33tumours generated from BrafV6%E grganoid series and Kras®12P*Apcr’2organoids. qPCR validation of RNAseq leading edge
34genes from GSEA. Expression of CerS3 is increased and Acerl, CerS6, Col4a3bp, Sgpp2, Sphk2 are decreased in
35> tumours compared to normal colon. Fold induction of mMRNA expression is normalized to Gapdh, with transcript level in
®normal colon set to 1. Results from at least four animals with triplicate technical replicates are shown, error bars denote
3gStandard deviation. Two-tailed t-test was used for pair-wise statistical analysis. ns=not significant, *=p<0.05, **=p<0.01.
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Supp Videos. Multi-hit ‘serratoids’ generate invasive adenocarcinoma with serrated features. Colonoscopy videos of
NSG mouse colon orthotopically injected with mutant organoid lines (A) BrafVé%% 8 weeks post-injection, (B) Braf/6%%
ATgfbr2 4 weeks post-injection, (C) Braf's%t ATgfbr2 ARnf43/Znrf3 Ap16ink4a 3 weeks post-injection, (D) Braf's%
ATgfbr2 ARnf43/Znrf3 Ap16inkda AMIh1 3 weeks post-injection.
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Supplementary methods

TCGA data analysis. The Cancer Genome Atlas (TCGA) colonic adenocarcinoma and rectal
adenocarcinoma (TCGA-COAD and TCGA-READ respectively) annotated mutation and
methylation files were extracted from the GDC portal (https://portal.gdc.cancer.gov/) for 527
cases only, as the remaining cases did not have complete data for mutation and methylation.
We determined that there were 50 BRAF'’® CRC cases within this cohort and used
BRAF""E to mark the serrated CRC subtype. We do not examine KRAS mutant serrated
CRC herein, as KRAS mutation also marks the conventional pathway to CRC. We then used
the analysis pipeline described below to examine alteration (both DNA mutation and
hypermethylation) to candidate genes involved in regulation of the stem cell niche,
senescence and DNA mismatch repair including; the Wnt-pathway, Bone Morphogenic
Protein (BMP)/transforming growth factor-beta (TGFP) pathways, P16 INK44, MLHI.
TCGA methylation data generated using two different platforms, the Infinium Human
Methylation 27K and 450K, were combined. No batch effects were observed. The median
beta-value across multiple microarray probes corresponding to the same gene was used to
summarise methylation for each gene, with Beta-value for hyper-methylation cut off set to
0.47. All data processing was undertaken using software R, version 3.4.1 Patched. Waterfall
plots (Figure 1) were generated with R package oncoPrint() function in ComplexHeatmap R
package version 1.12.0 [1]. To examine whether Sphingolipid pathway genes were
differentially regulated in the TCGA BRAF"*" CRC cohort and examine the effect on
patient survival we analysed RNA expression and patient survival by downloading 622 cases
with clinical and RNA expression data using R Bioconductor TCGAbiolinks package,
version 2.7.5. Maximal survival time analysed was 5 years. RNA expression values were
transformed using the 'voom' method limma package, version 3.30.13. Normalised,
transformed expression values were used to classify patients into high and low expressor
groups for each gene of interest using the surv_cutpoint() function in survminer R, the
minimal proportion of observations was set at 20% for each gene [2]. The prognosis of each
group was examined using Kaplan-Meier survival estimators with the survminer R package,
version 0.4.1, with survival outcome compared by log-rank tests.

Genome engineering & Organoid culture (cont). Organoids were dissociated to single cells
and small clumps of cells with TrypLE express, washed and transfected in the presence of
basal medium without antibiotics and supplemented with 1uM Jagged-1 (Anaspec) using
LF2000 and plasmid DNA in a 96 well plate for 3 hours at 37°C. Empty px458-GFP plasmid
was used to visualise transfection efficiency and used as a kill test control for selection
medium conditions. Cells were washed and plated onto 50% matrigel in non-selective culture
medium containing 1uM Jagged-1. The following day, media was gently aspirated and top
layer of 50% matrigel added. Plate was spun 20 minutes at 200xg at room temperature
followed by 30 minute incubation at 37 degrees C before addition of non-selective culture
medium containing 1uM Jagged-1. 72 hours after transfection, media was changed to
selection medium, with media changes subsequently 2-3 times weekly.

Single organoids were handpicked and expanded for DNA sequence analysis. For novel
gRNAs, genomic DNA was isolated from pooled, polyclonal organoids and subjected to PCR
amplification of target genomic region, followed by PAGE analysis of duplex formation to
measure indel formation. Genomic DNA from single organoid lines was also isolated and
target genomic regions amplified by PCR. PCR products were cloned into a p-JET1.2 cloning
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vector according to the manufacturer’s instructions (ThermoFisher). Plasmid DNA from at
least 6 clones was analysed by Sanger sequencing to determine biallelic target gene
alteration.

We found optimal recovery and expansion of organoids from single cells as required for the
transfection protocol using a matrigel “sandwich” and used this method for all cultures
described herein [3]. To facilitate visualisation of the entire 48-well in a flat plane we modify
the “sandwich” method to include the addition of 60ul 50:50 ADMEM:Matrigel mixture to a
48-well, centrifuge this bottom matrigel layer for 40minutes at 200xg at room temp, followed
by a 30 minute incubation at 37 degC to solidify matrigel before plating organoids in growth
medium on top. The following day we remove the media and any non-attached organoids,
cover with 40ul 50:50 ADMEM:Matrigel mixture and centrifuge 100xg for 20 minutes. After
a 30 minute incubation at 37degC, organoids in matrigel are covered with 200-250ul growth
medium. The basal culture medium for mouse colon organoids was Advanced Dulbecco’s
modified Eagle medium/F12  (Life Technologies) supplemented with 1x
gentamicin/antimycotic/antibiotic (Life Technologies), 10mM HEPES, 2mM GlutaMAX,
1xB27 (Life Technologies), 1xN2 (Life Technologies). The following niche factors were
used: 50ng/ml mouse recombinant EGF (Peprotech), 100 ng/ml mouse recombinant noggin
(Peprotech), 20% R-spondin-2 conditioned medium, 50% Wnt-3A conditioned medium. To
select mutant organoids the following reagents were used: 1uM 4-OHT for 24h (Sigma-
Aldrich), 10ng/ml human recombinant TGF-f1 (Peprotech), luM EGFR inhibitor (EGFRIi,
Calbiochem #324840), 20uM 5-FU (Sigma-Aldrich). Following initial isolation and
immediately after each split, organoids were cultured in 10uM Y-27632 (In Vitro
Technologies), 3uM iPSC (Calbiochem Cat #420220), 3uM GSK-3 inhibitor (XVI,
Calbiochem, # 361559) for the first 3 days. Prior to transfection, organoids were cultured
with 10mM Nicotinamide (Sigma-Aldrich) and 10uM GSK-3 inhibitor for 2 passages [4].

Kras®"?P"; Apc "% (AK) colonic organoids were generated by treating organoids from

Kras"S" 12 4pc KO0 mice with AdSCMV::Cre, followed by selection in medium
without Wnt ligands [5].

Orthotopic Injection (cont). A customised needle (Hamilton Inc. part number 7803-05,
removable needle, 33 gauge, 12 inches long, point 4, 12 degree bevel) was used.
Colonoscopy was performed using a Karl Storz Image 1 Camera System comprised of:
Imagel HDTV HUB CCU; Cold Light Fountain LED Nova 150 light source; Full HD
Imagel 3 Chip H3-Z Camera Head; Hopkins Telescope, 1.9mm, O degrees. A sealed luer
lock was placed on the working channel of the telescope sheath to ensure minimal air leakage
(Coherent Scientific, part number 14034-40). In each mouse up to 3 injections of 20ul were
performed. Injection sites were monitored by weekly colonoscopy and the videos were
viewed offline using QuickTime Player for analysis. Tumour growth of the largest tumour
visualised was scored as previously described using the Becker scale [6]. A Clinical Record
Score was used to determine humane endpoint, scores were obtained by one point being
given for the presence of each of the following observations: weight loss >15%;
hunched/ruffled coat; inability to pass stool; dehydrated; absence of movement; or facial
grimace. Once a score of 3 was reached the mice were euthanased. Statistical analysis
performed using Prism.
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Western blot analysis. To reduce endogenous MAPK signalling organoids were cultured
without EGF for 4 days and with 1uM EGFRIi for one day prior to treatment with 1uM 4-
OHT for 16h. Cells were harvested using cold PBS containing 1x Halt™ Protease and
Phosphatase Inhibitor Cocktail (PPI, Thermo Scientific), pelleted and lysed using RIPA
buffer (150mM sodium chloride, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 50mM
Tris, pH8.0) containing 1x PPI. Protein was quantitated using the DC™ Protein Assay Kit II
(Bio-Rad) and analysed using 4-20% (Bio-Rad) SDS-PAGE. Standard western blot analyses
were performed using the following primary antibodies: anti- Phospho-p44/42 MAPK
(Erk1/2) (#4370, Cell Signaling Technology, 1:2000), total p44/42 MAPK (Erk1/2, #137FS5,
Cell Signaling Technology, 1:2000), anti-Hsp90 loading control (sc-7947, Santa Cruz
Biotechnology, 1:1000). Primary antibody binding was detected using HRP-conjugated
secondary anti-Rabbit antibody (Novex, #A24537, 1:10,000) and visualised with ECL
Western Blotting Detection Reagents (Amersham, RPN2209) and Gel Doc™ XR+ Gel
Documentation System (Bio-Rad).

Immunohistochemistry and histology. Tissues were fixed in 10% formalin, paraffin
embedded and sectioned. Consecutive sections were prepared using a rotary microtome.
H&E and alcian blue stains were preformed according to standard procedures. The Braf"' "
staining was performed on a Ventana Benchmark Ultra, using a prediluted Ventana mouse
primary antibody. Antigen retrieval was for 64 min using Ventana retrieval solution CC1.
The primary antibody was incubated for 32 min at 36 degrees C. The Ventana Optiview DAB
detection system was used with Ventana Haematoxylin II as the nuclear counterstain. The
alpha-smooth muscle actin (aSMA) staining was completed using a rabbit polyclonal aSMA
antibody (1:500, Abcam ab5694) and Keratin 20 using a rabbit polyclonal (1:200, Sigma
SAB4502249). Antigen retrieval was performed in Vector Antigen Unmasking solution
(Vector Laboratories, H-3300) and carried out in a Biocare Medical pressurised decloaker
(Metagene). A goat anti-rabbit HRP secondary antibody (1:400, Life Technologies A24537)
followed by DAB (BioLegend 926901) was used to visualise signal. Histological evaluation
of mouse tumours was undertaken by a pathologist with expertise in human serrated pathway
lesions. In line with current WHO standards mucinous adenocarcinoma was not graded (low
versus high), and mucinous adenocarcinoma was defined as >50% mucinous differentiation
[7]. Tumour budding was evaluated using H&E stained tumour sections in a hotspot area of
0.785mm’ by counting the number of buds as described for diagnostic practice [8]. 0 =
Absent; 1-4 = low level; intermediate 5-9 and 10 or more is high level.

Nucleic acid analysis. Total RNA and gDNA was extracted from organoids, tumours and
normal control colon tissue using AllPrep DNA/RNA Mini or RNeasy Mini Kit (QIAGEN)
or UltraClean® Tissue & Cells DNA Isolation Kit (Mo Bio Laboratories). For qRT-PCR,
300-1000 ng RNA was reverse transcribed to cDNA using Superscript IV according to the
manufacturer’s instructions (Thermo Scientific). cDNA was diluted 1:5 and level of
transcripts of interest evaluated using Primer:probe assays (IDT) with KAPA PROBE FAST
qPCR Master Mix (KAPABiosystems) master mix and run on a QuantStudio 7 Flex Real-
Time PCR System (Thermo Scientific). For RNAseq analysis, lug of total RNA was used for
sequencing library preparation using a BIOO stranded Poly-A kit (PerkinElmer) according to
the manufacturer’s instructions and sequenced on Illumina HiSeq to generate 1 x 100bp
single-end reads.
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RNAseq data processing. Images generated by HiSeq™ 2500 were converted into
nucleotide sequences by a base calling pipeline and stored in fastq.gz format, and examined
QC plots with FastQC version 0.11.3. Raw reads with low quality were removed using Trim
Galore prior to analysing the data. The criteria of removing low quality reads were set as:
quality Phred score less than 28, reads contains adaptor sequences. FastQC was performed
again, all low quality reads were removed. All the subsequent analyses were based on
trimmed reads, which were then mapped to reference mouse genome mm10 GRCm38, using
STAR 2.4.2a modified. No more than 1 base mismatch were allowed. Only uniquely mapped
reads were retained. quantMode was enabled to generate gene level quantification. The
counts files were then merged into a table for downstream differential expression analysis.
All data preprocessing were completed in shell HPC command line environment.

Differential expression analysis. Differentially expressed genes (DEG) were analysed using
the glmFit() glmLRT() function in R Bioconductor edgeR Package version 3.16.5 [9]. A
negative binomial generalized log-linear model was employed, with Benjamini-Hochberg
correction using false discovery rate (FDR) of P values. Hierarchical clustering was
performed on DEGs only, using Euclidean distance and complete linkage clustering option
with Heatmap() function in ComplexHeatmap R package version 1.12.0 [1]. MDS plots were
generated using the plotMDS() function in Limma R package version 3.30.13 [10].
Differentially expressed genes were defined as FDR < 0.05, and absolute value of Log, (fold
change) > 2.

Gene set enrichment analysis (GSEA). GSEA methodology was developed using
guidelines for RNAseq datasets [11] . Transcript counts generated from STAR aligner were
sub-grouped into files with pairwise comparison groups of normal colon to tumour. The
PreprocessReadCounts (V1 Beta) module of GenePattern was used to normalise and
transform counts. Briefly, lowly expressed genes were removed from the analysis if they had
<1 read/million in four of the samples, as four is the smallest group of biological replicates
[12]. The remaining data was then normalised using Trimmed Mean of M-values [13]. Mean-
variance transformation to approximate a normal distribution was performed subsequently
using voom [10]. Gene set enrichment analyses were performed using online module GSEA
(v18).

Microsatellite instability. MSI status was assessed using a panel of five markers (m-Bat-26,
mBat-67, m-Bat-37, GA29, TG27-see Supplementary Methods Table 1 for sequence) [14, 15,
16]. These included 3 mononucleotide and 2 dinucleotide repeats. Fragment sizes were
assayed using PCR coupled with fluorescent detection on an ABI3100 Capillary Sequencer.
Differences in fragment sizes were assessed using the GeneMarker software.

Supplementary methods table 1-Microsatellite marker primer information

Anneali
Marker Type ng Tm Forward Primer Reverse Primer Reference
mBat-26 Mononucleotide 59 TCACCATCCATTGCACAGTT CTGCGAGAAGGTACTCACCC Bacher et al, 2005
mBat-37 Mononucleotide 59 TCTGCCCAAACGTGCTTAAT CCTGCCTGGGCTAAAATAGA Bacher et al, 2005
mBat-67 Mononucleotide 59 CCGACTGCTCTTCCGAAGGTC TTGCCCATTTATCATCTAGTTCAT Bacher et al, 2005
7G27 Dinucleotide 60 GGATCACTCGATGTACGGCTACTC CCAGGCAGGCAAAGCATTTAT Kabbarah et al,
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2003
Kabbarah et al,
GA29 Dinucleotide 59 CAGGAGGTCAAGGTCATCCTAAG CCACCATGGTAGGAGCTTGCTA 2003

Supplementary methods table 2- gRNA sequence

Target gRNA sequence

gene
Rnf43 CCACCAGGAGGTACCAAGCCGGC
Znrf3 GGGTCATCCCTTGTACTCATCGG

Tgfbr2 CCTGTGGCCGCTGCATATCGTCC

p16 Ink4a | CCCAACGCCCCGAACTCTTTCGG

Mih1 TAGTGAACCGCATAGCGGCGGGG
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ABSTRACT:

Objective: Serrated colorectal cancer (CRC) accounts for approximately 25% of cases, and
includes tumours that are amongst the most treatment resistant and with worst outcomes. This
CRC subtype is associated with activating mutations in the mitogen activated kinase (MAPK)
pathway gene, BRAF, and epigenetic modifications termed the CpG Island Methylator
Phenotype (CIMP), leading to epigenetic silencing of key tumour suppressor genes. It is still
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not clear which (epi-)genetic changes are most important in neoplastic progression and we
begin to address this knowledge gap herein.

Design: We utilise organoid culture combined with CRISPR/Cas9 genome engineering, to
sequentially introduce genetic alterations associated with serrated CRC and which regulate
the stem cell niche, senescence and DNA mismatch repair.

Results: Targeted biallelic gene alterations were verified by DNA sequencing. Organoid
growth in the absence of niche factors was assessed, as well as analysis of downstream
molecular pathway activity. Orthotopic engraftment of complex organoid lines, but not
Braf "’ alone, quickly generated adenocarcinoma in vivo with serrated features consistent
with human disease. Loss of the essential DNA mismatch repair enzyme, Mlhl, led to
microsatellite instability. Sphingolipid metabolism genes are differentially regulated in both
our mouse models of serrated CRC and human CRC, with key members of this pathway
having prognostic significance in the human setting.

Conclusion: We generate rapid, complex models of serrated CRC to determine the
contribution of specific genetic alterations to carcinogenesis. Analysis of our models
alongside patient data has led to the identification of a potential susceptibility for this tumour

type.
SUMMARY BOX:

What is already known about this subject:

e 25% of colorectal cancers (CRC) form via an alternate molecular pathway typified by
activating mutation in the BRAF kinase and accrual of epigenetic modifications at
specific promoter locations.

e The molecular evolution of these serrated CRCs and how this relates to natural history
is poorly understood and may hold the key to better treatment and prevention options
for this form of CRC.

What are the new findings:

e Here we use next generation sequence information from human serrated CRC,
combined with organoid culture, gene editing and orthotopic transplantation
techniques to rapidly generate complex, preclinical models of serrated CRC.

How might it impact on clinical practice in the foreseeable future?

e These preclinical models will allow therapeutic evaluation in known, previously
untested genetic landscapes.

e Transcriptomic analysis of our models, combined with patient data, have suggested
potential vulnerabilities for this tumour type that we will test in the future.

INTRO:

Sporadic colorectal cancer (CRC) develops via two main genetic pathways. The conventional
pathway described by Fearon & Vogelstein [1] has characteristic chromosomal instability
(CIN) with stepwise loss of key tumour suppressors (eg. Adenomatous polyposis coli, APC)
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and activation of oncogenes (eg. KRASGI2D mutation). In the last two decades, an alternate
molecular pathway has been identified that accounts for 25% of CRC [2]. This subtype of
CRC is named for the serrated, or saw-toothed, morphology of the precursor lesion, including
sessile serrated polyps, and comprises a molecularly distinct, somewhat heterogeneous
tumour type that forms without CIN. It can be best differentiated from conventional CRC by
two characteristic molecular markers; the presence of the BRAF"*’F mutation that activates
the mitogen-activated protein kinase (MAPK) pathway and the coincident, coordinated
epigenetic modification of specific target promoters termed the CpG Island Methylator
Phenotype (CIMP) [3]. BRAF"*!/CIMP" tumours account for 8-20% of all CRC [2, 4].
These are preferentially located in the proximal colon, frequently present with higher grade
and contain a group of cancers with the worst prognosis of all CRC [2, 5]. Furthermore, of
relevance to the gastrointestinal cancer preventionist, these serrated lesions are less well
detected by current CRC screening programs and are overrepresented in colonoscopic
interval cancers [6, 7]. The molecular basis for these subtype characteristics are not well
understood, but may hold the key to preventing and treating serrated CRC.

The culture of normal and tumour derived organoids pioneered by Hans Clevers and his
group [8, 9] allows the indefinite, in vitro propagation of primary gut epithelia and neoplastic
specimens. Cells are grown in self-organising aggregates with representative epithelial
architecture, suspended within a basement membrane-gel matrix and supported by stem cell
niche signalling factors. For the colon these factors, Wnt/R-spondin, Epidermal growth factor
(EGF), and Noggin activate the Wnt and MAPK pathways and inhibit the bone morphogenic
protein (BMP) pathway, respectively. This culture system supports the stem cell population,
as well as more differentiated cell types, allowing long-term primary culture containing many
of the representative epithelial cell types of the original tissue.

The next-generation sequencing revolution has armed us with more information than ever
before about the (epi-)genetic changes associated with serrated CRC. Mining this static data
is relatively simple, yet understanding the contribution of genetic events to carcinogenesis is
a real challenge. To this end, we have combined recent advances in stem cell biology [10]
with genome editing techniques [11], to produce a system in which multiple genetic
alterations can be assessed for their contribution to serrated CRC. This is analogous to the
approach taken to model the conventional pathway to CRC [12, 13] and is inspired by the
observation that many recurrent CRC mutations lie within genes involved in key signalling
pathways that are essential for maintenance of the intestinal stem cell niche [14]. Our work
provides new insights into the importance of common (epi-)genetic alterations found in
human serrated CRC and highlights a potential vulnerability of this cancer type.

RESULTS:

To identify recurrent serrated CRC associated alterations in stem cell niche signalling and
senescence pathways, we analysed The Cancer Genome Atlas (TCGA) (epi-)genomic data
for 633 CRC cases [15]. BRAF"*"F mutation is estimated to mark 50-67% of serrated CRCs
[2] and, in the absence of microsatellite instability (MSI), is associated with poor outcome for
late stage disease [2, 16]. As only 30% of serrated CRCs retain serrated crypt morphology
[2]. we use the BRAF""F molecular marker rather than histological appearance to extract
serrated CRC cases from the TCGA set. In the 50 TCGA CRC cases that contain BRAF" "%
(depicted in Figure 1), we then used a candidate gene approach to look for frequently co-
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altered genes that play important roles in regulating the stem cell niche or senescence. p/6
INK4A4 encodes a tumour suppressor protein critical for oncogene induced senescence. Loss
of p16 INK4a expression is associated with the conversion of serrated polyps to high-grade
dysplasia/CRC and cooperates with Braf *"’F in a mouse model of serrated CRC [17, 18, 19].
Consistent with previous reports, we detected p/6 INK44 hypermethylation or mutation in
46% of TCGA CRC cases overall and in 84% of BRAF"*’F CRC (Figure 1) [20, 21, 22].
The Wnt pathway intricately regulates intestinal stem cell proliferation and differentiation.
The classic Wnt-pathway regulator, 4PC, is the most commonly mutated gene in CRC [15].
However for BRAF"%"F CRC, we identified two negative regulators, ZNRF3 and RNF43, as
the most commonly altered Wnt pathway genes (Figure 1) [23]. Interestingly, in mice,
cooperative inactivation of both Rnf43 and Znrf3 are required for polyp formation [24] and
we detect alteration of both genes in 32% of BRAF'*"”* CRC. This is consistent with reports
of differential Wnt pathway disruption in precursor lesions of the serrated pathway to CRC
compared to the conventional pathway [25, 26]. The mutation rate of RNF43 is likely under-
represented in the TCGA dataset due to incomplete calling of frame-shift mutations because
of their similarity to technical DNA polymerase slippage errors [27]. The transforming
growth factor-f (TGFp) pathway is frequently aberrantly regulated in CRC, often through
mutation of TGFf receptor 2 (TGFpR2) [15]. TGFPR2 mutation occurred in 10% of the
BRAF"" CRC cases we examined (Figure 1), again reflecting under calling of the
polyadenine repeat tract mutations in the TCGA dataset as use of older sequencing modalities
identified TGFBR2 as mutated in 90% of MSI CRC [28]. Lastly, we wanted to model MSI
CRC and so examined the key mismatch repair gene, MutL homolog 1 (MLH1). In line with a
meta-analysis of MLHI methylation frequency in CRC, we detected MLH1 hypermethylation
in 20% of TCGA CRC cases [29]. This increased to 74% alteration in BRAF %" CRC
(Figure 1).

Carcinogenesis is a story of liberation and, as we genetically engineer successive stages of
serrated CRC, we select organoids through their unique biology, microenvironmental
requirements and treatment sensitivities. Firstly, the BRAF'*"”* mutation is an early genetic
change in serrated polyps [30]. To first incorporate this mutation, we established colon
organoid cultures from BRAF/Villin®“** mice (Figure 2). In vitro treatment with 4-
hydroxytamoxifen (4-OHT) induced highly efficient recombination to Braf’ ™"
(Supplementary Figure 1) and activation of ERK1/2 phosphorylation (Figure 2A). This in
vitro system mimics the chemoresistance to epidermal growth factor receptor (EGFR)
inhibitors observed for MAPK mutant CRC in the clinic [31]. Treatment with EGFR inhibitor
results in a significant growth inhibition of wild-type organoids in culture but not Bra 600E
organoids (Figure 2B, Supplementary Figure 2).

Genome editing using microbial Cas9 nucleases from the clustered regularly interspaced
short palindromic repeats (CRISPR) adaptive immune system has revolutionised the field of
genome editing [11]. We have modelled serrated CRC using this genome editing technique.
Thus, following mutation of Braf we sequentially incorporated 4 further genetic alterations
using CRISPR/Cas9 [11] (Figure 2). Similar to previous work [12, 13], the addition of Tgf3
to culture medium selected for organoids with functional loss of the Tgfp pathway, in this
case TgfPr2 (Braf” 600 . T, gfbr2NA, abbreviated to Braf”" S0OEAT) (Figure 2B). Indeed, wild type
(WT), Bra 500 and control transfected cultures do not survive in the presence of TgfP [32]
(Figure 2B). Quantitative real-time PCR (qRT-PCR) analysis of the Tgfp response gene,
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Serpinl, showed that TgfP can activate this pathway in Braf’ *"’* organoids as shown by an
increase in Serpin]l mRNA levels. However, organoids containing loss of function of Tgffr2
have low basal expression of Serpinl and are not Tgf]} responsive (Supplementary Figure
3). Next, removal of Wnt-ligands, Wnt3a and Rspo2, kills WT, Braf' """, Braf*""* AT and
control transfected cultures (Figure 2B). However, transfection of plasmids encoding Cas9
and guideRNAs (gRNAs) targeting the negative Wnt regulators, Rnf43 and Znrf3, allowed
outgrowth of organoids with cystic morphology (Figure 2B, growth of organoids in Wnt-
ligand deficient NT medium). Loss of the pl6Ink4a tumour suppressor was not directly
selected for using changed media conditions, but this gene was targeted simultaneously with
Rnf43 and Znrf3 and its loss likely provided a growth advantage to Bra 50%F mutant cells
[17]. This resulted in Braf’®"’F: Tgfbr2*:Rnf43""/Znrf3**;p16 Ink4a™" (Braf " "“ATRZI)
organoids. qRT-PCR analysis of the Wnt-pathway response genes, Axin2 and Lgr5, showed
that activation of this pathway in the Braf’ """ ATRZI organoids in the absence of Wnt ligands
is similar to the level in control Braf’™’* organoids cultured in the presence of Wnt ligands,
i.e. the pathway is super-activated by targeting Rnf43 and Znrf3 (Supplementary Figure 3).
qRT-PCR analysis also indicates a reduction in pl6Ink4a mRNA levels in Braf’ SWOEATRZI
compared to Braf’ *’F organoids (Supplementary Figure 3).

Lastly, to select for loss of MIhl we exploited the clinical finding that MSI-High (MSI-H)
cancers are reported to show relative resistance to backbone chemotherapeutic 5-fluorouracil
(5-FU) [33]. We used media containing 5-FU to promote DNA mismatches [34]. Mlhl is an
essential component of the DNA mismatch machinery [35] and so we hypothesised that
inactivation of Mlhl would lead to increased survival of cells despite DNA damage-arrest
signals, consistent with the poor response of MSI CRC to 5-FU based adjuvant chemotherapy
[33]. Organoids that had been transfected with a plasmid encoding Cas9 and a gRNA
targeting MIh1 (Braf' *""*ATRZIM) were better able to withstand a pulse of 5FU treatment
than control transfected Braf' *""*ATRZI (Figure 2B). The activity of previously unpublished
gRNAs (Tgffr2 and MIhl gRNAs) was evaluated in polyclonal organoids before proceeding
to handpicking single clones and expansion of lines (Supplementary Figure 4). We also
used bioinformatic prediction of the possible off-target sites for each of these gRNAs and
verified that they were not changed in our organoid lines by Sanger sequencing
(Supplementary Table 1). Bi-allelic, loss of function insertions and deletions (indels) in
target genes were verified using DNA sequencing (Figure 2C, Supplementary Table 2).

To assess the effect of this series of genetic alterations on colorectal tumourigenesis, we
transplanted organoids into NOD.Cg-Prkdc*“I12rg™""7"5% (NSG) mice and used in vivo
murine colonoscopy to directly visualize and score pathologic changes (Figure 3A,
Supplementary Videos). Using a modified needle attachment, we injected organoids into the
orthotopic site, the mucosal layer of the colon wall (Figure 3A, Supplementary Figure 5A,
5B) [36]. Injection of Bra 500 pyutant organoids failed to induce tumour formation over a 3
month time course as assessed by colonoscopic surveillance, at necropsy and by pathological
evaluation (Figure 3B, 4B, Supplementary Figure 6). Introduction of Tgfp pathway
perturbation in Braf"*"" AT organoids results in 57% of organoid injections forming tumours
within 3 months (Figure 3B). However, significantly more Braf'®""?ATRZI and
Braf®""P ATRZIM injected organoids formed tumours, 98% and 100% respectively (Figure
3B, p<0.05). Similar to human sessile serrated polyps, 94% (n=11 mice) of Braf’ " ATRZI
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and 100% (n=8 mice) of Braf’ *"’*ATRZIM tumours developed a noticeable mucus cap visible
from two weeks post-injection via colonoscopic surveillance [37] (Supplementary Figure
5C). This is in contrast to only 9% (n=12 mice) of the Braf’ *"’*AT tumours with a mucus cap.
The more genetically complex organoids (Braf'®""*ATRZI and Braf' " ATRZIM) grew
significantly more quickly than Braf’*""*AT tumours (Figure 3C, Supplementary Figure 6,
p<0.001) and overall survival was also significantly decreased, with mean time from
injection to humane endpoint of the experiment at 6 weeks for Braf *""*ATRZI and 4 weeks
for Braf """ATRZIM (Figure 3D, p<0.001).

Histologically, tumours generated using Braf” B0OEAT, Braf” SEATRZI and Braf” SOEATRZIM
organoids are invasive, adenocarcinomas with features of human serrated CRC (Figure 4,
Supplementary Table 3) [2, 38]. We observed infrequent liver metastasis (9% or 1 out of
11) mice), with no macro-metastasis to other sites (lung, peritoneum) after injection with
Braf """ ATRZI (Supplementary Figure 5D). Organoid-derived cells were readily visualised
by morphology and using immunohistochemical detection of Braf'**" (Figure 4D,
Supplementary Figure SE). The tumours display a substantial desmoplastic stromal reaction
(Figure 4E), particularly with Bras” SEATRZI compared to the less genetically complex
Braf" """ AT (85% vs. 33% p<0.05, Supplementary Table 3). Thus the genetics of the
tumour in this model was important in the co-evolution of the stroma. This stromal reaction is
composed of smooth muscle actin expressing cancer activated fibroblasts amongst other cell
types (Figure 4G). The more complex Braf *"’*ATRZI and Braf *"’“ATRZIM, but not
Braf """ AT tumours, featured tumour budding (Figure 4F, Supplementary Figure 5F) and
approximately half were categorised as mucinous adenocarcinoma [38], indicating a change
to the amount of mucin produced by tumours with more complex genetic alterations, (42-
50% vs. 0% p<0.01, Supplementary Table 3). This could also be visualised using Alcian
Blue mucin staining (Figure 4G). Muc2 mRNA, encoding a core component of mucus, was
increased in the Braf' “""“ATRZI but not the Braf'®""* or Braf’®"" AT organoids (p<0.05,
Supplementary Figure 7).

To investigate the consequences of mutating the essential DNA damage response gene, Mlhl,
we analysed microsatellite marker length in our organoid series. Braf’ *""*ATRZIM, but not
Braf”®" " ATRZI organoids have altered microsatellite length (MSI) when compared to the
donor mouse from which organoids were derived, in 4 mononucleotide markers previously
validated for use in mouse [39, 40]. These cells accrued further MSI in vivo, with
Braf”*""! ATRZIM, but not Braf *""ATRZI tumours containing additional microsatellite tract
length variability (Supplementary Figure 8).

Discrete transcript profiles of serrated and conventional pathway tumours

In addition to our series of serrated pathway tumours, we also generated tumours driven by
alteration of commonly mutated conventional CRC pathway genes, Apc and Kras®'?".
Similar to previous reports [36], colonic organoids expressing adeno-virally delivered Cre,
derived from Kras"*""*"";4pc"™" mice survived culture in the absence of Wnt3a or Rspo2
(Supplementary Figure 9). Adenocarcinomas arising from orthotopic injection of
Kras®'??’ +;Apcﬂ/ﬂ organoids, were verified as Kras®'?? ! i Ape® 80174580 (Kras®"*P; Apc & 4
genotype and displayed nuclear B-catenin localisation (Supplementary Figure 9). We
isolated RNA from our series of serrated and conventional pathway tumours and compared
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mRNAseq expression profiles between these different tumours and normal colonic mucosa
from tumour bearing animals (n=4 biological replicates per group). The multidimensional
scaling (MDS) plot generated from our RNAseq data showed that, as expected, the normal
colon samples had quite different transcript profiles to the tumour samples (Figure 5A). In
comparison, the Braf "%, serrated subtype tumours all clustered closely together and
separated from the Kras“?";Apc®* tumours (Figure 5A). Consistent with alterations to the
MAPK pathway in our Braf'®"’* organoid series, gene set enrichment analysis (GSEA)
identified differential expression of MAPK-pathway transcripts as enriched in the Braf’ """
tumours compared to normal colon (Supplementary Figure 10A). Validating our attempt to
model MSI CRC, the tumours derived from Braf“’“*ATRZIM organoids were also
significantly enriched for differential expression of a human MSI CRC-associated gene set
(Supplementary Figure 10B) [41].

The top enriched gene set based on normalised enrichment score in our analyses across all
Braf”®, but not Kras®'?’;Apc®*, tumours when compared to normal colon was the
sphingolipid (SP) de novo biosynthesis pathway (Figure 5B, Supplementary Table 4). We
validated the differential expression of SP pathway transcripts from the leading edge of the
GSEA by real-time qPCR in Braf" % and conventional pathway tumours (Figure 5C,
Supplementary Figure 11). Two key enzymes regulating SI1P levels in this pathway are
sphingosine kinase 1 (SPHK1) and the counter-acting sphingosine-1-phosphate phosphatase
1 (SGPP1) [42]. Consistent with previous reports in human CRC [43, 44], we observed
increased expression of Sphkl transcripts in our series of Braf*’* tumours compared to
normal mouse colon and a converse decrease in Sgppl transcripts (Figure 5C). This
suggested at the transcriptomic level that the pathway may be primed for increased
production of the pro-survival molecule sphingosine 1-phosphate (S1P) in our model of
serrated CRC [42]. We next wished to determine if this shift at the transcript level was also
observed in human CRC samples. SPHK was significantly upregulated in 622 TCGA CRC
samples compared to matched normal controls, with greatest expression levels in BRAF" "%
tumours (Figure 5D). Conversely, SGPP1 expression was significantly decreased in all CRC
samples compared to matched normal controls. Increased expression of SPHKI and
decreased expression of SGPPI were both separately associated with poor survival in the
TCGA cohort (Figure 5E).

DISCUSSION:

Here we have focused on the serrated pathway to CRC that accounts for up to 25% of all
CRC, and for microsatellite stable cases has very poor outcome [2]. We have developed a
panel of CRISPR/Cas9 genome engineered organoids that model DNA alterations found in
BRAF mutant serrated CRC. In this way we are producing novel, preclinical models of
colorectal adenocarcinoma with features of serrated CRC, and most notably desmoplastic
stromal responses, infiltrative growth, tumour budding and mucinous differentiation [2, 45,
46] (see Figure 4, Supplementary Table 3 & Figure 5). Mucous caps characterise human
serrated polyps at colonoscopy. When we look at an early time point in tumour development
in our serrated CRC mouse models with complex genetics (Braf' """ ATRZI and
Braf"®"" ATRZIM) we also observe mucous caps. Previous studies using CRISPR/Cas9 to
model the conventional molecular pathway to CRC using human intestinal organoids were
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either unable to generate invasive CRC [12], or required 4 gene alterations for invasive
tumour growth [13]. We find here that alterations to just two genes, Braf and Tgfbr2, results
in transmurally invasive adenocarcinoma. Further altering the oncogene-induced senescence
factor, p16 Ink4a, and the Wnt pathway leads to increased tumour initiation and decreased
survival time (Figure 3 & 4). These more genetically complex tumours had increased stromal
response, tumour budding and mucinous differentiation. We also model MSI “hypermutator”
CRC by inducing loss-of-function mutations in the DNA mismatch repair gene, Mihl.
Similar to recent work describing a 6-fold higher DNA mutation rate in CRISPR/Cas9
engineered MLHI™* human colon organoid lines [47], we have successfully generated the
MSI phenotype as judged by instability in microsatellite repeat tract length (Supplementary
Figure 8).

We utilise the recently adapted small animal colonoscopy technique [36, 48] to enable rapid,
orthotopic injection of engineered organoids to the mucosal layer of the colon wall and
tumour monitoring thereafter (Supplementary Figure 5 & videos). This is especially salient
given the observed differences in metastatic potential for engineered conventional pathway
CRC organoids delivered either subcutaneously or using a rectal prolapse model, where only
tumours growing at the orthotopic colon site produced liver metastases [49]. A second report
using similar conventional pathway mutant organoids injected using a colonoscope resulted
in metastasis in 30% of mice [36]. We observe liver metastasis in the serrated CRC models
presented here, albeit infrequently, and no lung or peritoneal spread of the disease. This may
be due to the model not containing strong metastasis promoting alterations or alternately, in
the future, luminal preservation through colonoscopic biopsy may allow a more complete
evaluation of disease progression.

These models will advance this field by providing a rapid, inexpensive and pathologically
faithful approach to studying the biology of serrated CRC. Other models, whilst valuable in
their own right, are slow, require complicated in vivo breeding and have a prescribed number
and sequence of genetic alterations [18, 19, 50, 51, 52, 53]. Our models can be readily
adapted to investigate the many leads generated by next generation sequencing of human
serrated CRC and will be particularly valuable for testing potential therapeutics in the setting
of complex, but known, genetic landscapes. Transcriptome analysis of our genome
engineered models of serrated and conventional CRC have identified putative changes to
sphingolipid metabolism in these tumours. The differential expression of transcripts encoding
two key enzymes in this pathway are mirrored in human CRC and are associated with worse
prognosis. Future work will investigate the therapeutic efficacy of targeting the sphingolipid
biosynthesis pathway for BRAF"*""F CRC.

METHODS

Mouse experiments. This study was approved by the MIT Institutional Animal Care and Use
Committee, QIMR Berghofer and SAHMRI Animal Ethics committees (P1208, SAM174,
SAM205). Mice heterozygous for both the conditionally active Braf** and Villin-Cre™®"
alleles to induce the mutation analogous to human BRAF"F specifically in the intestine
were generated as described [52]. Similarly, mice containing the Kras™“%'??"* [54] and
ApcKKO [55] alleles were interbred to produce double transgenic offspring that were used
to generate Kras®'?”""; Apc “*""***" colonic organoids [36].
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Orthotopic Injection. NOD.Cg-Prkdc™“112rg™ ""/Sz] (NSG) mice (male and female, 6-12
weeks old) were obtained from the SAHMRI Bioresources facility and housed under
pathogen-free conditions. Organoids were isolated from matrigel and dissociated to single
cells and small clusters using TrypLE. The cell clusters (equivalent to ~150 organoids) were
washed three times with cold PBS containing 10uM Y-27632 and then resuspended in 20ul
10% GFR matrigel 1:1000 india ink, 10uM Y-27632 in PBS and injected into the mucosa of
the distal colon of anaesthetised NSG mice. Colonoscopy-guided orthotopic injection into the
colon wall was undertaken as previously described [36] with modifications described in
Supplementary methods.

Genome engineering. gRNAs specific for each target gene were either published sequences
targeting Rnf43, Znrf3 or p16 Ink4a [56, 57] or designed de novo using the CRISPR design
Tool to target the first exon immediately downstream of the translation start codon [11] (see
Supplementary Methods table 2). gRNA oligos were cloned into px-459, which expresses
both the Cas9 nuclease and single gRNAs [11]. Organoid transfection and culture details are
included in the Supplementary methods section.

Nucleic acid analyses, bioinformatics, western blotting and immunohistochemistry.
Please see the Supplementary Methods section.
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Figure Legends

Figure 1. Co-occurring molecular events in stem-cell niche, microsatellite instability and
senescence pathways in BRAF" mutant serrated CRC. Of the 50 patients with
BRAF""* CRC from the TCGA CRC cohort (n=527 patients total), we depict the co-
alteration (non-synonymous mutation and/or hyper-methylation) of selected genes in these
pathways. Number of patients with each alterations is indicated by bar graph on right, % of

BRAF"" cases containing the alteration is indicated by numbers on left. Coloured blocks
indicate gene is altered in the sample, grey is unaltered.

Figure 2. Introduction of genetic alterations associated with serrated CRC promotes
independence from niche factor requirements. A, activation of MAPK pathway in
Braf”® organoids visualized by phosphorylation of the ERKI1/2 effector protein, 4-
hydroxytamoxifen (4-OHT). B, Generation of a ‘serratoid’ series from normal mouse colonic
organoids through sequential CRISPR/Cas9 targeting and in vitro selection. Braf’*""F,
Braf”* " Tgfor2**  (Braf"®""" AT),  Braf"*"*  Tgfbr2**  Rnf43**/Znrf3** p16Inkda™*
(Braf" ™ ATRZI), Braf"*"" Tafbr2*Rnf43**/Znrf3** p16Inkda”*Mih1**
(Braf """ ATRZIM). Normal media components required as stem cell niche factors Wnt-3a
(W), Rspo-2 (R), Noggin (N), additional selection with TGFB1 (T) and chemotherapeutic
agent, 5-Fluorouracil (SFU). C, DNA sequence verification of biallelic insertion/deletion
(indel) mutations that result in prematurely truncated proteins.

Figure 3. Bra 0% alone is not sufficient for colon tumour formation, but with

increasing serrated pathway genetic alterations tumour penetrance and growth rate
increases. A, colonoscopic images showing injection and rapid growth of serratoid
Braf """ ATRZI line. B, Tumour penetrance as a percentage of the number of organoid
injections that gave rise to a tumour/mouse in 3 months for each line, with 1-3
injections/mouse. C, Colonoscopic scoring of largest tumour in each mouse (n=5 mice per
group, Becker scale). D, Kaplan-Meier plot showing overall survival post-injection with
organoid lines Bra 000E =4 mice, Bra S9EAT n=12 mice, Braf'®"""ATRZI n=11 mice,
Braf"®""  ATRZIM n=8 mice, compared to Braf'*"’* using a Bonferroni adjustment for
multiple comparisons. ns=not significant, *=p<0.05, **=p=<0.01, ***=p<0.001.

Figure 4. Multi-hit ‘serratoids’ generate invasive adenocarcinoma with features of
human serrated CRC. Colonoscopy (A) and histology (B-H) images of mouse colon
orthotopically injected with mutant organoid lines Braf'®"%, Braf"*""* AT, Braf ** ATRZI,
Braf”®""  ATRZIM. B, H&E stained sections of whole colon. C, higher magnification H&E,
arrows denote position of muscularis mucosae, * denotes remnant ink from injection. D,
immunohistochemical staining for mutant Braf'® protein clearly delineates serratoid
derived tumour cells. E, representative images of desmoplastic stromal response and F,
tumour budding (circled). G, tumour stromal response stains positive for alpha-smooth
muscle actin (aSMA). H, mucin lakes present in mucinous adenocarcinoma visualised using
Alcian Blue stain. Scale bars are (B) 500um, (C-H) 100um.
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Figure 5. Serrated pathway tumours are molecularly distinct from conventional
pathway tumours. A, multi-dimensional scaling plot of RNA expression data from normal
mouse colon (black), serrated pathway Braf’*"’AT (blue), Braf'*" " ATRZI (red) and
Braf"®"" " ATRZIM (yellow) and conventional pathway tumours Kras®??:Apc®? (grey), n=4
samples per group. B, gene set enrichment analysis (GSEA) for Sphingolipid de novo
biosynthesis Reactome between Braf """ ATRZI serrated tumour and normal mouse colon.
Enrichment score (ES), normalised enrichment score (NES), false discovery rate (FDR). C,
Expression of Sphkl is increased and Sgpp! is decreased in mouse Braf’*"F serrated CRC
compared to normal mouse colon. Fold induction of mRNA expression is normalized to
Gapdh, with transcript level in normal colon set to 1. Results from at least four animals with
triplicate technical replicates are shown, error bars denote standard deviation. Two-tailed t-
test used for pair-wise statistical analysis. D, Violin plots depicting z-score values for
normalized expression of SPHKI (top) and SGPPI (bottom) transcripts in 622 human TCGA
CRC and normal colon samples separated into wild-type BRAF/KRAS, KRAS mutant and
BRAF""E CRC. E, Kaplan-Meier plots showing TCGA patient survival probability based on
expression level of SPHK (top, SPHK high group n=139 in red, low group n=483 in green)
or SGPPI (bottom, SGPPI low group n=145 in green, high group n=477 in red). *=p<0.05,
**=p<0.01, ***=p<0.001, ns= not significant.
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Supplementary methods

TCGA data analysis. The Cancer Genome Atlas (TCGA) colonic adenocarcinoma and rectal
adenocarcinoma (TCGA-COAD and TCGA-READ respectively) annotated mutation and
methylation files were extracted from the GDC portal (https://portal.gdc.cancer.gov/) for 527
cases only, as the remaining cases did not have complete data for mutation and methylation.
We determined that there were 50 BRAF'*"’® CRC cases within this cohort and used
BRAF" to mark the serrated CRC subtype. We do not examine KRAS mutant serrated
CRC herein, as KRAS mutation also marks the conventional pathway to CRC. We then used
the analysis pipeline described below to examine alteration (both DNA mutation and
hypermethylation) to candidate genes involved in regulation of the stem cell niche,
senescence and DNA mismatch repair including; the Wnt-pathway, Bone Morphogenic
Protein (BMP)/transforming growth factor-beta (TGFP) pathways, P16 INK4A4, MLHI.
TCGA methylation data generated using two different platforms, the Infinium Human
Methylation 27K and 450K, were combined. No batch effects were observed. The median
beta-value across multiple microarray probes corresponding to the same gene was used to
summarise methylation for each gene, with Beta-value for hyper-methylation cut off set to
0.47. All data processing was undertaken using software R, version 3.4.1 Patched. Waterfall
plots (Figure 1) were generated with R package oncoPrint() function in ComplexHeatmap R
package version 1.12.0 [1]. To examine whether Sphingolipid pathway genes were
differentially regulated in the TCGA BRAF""® CRC cohort and examine the effect on
patient survival we analysed RNA expression and patient survival by downloading 622 cases
with clinical and RNA expression data using R Bioconductor TCGAbiolinks package,
version 2.7.5. Maximal survival time analysed was 5 years. RNA expression values were
transformed using the 'voom' method limma package, version 3.30.13. Normalised,
transformed expression values were used to classify patients into high and low expressor
groups for each gene of interest using the surv_cutpoint() function in survminer R, the
minimal proportion of observations was set at 20% for each gene [2]. The prognosis of each
group was examined using Kaplan-Meier survival estimators with the survminer R package,
version 0.4.1, with survival outcome compared by log-rank tests.

Genome engineering & Organoid culture (cont). Organoids were dissociated to single cells
and small clumps of cells with TrypLE express, washed and transfected in the presence of
basal medium without antibiotics and supplemented with 1uM Jagged-1 (Anaspec) using
LF2000 and plasmid DNA in a 96 well plate for 3 hours at 37°C. Empty px458-GFP plasmid
was used to visualise transfection efficiency and used as a kill test control for selection
medium conditions. Cells were washed and plated onto 50% matrigel in non-selective culture
medium containing 1uM Jagged-1. The following day, media was gently aspirated and top
layer of 50% matrigel added. Plate was spun 20 minutes at 200xg at room temperature
followed by 30 minute incubation at 37 degrees C before addition of non-selective culture
medium containing 1uM Jagged-1. 72 hours after transfection, media was changed to
selection medium, with media changes subsequently 2-3 times weekly.

Single organoids were handpicked and expanded for DNA sequence analysis. For novel
gRNAs, genomic DNA was isolated from pooled, polyclonal organoids and subjected to PCR
amplification of target genomic region, followed by PAGE analysis of duplex formation to
measure indel formation. Genomic DNA from single organoid lines was also isolated and

target genomic regions amplified by PCR. PCR products were cloned into a p-JET1.2 cloning
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vector according to the manufacturer’s instructions (ThermoFisher). Plasmid DNA from at
least 6 clones was analysed by Sanger sequencing to determine biallelic target gene
alteration.

We found optimal recovery and expansion of organoids from single cells as required for the
transfection protocol using a matrigel “sandwich” and used this method for all cultures
described herein [3]. To facilitate visualisation of the entire 48-well in a flat plane we modify
the “sandwich” method to include the addition of 60ul 50:50 ADMEM:Matrigel mixture to a
48-well, centrifuge this bottom matrigel layer for 40minutes at 200xg at room temp, followed
by a 30 minute incubation at 37 degC to solidify matrigel before plating organoids in growth
medium on top. The following day we remove the media and any non-attached organoids,
cover with 40ul 50:50 ADMEM:Matrigel mixture and centrifuge 100xg for 20 minutes. After
a 30 minute incubation at 37degC, organoids in matrigel are covered with 200-250ul growth
medium. The basal culture medium for mouse colon organoids was Advanced Dulbecco’s
modified Eagle medium/F12  (Life Technologies) supplemented with  1x
gentamicin/antimycotic/antibiotic (Life Technologies), 10mM HEPES, 2mM GlutaMAX,
1xB27 (Life Technologies), 1xN2 (Life Technologies). The following niche factors were
used: 50ng/ml mouse recombinant EGF (Peprotech), 100 ng/ml mouse recombinant noggin
(Peprotech), 20% R-spondin-2 conditioned medium, 50% Wnt-3A conditioned medium. To
select mutant organoids the following reagents were used: 1uM 4-OHT for 24h (Sigma-
Aldrich), 10ng/ml human recombinant TGF-f1 (Peprotech), luM EGFR inhibitor (EGFRIi,
Calbiochem #324840), 20uM 5-FU (Sigma-Aldrich). Following initial isolation and
immediately after each split, organoids were cultured in 10uM Y-27632 (In Vitro
Technologies), 3uM iPSC (Calbiochem Cat #420220), 3uM GSK-3 inhibitor (XVI,
Calbiochem, # 361559) for the first 3 days. Prior to transfection, organoids were cultured
with 10mM Nicotinamide (Sigma-Aldrich) and 10uM GSK-3 inhibitor for 2 passages [4].

Kras®"?""; Apc "% (AK) colonic organoids were generated by treating organoids from

Kras"S" 12 4pc KO0 mice with AdSCMV::Cre, followed by selection in medium
without Wnt ligands [5].

Orthotopic Injection (cont). A customised needle (Hamilton Inc. part number 7803-05,
removable needle, 33 gauge, 12 inches long, point 4, 12 degree bevel) was used.
Colonoscopy was performed using a Karl Storz Image 1 Camera System comprised of:
Imagel HDTV HUB CCU; Cold Light Fountain LED Nova 150 light source; Full HD
Imagel 3 Chip H3-Z Camera Head; Hopkins Telescope, 1.9mm, O degrees. A sealed luer
lock was placed on the working channel of the telescope sheath to ensure minimal air leakage
(Coherent Scientific, part number 14034-40). In each mouse up to 3 injections of 20ul were
performed. Injection sites were monitored by weekly colonoscopy and the videos were
viewed offline using QuickTime Player for analysis. Tumour growth of the largest tumour
visualised was scored as previously described using the Becker Scale [6]. A Clinical Record
Score was used to determine humane endpoint, scores were obtained by one point being
given for the presence of each of the following observations: weight loss >15%;
hunched/ruffled coat; inability to pass stool; dehydrated; absence of movement; or facial
grimace. Once a score of 3 was reached the mice were euthanased. Statistical analysis
performed using Prism.
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Western blot analysis. To reduce endogenous MAPK signalling organoids were cultured
without EGF for 4 days and with 1uM EGFRIi for one day prior to treatment with 1uM 4-
OHT for 16h. Cells were harvested using cold PBS containing 1x Halt™ Protease and
Phosphatase Inhibitor Cocktail (PPI, Thermo Scientific), pelleted and lysed using RIPA
buffer (150mM sodium chloride, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 50mM
Tris, pH8.0) containing 1x PPI. Protein was quantitated using the DC™ Protein Assay Kit II
(Bio-Rad) and analysed using 4-20% (Bio-Rad) SDS-PAGE. Standard western blot analyses
were performed using the following primary antibodies: anti- Phospho-p44/42 MAPK
(Erk1/2) (#4370, Cell Signaling Technology, 1:2000), total p44/42 MAPK (Erk1/2, #137FS5,
Cell Signaling Technology, 1:2000), anti-Hsp90 loading control (sc-7947, Santa Cruz
Biotechnology, 1:1000). Primary antibody binding was detected using HRP-conjugated
secondary anti-Rabbit antibody (Novex, #A24537, 1:10,000) and visualised with ECL
Western Blotting Detection Reagents (Amersham, RPN2209) and Gel Doc™ XR+ Gel
Documentation System (Bio-Rad).

Immunohistochemistry and histology. Tissues were fixed in 10% formalin, paraffin
embedded and sectioned. Consecutive sections were prepared using a rotary microtome.
H&E and alcian blue stains were preformed according to standard procedures. The Braf' "
staining was performed on a Ventana Benchmark Ultra, using a prediluted Ventana mouse
primary antibody. Antigen retrieval was for 64 min using Ventana retrieval solution CC1.
The primary antibody was incubated for 32 min at 36 degrees C. The Ventana Optiview DAB
detection system was used with Ventana Haematoxylin II as the nuclear counterstain. The
alpha-smooth muscle actin (aSMA) staining was completed using a rabbit polyclonal aSMA
antibody (1:500, Abcam ab5694) and Keratin 20 using a rabbit polyclonal (1:200, Sigma
SAB4502249). Antigen retrieval was performed in Vector Antigen Unmasking solution
(Vector Laboratories, H-3300) and carried out in a Biocare Medical pressurised decloaker
(Metagene). A goat anti-rabbit HRP secondary antibody (1:400, Life Technologies A24537)
followed by DAB (BioLegend 926901) was used to visualise signal. Histological evaluation
of mouse tumours was undertaken by a pathologist with expertise in human serrated pathway
lesions. In line with current WHO standards mucinous adenocarcinoma was not graded (low
versus high), and mucinous adenocarcinoma was defined as >50% mucinous differentiation
[7]. Tumour budding was evaluated using H&E stained tumour sections in a hotspot area of
0.785mm’ by counting the number of buds as described for diagnostic practice [8]. 0 =
Absent; 1-4 = low level; intermediate 5-9 and 10 or more is high level.

Nucleic acid analysis. Total RNA and gDNA was extracted from organoids, tumours and
normal control colon tissue using AllPrep DNA/RNA Mini or RNeasy Mini Kit (QIAGEN)
or UltraClean® Tissue & Cells DNA Isolation Kit (Mo Bio Laboratories). For qRT-PCR,
300-1000 ng RNA was reverse transcribed to cDNA using Superscript IV according to the
manufacturer’s instructions (Thermo Scientific). cDNA was diluted 1:5 and level of
transcripts of interest evaluated using Primer:probe assays (IDT) with KAPA PROBE FAST
gPCR Master Mix (KAPABiosystems) master mix and run on a QuantStudio 7 Flex Real-
Time PCR System (Thermo Scientific). For RNAseq analysis, lug of total RNA was used for
sequencing library preparation using a BIOO stranded Poly-A kit (PerkinElmer) according to
the manufacturer’s instructions and sequenced on Illumina HiSeq to generate 1 x 100bp
single-end reads.
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RNAseq data processing. Images generated by HiSeq™ 2500 were converted into
nucleotide sequences by a base calling pipeline and stored in fastq.gz format, and examined
QC plots with FastQC version 0.11.3. Raw reads with low quality were removed using Trim
Galore prior to analysing the data. The criteria of removing low quality reads were set as:
quality Phred score less than 28, reads contains adaptor sequences. FastQC was performed
again, all low quality reads were removed. All the subsequent analyses were based on
trimmed reads, which were then mapped to reference mouse genome mm10 GRCm38, using
STAR 2.4.2a modified. No more than 1 base mismatch were allowed. Only uniquely mapped
reads were retained. quantMode was enabled to generate gene level quantification. The
counts files were then merged into a table for downstream differential expression analysis.
All data preprocessing were completed in shell HPC command line environment.

Differential expression analysis. Differentially expressed genes (DEG) were analysed using
the glmFit() glmLRT() function in R Bioconductor edgeR Package version 3.16.5 [9]. A
negative binomial generalized log-linear model was employed, with Benjamini-Hochberg
correction using false discovery rate (FDR) of P values. Hierarchical clustering was
performed on DEGs only, using Euclidean distance and complete linkage clustering option
with Heatmap() function in ComplexHeatmap R package version 1.12.0 [1]. MDS plots were
generated using the plotMDS() function in Limma R package version 3.30.13 [10].
Differentially expressed genes were defined as FDR < 0.05, and absolute value of Log, (fold
change) > 2.

Gene set enrichment analysis (GSEA). GSEA methodology was developed using
guidelines for RNAseq datasets [11] . Transcript counts generated from STAR aligner were
sub-grouped into files with pairwise comparison groups of normal colon to tumour. The
PreprocessReadCounts (V1 Beta) module of GenePattern was used to normalise and
transform counts. Briefly, lowly expressed genes were removed from the analysis if they had
<1 read/million in four of the samples, as four is the smallest group of biological replicates
[12]. The remaining data was then normalised using Trimmed Mean of M-values [13]. Mean-
variance transformation to approximate a normal distribution was performed subsequently
using voom [10]. Gene set enrichment analyses were performed using online module GSEA
(v18).

Microsatellite instability. MSI status was assessed using a panel of five markers (m-Bat-26,
mBat-67, m-Bat-37, GA29, TG27-see Supplementary Methods Table 1 for sequence) [14, 15,
16]. These included 3 mononucleotide and 2 dinucleotide repeats. Fragment sizes were
assayed using PCR coupled with fluorescent detection on an ABI3100 Capillary Sequencer.
Differences in fragment sizes were assessed using the GeneMarker software.

Supplementary methods table 1-Microsatellite marker primer information

Anneali
Marker Type ng Tm Forward Primer Reverse Primer Reference
mBat-26 Mononucleotide 59 TCACCATCCATTGCACAGTT CTGCGAGAAGGTACTCACCC Bacher et al, 2005
mBat-37 Mononucleotide 59 TCTGCCCAAACGTGCTTAAT CCTGCCTGGGCTAAAATAGA Bacher et al, 2005
mBat-67 Mononucleotide 59 CCGACTGCTCTTCCGAAGGTC TTGCCCATTTATCATCTAGTTCAT Bacher et al, 2005
7G27 Dinucleotide 60 GGATCACTCGATGTACGGCTACTC CCAGGCAGGCAAAGCATTTAT Kabbarah et al,
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Kabbarah et al,
GA29 Dinucleotide 59 CAGGAGGTCAAGGTCATCCTAAG CCACCATGGTAGGAGCTTGCTA 2003

Supplementary methods table 2- gRNA sequence

Target gRNA sequence

gene
Rnf43 CCACCAGGAGGTACCAAGCCGGC
Znrf3 GGGTCATCCCTTGTACTCATCGG

Tgfbr2 CCTGTGGCCGCTGCATATCGTCC

p16 Ink4a | CCCAACGCCCCGAACTCTTTCGG

Mih1 TAGTGAACCGCATAGCGGCGGGG
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