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Abstract

BRAF-driven colorectal cancer is among the poorest prognosis subtypes of colon cancer. Previous
studies suggest that BRA~mutant serrated cancers frequently exhibit Microsatellite Instability
(MSI) and elevated levels of WNT signaling. Loss of tumor-suppressor Smad4 in oncogenic
BRAF-V600E mouse models promotes rapid serrated tumor development and progression, and
SMAD4 mutations co-occur in human patient tumors with BRAF-V600E mutations. This study
assesses the role of SMADA4 in early-stage serrated tumorigenesis. SMAD4 loss promotes
Microsatellite Stable (MSS) serrated tumors in an oncogenic BRAF-V6E00E context, providing a
model for MSS serrated cancers. Inactivation of MsAZ2in these mice accelerated tumor formation,
and whole exome sequencing of both MSS and MSI serrated tumors derived from these mouse
models revealed that all serrated tumors developed oncogenic WNT mutations, predominantly in
the WNT-effector gene Cinnb1 (B-catenin). Mouse models mimicking the oncogenic p-catenin
mutation show that the combination three oncogenic mutations (Ctrnnb1, Braf, and Smad4) are
critical to drive rapid serrated dysplasia formation. Re-analysis of human tumor data reveals
BRAF-V600E mutations co-occur with oncogenic mutations in both WNT and SMAD4/TGF
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pathways. These findings identify SMAD4 as a critical factor in early-stage serrated cancers and
helps broaden the knowledge of this rare but aggressive subset of colorectal cancer.

Introduction

Colon cancer is the 2nd-leading cause of cancer-related deaths in the United States.

While ~80% of colon cancers follow a WNT-initiated adenoma-to-carcinoma pathway,
approximately 20% follow the “serrated tumor pathway”- often driven by gain-of-function
BRAF mutations[1]. Serrated tumors have the worst prognosis of colon cancers[2-5],

and though these BRAFdriven cancers have been modeled[6-9], there remain significant
gaps in the understanding of the genetic progression of serrated tumor development. CpG
Island Methylator Phenotype (CIMP), Microsatellite Instability (MSI), and oncogenic WNT
activation are documented steps for serrated tumorigenesis in mouse models[6,10-14],
echoing observations in human tumors[15-17]. However, these mouse models require 10-12
months to form tumors[6,9,10], slowing the studies of serrated colon cancers. Furthermore,
50% of human BRAF-driven serrated tumors associated with a defect in mismatch repair
and harbor Microsatellite Instability (MSI), with the remainder being Microsatellite Stable
(MSS) - the latter associated with poorer prognosis [4,17,18]. The scarcity of reports using
mouse models of serrated colon cancer and the inefficiency of tumor development in these
models limits translational research opportunities.

Though oncogenic BRAF mutations are inefficient at generating tumors /77 vivo, loss

of pro-differentiation transcription factors such as CDX2 and SMADA4 can accelerate
serrated tumorigenesis[8,9]. The SMAD4/TGFp pathway is mutated in 57% of colon
tumors[19] and is associated with poor prognosis[20]. A longstanding model pits the
WNT/B-catenin pathway against the SMAD4/TGFp pathway for control of the proliferation
vs. differentiation decision in the intestinal epithelium[9,21,22]. SMAD4/TGF signaling
has also been shown to interact with the MAPK/ERK pathway — both in activating

the ERK signaling cascade and Ras signaling pathway, while also being inhibited by
ERK[23]. SMAD/4 is often characterized as a late-stage mutation in canonical colon cancer
progression models —associated with invasion and metastasis[24—28]. However, the loss of
SMADA4 appears to accelerate the initiation and progression of BRAF-V600E tumors in
vivo[9], suggesting an alternative pathway to serrated colon cancer progression.

This study looks to address how SMAD4/TGFP and WNT pathways impact the progression
of BRAF-V600E serrated colon cancers. Using mouse genetic models, we reveal that
SMAD4-loss bypasses the MSI requirement for serrated tumor progression, and functionally
demonstrate that WNT is a key driver of serrated cancers. The order of SMAD4-1oss

or WNT-activation does not appear to impact the progression of serrated lesions to high-
grade dysplasias. Human tumors also exhibit a correlation between BRAF-V600E and
mutations in WNT and SMAD4/TGF pathways. Our findings indicate that SMAD4 is a
key component of serrated tumorigenesis and expand the avenues through which serrated
tumors could arise in patients.
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Loss of SMAD4 Promotes Microsatellite Stable (MSS) Tumors

As opposed to canonical adenocarcinomas initiated by oncogenic WNT pathway activation,
serrated cancers are often driven by an oncogenic BRAF mutation — most commonly
BRAF-V600F]5,19]. Several reports found that modeling the BrafY6%0F mutation /n vivo

is inefficient at generating serrated tumors- and was attributed, in part, to the differentiation-
promoting consequences of BRAF-activation in stem cells[6,7,9,10]. Thus, other factors

or mutations must be required for BRAF-V600E serrated cancers to develop. In human
colon tumors with BRAF-V6E00E driver mutations, at least 30% of patients (=214/703)

have a driver mutation in TGFp-pathway associated genes — with the common driver
mutations being truncations (black bars) or missense mutations (green bars) (Fig. 1A).

The predominant mutation was in SMAD4 (21% of BRAF-VE00E patients), consistent with
mouse models where loss of SMAD4 accelerates BRAF-V600E tumor progression[9].

About 50% serrated tumors are deficient in Mismatch repair (MMR), leading to high
frequency of Microsatellite Instability (MSI)[29]. Mouse models indicate that accumulation
of MSI is an early step for serrated tumorigenesis[6,10]. Since SMAD4/TGF is
associated with DNA damage and DNA repair response[30], perhaps loss of SMAD4in
BRAFV600E7* mice generates a favorable environment for MSI. To determine MSI status
of Smad4K0 BRAFY600E* tumors, tumor organoids derived from macroscopic serrated
tumors in Smad4<C BRAFY690E/* \jjflin-CreFRT2 mice[9,31-33] were collected for MSI
analysis of known loci of MSI[6,34]. Epithelium from untreated littermates (wildtype) and
mismatch repair deficient mice (Msh250 Villin-CreFR72)[35] were used as negative and
positive controls, respectively. While tissue from wildtype littermates exhibited no changes
microsatellite lengths, Msh250 samples exhibited microsatellite size shift events at 50% of
tested loci, indicating that the MMR deficient tissue accumulates MSI, as expected (Fig.
1B, pink boxes)[6,34,35]. For Smad4XC BRAFVEI9E/* tumors, 4 of the 6 tumors collected
from one to four months showed no change at any of the MSI loci tested, while 2 the
tumor samples collected at five and six months showed changes at 25% and 50% of loci,
respectively. Because only the most mature tumor samples exhibit shifts in microsatellite
sizes, these results suggest that SMAD4 does not directly impact mismatch repair, and the
tumors that develop in Smad4XC BRAFY609E/* mice are primarily Microsatellite Stable
(MSS).

To determine whether MSS tumors exhibit SMAD4 loss in human patients, BRAF-V600E
tumors (AACR GENIE)[36] were examined for SMAD4 alterations (Fig. 1C), and patients
were classified according to SMAD4 alteration type. BRAF-V600E patients with oncogenic
SMAD4 alterations did not have a significantly higher tumor mutation burden than patients
without oncogenic SMAD4 (p-val = 0.13, Fig. 1C). In contrast, BRAF-V600E tumors
harboring oncogenic mutations in other TGFp pathway genes had a significantly higher
mutation burden than the remaining BRAF-V600E tumors (Fig. 1D, p-val < 1071%). High
mutation burden is a surrogate for MSI status in colon cancer (Suppl. Fig. S1A)[19,37]
which suggests that BRAF-VE00E tumors with SMAD4 mutations are enriched in MSS, and
tumors with TGFp pathway mutations are more likely to appear in MSI tumors. Notably, the
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hotspot 7TGFBR2-K128Afs*3 frameshift mutation is found within a mononucleotide repeat
sequence in human which is absent in the mouse sequence; mono-nucleotide repeats are

a common mutational target in MSI tumors (Suppl. Fig. S1B)[38,39]. These data suggest
that loss of SMAD4 in both mouse and human patients corresponds to tumors with lower
mutational burden, and links SMAD4 loss to MSS tumorigenesis.

MMR Deficiency Accelerates BRAF-driven Serrated Tumorigenesis

Even though SMADA4 loss does not lead to MSI (Fig. 1B), serrated tumorigenesis is

greatly accelerated within the Smad4XC BRAFVE99E/* mouse model when compared to
BrafV60%/* mice[9]. To determine whether MMR deficiency further accelerates serrated
tumorigenesis, the Msh2%0 allele[35] was incorporated into the Smad4<0 BRAFV600E*
Villin-CreFR72 mouse model[9]. Smad4XC BRAFYE09E/* \jillin-CreFR72 mice and Msh2KO
Smad4<0 BRAFVE00E* \jjflijn-CreFRT2 mice were injected with tamoxifen to induce
intestine-specific recombination and were collected 2—-3 months post-tamoxifen treatment to
assess tumor burden (Fig 2A). Macroscopic tumors were found in the intestinal tract of both
Smad4<0 BRAFVE600E*and Msh2K0 Smad4XC BRAFVPI9E/* mice (Fig. 2B, white circles).
Quantification of tumor burden in the mice coincides with previous findings that Smaad4<©
BRAFVE00E/* mice exhibit macroscopic tumors as early as two months[9]. Strikingly, the
MMR deficient Msh2K0 Smad4<C BRAFY690E/* mice harbored an approximate doubling of
the visible tumors when compared to the Smad4<C BRAFVEU9E/* mice (Fig. 2C, Student’s
T-Test, p-val = 0.0942), though no significant differences in tumor size were observed (Fig.
2D). Both Smad4K0 BRAFVE0OE* and Msh2KO Smad4<O BRAFVEI9E/# tissues exhibited

a jagged, “sawtooth” like epithelium, a hallmark morphology of serrated cancers[40] (Fig.
2E). Sporadic serrated dysplasias interrupted the villous epithelium. Notably, 3 of 5 Msh2KO
Smad4<O Braf"690E/* mice harbored tumors showing epithelial penetration into the basal
layer of the intestine, indicative of invasive behavior (Fig. 2E). Loss of MSH2 results in a
significant increase of dysplastic lesions (Fig. 2F, Student’s T-Test, p-val = 0.005), revealing
that MMR deficiency in addition to loss of SMADA4 further accelerates BRAFVE9E_driven
serrated tumor development.

Serrated Tumorigenesis in Smad4XC BRAFV600E/* mice requires activating mutations in the
WNT pathway

The introduction of the Msh2€0 alleles increases tumor numbers seen in the Smad4<©
BRAFV609E7* mouse background, suggesting additional mutations are required to transition
normal tissue to serrated tumors. It also is possible that the mutation(s) acquired in an MSI
environment are different than those accumulated in an MSS environment. To identify these
critical mutations, tumor epithelium derived from tamoxifen-treated Smad4<C BRAFVE00E*
Villin-CreFR72 and Msh2K0 Smad4kC BRAFYE09E/* \jjllin-CreFRT2 mice was collected

for Whole Exome Sequencing (WES) (Fig. 3A). Matched tail DNA served as a reference
for germline variation. Data were analyzed to identify single nucleotide variants (SNVs)
and base insertions and deletions (Indels) in the tumors. Smad4<° BRAFVE90E/* tumors
(n=3) averaged approximately 100 total variants (SNVs + Indels) per sample. In contrast,
Msh2K0 Smad4k0 BRAFVE09E/* tumors (n=9) had over 1000 total variants per sample
(Fig. 3B, Student’s T-Test, p-val < 0.0001). There was also an increase of indels in

Msh250 Smad4kO BRAFVE0OE* tumor samples — consistent with Msh2K0 mice models
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(Fig. 3C, Student’s T-Test, p-val = 0.0342)[35,41]. Annotation of the variants revealed that
while Smad4X0 BRAFVEI9E* tymors averaged <10 non-synonymous mutations, Msh2€0
Smad4X<C BRAFVE99E/* tumors accumulated on average 120 non-synonymous mutations
within the same time frame, confirming that MMR deficiency results in a significant
increase in mutational burden (Fig. 3D, Student’s T-Test, p-val < 0.0001).

To identify whether independently isolated tumors would share common mutations,
annotated WES data for Smad4<C BRAFV699E/* tumor organoids and Msh2K0 Smad4<©
BRAFVE09E7* tumor organoids was filtered for known oncogenic mutations (Fig. 3E, blue)
and truncation mutations in known cancer genes (Fig. 3E, black)[42]. In both genetic
models, the majority of mutated genes were unique to a single tumor sample, suggesting
that each tumor sample represented a unique tumorigenic event and not a multi-clonal
population. Interestingly, all 3 Smad4<C BRAFY690E/* tumors (orange arrows), held a
mutation in Ctrinb1 — which encodes the critical WNT effector p-catenin protein[43].
Ctnnb1 was also mutated in 8/9 Msh250 Smad4XC BRAFVE99E/* tumors (Fig 3E). The
single tumor sample that was wildtype for Ctrinb1 harbored a nonsense mutation in another
WNT-pathway gene, Apc (Suppl. Table S1). All of the Ctnnb1 mutations were concentrated
in exon 3, at three specific codons (encoding 3 amino acids: D32, S37, and T41) (Fig.

3F). Specifically, 5/12 tumors acquired an oncogenic mutation at the T41 site, which is the
predominant “hotspot” in human patients (Fig. 3G). All three mutated sites are documented
oncogenic alleles of Ctnnb1 in human patients which stabilize p-catenin and result in
elevated WNT signaling[44]. These findings reveal that Smad4-negative, BRAF-V600E
tissues, regardless of MSI status, all acquired oncogenic WNT mutations to progress to
macroscopic tumors.

To corroborate the activation of the WNT pathway, intestinal tissue from Smaa4<©
BRAFVB00E* and Msh2K0 Smad4K© BRAFY600E* mice were stained for markers of
enhanced proliferation (Ki67) and WNT activation (CD44, B-catenin)[6,7,9]. In both
Smad4K0 BRAFVEI0E* and Msh2K0 Smad4KC BRAFVEOOE/* mice, expression of these
pro-growth markers is compartmentalized within the crypts in non-tumor tissue (Fig. 4A).
However, dysplastic lesions found in both mouse models reveal disorganized epithelia with
Ki67+ cells extending beyond the crypts and into the entirety of the lesions, consistent with
previous descriptions of serrated dysplasias[6,9] (Fig 4A). Furthermore, invasive lesions
identified in Msh250 Smad4<C BRAFVEI0E/* mice reveal Ki67+ cells also penetrating
through the intestinal muscle layer (Fig. 4A). As an indication that WNT may drive the
ectopic proliferation, CD44 expression is highly elevated across the dysplastic lesions (and
invasive regions) in both Smad4<0 BRAFVEI0E/* and Msh2KC Smad4<C BRAFVEIOE/+
mice when compared to non-tumor tissue, indicative of a high WNT environment (Fig.
4B). Similarly, B-catenin elevation is also found to extend well throughout the dysplastic
and invasive lesions (Fig. 4C). RNA expression levels were also assessed for WNT
pathway targets in tumor-derived organoids from each model. Wildtype organoids, Smad4<©
BRAFVBI0E/* and Msh2K0 Smad4<C BRAFYE90E/* tumor organoids were passaged,
cultured for 3 days, and collected for gRT-PCR on WNT-associated genes[6]. Relative to
wildtype organoid expression levels, both Smad4<C BRAFYE00E/* and Msh2KO Smad4KO
BRAFVEI9E/* tumors showed a significant increase in WNT target gene transcript levels
(Cend1, Cd44, Epha2, ANOVA, p-val < 0.05). Wildtype organoids, Smad4XC BRAFVE00E+
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and Msh2K0 Smad4kO BRAFY600E/# tumor organoids were then cultured in media without
WNT agonist R-Spondin to assess for WNT independence[24,25,45]. After 7 days, wildtype
organoids were no longer viable (ANOVA, p-val = 0.0107), whereas both Smad4<©
BRAFVE00E/* and Msh2XC Smad4XC BRAFY609E7* tumors survived in media lacking R-
Spondin — indicative of oncogenic WNT activation in the tumor organoids[24,25] (Fig. 4E).
Tumor organoids were also assessed for acetyl-p-catenin, a transcriptionally active state of
the protein[46,47]. While wildtype organoids showed almost no acetyl-B-catenin, Smad4<©
BRAFVBI0E/* and Msh2K0 Smad4<C BRAFYE90E/* tumors show robust expression of the
active form of p-catenin (Fig. 4F). Interestingly, the tumor organoids also show an elevated
level of total p-catenin when compared to wildtype organoids, consistent with Ctnnb1
mutations in exon3 that promote protein stability[48,49] (Fig 3, Fig. 4F). These findings
reveal that hyperactive WNT expression coincides with increased proliferation and supports
findings that there is a requirement for WNT elevation in the progression of BRA/~driven
tumors[6,7,10,11].

Oncogenic BRAF and WNT serrated dysplasias have reduction in SMAD4

Given the consistency of an oncogenic WNT mutation in Smad4<C BRAFVEI0E/+* tymors,
we wondered whether SMADA loss was critical for tumorigenesis, or simply predisposed
the tissue to activating mutations in the WNT pathway. To test this question, an oncogenic
WNT allele emulating oncogenic Ctnnbl driver mutations[50] (Ctnnb1EX0n3/#) was bred
into the BRAFVE09E/* mouse model. BRAFVE0OE/* Ctnnb1£X0n3/* \ijflin-CreFR72 mice were
injected with tamoxifen for 4 consecutive days to induce oncogenic activation of WNT and
BRAF alleles. Mice were collected 6-14 days post injection and intestinal tissue was then
processed for histology. BRAFY600E* Citnnb1EX0n3/* showed broad regions of hyperplastic
tissue, characterized by elongated villi and crypt structures when compared to untreated
wildtype mice (Fig. 5A)[6]. Furthermore, Ki67 immunostaining of the crypt compartments
revealed excess proliferation beyond the crypt compartment and extended into the villus.
Immunohistochemistry of Smad4 was performed to determine if SMAD4 expression is
altered. In wildtype tissue, Smad4 staining was prominent and nuclear within the intestinal
epithelium. However, within the hyperplastic BRAFVEI0E/* Ctnpb1EX075/* tissue, Smad4
staining appears to be more diffuse, suggesting that Smad4 expression could be reduced in
the hyperplastic state (Fig. 5A). Intriguingly, no dysplastic lesions were observed within the
BRAFVE00E/* Ctnnb1EX0n3/* \ijflin-CreFRT2 mice.

The short lifespan of tamoxifen-treated BRAFYE0OE* Cinnb1EX003/* \jlfin-CreFRT2 mice
limits the capability to model the progression of hyperplastic lesions to dysplasias. To
assess more advanced stages of serrated tumor progression, the L gr5tGFP-IRES-CreERT2
driver (Lgr5-Cre)[51], which is expressed in a mosaic fashion within intestinal stem cells
was employed. The mosaic activation of BRAFVEIE* Cinnb15X0n3/* gllowed the animals
to survive for longer periods and develop dysplastic lesions. Serrated dysplastic lesions
were observed at 2 months post-tamoxifen treatment and could be assessed for SMAD4
expression. Interestingly, SMAD4 immunostaining revealed that while some dysplasias
retained robust SMAD4 expression that localized to the nuclei, other dysplasias within

a same mouse exhibited a loss of SMAD4 expression (Fig. 5B-C). An average of 60%

of dysplastic tumors retained SMAD4 expression, and the remaining 40% of tumors lost
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SMAD4 immunoreactivity (Fig. 5D). BRAFVE00E* Cnnb1EX0n5/* dysplasias were then
dissected from adjacent tissue and RNA was extracted to assess Srmad4 expression (Fig.
5E). Consistent with immunohistology, serrated dysplasias also revealed a 40% decrease

in Smad4 RNA expression when compared to adjacent, non-tumor tissue (Fig. 5F, n=4,
Student’s T-Test, p-val = 0.0477). Thus, it appears that a substantial proportion of serrated
tumors arising from oncogenic BRAFand WNT epithelium lose SMADA4 expression. These
data further implicate SMAD4 inactivation as a critical step in the development of serrated
dysplasias.

Mutations in WNT, Smad4, and BRAFV600E/+ combine to drive serrated dysplasia

The observed loss of SMAD4 in BRAFVEI0E/* Cinpb16X0n5/+* dysplasias (Fig. 5), coupled
with the observation that mutations in the WNT pathway are acquired in all Smad4/<©
BRAFVEI0E/* tumors (Fig. 3), indicates that mutations in all three genes are critical

for promoting serrated dysplasias. To test this, the Ctnnb16X075/* allele was integrated

into the Smad4X<C BRAFVPIOE/* hackground. BRAFVEOE* Ctnnb1£X0n3/* or Smad4KO
BRAFVEBI0E/* Cnnh1EX0n5/+ (triple mutant) mice where then compared using either the
Villin-Cre or colon specific Cdx2-Cre driver[8,52] (Fig. 6A). BRAFVEIOE/* Cinpp1Ex0n3/+
and Smad4XC BRAFVCI9E/* Ctnnb1EX075/* mice were treated with tamoxifen and compared
for serrated tumorigenesis within 7-days post-injection due to rapid deterioration of health
of Smad4K0 BRAFVE00E* Cinnb1EX0n3/* \/j/lin-Cre mice. When compared to untreated
wildtype mice, BRAFY600E* Cinnb1EX0n3/* tissue exhibited hyperplastic, elongated
crypts with increased proliferation, as previously noted (Fig. 5). Smad4<© BRAFVE00E*
Ctnnb15¥on3/* mutant mice also exhibited an expansion of proliferative cells and, notably,
the formation of dysplasias (Fig. 6B). While serrated dysplasias were consistently found
within triple mutant mice, no dysplasias were found within the untreated wildtype nor
BRAFVB00E/* Cinnb1EX0n3/* mice (Fig. 6C, ANOVA, p-val = 0.0004).

While the majority of tumors arose within the small-intestine, similar results were

seen using the colon-restricted Cdx2-Cre driver. While H&E stain of the untreated

wildtype mice showed normal colon structure, both BRAFVE0E* Cnnh1EX0ns/+ (n=3)
mutant and Smad4XC BRAFVE0OE/* Cinnb1£X0n3/* (n=5) mutant mice had larger

proximal colon mucosa with hyperplastic epithelium (Suppl. Fig. S2). Furthermore,

Ki67 immunohistochemistry recapitulated previous findings in the small intestine, where
proliferation within the dysplastic regions extended beyond the typical crypt proliferative
region found in uninjected control tissue and found within the typically differentiated
compartments of the colon adjacent to the lumen (Suppl. Fig. S2). Dysplasias were found

in both the BRAFVE00E* Cinpb1EX0n3/* and Smad4KC BRAFVE90E* Cinnb1E¥005/* mutant
mouse colons. Quantification revealed that Smad4XC BRAFVEIOE* Cinnb16%0n3/* mice had
on average 12 dysplasias per mouse — which is significantly higher than the number of
dysplasias found BRAFVEIOE/* Cinpb16X075/* mice (Fig. 6D, ANOVA, p-val < 0.05). Taken
together, these data suggest that the activation of B-catenin and loss of SMAD4 rapidly
promotes the progression of BRAF-driven colon serrated dysplasias.

Finally, to lessen the burden of mutant cells on the intestinal tract, Smad4<C BRAFVEI0E/*
Ctnnb1EXon3/* g|leles were moved to the mosaic Lgr5-Cre, which allowed mice to survive
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for up to 3 weeks post-tamoxifen injection (Fig. 7A). Untreated wildtype, BRAFVE00E/*
CtnnbIExon3/* and Smad4KC BRAFVE0OE* Ctnnb1EX0n3/* [ gr5-Cre mutant mice were
collected for serrated tumor assessment. With the extended time post-tamoxifen treatment,
both BRAFVE0OE/* Cinnb1EX0n5/* and Smad4XC BRAF YBUOE* Cinnb 16015/ mutant mice
exhibited highly serrated morphology of the intestinal epithelium and enhanced proliferation
(Ki67) when compared to wildtype controls (Fig. 7B). Quantification of dysplastic

lesions revealed that while BRAFVEI9E/* Ctnnb16X0n3/* mutant mice developed dysplastic
lesions within the small intestine as previously noted (Fig. 5), Smad4<C BRAFV600E/+
Ctnnb1EXon3/* mice had significantly more dysplasias (Fig. 7C, Student’s T-Test, p-val =
0.0175). Stunningly, Smad4XC Braf600E/* Ctnnb1EX0n%/* mutant also exhibited invasive
tumors, with epithelial cells infiltrating into the basal membrane. Neither wildtype nor
BRAFVB00E* Cnnb1£X0n3/* mice developed any invasive tumors, while at least one invasive
tumor was observed in 3 out of 5 Smad4<C BRAFVE00E/* Cinnb1EX0n3/* mice (Fig. 7D,
ANOVA, p-val < 0.05). These data suggest that loss of SMAD4 may be a critical step in the
progression of BRAF-driven tumors, even in the presence of activating WNT mutations, and
accelerates both development and progression towards invasiveness of serrated cancers.

These data suggest that loss of SMADA4 can have a substantial role in early-stage BRA~
driven cancers, and both oncogenic WNT and SMAD4 mutations are critical for serrated
cancers to progress to dysplasia. Thus, it is of great interest to determine whether these
trends are also found in human cases. Human CRC patient data (AACR GENIE)[36] was
filtered for cases that had the oncogenic BRAF-V600E mutation. BRAF-V600E cancers
were analyzed for prominent mutations in both WNT (RNF43, APC, and CTNNBI) and
TGFB (SMADZ/3/4, TGFBRZ2, and BMPR1A) pathways[23,53-58]. Of the cases where
BRAF-V/600E and a member of the TGFp pathway were mutated (SMADMT), at least 56%
of the cases also had an oncogenic mutation in WNT (Fig. 7E). Conversely, when both
BRAF-V600E and the WNT pathway were mutated, at least 37% of patients also had an
oncogenic mutation in the TGFB pathway (Fig. 7F). These findings corroborate our mouse
models in which the combination of oncogenic BRAF and WNT, and loss of SMADA4, result
in rapid serrated tumorigenesis.

DISCUSSION

Serrated colorectal cancer has one of the poorest prognoses of all colon cancers

yet important questions regarding serrated tumor initiation and progression remain
understudied. Current oncogenic BRAF allele mouse models are inefficient at generating
tumors[6,9,10,14]. However, these models have dictated that two well documented
pathways often associated with early-stage serrated cancers are CpG Island Methylator
Phenotype (CIMP) and Microsatellite Instability[12,13,16,59,60]. While both mouse and
human patient studies reveal that CIMP status is tightly associated with BRAF serrated
cancers[10,14,15,61,62], only 50% of BRAF-driven serrated tumors are MSI[4,17,29].
Thus, modeling serrated cancers in the context of MSS and MSI would be beneficial to
understand the molecular differences between the two classifications. The BRAF-V637E
mouse model showed that the majority of serrated polyps that arose had acquired MSI-Hi
status — suggesting that that MSI is critical step in the serrated tumorigenic pathway[6].
However, not all tumors were MSI, and others have shown that the BRAF-V637E model
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also gives rise to MSS tumors[6,11]. Given that MSS serrated tumors correspond with
poorer prognosis[2,3,18,59,63,64], it is imperative to model and study MSS serrated tumors.

The Smad4<C BRAFYE99E/* mouse model aggressively develops serrated tumors, at

least in part through facilitating tumor initiation by reducing differentiation status of the
intestinal epithelium and preserving stem cells[9]. The current study reveals that the loss of
SMADA4 does not appear to impact MSI status. The earliest tumors that arose in Smad4<©
BRAFVB00E/* mice were all MSS, contrasting with the tumors reported in the BRAF-V637E
mouse model[6]. Interestingly, human tumors harboring BRAFY600F and SMAD4 mutations
accumulate fewer mutations in tumors than other oncogenic TGF@ mutations, indicative

that BRAF Y690F and SMAD4 mutant tumors are more likely to be MSS in both mice and
humans. These findings suggest that loss of SMAD4 bypasses the serrated tumorigenic
requirement for MSI and provides a new model for MSS serrated tumors. This provides

a powerful tool to study MSS and MSI serrated tumors and their genetic progress, which
could identify characteristics that dictate poor prognoses in human patients. The presence

or absence of the MSI status in these mice can also provide an opportunity to model
therapeutics as MSI-Hi tumors are more sensitive to immune checkpoint therapies[65—71].

WNT is critical driver of Serrated Cancers

The capability to study MSS tumors with the Smad4<C BRAFVE00E/* genetic mouse model
grants the opportunity to compare genetic differences between how MSS or MSI tumors
develop. Thus, MMR deficiency was incorporated into the Smad4<© Braf’69%6/* mouse
model to induce MSI and increase mutational burden. Even within 2-3 months, introduction
of MSI resulted in an increase in number of tumors and a significant increase in mutational
burden relative to the MSS Smad4XC BRAFVEU9E/* genetic mouse model, suggesting that
rapid accumulation of mutations accelerates tumor initiation. However, would the mutations
found in MSI tumors be different than those found in MSS tumors? Stunningly, the
mutational profiles of each of the tumor organoids were unique, even those that were
derived from the same mouse. Furthermore, all 12 independent serrated tumor organoid
isolates acquired mutations associated with oncogenic WNT activation (predominantly
within phosphorylation sites that are mutational hotspots in the Cinnbl/B-catenin gene

in human patients[44]) — regardless of MSI status, suggesting that oncogenic WNT is

the critical mutation for serrated tumorigenesis and most other mutations are likely to be
passenger events. Histology confirms that WNT signaling is indeed elevated in both MSI
and MSS tumors, consistent with previous findings that BRAFdriven tumors have elevated
WNT-expression[6,7,10,11]. The capability of tumor organoids to grow in the absence of R-
Spondin and the elevated acetyl-p-catenin further supports that oncogenic WNT mutations
are critical for colon cancer initiation and progression in canonical adenomas and serrated
cancers[6,7,27,28,55,72,73]. Mutations which elevate WNT signaling were to be expected.
However, while CtnnbI mutations in mouse models appear to be frequent[6,11], oncogenic
[B-catenin mutations are relatively rare in humans and it has been previously suggested that
MSI patients have lower WNT expression in histological assessments[74]. Despite this, 97%
of hypermutated tumors are reported to have a mutation within the WNT pathway[19],

such as APC[75-77] or RNF43[78-80], with the latter being a common target in MSI-Hi
tumors[79]. This strong mutational bias towards Ctrinb1 in mouse serrated tumors may
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reflect genomic differences between human and mouse genomes and their susceptibility to
mutations resulting from defective MMR[81-83], and may be of further interest to study

in the future. Taken in totality, this study reveals that the commonality between serrated
tumors, regardless of MSI status, is an oncogenic WNT mutation, reinforcing the notion that
WNT is a critical driver of serrated tumorigenesis[6,7,9-11].

SMADA4 is a critical factor in serrated tumorigenesis.

The current study makes it clear that activation of WNT is a critical step in the Smad4<©
BRAFVE0Eumor progression to dysplasia. In BRAFdriven serrated cancers, WNT
mutations and elevated WNT pathway expression are most frequently found in dysplastic
lesions, and not as prevalent in hyperplasias, indicative that elevated WNT signaling

is critical to drive forward the serrated hyperplasia-to-dysplasia transition[6,7]. It was

also recently reported that BRAF-V600E colonoids that lose 7gfbr2 can form tumors,
though efficiency improves upon incorporating WNT-associated genes Rnf43/p16/2nrf3
mutations[45]. Thus, it is possible that SMADA4 loss is dispensable, and the critical mutation
for serrated tumorigenesis was an oncogenic WNT driver mutation. However, the current
study reveals that while BRAFVEI0E/* Ctnpb 16X075/* \jiflin-Cre mice were capable of
inducing hyperplasia, the tissue failed to fully transition to dysplasias before health of mice
rapidly declined. When moved to a less oppressive Lgr5-Cre driver, despite having both
pathways activated, BRAFVEIOE/* Cnnb15X0n3/* mice still had a 2-month latency in the
development of serrated dysplasias. Furthermore, of the serrated lesions observed, ~40% of
serrated dysplasias had decreased levels of SMADA4 expression, suggesting a more critical
role of SMAD4 in the transition from hyperplasia-to-dysplasia.

If SMADA4 does indeed have a critical role in the hyperplasia-to-dysplasia transition, then
the combination, rather than temporal order, of mutations (BRAF, WNT, and SMAD4)
may be more critical for serrated tumorigenesis. As revealed, the Smad4<C BRAFV600E/+
Ctnnb1£Xon3/* mouse model showed aggressive, and immediate, development of serrated
dysplasias— substantially faster than previously documented models[6,7,9]. Furthermore,
the mosaic Smad4X® BRAFVE0OE* Cinnb1EX0n3/* | gr5-Cre model revealed not only rapid
development of serrated tumors, but also rapid advancement to invasion, suggesting that it
is indeed the combination of BRAF, WNT, and SMAD4 mutations are the critical drivers
of serrated tumorigenesis. These results reveal that loss of SMAD4 appears to have an early-
stage role in serrated tumor progression, contrasting the more well documented roles as a
late-stage mutation[24,26,27,84-86]. Though the scope of this study focuses on SMAD4, it
is also possible that other factors associated with the SMAD4/TGFp have been overlooked
in BRAF serrated cancers. Indeed, analysis of human patient cases reveals that 60% of
BRAF-V600E patient tumors have oncogenic mutations in either WNT or TGFp pathways
and are highly likely to have both. This strongly correlates with the findings in mouse
models as the combination of mutations in all 3 pathways is what instantaneously generates
serrated tumors. Thus, the impact of SMAD/TGFp pathway in serrated cancer progression
may be underappreciated in previous studies[6,7,10,11]. One possible reason is that the
sequence of murine 7gfbr2is lacking the mononucleotide repeat which is susceptible to
mutation in human MSI-Hi tumors[57,87,88]. However, other TGFp-pathway targets may
also have been mutated and it has been suggested that haploinsufficiency of SMAD4 can
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impact cancer initiation[89,90]. With the prevalence of MSI tumors in the BRAF-V637E
mouse model, it would be of interest to assess whether alternative mutations have impacted
the expression status of the TGFB-pathway within those tumors.

The genetic mutations and temporal order of genetic mutations acquired, for colon

cancer progression has been heavily studied. Multiple groups have documented specific
combinations of KRAS, APC, p53, and SMAD4 achieve successful organoid transplantation
and eventual metastasis in mouse models[24,25,45,86,91]. These studies suggest that
SMADA4 is a late-stage mutation that is critical to ultimately achieve metastasis. However,
very few have documented specific order of events required for other colon cancer
subtypes — particularly serrated cancers[6,8,10,14], and even fewer have studied the
molecular mechanisms of SMAD4/TGF within a BRAF context[9,11,45]. Using multiple
mouse models (Fig. 8A), this study reveals SMAD4 loss as a critical step in early-stage
hyperplasia-to-dysplasia transition in serrated cancers — especially for the MSS subtype
(Fig. 8B). The revelation that SMAD4 has a key role in suppressing the hyperplasia-to-
dysplasia transition would have far-reaching implications in how SMAD4/TGFp regulates
and maintains the homeostatic intestinal epithelium and may also provide further insight
into how SMAD4 impacts the later stages of cancer progression in tumor invasion and
metastasis. Further studies into the molecular mechanisms of how WNT, SMAD4/TGF,
and BRAF pathways interact and dictate intestinal homeostasis would be compelling and
may provide more insight into this rare, but deadly, class of cancers.

METHODS

Animals

Animal experiments were conducted in accordance with Rutgers University IACUC. Mice
strains are listed in Table S3. Mice 6-8 weeks of age were treated with intraperitoneal
injection of tamoxifen (1mg/20g), for four consecutive days unless stated otherwise. At
least 3 mice per biological condition were collected (sex random) for histological assays.
Treatment groups were non-blinded.

Analysis of human data:

Known oncogenic mutations in CTNNBI were identified in all human colorectal cancer
patients (irrespective of BRAF status) from the AACR GENIE database[36] (https://
genie.cbioportal.org/) and visualized them using MutationMapper (cBioPortal)[92] and
IGV[93,94]. The BRAFY690E mutant subset of these patients were analyzed further, and
known oncogenic alterations in TGFp pathway (SMAD4, TGFBRZ, SMADZ2, SMADS3,
BMPR1A) and WNT pathway (RNF43, APC, CTNNBI) were identified and visualized
using OncoPrinter (cBioPortal). Within the BRAFY600F mutant subset, oncogenic mutations
in SMAD4 and TGFBRZ2 were visualized using MutationMapper, and mutation count was
compared between tumors with/without oncogenic alteration in SMAD4 as well as tumors
known/not known to have oncogenic mutation in other TGFp pathway genes (2-sided
Wilcoxon rank-sum test). To supplement these results, mutation count was also compared
between MSI and MSS (CIN, GS, POLE) colorectal cancers (irrespective of BRAF
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status) in TCGA pan-cancer atlas dataset[19] (https://www.cbioportal.org/study/summary?
id=coadread_tcga_pan_can_atlas_2018).

Organoid Culture

Crypt-derived organoids were isolated from duodenum and cultured in Cultrex reduced
growth factor matrix R1 (BME-R1) (Trevigen) according to established methods[95]. Tumor
organoids were derived from macroscopic tumors tissue found in Smad4<C BRAFVE00E/+
Villin-CreFR72 and Msh2K0 SMAD4KC BRAFVEI9E* \jiflin-CreFRT2mice according to
established methods[96]. An average of 100 organoids per biological replicate were seeded
in 25ul of matrix with 1x Crypt Culture Media (CCM) consisting of Basic Crypt Media
(BCM): Advanced DMEM/F12 (Gibco), 1% Penicillin/Streptomycin, 2mM Glutamax,
10mM HEPES (Life Technologies) supplemented with 50 ng/ml EGF (R&D), 100 ng/ml
Noggin (Peprotech), A/-acetyl-I-cysteine 1 uM (Sigma-Aldrich), R-Spondin CM 2.5% (v/v),
1x N2, 1x B27 (Life Technologies).

To assess viability and WNT independence of organoids, wildtype organoids and Smad4<©
BRAFYEI0E* \fjflin-CreFRT2 and Msh2KO SMAD4KC BRAFVEI0E \jifin-CreFRT2 tumor
organoids were passaged and cultured in CCM for 2 days. Organoids were assessed for
viability and then were cultured in either complete CCM or CCM without R-Spondin for 7
days, replacing respective media every 2 days. Viability was calculated based on remaining
viable organoids over initial organoid counts prior to removal of R-Spondin from media.

Microsatellite Analysis

Organoids were passaged and cultured for 3 days prior to collection. Organoid and matched
mouse tail genomic DNA was extracted using QlAamp DNA Extraction Kit (QIAGEN).
Extracted DNA was amplified via PCR. MSI using fluorescent PCR primers against
Microsatellite target sequences[6,34]. Following PCR for the specific markers, the PCR
products were purified using a QlAquick PCR Purification Kit (QIAGEN). Samples were
submitted for Fragment Analysis (GENEWIZ). Data were visualized using ThermoFisher
Cloud Microsatellite Analysis, on which electropherograms were plotted for comparison.
Electropherograms were compared by observing the same read lengths for each sample. If
40% of markers between tail and tumor sample showed a change in sequence, the tumor
was scored as microsatellite instable — high. If less than 40% of markers showed a change
in sequence, the tumor was scored as microsatellite instable — low. Finally, if none of the
markers showed a change in sequence, the tumor was scored as microsatellite stable[6].

Immunohistochemistry

Mouse intestines were collected and fixed overnight at 4°C in a 4% paraformaldehyde
solution, and then carefully sectioned into 5um paraffin sections. Sectioned slides were
treated with 10mM sodium citrate to be put into a pressure cooker for antigen retrieval.
Slides were quenched in 0.5% peroxidase for 20 minutes, washed, permeabilized in 5%
Triton X-100 (in 1x PBS) for 5 minutes, blocked in 5% Fetal Bovine Serum (FBS) for

1 hour, and incubated overnight at 4°C with primary antibodies (Suppl. Table S2). Slides
were developed using 0.05% DAB and 0.015% hydrogen peroxide in 0.1 M Tris. Secondary
antibodies (Rabbit, 1:300; Rat, 1:300) (Vector Labs) alongside the ABC Vectastain HRP
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Kit (Vector Labs) was used to develop the immunostain. Slides were counterstained with
Hematoxylin.

Histology and Scoring

Serrated dysplasias were identified based on morphology (H&E) and proliferation (KI67)
in swiss roll sections containing small intestine. Specifically, serrated lesions with dysplasia
were defined as extended protrusions from the epithelial-lumen interface that shows K167-
positive cells throughout the elongated crypt. Invasive tumors were identified based on

the disturbance of the muscle layer in which proliferation will spread past the normal
boundary and into the villi. A single swiss roll section was counted for serrated lesions per
mouse. Hyperplastic regions were identified based on crypts extending past normal length.
BRAFVE00E/* Ctnnb1EX0n3/* | gr5-Cre dysplasias were sorted based on size, only tumors
filling more than 50% of the 10x field of view were counted. These tumors were than
grouped based on their SMAD4 expression levels. SMAD4 Negative tumors were identified
based lack of brown nuclear staining. SMADA4 Positive tumors were identified based the
concentration of brown nuclear staining.

Whole Exome Sequencing and Analysis

Tumor organoids were derived from Smad45© BRAFVE0OE/* \ijflin-CreFRT2 and Mish2KO
Smad4KC BRAFVEI9E/* \jjllin-CreFRT2 intestinal tumors and propagated to ensure sufficient
DNA could be extracted for sequencing. DNA was extracted from tumor organoids and
matched tails using DNeasy Blood & Tissue Kit (QIAGEN). Samples were submitted for
Whole Exome Sequencing (WES) (GENEWIZ). Tumor and tail raw files were aligned
using BWA-MEM (0.7.17)[97] to the mouse reference genome (mm10) and processed using
GATK Best Practices[98] and mouse analysis pipelines[99]. Briefly, aligned reads were
processed through Mutect2, and the VVCF output file would be run through and SNPSift filter
(GalaxyTools)[100] using recommended settings[99]. Variants were then filtered further

to select only high-quality tumor variants, with an allele frequency > 0.1 (FILTER =

‘PASS’ & GEN[Tumor].AF => 0.1), and sufficient allelic depth (GEN[Tumor].AD[1] >=3
& GEN[Normal].AD[1] = 0, GEN[Tumor].AD[0] + GEN[Tumor].AD[1]) => 10). Filtered
calls were annotated using ENSEMBL VEP[101]. Non-coding variants and synonymous
variants were omitted from the resulting data to finalize the resulting gene list. Mouse VCF
files were converted to MAF files using vef2maf (https://github.com/mskcc/vef2maf), and
OncoKBJ42] (https://github.com/oncokb/oncokb-annotator) was used to identify mutations
that are known to be oncogenic. Truncating (e.g. frameshift, nonsense, splice etc.) mutations
in other cancer genes were identified by restricting the MAF files to known cancer genes
(https://www.oncokb.org/cancerGenes). Mutations known to be oncogenic, and truncating
mutations in other cancer genes, were both visualized using OncoPrinter (cBioPortal).

The oncogenic mutations in CTNNB1 were visualized using MutationMapper (cBioPortal)
and IGV. Unlike vcf2maf and IGV, the remaining tools were designed for human gene
identification. Sequence Read Archive (SRA) BioProject: PRINA751886.

gPCR and Analysis

Organoids were passaged and cultured in 1x CCM for 3days in Matrigel as above.
Organoids were collected and placed into Trizol. RNA was extracted using RNeasy Kit
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(QIAGEN). For tumor dissections and scrapes, three 10um slides of paraffin embedded
tissue were stained with Hematoxylin & Eosin. Tumors were dissected away from adjacent
tissue and collected. RNA was extracted using FFPE RNeasy Kit (QIAGEN). RNA was
quantified by Nanodrop. 500ng of RNA was converted to cDNA using Superscript I11
(Thermo). qPCR was performed and cT values were normalized to housekeeping genes Hprt
and 7ubb5.

Western Blot

Wildtype organoids and Smad4<C BRAFVEI9E* \/jllin-CreFRT2 and Msh2K0 SMAD4KC
BRAFVEI0E* \jjffin-CreFRT2 tumor organoids were passaged and cultured in CCM for 3
days. Organoids were collected, washed in cold 1x PBS (Gibco) to remove Matrigel. Cells
were then lysed to extract for protein using RIPA Lysis Buffer (50 mM Tris-HCI pH 8.0, 150
mM NacCl, 1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS, protease inhibitor cocktails, and
phosphatase inhibitors). Immunodetection was performed using antibodies against Acetyl-f3-
catenin (Cell Signaling, 1:500) and GAPDH (SantaCruz, 1:5000) with respective secondary
antibodies linked to HRP (Suppl. Table S2). Blot was then stripped with Restore PLUS
Western Blot Stripping Buffer (Thermo Scientific) and probed for -catenin (Santa Cruz,
1:2000).

Statistical Analysis

Data are presented as mean £ SEM and graphed using Prism (v8.4), with individual
replicates plotted. Two-sided Student T-test was used as part of the Macroscopic Tumor
Count, Total Variants in Tumors Count and Number of Gene Mutations in Tumors Count.
Two-way ANOVA was used as part of the Fold Change/WT Counts, Serrated Dysplasias
in Villin-Cre, Serrated Dysplasias in Cax2-Cre, Serrated Dysplasias by Day 21, Invasive
Tumor in Lgr5-Cre models, and WNT Independent Growth of Organoids.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Loss of SMAD4 Promotes Microsatellite Stable (MSS) Tumors.
(A) 30% of human tumors with BRAFY600F mytation have one or more oncogenic

alterations in TGFp pathways, with predominant mutation being truncation (black) or
missense (green) in SMADA4. (B) MSI analysis of Wildtype, Msh250, and Smad4<©
BRAFVE09E7* \/jfjn-Cre mice organoids. Microsatellite loci (A33, GA29, Bat37, Bat67)
were assessed as either unchanged (gray box) or experienced a genetic shift (pink box)

in tumor organoids when compared to matched genomic tail DNA. MSI status dictated

by number of genetic shifts (MSS = grey, MSI-L = pink, MSI-Hi = Red). (C) Analysis

of human patients with BRAFVPE colorectal cancer (from AACR GENIE) shows that
tumors with oncogenic alteration in SMAD4 have low mutation burden and are therefore
most likely MSS. Red/blue boxes: BRAFVEUE cases with/without oncogenic alteration in
SMADA4. (D) Similar analysis shows that BRAFYE99E tumors known to have an oncogenic
mutation in other TGFP pathway genes have almost an order of magnitude higher mutation
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burden than the remaining BRAFY600F tumors and are therefore most likely MSI. Red/blue
boxes: BRAFY6UVE cases known/not known to have an oncogenic mutation in 7GFBR2Z!
SMAD2 SMAD3 BMPRIA (p-val < 1071°, 2-sided Wilcoxon rank-sum test).
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Figure2: MSI Accelerates Serrated Tumorigenesisin SmadakO BRAF V600E/* Enyironment.
(A) Mice were treated with tamoxifen for 4 consecutive days and then aged for 2-3

months post-injection. (B) Whole mount of Msh250 Smad4KO BRAFVEI0E/* and Smad4<©
BRAFY600E/* showing visible macroscopic tumors in duodenum and jejunum. (C) Counts
of macroscopic tumors were based off 7 biological replicates of Msh25C Smad4%©
BRAFV00E | Smad4KO BRAFVEI0E/* and 3 biological replicates of BRAFVE0OE 55 3
control within 3 months post tamoxifen treatment. The number of macroscopic tumors
found within the Msh2K0 Smad4kO BRAFY600E/* mice are higher than in the Smad4<©
BRAFVE00E* mice (p-val = 0.1055, Student’s T-Test). (D) Size of tumors in Msh2<0
Smad4K0 BRAFVPI0E* and Smad4<O BRAFVPIE* (E) H&E of Smad4XC BRAFVE00E/*
and Msh2K0 Smad4kO BRAFY600E* mages are representative of 3 biological replicates
(Scale bar = 0.5mm). Low-grade and high-grade dysplasias were both noted and together
classified as dysplasia, as compared with invasive cancer and normal tissue. (F) Counts

of microscopic tumors were based off 3 biological replicates of Msh25C Smad4<©
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BRAFVE00E/* and Smad4XC BRAFVEU9E/* mice. The number of microscopic tumors
found within the Msh250 Smad4<C BRAFY600E/* mice are higher than in the Smad4X<©
BRAFY600E* mice. (* = p-val = 0.005, Student’s T-Test).
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Figure 3: MSI Increases Mutational Burden, but thereis Strong Selection for Oncogenic WNT
Activation.

(A) Mice were treated with tamoxifen for 4 consecutive days and aged for 2—-3 months
post-injection. Msh250 Smad4XC BRAFV60OE/* (n=9) and Smad4XC BRAFVE0OE/* (n=3)
tumor organoids were submitted for whole exome sequencing along with matched genomic
tail DNA. (B) Mutect2 analysis reveals Msh25C Smad4<C BRAFVEI9E/* tumors have
increased total variants (* = p-val < 0.0001, Student’s T-Test). (C) Stratification of variants
show higher frequencies of both Single Nucleotide Variants (SNVs) and Insertion/Deletion
events (Indels) in Msh250 Smad4XC BRAFVEU9E/* tumors (* = p-val = 0.0218, Student’s
T-Test). (D) Msh2KO Smad4<© BRAFVE09E/* tumors also have more mutations within
coding regions of genes (* = p-val < 0.0001, Student’s T-Test). (E) Analysis of documented
oncogenic mutations in either Msh250 Smad4XC BRAF V60OE* or Smad4KC BRAF VEOOE/+
(orange arrows) tumors revealed that the most common oncogenic mutation in Msh2<0
Smad4<0 BRAF V690E/* and the only oncogenic mutation in Smad4<0 BRAF VE600E+

was CTNNBLI. Blue bar: oncogenic mutations according to OncoKB, black bar: truncating
mutations in other cancer genes. (F) Oncogenic CtnnbI mutations identified in mouse
tumors (top) coincide with C7TNNBI “hotspot” mutations in human patient cases (bottom).
(G) Oncogenic Ctnnb1 mutations were isolated to Exon 3, with the most frequent point of
mutation at “hotspot” T41.
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Figure 4 Smad4KO BRAFV600E/* Tymors Exhibit Elevated WNT Signaling.
Smad4X0 BRAFVBI0E* and Msh2K0 SmaddkC BRAFVE00E/+ mice were collected 3

months post tamoxifen treatment. (A) Ki67 of adjacent normal and tumors show increased
proliferation that extend beyond crypt compartments in tumors. Images are representative
of three biological replicates. (B-C) CD44 and p-catenin of adjacent normal and tumors
reveal higher WNT signaling in tumors. Images are representative of 3 biological replicates.
(Scale bar = 0.5mm). Low-grade and high-grade dysplasias were both noted and together
classified as dysplasia, as compared with invasive cancer and normal tissue. (D) gPCR
analysis of WNT target genes in wildtype (n=3), Smad4XC BRAFVE9E* tumor (n=6),

and Msh2K0 Smad4K0 BRAFY600E/* tymor (n=8) organoids. Results were normalized to
gene expression of wildtype organoids (a = wildtype vs. Smad4X0 BRAFY600E* tumor,
p-val < 0.05, b = wildtype vs. Msh2KC Smad4<C BRAFY60E/* tumor, p-val < 0.05, ¢ =
Smad4X0 BRAFVEI9E/* tumor vs. Msh2K0 Smad4K© BRAFY600E* tumor, p-val < 0.05,
two-way ANOVA). (E) Viability of wildtype (n=2), Smad45C BRAFVE9E/* tumor (n=2),
and Msh2K0 Smad4K0 BRAFY600E# tumor (n=2) organoids after 7 days cultured in media
+/- R-Spondin (RSPO). Organoids were passaged and cultured for 2 days in complete media
prior to removal of RSPO (* = p-val = 0.0107, two-way ANOVA). (F) Immunoblot of
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wildtype (n=2), Smad4<C BRAFVEI9E/* tuymor (n=3), and Msh25C Smad4<C BRAFVEIOE/+
tumor (n=2).
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Figure5: Loss of Smad4 isKey Step in Serrated Hyperplasia-to-Dysplasia Transition.
(A) Histology of wildtype and BRAFVEIE* Ctnnb1EX0n3/* \Vjflin-Cre mice treated with

tamoxifen for 4 consecutive days to induce recombination in the intestinal epithelium. Mice
were collected 6 days post tamoxifen treatment based on weight loss. H&E and histology

of Ki67 and SMAD4 of wildtype normal epithelium and BRAFVE0E* Ctnnb1EXon3/* \jffin-
Cremice. Images are representative of 4 biological replicates. (Scale bar = 0.5mm). (B)
BRAFVEIOE* Cinnh1EX0n5* | gr5-Cre mice treated with tamoxifen to induce recombination
in the stem cells of the intestinal epithelium. Mice were collected 2 months post tamoxifen
treatment based on weight loss. Whole swiss roll of a SMAD4 stained BRAFY600E/+
Ctnnb1EXon3/* | gr5-Cre mouse. Images are representative of 3 biological replicates. (C)
SMADA4 immunohistochemistry of BRAFVEI0E* Cinnb1EX0n5* [ gr5-Cre mice reveal both
SMADA4-positive and SMADA4-negative dysplasias. Images are representative of 3 biological
replicates. (Scale bars=0.5mm). (D) Distribution of SMAD-positive and SMAD4-negative
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dysplasias found in BRAFVE0OE/* Ctnpb1EX0n3/* | gr5-Cre mice (n=3). (E) BRAFV600E/+
Ctnnb1Exon3/* [ gr5-Cre dysplasias were dissected from adjacent tissue and extracted for
RNA. (F) Smad4 expression is reduced in dissected tumors (n=4) when compared to paired
adjacent tissue (* = p-val = 0.0477 Student’s T-Test).
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Figure 6: Activation of WNT in Smad4K© BRAFY600E/+ M ouse Model Accelerates Serrated
Tumorigenesis.

(A) Mice were treated with tamoxifen for 4 consecutive days and collected 7-10 days
post-injection. (B) Histology of wildtype, BRAFVEIOE/* Cinpb16X075/*, and Smad4X©
BRAFVEIOE* Cinnh15X0n5/* \/jlfin-Cre mice. H&E and Ki67 revealed dysplasias in

only the triple mutant model. Images are representative of 4 biological replicates.

(Scale bar=0.5mm). (C) Counts of serrated dysplasias in Villin-Cre mice were based

on 4 biological replicates of wildtype, BRAFVEIE* Ctnnb1EX0n3/* and Smad4X<©
BRAFVE00E/* Ctnnb1£X0n3/* ithin 3 days post tamoxifen treatment (* = p-val = 0.0004
two-way ANOVA). (D) Counts of serrated dysplasias in wildtype (n = 5), BRAFVE00E/*
Ctnnb1EXon3/* (n = 3), and Smad4<C BRAFVEIOE/* Ctnpb1EX0n5/* (n = 5) Cdx2-Cre mice
within 10 days post tamoxifen treatment (a = p-val < 0.05 vs. control; b = p-val < 0.05 vs.
BRAF VE00E* B_catenin£X0n3/* two-way ANOVA).
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Figure 7: Activation of WNT in a Smad4X© BRAF V600E/* \ ouse Model Acceler ates Serrated
Tumorigenesis and Progression.

(A) Mice were injected with tamoxifen for 1 day and aged for 21 days post-injection.

(B) Histology of wildtype, BRAFVEIOE/* Cinnb1EX0n3/*, and Smad4XC BRAFVE00E/*
CinnbIExon3/* [ gr5-Cre mice treated with tamoxifen to induce recombination in the stem
cells of the intestinal epithelium. H&E and Ki67 of the duodenum and dysplasias were
identified. Images are representative of 3 biological replicates. (Scale bar=0.5mm). (C)
Counts of serrated dysplasias in Lgr5-Cre mice within 21 days post tamoxifen treatment. (*
= p-val = 0.0175, Student’s T-Test). (D) Counts of invasive tumors in Lgr5-Cre mice were
based on 5 biological replicates of wildtype, and BRAFVE0E* Ctnnb1EX0n3/* (n=4), and
Smad4<0 BRAFVE00E* Cnnb1EX0n5/* mice (p-val = 0.0945, one-way ANOVA). (E) Human
patient data reveals at least 56% of tumors with BRAFY690E mytation and oncogenic TGF@
pathway alterations have one or more oncogenic alterations in the WNT pathway. (F) At
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least 37% of tumors with BRAFVEY9E mutation and oncogenic WNT pathway alterations
also had one or more oncogenic alterations in the TGFP pathway.

Oncogene. Author manuscript; available in PMC 2022 February 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Tong et al. Page 33

A

Genotype Time to Formation of Dysplasias Degree of Dysplasia Development
Villin-Cre
BRAFVE00E# N/A* N/A*
Smad4<° BRAF600E+ 2-3 months ++
Msh2K° Smad4X° BRAFV600E* 2-3 months +++
BRAFV60E* Ctnnb 15xon3/+ N/A N/A
Smad4X° BRAFV%&* Ctnnb1Exon3+ 7-10 days +++
Cdx2-Cre
BRAFV600E* Ctnnb 1Exon3* 10-14 days +
Smad4° BRAF6%F* Ctnnb1Exon%+ 10-14 days +++
Lgr5-Cre
BRAFV62E* Ctnnh 1Exon3/+ 2 months +
Smad4<° BRAFV09F* Ctnnp1Exnd* 21 days +4+

WNT 4 TGFB Pathway

MS| Accumulation  Elevation Suppresion

I
MSI Tumors l '
v

BRAF-V600E Mutation =———p= Hyperplasia = Dysplasia

MSS Tumors T T

WNT  , SMAD4 Loss
Elevation

Figure 8: SMAD4/TGFP Has Early-Stage Role in BRAF-V600E Serrated Tumor Progression.
(A) Summary of genotypes used in this study. Degree of dysplasia is ranked based upon

average dysplasia counts per mouse relative to genotypes within Cre-specific drivers.
Dysplasia formation and degree of dysplasia development reported is earliest timepoint
recorded based upon this study. (* = dysplasias have been documented, but found at

later timepoints)[9]. (B) Serrated cancers are predominantly driven by BRAF-V600E
mutation. Loss of SMAD4 or suppression of TGFp pathway in combination with oncogenic
WNT elevation promotes hyperplasia-to-dysplasia transition. SMAD4 loss promotes the
development of MSS serrated tumors, and SMAD4 loss can occur before or after oncogenic
elevation of WNT.
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