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Abstract

The serrated neoplasia pathway gives rise to a distinct subgroup of colorectal cancers distinguished by the presence of mutant
BRAFV600E and the CpG Island Methylator Phenotype (CIMP). BRAF mutant CRC are commonly associated with microsatellite
instability, which have an excellent clinical outcome. However, a proportion of BRAF mutant CRC retain microsatellite stability and
have a dismal prognosis. The molecular drivers responsible for the development of this cancer subgroup are unknown. To address
this, we established a murine model of BRAFV600E mutant microsatellite stable CRC and comprehensively investigated the exome
and transcriptome to identify molecular alterations in signaling pathways that drive malignancy. Exome sequencing of murine ser-
rated lesions (mSL) and carcinomas identified frequent hot spot mutations within the gene encoding b-catenin (Ctnnb1). Immuno-
histochemical staining of b-catenin indicated that these mutations led to an increase in the presence of aberrant nuclear b-catenin
that resulted in gene expression changes in targets of b-catenin transcription. Gene expression profiling identified a significant
enrichment for transforming growth factor-b (TGF-b) signaling that was present in mSL and carcinomas. Early activation of
TGF-b suggests that this pathway may be an early cue directing mSL to microsatellite stable carcinoma. These findings in the mouse
model support the importance of alterations in WNT and TGF-b signaling during the transition of human sessile serrated lesions to
malignancy.
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Introduction

The development of colorectal cancer (CRC) occurs through a multi-
step process from adenoma to carcinoma that is accompanied by genetic
and epigenetic alterations [1]. The serrated neoplasia pathway describes
an alternative pathway to the development of CRC [2,3]. Early pre-
malignant lesions, sessile serrated lesions (SSL, formerly sessile serrated
adenoma), represent a molecularly and histologically distinct subtype of
polyp within the colon. The majority of SSL harbor a BRAFV600E muta-
tion and accumulate DNA hypermethylation resulting in the acquisition
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of the CpG islander methylator phenotype (CIMP) [4,5]. While
methylation-induced silencing of MLH1 and consequential development
of microsatellite instability (MSI) commonly occurs, approximately 25%
of dysplastic SSL retain MLH1 protein expression and are microsatellite
stable (MSS) [5–7]. These lesions progress to malignancy via unknown
mechanisms. Determining microsatellite stability status has implications
for patient outcomes, with MSI cancers having improved response to
immunotherapies and an excellent prognosis [6]. In contrast, BRAF
mutant MSS CRC is associated with late-stage presentation, an aggressive
phenotype and poor patient prognosis [6,8]. Understanding the genetic
alterations that drive SSL to this aggressive subtype of cancer would iden-
tify further treatment strategies for affected patients.

To address this we have established a genetically modified mutant
BrafV637E murine model, analogous to human BRAFV600E mutation, that
mimics the serrated neoplasia pathway observed in humans [9]. Following
cre-mediated activation of mutant BrafV637E in the intestine, all mice imme-
diately develop persistent hyperplasia throughout the intestine, character-
ized by diffuse villous elongation and cellular crowding. Murine serrated
lesions (mSL) develop in the proximal small intestine after 8 months and
resemble human SSLwith dilatated glands at the crypt bases. By 14 months,
invasive carcinomas arise within the background mSL in approximately
30% of mice. These carcinomas produce liver or peritoneal metastases in
approximately 40% of cancer cases. We have shown that these carcinomas
do not methylate MLH1, retain MLH1 protein expression and are MSS,
which is in contrast to that previously published by Rad and colleagues [10].

In this study, we aimed to characterize the molecular alterations that
occur following mutation of BrafV637E during the natural progression of
serrated neoplasia. We collected samples from mice representing the evo-
lution of histological phenotypes, including wild type mucosa, hyperplasia,
mSL and carcinomas. Exome and RNA sequencing were performed to
investigate genomic and transcriptional changes that drive malignancy.
Integrating both genetic and transcriptional analyses will contribute to
understanding the molecular characteristics of human BRAF mutant
MSS CRC and highlight potential therapeutic targets.
Materials and methods

Braf mutant mice and sample collection

BrafV637E/+/Villin-CreERT2/+ mice were generated to express mutant
BrafV637E, equivalent to human BRAFV600E mutation, within the intestine
as previously described [9]. At 14 days, intestinal specific mutant BrafV637E

activation was achieved via a single intraperitoneal injection of tamoxifen
(75 mg/kg, Sigma-Aldrich, MO, USA). Braf mutant and wild type litter-
mates were aged to 10 and 14 months, at which point animals were euth-
anized. The gastrointestinal tract was excised and evaluated for the presence
of mSL and carcinoma. Samples of hyperplasia, mSL or carcinoma were
collected from the proximal small intestine of Braf mutant mice. Histolog-
ical diagnosis of mSL and carcinoma were performed by a gastrointestinal
pathologist (CL). Samples of hyperplasia were collected a minimum of five
centimeters away from the site of any lesion. Normal mucosa was sampled
from the proximal small intestine of wild type littermates. All sampling was
performed by scraping the cells of the mucosa, enriching for epithelial cells,
before immediately being snap frozen in liquid nitrogen.

Genomic DNA and RNA was extracted from tissue using Qiagen All-
Prep kits (Qiagen, CA, USA) and subjected to exome and RNA sequencing.
DNA and RNA quality was assessed using QuBit BR dsDNA assay kit
(Thermofisher, MA, USA) and Agilent TapeStation system (Agilent Tech-
nologies, CA,USA), respectively.Numbers of samples collected at each time
point for differing morphology are summarized in Supplementary Table 1.
Exome sequencing

Exome sequencing was performed on gDNA extracted from 12 mSL
and 6 carcinomas, including 5 mSL from mice 10 months post induction
of the Braf mutation and 7 mSL and 6 carcinomas from mice 14 months
post Braf mutation. Matched hyperplastic mucosa was chosen as germline
control to identify somatic mutations contributing to serrated pathology,
filtering mutations in hyperplastic cells that have not contributed to pro-
gression of malignancy. Exome capture was achieved using Agilent SureS-
elect XT Mouse All Exon library kit (Agilent Technologies, CA, USA).
Sequencing was performed on the HiSeq4000 platform (Illumina, CA,
USA) producing 100 bp paired-end reads at 100X coverage for hyperplas-
tic mucosa and 200X coverage for mSL and carcinoma.

Sequence reads were trimmed using Cutadapt (v1.9) [11], aligned to
GRCm38/mm10 with BWA-MEM (v0.7.12) [12], duplicate-marked
with Picard (v1.129, https://broadinstitute.github.io/picard/) and
coordinate-sorted using Samtools (v1.1) [13]. Single nucleotide substitu-
tion variants were detected using a dual calling strategy using qSNP
(v2.0) [14] and the GATK HaplotypeCaller (v3.3-0) [15]. The Haplo-
typeCaller was also used to call short indels of �50 base pairs. Initial read
quality filtering for all variants detected included: a minimum of 35 bases
in the CIGAR string indicated a match, 3 or fewer mismatches in the
sequencing MD field, and a mapping quality greater than 10. High con-
fidence variants were selected based on passing further variant characteris-
tic filtering requirements and were used in all downstream analyses. These
filtering requirements were: a minimum coverage of 8 reads in the control
data and 12 reads in the tumour data; at least 5 variant supporting reads
present where the variant was not within the first or last 5 bases; at least 4
of the 5 reads with unique start positions; the variant was identified in
reads of both sequencing directions; the variant was not less than 5 base
pairs from a mono-nucleotide run of 7 or more bases in length. Variants
were annotated with gene feature information and transcript or protein
consequences using SnpEff (v4.0e) [16]. Results for synonymous variants
were filtered and removed.
RNA sequencing

RNA was extracted from 5 wild type mucosa samples, 12 hyperplastic
mucosa samples, 18 mSL and 6 carcinomas for RNA sequencing. These
41 samples were collected from 41 mice to maintain statistical
independence.

RNA for sequencing was prepared using Truseq standard mRNA
library preparation kit (Illumina, CA, USA) and sequenced on the Nextseq
550 platform (Illumina, CA, USA) producing 75 base pair paired-end
reads. Samples were sequenced to a mean depth of 54,770,529 reads
per sample. The sequence reads were adapter trimmed using Cutadapt
(v1.9) [11] and aligned with STAR (v2.5.2a) [17] to the GRCm38 assem-
bly with the gene, transcript, and exon features of the Ensembl gene model
(release 70). Quality control metrics were computed using RNA-SeQC
(v1.1.8) [18] and gene and isoform counts were estimated using RSEM
(v1.2.30) [19].

Single sample gene set enrichment analysis was performed as previously
described with Wilcoxon Rank Sum Test and False Discovery Rate correc-
tion used to determine statistical significance [20]. Differential gene
expression analysis was performed between each histological phenotype
using the DEseq2 (v3.8) package [21]. Differentially expressed genes with
a FDR corrected P-value < 0.05 and absolute log2 fold change (FC) � 2
were considered significant. Data in figures is presented in fragments
per kilobase of transcript per million mapped reads (FPKM).

https://broadinstitute.github.io/picard/
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Immunohistochemistry

Immunohistochemical staining for b-catenin was performed on
dewaxed and rehydrated 4 lm sections cut from formalin-fixed,
paraffin-embedded blocks. Antigen retrieval was performed by heat-
induced epitope retrieval in a decloaking chamber using Dako high anti-
gen retrieval solution (pH 9.0, Agilent Technologies, CA, USA) at 121 �C
for 8 minutes. Following peroxidase blocking with 5% H2O2 and incuba-
tion with Background Sniper (Biocare Medical, CA, USA), sections were
then stained for b-catenin using primary rabbit monoclonal anti-b-catenin
antibody (1:500, Abcam, Cambridge, UK) overnight at room tempera-
ture. MACH1 Universal Polymer HRP detection system (Biocare Medi-
cal, CA, USA) was applied for one hour before incubation with 3,30-
diaminobenzidine and counter-staining with Mayer's hematoxylin.

Grading of b-catenin localization was performed by a gastrointestinal
pathologist (JB) who assessed cases for aberrant staining, indicated by a
shift from membranous to nuclear labeling. Nuclear staining was assessed
for both intensity and extent of staining throughout the lesion as previ-
ously described [22,23]. Nuclear intensity was given an average score
0–3 (0 = no staining, 1 = weak staining, 2 = moderate staining, 3 = strong
staining). Nuclear extent was scored as 0–4 (0 = no nuclei, 1 = 1–10% of
nuclei, 2 = 11–50% nuclei, 3 = 51–90% nuclei, 4 = >90%). A final overall
nuclear score was calculated by multiplying the individual scores for inten-
sity and extent. Lesions with an abnormal staining pattern for b-catenin
required an overall nuclear score of �2. The overall nuclear score was then
assigned a qualitative score based on the following categories: 0 = no
expression; 1–4 = low expression; 5–8 = moderate expression; and
9–12 = high expression. Fisher's exact test was used to determine signifi-
cance of categorical variables.
Results

Exome sequencing shows recurrent somatic mutations in Ctnnb1

Exome sequencing was performed on a subset of mSL and carcinomas
to identify somatic mutations. A total of 831 genes had non-synonymous
mutations in at least one lesion, that included 735 missense mutations, 23
insertions or deletions and 16 non-sense mutations. The number of vari-
ants per sample ranged from 4 to 164 with a median of 24 variants per
samples (Figure 1A). There were few recurrent mutations present with
Figure 1. Summary of exome sequencing data showing the number of non-
genes per sample (B).
only 44 genes mutated in two or more samples (Figure 1B, Supplementary
Table 2). Ctnnb1, encoding the intracellular WNT signaling protein b-
catenin, was the most frequently mutated gene with a mutation present
in 16 of 18 samples (89%, Table 1). Ctnnb1 was mutated in 4/5 (80%)
mSL sampled from mice aged to 10 months post activation of Braf muta-
tion with one mSL having two missense mutations present. At 14 months,
Ctnnb1 mutations were present in 7/7 (100%) mSL and 5/6 (83%) car-
cinomas. Mutations were frequently missense (15/17, 88%) occurring
within exon 3 at known hot-spot locations at codons 32, 33, 37 and
41. Additionally, there were 2 samples with in-frame deletions in exon 3.

Mutations at those respective codons within exon 3 of Ctnnb1 result in
the accumulation of b-catenin within the nucleus where it acts as a proto-
oncogene driving transcription of target genes [24]. To determine that
mutation of Ctnnb1 resulted in altered cellular localization of b-catenin
we performed immunohistochemistry. b-catenin stained sections of mSL
and carcinoma were assessed for nuclear translocation (Figure 2C–F),
which differs from the cell membrane staining pattern that occurs in the
absence of WNT signaling activation (Figure 2A and B). Abnormal
nuclear b-catenin was found in 2/5 (40%) of mSL at 10 months (Table 1).
A common staining pattern was strong nuclear staining in 1–10% of the
cells in the lesion. This may account for the discrepancies in 2 samples
having mutation but no nuclear staining due to the small number of cells
within the lesion having abnormal nuclear staining pattern. At 14 months,
7/7 (100%) mSL and 6/6 (100%) of carcinomas had positive nuclear
b-catenin (Table 1). When comparing mSL versus carcinoma, carcinomas
had a significantly higher score (P = 0.0039) with these lesions having on
average >50% of cells with nuclear b-catenin. One carcinoma on exome
sequencing was wild type for b-catenin mutation, however on immunohis-
tochemical staining had abnormal nuclear translocation. In this case,
activation of WNT signaling and translocation of b-catenin may be due
to other mechanisms, such as methylation-induced silencing of negative
WNT regulators.

Gene expression changes in serrated neoplasia

As there were minimal other recurrent mutations present in mSL and
carcinomas, we performed RNA sequencing to examine gene expression
changes that occurred during the progression of serrated neoplasia. We
applied principal components analysis to determine if changes in gene
expression could delineate histological phenotypes. This analysis showed
clear distinction between wild type mucosa and hyperplasia from mSL
synonymous variants per sample (A) and top 10 most frequently mutated



Table 1. Ctnnb1 mutations and b-catenin immunohistochemical staining of mSL and carcinomas sampled from mice at 10 and 14 month post activation of mutant BrafV637E.

Time post activation of
BrafV637E

Histology Nucleotide Change Codon Change b-catenin
Staining

Score

10 months Murine serrated
lesion

c.122C > T p.Thr41Ile Nuclear 3
c.98C > T c.122C > T p.Ser33Phe p.

Thr41Ile
Nuclear 3

c.98C > T p.Ser33Phe Membranous 0
c.110C > T p.Ser37Phe Membranous 0
Wild -type Wild-type Membranous 0

14 months Murine serrated
lesion

c.110C > T p.Ser37Phe Nuclear 3
c.110C > T p.Ser37Phe Nuclear 6
c.95A > G p.Asp32Gly Nuclear 3
c.69_104delCCACTGGCAGCAGCAGTCTTACTTGGATTCTGGAAT p.Ser23_Ile35del Nuclear 9
c.98C > A p.Ser33Tyr Nuclear 3
c.122C > T p.Thr41Ile Nuclear 3
c.110C > T p.Ser37Phe Nuclear 3

14 months Carcinoma c.98C > T p.Ser33Phe Nuclear 9
c.110C > T p.Ser37Phe Nuclear 6
Wild-type Wild-type Nuclear 6
c.101_103delGAA p.Gly34_Ile35del Nuclear 9
c.94G > C p.Asp32His Nuclear 9
c.98C > T p.Ser33Phe Nuclear 6

An overall nuclear score was calculated by multiplying the nuclear extent and intensity. b-catenin staining was considered nuclear if the score was � 2. A qualitative measure for the score was based on 0 = no staining;
1–4 = low; 5–8 = moderate; and 9–12 = high.
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and carcinoma (Figure 3). There was no marked difference between sam-
ples from mice that had been exposed to mutant Braf for 10 or 14 months
prior to sacrifice. Differential gene expression was assessed between histo-
logical phenotypes that occur during tumorigenesis (wild type vs hyper-
plasia; hyperplasia vs mSL; mSL vs carcinoma). Between wild type
mucosa and hyperplasia there were 1322 genes that were differentially
expressed. The majority (n = 1112) were downregulated with the activa-
tion of mutant Braf, in comparison to 210 genes that had increased expres-
sion. The greatest difference (n = 3077) in expression alterations occurred
with the progression of hyperplasia to mSL, in which 1880 genes were
upregulated and 1197 genes were downregulated. Finally, with the pro-
gression to carcinoma a total of 1105 genes were differentially expressed
with 747 genes upregulated and 361 downregulated between mSL and
carcinoma.

Gene set enrichment analysis to identify significantly altered pathways
associated with progression of serrated neoplasia

Expression data were analyzed with single sample gene set enrichment
analysis (ssGSEA) to link gene expression changes to known biological
processes [20]. ssGSEA identified alterations in a number of hallmarks
with the top 20 most significant summarized in Figure 4. There was an
increase in enrichment score for canonical pathways (WNT/b-catenin
P = 3.12 � 10�7, TGF-b P = 5.43 � 10�7 and MTORC1
P = 1.2 � 10�6); transcription factors (MYC targets P = 1.01 � 10�6

and E2F targets P = 1.03 � 10�6); biological processes (angiogenesis
P = 1.01 � 10�6, apoptosis P = 1.43 � 10�6 and epithelial mesenchymal
transition P = 4.39 � 10�6). There was a decrease in enrichment for a
number of metabolic processes such as adipogenesis (P = 1.28 � 10�6)
and bile acid metabolism (P = 1.25 � 10�6).

Activation of WNT/b-catenin signaling within murine serrated lesions
and carcinoma

WNT/b-catenin signaling was the most significantly altered pathway
in the progression of serrated neoplasia. Unsupervised hierarchical cluster-
ing of fragments per kilobase of transcript per million mapped reads
(FPKM) for genes within this hallmark showed clustering of histological
phenotypes (Figure 5). Hyperplastic mucosa had a similar WNT gene sig-
nature to that observed in wild type mucosa. The majority of WNT sig-
naling related genes appeared to be predominately upregulated at the mSL
stage and were conserved with the transition to carcinoma. WNT pathway
genes that were significantly increased in mSL compared to hyperplasia
included Nkd1 (FC = 4.90, P = 9.10 � 10�27), Lef1 (FC = 4.39,
P = 3.46 � 10�22), Tcf7 (FC = 3.61, P = 3.47 � 10�63), Jag2
(FC = 3.14, P = 2.60 � 10�33), Ccnd2 (FC = 3.12, P = 6.15 � 10�51),
Myc (FC = 3.11, P = 2.04 � 10�65) and Axin2 (FC = 3.10,
P = 4.17 � 10�48), while Dll1 (FC = 2.10, P = 1.40 � 10�17) was down-
regulated. Four of the six samples of carcinoma clustered separately from
mSL and an upregulation of Wnt6 (FC = 5.25, P = 2.58 � 10�23) and
Wnt5b (FC = 2.35, P = 9.65 � 10�8) occurred exclusively within these
carcinomas. Activation of WNT signaling can occur in human BRAF
mutant CRC due to methylation-induced gene silencing of WNT antag-
onists such as secreted frizzled related proteins (SFRP1, SFRP2, and
SFRP5), WNT inhibitory factor 1 (WIF1), Dickkopf (DKK1, DKK2,
DKK3 and DKK4), Mutated in colorectal cancer (MCC) and SOX17
[25,26]. Therefore, we investigated the expression of these Wnt antago-
nists in our model. Sfrp5 was the only candidate shown to be downregu-
lated in hyperplasia (FC = 5.89, P = 1.27 � 10�10), mSL (FC = 5.93,
P = 2.54 � 10�14) and carcinoma (FC = 5.70, P = 2.55 � 10�9) com-
pared to normal (Figure 5).

Aberrant translocation of b-catenin to the nucleus, as shown in
immunohistochemical staining, results in b-catenin-dependent transcrip-
tion of target genes such as the proto-oncogene Myc which was signifi-
cantly upregulated between hyperplasia and mSL (FC = 3.11,
P = 2.04 � 10�65). The significantly increased enrichment for MYC tar-
gets V2 (P = 1.01 � 10�6) in gene set enrichment is likely due to dereg-
ulated Myc expression as a consequence of b-catenin mutation that leads
to increased expression of Myc target genes.
Transforming growth Factor-b and epithelial mesenchymal transition

Increased TGF-b pathway signaling was present at an early stage within
mSL. Transcript expression of TGF-b pathway genes Inha (FC = 3.88,
P = 6.53 � 10�9), Inhba (FC = 3.58, P = 1.21 � 10�14), Thbs1
(FC = 2.79, P = 5.27 � 10�13), Bmpr1b (FC = 2.59, P = 8.1 � 10�5),
Bmp4 (FC = 2.33, P = 1.46 � 10�16), Tgfb3 (FC = 2.25,
P = 7.98 � 10�9) and Smad9 (FC = 2.15, P = 3.33 � 10�10) were upreg-



Figure 2. Murine serrated lesion showing normal membranous (A and B) and abnormal nuclear (C and D) staining of b-catenin. Carcinoma with
abnormal nuclear b-catenin (E and F). A, C and E magnification �10; B, D and F magnification �40.
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ulated in mSL compared to the background hyperplastic mucosa (Table 2).
In contrast, Bmp3 (FC = 2.38, P = 4.73 � 10�8) and Acvr1c (FC = 2.30,
P = 8.23 � 10�8) were downregulated. With the transition to carcinoma
additional TGF-b pathway genes Serpine1 (FC = 3.41,
P = 1.23 � 10�7), Inhbb (FC = 3.10, P = 1.48 � 10�6), Gdf11
(FC = 2.87, P = 2.66 � 10�8) and Tgfb2 (FC = 2.74, P = 6.94 � 10�7)
were increased.

TGF-b is known to be an inducer of epithelial-mesenchymal transi-
tion, facilitating the metastatic spread of malignant cells [27]. An
epithelial-mesenchymal transition signature was identified in our pathway
analysis to be significantly enriched (P = 4.39 � 10�6) in both premalig-
nant mSL and carcinomas (Table 2). Genes related to this biological pro-
cess were discovered to be upregulated in mSL prior to transition to
carcinoma. These genes included Cd44 (FC = 4.39, P = 1.28 � 10�30),
Foxc2 (FC = 2.33, P = 1.46 � 10�3), Snai2 (FC = 2.12,
P = 1.84 � 10�12) and Fn1 (FC = 2.11, P = 1.10 � 10�8). With the tran-
sition to carcinoma a number of additional genes were upregulated, such
as Cdh2 (FC = 3.06, P = 1.15 � 10�4) and Vim (FC = 2.27,
P = 9.57 � 10�7).

Other key enriched pathways involved in serrated tumorigenesis

We identified a number of additional enriched pathways that may con-
tribute to facilitating tumour growth and metastasis such as angiogenesis
and MTORC1 pathway (Table 3). Angiogenesis describes the formation
of new blood vessels and is a hallmark of cancer progression and metastasis
[28]. We observed a significant stepwise enrichment of angiogenesis from
hyperplasia to mSL and then carcinoma (P = 1.01 � 10�6). MTORC1
signaling was significantly enriched with serrated neoplasia progression
(P = 1.2 � 10�6) with the greatest enrichment occurring at the transition



Figure 4. Heat map of top 20 most significantly altered hallmarks, ordered by in significance of enrichment for upregulated and downregulated
hallmarks with progression of histological phenotypes, from single sample gene set enrichment analysis.

Figure 3. Principal components analysis performed on RNA sequencing data of fragments per kilobase of transcript per million mapped reads (FPKM).
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to mSL from hyperplasia with no further increase with the transition to
carcinoma (Table 3). Targets of MTORC1 were predominately
altered in mSL when compared to hyperplasia, this included
overexpression of Stc1 (FC = 3.89, P = 5.31 � 10�22), Hk2 (FC = 2.46,
P = 1.23 � 10�13) and Mcm2 (FC = 2.20, P = 1.76 � 10�38). When
mSL was compared with carcinoma, Ak4 (FC = 2.88, P = 3.42 � 10�8),
Bcat1 (FC = 2.38, P = 1.46 � 10�3) and Plod2 (FC = 2.11,
P = 7.90 � 10�4) were additionally overexpressed.
Discussion

Our model has proven to be useful for investigating the key molecular
alterations that drive the formation and progression of sessile serrated
lesions to malignancy. We performed exome and RNA sequencing to
investigate the molecular alterations that accompany progression of ser-
rated lesions to malignancy. Our results showed both WNT and TGF-
b signaling pathways were enriched in mSL and contributes to progression
of these lesions to Braf mutant MSS CRC.

Aberrant activation of WNT/b-catenin is an important event in the
evolution of human serrated neoplasia coinciding with the development
of dysplasia [7,23]. We observed an abnormality in WNT signaling in pre-
malignant mSL as a consequence of activating mutations within Ctnnb1,
the gene encoding b-catenin. Mutation of Ctnnb1 within exon 3 at phos-
phorylation or ubiquitination sites results in the stabilization of the protein
and allowing translocation to the nucleus [24]. Immunohistochemical
staining of b-catenin revealed an increase in nuclear b-catenin accumula-
tion that differed notably from the typical membranous staining pattern
that occurs in the absence of WNT receptor activation. Staining for



Figure 5. Unsupervised hierarchical clustering of fragments per kilobase of transcript per million mapped reads (FPKM) for genes in the WNT/b-
catenin signaling pathway.

Table 2. Differentially expressed genes in each histological comparison in TGF-b and EMT pathways identified in single sample gene set enrichment. Genes in bold upregulated with
progression of morphology of serrated neoplasia.

Gene Set Comparison Differentially Expressed Genes (Log2 Fold Change >|2|, P-value < 0.05)

TGF-b WT* vs
HP

Inha, Bmp10, Inhbc, Nog, Bmpr1b, Gdf1, Smad9

HP vs
mSL�

Inha, Inhba, Wwtr1, Thbs1, Bmpr1b, Bmp4, Tgfb3, Pmepa1, Smad9, Bmp3, Acvr1c

mSL� vs
CRC½

Serpine1, Bmp15, Gdf11, Nog, Tgfb2, Cdkn1c

Epithelial-Mesenchymal
Transition

WT* vs
HP

Plaur, Capg, Cthrc1, Crlf1, Col11a1, Mgp, Lox, Cdh6, Postn, Mmp3, Serpine2, Mest, Lum, Col16a1, Cdh2, Fbln2, Abi3bp, Gpx7,
Sfrp1, Eno2, Cd44, Pfn2, Thbs2, Gas1, Eln, Edil3, Sntb1, Timp1, Acta2

HP vs
mSL�

Cthrc1, Mmp3, Prss2, Tnfrsf11b, Pcolce2, Crlf1, Msx1, Sfrp4, Eln, Spp1, Cd44, Lox, Bdnf, Serpine2, Pthlh, Pdlim4, Timp1,
Igfbp2, Lum, Mgp, Inhba, Postn, Cxcl1, Fmod, Ctgf, Basp1, Gpc1, Col16a1, Dcn, Il6, Col1a1, Lama1, Thbs1, Tgm2, Igfbp4,
Cadm1, Col5a2, Loxl1, Lrrc15, Vcan, Col1a2, Htra1, Foxc2, Plaur, Plod2, Notch2, Pmepa1, Col5a3, Fbln2, Snai2, Flna, Fn1,
Fgf2, Col3a1, Sfrp1, Dpysl3, Lama2, Anpep, Prrx1, Fbln1, Il15, Slc6a8, Pmp22, Nt5e, Fas, Fap, Scg2

mSL� vs
CRC½

Col11a1, Il6, Mgp, Fbln2, Thbs2, Sntb1, Timp1, Serpine1, Mfap5, Cdh2, Cthrc1, Gpc1, Eno2, Fmod, Spp1, Igfbp2, Mest,
Pcolce, Serpine2, Col7a1, Vim, Lgals1, Plod2, Anpep

*WT – wild type, HP – hyperplasia, �mSL – murine serrated lesion, ½CRC – carcinoma.

Table 3. Differentially expressed genes in each histological comparison in other significantly altered pathways identified in single sample gene set enrichment. Genes in bold upregulated
with progression of morphology of serrated neoplasia.

Gene Set Comparison Differentially Expressed Genes (Log2 Fold Change >|2|, P-value < 0.05)

Angiogenesis WT* vs HP Postn, Lum, Vtn, Timp1
HP vs mSL� Msx1, Spp1, Timp1, Lum, Stc1, Postn, Jag2, Ccnd2, Col5a2, Vcan, Col3a1, S100a4, Pglyrp1, Olr1
mSL� vs CRC½ Timp1, Spp1, S100a4, Stc1

MTORC1 WT* vs HP Slc7a11, Acsl3, Nupr1
HP vs mSL� Stc1, Slc7a11, Igfbp5, Vldlr, Cd9, Slc7a5, Hk2, Nupr1, Plod2, Cxcr4, Mcm2, Rrm2, Trib3, Cth, Slc9a3r1, Adipor2
mSL� vs CRC½ Ak4, Bcat1, Stc1, Plod2

*WT – wild type, HP – hyperplasia, �mSL – murine serrated lesion, ½CRC – carcinoma.
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nuclear b-catenin was heterogeneous both within, as well as between
lesions. Interestingly, the number of nuclei with abnormal b-catenin stain-
ing increased as mSL transitioned to carcinoma suggesting that this colony
of cells has a selective advantage during malignant transformation. This
heterogeneous staining pattern is a likely cause of discrepancies between
mutation status and staining result, as observed in a few samples.

b-catenin is the intracellular signal transducer of the WNT signaling
pathway and is responsible for mediating information and altering gene
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transcription. Our gene expression profiling identified that genes regulated
by active WNT signaling and b-catenin-induced transcription were
increased in both mSL and carcinoma. WNT signaling is known to cause
over expression of the Myc oncogene [29] which was increased in mSL,
leading to the presence of a MYC signature. Over expression of WNT sig-
naling and MYC induction has previously been shown to increase with
higher grades of malignancy during the serrated route to CRC [30]. Aber-
rant WNT signaling was ubiquitous in both mSL's (the analogue of
advanced serrated lesions in humans) and carcinoma. Collectively these
data indicate that inhibition of WNT signaling in mSL has the potential
to perturb their development.

Mutation of CTNNB1 has been observed as somatic mutations in
Lynch syndrome cancers, however are infrequent in human BRAF-
driven tumorigenesis [31]. Instead, WNT activation occurs as a result of
methylation-induced silencing of WNT antagonists, such as secreted
frizzled-related proteins (SFRP1, SFRP2 and SFRP5) and mutated in col-
orectal cancer (MCC), resulting in the loss of negative feedback regulation
[25]. We found significant reduction in Sfrp5 gene expression, which we
previously showed to be significantly hypermethylated in mSL and carci-
nomas [9]. Other notable mechanisms reported in BRAF mutant CRC
include inactivating mutations of RNF43 and ZNRF3, however we did
not find these in our exome sequencing data [32].

While aberrant WNT signaling has previously been shown to occur as
a late event in the development of serrated neoplasia, the role of TGF-b in
BRAF mutant CRC is yet to be fully understood [33]. In conventional
pathway cancers SMAD4 mutation is common, suggesting a tumour sup-
pressive role for TGF-b signaling that is overcome with disruption of the
pathway early in tumorigenesis. In contrast, increased TGF-b signaling in
the context of BRAF mutant CRC has been suggested to play a tumori-
genic role, promoting malignancy. Activation of TGF-b has been shown
to induce an epithelial-mesenchymal transition signature and a mesenchy-
mal phenotype in BRAF mutant organoids [33]. We have shown increased
TGF-b signaling in mSL and an epithelial-mesenchymal transition signa-
ture, suggesting that lesions are pre-programmed for migration early in
development of cancer. Angiogenesis is a hallmark of cancer progression
with the formation of new vasculature sustaining the growth of solid
tumors and facilitating metastasis [28]. We noted a significant enrichment
for angiogenesis in our data. The combination of both an epithelial-
mesenchymal transition, likely due to TGF-b, and angiogenic signature
within these lesions, may contribute to the aggressive phenotype and
late-stage presentation of BRAF mutant MSS CRC.

Recently, the characteristics of the tumour immune microenvironment
have become increasingly important with the availability of immune
checkpoint therapy. The TGF-b pathway has been associated with damp-
ening of the tumour immune microenvironment through T-cell exclusion
[34,35]. The presence of a strong TGF-b signature highlighted in our
study suggests that modulating this pathway may contribute to sensitizing
BRAFmutant MSS CRC to immune checkpoint therapy, and is an impor-
tant avenue of future research.

MTORC1 is downstream of the PI3K/AKT signaling pathway and is
commonly overexpressed in CRC. MTORC1 is involved in controlling
protein synthesis through the phosphorylation of eukaryotic translation
initiation factor 4E binding protein (4E-BP1) and the p70S6 ribosomal
kinase (S6K), leading to translation of oncogenes [36]. MTORC1 gene
expression signature has previously been found to define a subset of BRAF
mutant CRC. Interestingly this subset has been described to also involve
the presence of an epithelial-mesenchymal transition signature and slight
enrichment for MSS cancers [37]. Inhibition of MTORC1 signaling with
rapamycin has been trialled in CRC [38–40]. Although limited therapeu-
tic benefit was demonstrated in this trial, inhibition of MTORC1 in com-
bination with other rationally selected targeted therapies may be
efficacious for this cancer subgroup.
Conclusion

Analysis of exome sequencing data in combination with gene transcript
expression data has provided insight into the pathways that are altered dur-
ing the development of BRAF mutant MSS CRC. Our data show aberrant
expression of both WNT and TGF-b signaling pathways, a finding that
may inform future research into therapeutic strategies, leading to improved
prognosis in this aggressive subgroup of CRC.
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