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SUMMARY

Oncogenic mutations in BRAF are believed to initiate
serrated colorectal cancers; however, the mecha-
nisms of BRAF-driven colon cancer are unclear. We
find that oncogenic BRAF paradoxically suppresses
stem cell renewal and instead promotes differentia-
tion. Correspondingly, tumor formation is inefficient
in BRAF-driven mouse models of colon cancer. By
reducing levels of differentiation via genetic manipu-
lation of either of two distinct differentiation-promot-
ing factors (Smad4 or Cdx2), stem cell activity
is restored in BRAFV600E intestines, and the onco-
genic capacity of BRAFV600E is amplified. In human
patients, we observe that reduced levels of differen-
tiation in normal tissue is associated with increased
susceptibility to serrated colon tumors. Together,
these findings help resolve the conditions necessary
for BRAF-driven colon cancer initiation. Additionally,
our results predict that genetic and/or environmental
factors that reduce tissue differentiation will in-
crease susceptibility to serrated colon cancer. These
findings offer an opportunity to identify susceptible
individuals by assessing their tissue-differentiation
status.
INTRODUCTION

Colorectal cancer (CRC) arises from diverse mutations of onco-

genes and tumor suppressors that ultimately traverse a limited

set of defined routes to tumorigenesis (Fearon and Vogelstein,

1990; Rad et al., 2013). The majority of colorectal tumors follow

a conventional pathway that is initiated by activating mutations

of the WNT pathway (Powell et al., 1992). However, at least

5%–10%of CRCs are believed to initiate via activatingmutations
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in the BRAF oncogene, which amplifies MAPK signaling and

drives the serrated neoplastic pathway to CRC. Serrated tumors

are characterized by a sawtooth pattern of epithelial infolding,

with additional histological features according to three distinct

tumor categories: hyperplastic polyps (HPs), sessile serrated

adenomas (SSAs), and traditional serrated adenomas (TSAs)

(Rex et al., 2012). Serrated CRC, although less frequent than

WNT-driven CRC, carries a worse prognosis (De Sousa E Melo

et al., 2013) and is less understood.

The intestinal mucosa is a continuously self-renewing tissue

that is organized into defined crypt-villus units: Crypts of Lie-

berk€uhn are epithelial pockets tucked into the intestinal wall

and contain proliferating stem cells, which feed differentiated

progeny onto villi. Villi are luminal projections composed of

post-mitotic, differentiated epithelium (Clevers, 2013). Intestinal

stem cells are thought to be a key contributor to tumor initiation.

Recent mouse studies using genetic techniques for cell-specific

manipulation and cell lineage tracking have identified a popula-

tion of intestinal stem cells called crypt base columnar cells

(Barker et al., 2007) that can serve as the cell of origin of CRC

(Barker et al., 2009). While intestinal stem cells are not the only

cell capable of serving as the cell of origin (Visvader, 2011),

they are by far the most efficient, requiring only a single acti-

vating mutation of the WNT/b-catenin pathway—a frequent

event associated with the progression of the majority of CRCs,

such as APC mutations in adenocarcinomas (Clevers and

Nusse, 2012; Sekine et al., 2016). Paradoxically, despite a high

prevalence among colorectal tumors, ectopic expression of an

oncogenic BRAFmutant transgene promotes either senescence

or differentiation of intestinal stem cells (Carragher et al., 2010;

Riemer et al., 2015). Thus, while oncogenic activation of BRAF

can eventually lead to tumor formation in mouse models, these

tumors are slow to arise (Rad et al., 2013; Sakamoto et al.,

2017). Thus, in stark contrast to activating mutations of the

WNT pathway, oncogenic BRAF mutations inefficiently trigger

tumorigenesis.

Because stem cells are likely the cell of origin of most colon

cancers, factors influencing stem cell numbers should influence
ts 21, 3833–3845, December 26, 2017 ª 2017 The Author(s). 3833
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tumor incidence. Genetic or environmental factors that influence

the homeostatic balance between stem and differentiated cells

may therefore be expected to alter susceptibility to CRC. Loss

of a differentiation-promoting transcription factor, CDX2, has

been associated with BRAF-driven serrated tumor development

(Bae et al., 2015; Dalerba et al., 2016; Landau et al., 2014; Saka-

moto et al., 2017), although it is still unclear whether CDX2 may

function in tumor initiation. SMAD4, a differentiation-promoting

transcriptional effector of the transforming growth factor b

(TGF-b)/BMP signaling pathway, is inactivated in 10%–15% of

CRC (Fearon, 2011), although its role in initiation of serrated

tumors has not been functionally explored. Interestingly, both

of these transcription factors have been ascribed roles antago-

nistic to the WNT-signaling pathway (Guo et al., 2010; Liu

et al., 2012; Tian et al., 2009). Whether these transcription fac-

tors, or the state of tissue differentiation, influences BRAF-driven

tumor initiation is still unclear.

In this study, we show that BRAF activation promotes differen-

tiation of the intestinal epithelium, intestinal stem cell loss, and

inefficient oncogenesis. However, in genetic backgrounds with

reduced levels of the differentiation-promoting transcription fac-

tors Cdx2 or Smad4, homeostasis is restored, stem cell activity

returns, and oncogenesis ensues at an accelerated pace. Addi-

tionally, gene expression analysis of normal human colon tissue

indicates an inverse correlation between the differentiation sta-

tus of the colon mucosa and a patient’s susceptibility to serrated

tumors. By highlighting oncogenic mechanisms through which

BRAF-driven CRC initiates, these observations may directly

impact the development of alternative diagnostic and preventa-

tive approaches for serrated CRC by directly targeting the ho-

meostatic balance between stem and differentiated cells.

RESULTS

BRAFV600E Inefficiently Drives Tumorigenesis and
Promotes Differentiation in a Murine Model of Serrated
Colon Cancer
Studies of melanoma and colon tumorigenesis have shown that

the BRAFV600E oncogene, while a prevalent driver of human can-

cers, is inefficient in promoting tumorigenesis in model systems

(Dhomen et al., 2009; Rad et al., 2013). Mutant BRAF activation

triggers cellular senescence in some models (Carragher et al.,

2010) and intestinal stem cell differentiation in others (Riemer

et al., 2015). A third model only observes p21 expression at later

stages of tumor progression (Rad et al., 2013). Differences

among these models may be attributed to embryonic versus

adult-onset of activation, or varying expression levels of mutant

BRAF between models. Using a mouse model not previously

employed for studies of BRAFV600E-driven intestinal tumorigen-

esis, we conditionally activated either one or two alleles of the

BRAF oncogene from its endogenous locus (Dankort et al.,

2007), specifically within the adult intestinal epithelium using

the conditional Villin-CreERT2 driver (el Marjou et al., 2004).

5 days after tamoxifen-induced activation, expression of MAPK

target genes (Rad et al., 2013) is increased in BRAFV600E/+

mice compared to controls (Figure 1A), confirming activation of

downstream BRAF signaling. The BRAFV600E/+ epithelium also

took on a more pronounced serrated morphology, a hallmark
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of serrated colon tumors. To more closely investigate how

activation of BRAFV600E immediately impacts the epithelium,

we probed tissue markers at 5 days after the onset of tamoxifen

treatment (Figure 1B). Interestingly, increased stain intensity of

the differentiation marker alkaline phosphatase was observed

in the BRAFV600E/+ mutants compared to controls, suggesting

a more differentiated epithelium. Conversely, levels of the stem

cell marker OLFM4 decreased (Figure 1B). These phenotypic

changes were further exacerbated in the BRAFV600E/V600E

homozygous mutant (from here on indicated as BRAFV600E)

and suggest that activation of BRAF shifts the stem-differentia-

tion homeostatic balance toward a differentiated cell state (Fig-

ure 1B). Transcriptomic changes in the BRAFV600E/+ epithelium

corroborated an increase in differentiation and decrease in

stemness in the mutant crypt epithelium. Gene set enrichment

analysis (GSEA) (Subramanian et al., 2005) revealed that expres-

sion levels of stem cell-specific genes (Muñoz et al., 2012) are

significantly reduced in BRAFV600E/+ mice compared to controls

(Figure 1C), consistent with the reduction in OLFM4 staining (Fig-

ure 1B). Conversely, expression of differentiation genes (Chong

et al., 2009) was increased compared to controls (Figure 1D).

We also probed for senescence upon induction of mutant

BRAF. Consistent with some previous models of mutant BRAF

activation (Riemer et al., 2015), the senescence marker p21

was not expressed upon tamoxifen treatment of BRAFV600E/+

mice. However, p21 was robustly induced upon activation

of two BRAF alleles (Figure 1B). These findings suggest that

induction of senescence is a function of BRAF activation

levels and may resolve differences between previous studies

regarding BRAF-mediated induction of senescence markers in

the intestine.

Consistent with the promotion of senescence and cellular

differentiation, no tumors were observed in 13 BRAFV600E/+

mice between 6 and 16 months after tamoxifen treatment,

and dysplastic lesions were only observed in 30% of the mice,

with no more than 1 lesion observed per affected animal. Taken

together, the Villin-CreERT2;BRAFV600E models recapitulate as-

pects of BRAF-driven human tumorigenesis (including elevated

MAPK signaling and serrated histopathology), but inefficiently

induce tumors, potentially owing to an imbalance of the stem-

differentiation homeostasis in the gut epithelium.

Loss of CDX2 Promotes BRAF-Driven Tumorigenesis by
Re-balancing Stem/Differentiation Homeostasis
The imbalance of stem-to-differentiation homeostasis triggered

by BRAFV600E may underlie the inefficiency of the BRAF mouse

model to drive oncogenesis. Therefore, conditions reducing

differentiation may restore homeostatic balance and permit

BRAF-driven tumor initiation. CDX2 is a homeodomain transcrip-

tion factor that promotes differentiation in the intestinal epithe-

lium (Mutoh et al., 2002; Silberg et al., 2002; Suh and Traber,

1996). CDX2 directly binds and activates hundreds of enterocyte

target genes, promoting differentiation-related cell functions

(Verzi et al., 2010), while loss of CDX2 results in mice that lack

complete differentiation of the epithelium (Stringer et al., 2012).

Furthermore, reduced expression of CDX2 is associated with

BRAF mutant colon cancers (Bae et al., 2015; Dalerba et al.,

2016; Landau et al., 2014; Sakamoto et al., 2017). To explore



Figure 1. BRAFV600E Activation Alters Intestinal Homeostasis, Promoting Differentiation

(A) GSEA analysis reveals that MAPK target genes (Rad et al., 2013), were elevated in the BRAFV600E/+ mutants, as expected (K-S test).

(B) Assessment of morphological changes (H&E), proliferation (Ki67), differentiation (AP), stem cells (OLFM4), and senescent cells (p21) in BRAFV600E/+ and

BRAFV600E/600E mutants. Note increasing levels of differentiation markers and decreasing levels of the stem cell marker with the increased number of activated

BRAF alleles. Representative images from 3 biological replicates. Scale bars, 50 mm.

(C andD) (C) Intestinal stem cell gene expression levels are significantly reduced inBRAFV600E/+mutants, whereas (D) intestinal differentiation gene signatures are

significantly increased compared to controls.
the mechanisms by which CDX2 may modify BRAFV600E-driven

tumorigenesis, we generated an allelic series of mutants lacking

either one or both copies ofCdx2 (Verzi et al., 2010), in combina-

tion with one or two alleles of activated BRAFV600E. As noted

before, activation of BRAFV600E alleles diminished expression

of stem cell markers (Figure 2A). However, simultaneous loss

of Cdx2 alleles in the BRAFV600E models restored OLFM4

expression, indicating an increased population of stem cells in

the compound mutant relative to the BRAF mutant (Figure 2A).

We next assayed for stem cell activity using the organoid forma-

tion assay (Sato et al., 2009). Consistent with reduced levels

of OLFM4 staining, BRAFV600E/+ crypts were incapable of giving

rise to organoids (Riemer et al., 2015) (Figure 2B). However, or-

ganoids could be derived from theCdx2f/+;BRAFV600E/+ animals,

indicating that reduction of CDX2 restores stem cell activity that

is lost upon activation of BRAFV600E. We saw a similar pattern of

stem cell reporter activity in vivo, using the Lgr5-GFP-CreERT2

reporter line (Barker et al., 2007) to mark Lgr5+ stem cells

and activatingmutationswith theVillin-CreERT2 driver. GFP+ cells

were observed at the crypt base in control andCDX2;BRAFV600E

mutant crypts, but were completely depleted in BRAFV600E

mutant crypts (Figure 2C). Similarly, using the stem cell-specific

Lgr5-GFP-CreERT2 driver (Barker et al., 2007), we assayed for

stem cell renewal in vivo by monitoring Cre-mediated recombi-

nation of loxP elements in the engineered BRAFV600E locus (Dan-

kort et al., 2007). BRAFV600E recombination was not preserved in
Lgr5-Cre; BRAFV600E/+mice (Figure 2D), indicating that mutant

stem cells could not renew and were depleted over time, pre-

sumably replaced by neighboring cells that had not undergone

Cre-mediated recombination. By contrast, sustained recombi-

nation of Cdx2f/+; BRAFV600E/+ alleles in Lgr5-Cre expressing

stem cells was compatible with stem cell renewal, as recom-

bined cells and their progeny were still present as far as

10 months after treatment, indicating that CDX2 loss restores

the ability of Lgr5+ stem cells to renew in the presence of

BRAFV600E (Figure 2D). It is possible that the loss of stem cells

upon BRAFV600E activation is due to a promotion of apoptosis.

However, the immunohistochemical analysis of the apoptosis

marker, cleaved-caspase 3 (CC3), revealed no changes (Fig-

ure S1A). We also examined cellular senescence as a possible

contributor of stem cell loss, using the marker p21. Interestingly,

CDX2 loss reversed the upregulation of p21 induced by

BRAFV600E. This was observed at the histological level, the

transcript level and in organoid cultures (Figures S1B–S1D).

Thus, while BRAFV600E/+ and BRAFV600E appears to be incom-

patible with stem cell self-renewal and retention, the reduction

of CDX2 is able to prevent the loss of stem cells in a BRAFV600E

background.

If stem cell populations were restored upon CDX2 loss, the

differentiation-promoting effects of BRAFV600E may have also

reverted in the Cdx2f/f;BRAFV600E compound mutant mice. To

assess the differentiation status of the Cdx2f/f;BRAFV600E mice,
Cell Reports 21, 3833–3845, December 26, 2017 3835



Figure 2. Ablation of CDX2 Reverses BRAFV600E-Driven Changes in Stem/Differentiation Homeostasis

(A) Immunohistochemistry of OLFM4 in uninjected control, BRAFV600E/+, Cdx2f/f;BRAFV600E/+, BRAFV600E, and Cdx2f/f;BRAFV600E mice, 5 days post-tamoxifen

treatment.

(B) Primary organoid cultures isolated from control,BRAFV600E/+, andCdx2f/+;BRAFV600E/+mice.BRAFV600E/+mutant cells do not give rise to viable organoids, but

reduction of CDX2 levels permits their growth. Representative of 3 biological replicates. Scale bars, 50 mm.

(C) Lgr5-GFP expression. Scale bars, 50 mm.

(D) Recombination at the BRAFV600E locus, induced by tamoxifen treatment of the stem cell-specific, conditional Cre (Lgr5-CreERT2-IRES-eGFP), is not sustained

unless Cdx2 is simultaneously inactivated in the stem cells. Samples from crypt epithelium were harvested at 2 days or 10 months after tamoxifen treatment.

(E) AP staining reveals increased expression in BRAFV600E/+ and BRAFV600E, which is reduced when Cdx2 is lost.

(F) GSEA shows intestinal stem cell genes are elevatedwhile differentiation genes are reduced upon loss of CDX2, reversing gene expression changes induced by

BRAFV600E activation.

(G) Examples of the types of differentiation-associated genes that are elevated upon BRAF activation and suppressed upon CDX2-loss. Bars represent mean ±

SD from three independent experiments for control and BRAFV600E/+ and two independent experiments for Cdx2; BRAFV600E/+.
alkaline phosphatase activity was assayed. Consistent with a

restoration of the stem-differentiation balance in the compound

mutant epithelium, reduced levels of alkaline phosphatase were
3836 Cell Reports 21, 3833–3845, December 26, 2017
observed in the compound Cdx2f/f; BRAFV600E mutants relative

to single mutant animals (Figure 2E). These observations were

mirrored in transcriptome analyses, which revealed a significant



Figure 3. Loss of CDX2 Accelerates BRAF-

Driven Tumorigenesis

(A) H&E stains of age-matched control,

BRAFV600E/+, and Cdx2f/+;BRAFV600E/+ mice reveal

characteristics of serrated cancer morphologies.

Dysplasia and carcinomas had characteristics

of human hyperplastic polyps (HPPs), SSAs, and

serrated carcinomas. See also Figure S3.

(B) More serrated lesions were found in Cdx2f/+;

BRAFV600E/+ compound mice than age-matched

BRAFV600E/+ counterparts. Counts were based

upon complete Swiss roll sections. Scale bars,

50 mm.
elevation of stem cell and reduction of differentiation gene

expression levels in the Cdx2f/f; BRAFV600E/+ epithelium

compared to the BRAFV600E/+ single mutant (Figure 2F). A wide

array of transcripts associated with differentiation were elevated

in theBRAFV600E/+ epithelium and restored to normal levels upon

inactivation of Cdx2, including transcripts associated with meta-

bolism, cell adhesion, and digestive/absorptive functions (Fig-

ure 2G). Paneth cells, which function in part by supporting the

stem cell niche, are diminished in the BRAFV600E/+ epithelium.

However, lysozyme staining reveals that CDX2f/f;BRAFV600E

mice show similar loss of lysozyme staining at the crypt base,

suggesting that stem cell regulation is not dependent on Paneth

cells in this model, as has been established in other models of

Paneth cell loss (Durand et al., 2012; Kabiri et al., 2014; Kim

et al., 2012) (Figure S2).

Because reduced levels of differentiation-promoting CDX2

allowed retention of stem cells in the BRAFV600E condition,

reduced CDX2 levels might also lead to increased tumorigenesis

in the Cdx2f/+; BRAFV600E/+ model. When compared to controls,

the histology of the intestinal epithelium is dramatically altered in

age-matched BRAFV600E/+ and Cdx2f/+; BRAFV600E/+ compound

mutants (Figures 3A and S3). Both the BRAFV600E/+ and Cdx2f/+;

BRAFV600E/+ mice exhibited jagged, undulating epithelium, a

hallmark of serrated tumors (Leggett and Whitehall, 2010) that

is not observed in control or Cdx2f/f;Vil-CreERT2 mutant mice

(Verzi et al., 2010). Dysplastic lesions in Cdx2f/+; BrafV600E/+

mice were broad with a low profile (Figure 3B). While dysplastic

characteristics of SSA were found in both mutant strains of

mice, serrated lesions were found more frequently in Cdx2f/+;

BrafV600E/+ mice than in the BrafV600E/+ mice (Figure 3C), and
Cell Report
macroscopic tumors were found exclu-

sively in Cdx2f/+; BrafV600E/+ mutants.

These flat tumors exhibited a cloud-

like surface without discernible borders,

similar to endoscopic features of hu-

man precursor SSAs (Hazewinkel

et al., 2013). Histopathology of Cdx2f/+;

BrafV600E/+ carcinomas revealed signifi-

cant muscle infiltration, epithelial serra-

tions, eosinophilic cytoplasm, vesicular

nuclei, and in some cases, excessive

mucin production (Figures 3A and S3).

Serrated polyps detected in Cdx2f/+;

BrafV600E/+ compound mutant mice
mainly resembled human hyperplastic polyps and sessile

serrated adenomas (Figures 3A and S3). The ‘‘hyperplastic

polyps’’ were either of the goblet cell type or the microvesicular

type and had a saw-tooth configuration with pleomorphic nuclei,

while ‘‘sessile serrated polyps’’ showed significant dilated crypts

with mature mucinous cells (Figure S3). These findings indicate

that reduced levels of Cdx2 restore the disrupted stem-differen-

tiation balance caused by activation of BRAFV600E and create a

permissive environment for the oncogenic BRAFV600E mutation.

Importantly, aside from increased susceptibility to BRAF-driven

tumors,Cdx2f/+ mutants are otherwise healthy and indistinguish-

able from littermate controls. This raises the possibility that

reduced levels of differentiation in otherwise healthy individuals

could underlie susceptibility to serrated neoplasia.

The Differentiation-Promoting Factor SMAD4 Also
Antagonizes BRAF-Driven Tumorigenesis and Alters the
Stem-Differentiation Homeostatic Balance
To further explore whether an imbalance in stem-to-differentia-

tion homeostasis can increase susceptibility to serrated tumors,

we tested whether another differentiation-promoting factor

could modify tumor initiation of the BRAFV600E/+ model. The crit-

ical role of SMAD4 in the TGFb/BMP signaling pathway promp-

ted us to consider it a prime candidate, as TGF-b/BMP signaling

is a known promoter of intestinal differentiation. We bred Smad4

conditional alleles (Yang et al., 2002) into theBRAFV600E/+mutant

and found suppression of alkaline phosphatase activity (Fig-

ure 4A) and a concomitant increase in the stem cell markers

OLFM4 and Lgr5-GFP (Figures 4B and 4C). Stem cell activity

was also restored in the context of the organoid forming assay
s 21, 3833–3845, December 26, 2017 3837



Figure 4. Loss of SMAD4 Restores the Stem-Differentiation Balance that Is Altered upon BRAFV600E/+ Activation

For a Figure360 author presentation of Figure 4, see the figure legend at https://doi.org/10.1016/j.celrep.2017.11.104.

(A) AP staining reveals that Smad4 loss reverses the increase in differentiation induced by BRAFV600E/+.

(B) OLFM4 staining suggests that loss of SMAD4 in BRAFV600E/+ tissue reverses stem cell loss. Representative of 3 biological replicates. Scale bars, 50 mm.

(C) Lgr5-GFP expression is lost upon BRAFV600E expression but restored upon SMAD4-loss.

(D) Organoid cultures isolated from control, BRAFV600E/+, and Smad4f/f;BRAFV600E/+ mice reveal a rescue in viability in Smad4f/f;BRAFV600E/+ organoids.

(E) GSEA shows intestinal differentiation genes are reduced, while stem cell gene expression is elevated upon loss of SMAD4, reversing gene expression changes

induced by BRAFV600E/+ activation.
(Figure 5D) when SMAD4 loss was combined with BRAFV600E/+.

Again, transcriptomic analysis of BRAFV600E/+ versus Smad4f/f;

BRAFV600E/+ compound mutants revealed a shift in gene expres-

sion, with an increase in expression of stem cell signature genes

and a decrease of differentiated cell gene expression (Figure 4E).

Recapitulating the histological analysis, the expression of differ-

entiation genes, such as Alpi and Krt20, were significantly higher

upon BRAFV600E activation, but were restored to near normal

levels upon simultaneous loss of SMAD4 (Figure S4, ANOVA,

p < 0.05). Taken together, reduction of SMAD4 restores the

stem-to-differentiation balance of the intestinal epithelium that

is shifted toward differentiation upon activation of BRAFV600E.

Thus, two independent genetic models show that reduced levels

of differentiation-promoting factors can restore the homeostatic

balance between stem and differentiated cells that is disrupted

upon BRAFV600E activation.

Akin to our findings from the Cdx2 study described above, the

Smad4f/f;BRAFV600E/+ compound mutant exhibited increased

susceptibility to serrated tumors—including serrated dysplastic

regions and invasive carcinomas (Figures 5A, 5B, and S5). Large

visible tumors were seen within the intestinal tract as early as

2–3 months post-tamoxifen injection (Figure 5C). Furthermore,

as early as 1month post-tamoxifen treatment, dysplastic lesions

were observed in the compound mutants, while carcinomas

were found as early as 3 months post-treatment. Thus, loss

of a differentiation promoting transcription factor SMAD4, like
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CDX2, results in an alteration of the stem/differentiation balance

in the intestinal epithelium and corresponds to increased BRAF-

driven tumor susceptibility.

Elevated WNT Signaling Is Common to Both Genetic
Models and Can Rescue Stem Cell Loss in BRAF Mutant
Mice
To elucidate a mechanism through which reduced levels of dif-

ferentiation factors can predispose to serrated tumorigenesis,

we explored common transcriptomic signatures of epithelia

expressing activated BRAFV600E/+ and inactivating mutations

of either Cdx2 or Smad4. In both cases, WNT signature genes

(Van der Flier et al., 2007) were significantly elevated in these

models’ transcriptomes (Figure 6A). A panel of commonly stud-

ied WNT-target genes exemplify these findings (Figure 6B).

Notably, just as SMAD4 or CDX2 loss can restore organoid-

forming ability of the BRAFV600E epithelium, addition of WNT

ligand (WNT3A), a WNT-pathway agonist (CHIR-98014), or ge-

netic activation of the WNT pathway (Harada et al., 1999) res-

cues the organoid forming potential of the BRAFV600E/+ mutants

(Figure 6C). These findings indicate that elevation of the WNT

signaling pathway, which functions to promote stem/prolifera-

tion in the intestinal epithelium, restores stem cell activity that

is normally antagonized by the BRAFV600E oncogene. Consistent

with these observations, immunohistochemical staining for

the WNT target gene products SOX9 and CD44 were elevated

https://doi.org/10.1016/j.celrep.2017.11.104


Figure 5. Tumorigenesis in BRAFV600E/+ Mice Is Accelerated upon the Loss Smad4

(A) H&E stain shows overall morphology of adjacent normal and tumor regions of the intestine of control, BRAFV600E/+, and Smad4f/f;BRAFV600E/+mice. Similar to

Cdx2f/+;BRAFV600E/+ mice, dysplasia and carcinomas featured serrated morphologies. See also Figure S5.

(B and C) Counts of macroscopic (B) andmicroscopic (C) lesions observed inBRAFV600E/+mice are lower than Smad4f/f;BRAFV600E/+mutants. Scale bars, 50 mm.
upon loss of either Cdx2 or Smad4 (Figure 6D). Finally, to test

whether the loss ofCdx2 orSmad4 rescues BRAFV600E-organoid

forming ability via a WNT-dependent mechanism, we inhibited

the WNT pathway using the chemical inhibitors IWP-2 or XAV-

939, which block WNT secretion or b-catenin stabilization,

respectively. These WNT-pathway inhibitors each reverse the

effects of SMAD4 and CDX2 loss, indicating that the rescue of

stem cell activity in the organoid forming assay is dependent

upon WNT signaling (Figure 6E).

This work suggests a diminished state of epithelial differentia-

tion is required for oncogenic mutations ofBRAF to be sustained

and promote serrated tumorigenesis. We observe that 3 different

regulators of the stem-to-differentiated transition of the intestinal

epithelium can critically influence the potential of BRAF-driven

oncogenesis to sustain stemness in the organoid-forming assay.

Expression of Differentiation Genes in the Human
Epithelium Correlates with Susceptibility to Serrated
Tumorigenesis
Given that an epitheliumwith reduced capacity for differentiation

(Smad4f/f or Cdx2f/+) predisposed the murine epithelium to
BRAFV600E-oncogenesis, we investigated whether differentiation

status corresponds to serrated tumor susceptibility. Normal tis-

sue from serrated tumor patients is not abundant in the literature,

as most studies focus on tumor tissues. Fortunately, a recent

study performed transcriptional profiling from mucosal biopsies

of non-tumor tissues from the right colons of serrated tumor pa-

tients and control individuals (Delker et al., 2014; Kanth et al.,

2016). We queried these data to determine whether the differen-

tiation genes that were reduced in pre-neoplastic tissue of our

murine models (Figures 2F and 4F) are also reduced in the

normal epithelium of patients exhibiting one (sporadic) or multi-

ple (syndromic) serrated tumors. Interestingly, serrated cancer

patients exhibited significantly reduced expression of intestinal

differentiation genes in their normal tissues when compared to

control patients (Figure 7A). We next applied a k-clustering

approach to determine whether patients could be accurately

classified into tumor and normal subject groups based upon

changes in their stem and differentiation gene expression levels.

K-means clustering on 1,000 random gene panels of equal size

to our gene lists provides a baseline distribution of clustering ac-

curacies by chance alone (measured by Rand index [RI], median
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Figure 6. Elevated WNT Signaling May Restore Oncogenic Potential in Cdx2f/f;BRAFV600E/+ and Smad4f/f;BRAFV600E/+ Double Mutant Mice

(A) Transcriptome analysis of WNT signature genes (Van der Flier et al., 2007) indicates increased WNT target gene expression in the double mutant mice when

compared to BRAFV600E/+ mice (K-S test).

(B) Common intestinal WNT target genes are highlighted.

(C) Organoid cultures derived from BRAFV600E/+ crypts survive when treated with either WNT3A or the WNT-pathway agonist CHIR-98014.

(D) Immunohistochemistry of WNT targets CD44 and SOX9 show elevated levels in Cdx2f/f;BRAFV600E/+ and Smad4f/f;BRAFV600E/+ mutants compared to

BRAFV600E/+ mutants.

(E) Organoid cultures derived from compound mutant mice show sensitivity to WNT inhibitors. Table describes viability in days of mature organoids after

treatment with XAV-939 or IWP-2. Representative of 2 biological replicates and 3 technical replicates each. Scale bars, 50 mm.
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Figure 7. Differentiation Gene Expression Levels in Normal Tissues Corresponds to Serrated Tumor Susceptibility in Humans

(A) Non-tumor, right colon tissue from serrated tumor patients (n = 15) exhibit lower levels of differentiation-gene expression when compared to control patient

tissues (n = 10, K-S test).

(B) K-means clustering of patients into tumor and non-tumor classes is improved when combining intestinal stem (Muñoz et al., 2012) and differentiation cell

(Chong et al., 2009) gene sets that are differentially regulated in mouse models (performing in the top 2.5% of 1000 random gene lists of equivalent size) or by

either gene set individually (Figure S6).

(legend continued on next page)
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RI = 0.64) (Rand, 1971). Gene expression levels of stem and dif-

ferentiation genes were indeed a robust classifier for stratifying

patients into tumor and non-tumor groups when compared

against the clustering accuracy of random gene panels of equal

size (RI = 0.8, scoring in the top 2.5%) (Figure 7B; Table S2).

Notably, clustering was more accurate using the combined

gene list than either gene set alone (Figure S6). Thus, it appears

that the normal epithelium of serrated tumor patients has a shift

in the stem-differentiation homeostasis, as was observed in our

mouse models. Analysis of individual patient samples revealed

that normal patients had relatively higher expression levels of dif-

ferentiation genes in the right colon tissue when compared with

normal tissue from tumor patients (with patients bearing multiple

serrated lesions exhibiting the lowest levels of differentiation

gene expression)—further suggesting a correlation between tis-

sue differentiation and tumor susceptibility in humans (Figures

7C and 7D, Kruskal-Wallis test, p < 0.05). To corroborate these

findings, we scored a separate set of patients bearing hyper-

plastic polyps and sessile serrated adenomas for the protein

expression level of KRT20 in adjacent, non-tumor tissue (Fig-

ure 7D). Based on blind assessment of KRT20 stain intensity, tu-

mor-bearing patients exhibited a trend toward lower levels of this

differentiation marker (Figure 4E, Mann-Whitney U, p = 0.13362).

Reduced levels of transcripts for KRT20 were also observed

in the normal tissues of patients bearing serrated tumors

compared to controls (Figure 7F, ANOVA, p < 0.05). Taken

together, this study indicates that the human population exhibits

a range of differentiation, and an inverse correlation exists be-

tween the degree of differentiation and the propensity to develop

serrated tumors, echoing the findings in mice described above.

DISCUSSION

Despite the ample genomic characterization of BRAF-driven

tumors in human CRCs, few animal studies describe the

cellular mechanisms driving serrated tumor initiation. An initial

BRAFV600E tumorigenesis model recapitulated some character-

istics of human serrated tumors, but mice died prematurely due

to several tumors that developed outside the intestine (Carragher

et al., 2010). In that study, conditional activation of BRAFV600E in

the small intestine resulted in induction of senescence, while

tumorigenesis required repression of senescence (Carragher

et al., 2010; Kriegl et al., 2011). In contrast, other mouse models

of BRAF activation have not found evidence of senescence or

apoptosis in the intestine (Rad et al., 2013; Riemer et al., 2015).

To better understand the magnitude of MAPK signal influence

in CRC initiation, we employed both BRAFV600E heterozygous

and homozygous mutants, targeted at the endogenous locus,

and initiated in the adult epithelium. Our allelic series revealed

that a single allele of mutant BRAF expression is tolerated in the

epithelium, but higher levels of MAPK signaling are not tolerated
(C) Patients exhibit a range of differentiation gene expression, with serrated canc

p < 0.05). Box and whisker plots of the 5-95th percentile.

(D) Human tissue samples assessed for differentiation marker KRT20 stain inten

(E) Adjacent normal tissue of serrated tumor patients exhibits a trend toward redu

(F) KRT20 transcript levels in normal tissue is lower in serrated tumor patients w

50 mm.

3842 Cell Reports 21, 3833–3845, December 26, 2017
and trigger activation of p21 expression. Together, these results

are in agreement with the observed mutual exclusivity of BRAF

and KRAS in CRC (Cancer Genome Atlas, 2012; Unni et al.,

2015). We propose a model in which only a narrow window of

MAPK pathway activity is oncogenic: excessive and early

MAPKpathway activation is not tolerated by individual stem cells

under normal conditions (such as in BrafV600E; Lgr5-CreERT2),

whereas baseline MAPK levels are not sufficient to promote

oncogenesis (such as in control mice). Our work shows that

altering the pre-existing differentiation status of a tissue is one

factor that modulates tissue tolerance to BRAF activity, essen-

tially expanding the ‘‘sweet spot’’ at which BRAF-driven onco-

genesis can occur. Thus, individuals with lower levels of tissue

differentiation (whether due to genetic or environmental factors)

would have stem cells that are more tolerant to MAPK-activity

spikes and are more susceptible to serrated tumorigenesis.

Given that activating mutations of the MAPK pathway drive

serrated tumorigenesis in up to 30%of CRC, it is counterintuitive

that this pathway would promote differentiation under normal

conditions. In our study, stem cells were resistant to retaining

oncogenic BRAFV600E, unless differentiation-promoting factors

were diminished or deleted. These findings suggest the inter-

esting possibility that tissue-resident stem cells evolved a de-

fensemechanism to differentiate in response to oncogenic levels

of signaling. This strategy would be particularly appealing in re-

newing tissues such as the colon, in which all non-stem cell lin-

eages are immediately fated to death as they transit toward the

lumen, where theywill ultimately be expelled from the epithelium.

The mechanism through which BRAFV600E triggers stem cell dif-

ferentiation is unclear, and whether differentiation is a cause,

consequence, or unrelated to p21 activation is also uncertain.

Future studies unraveling these mechanisms could provide

new opportunities for chemosuppression.

Finally, we show that a normal tissue biopsy can be screened

for gene signatures of stem-to-differentiation homeostasis, and

this signature canhelp classify serrated tumorpatients versusun-

affected individuals. We therefore suggest the possibility that an

otherwise healthy mucosa contains a predictive signature for

serrated tumor susceptibility. The observation that differentiation

status of the human transcriptome is correlated with serrated

tumor susceptibility offers exciting opportunities to determine

whether gene expression signatures could serve as diagnostics

to direct screening practices and whether chemoprevention or

dietary strategies could be calibrated to promote amore differen-

tiated epithelium in patients at increased susceptibility to SSA.
EXPERIMENTAL PROCEDURES

Animals and Tissue Processing

Animal experiments were conducted in accordance with Rutgers University

IACUC. Mice strains are listed in Table S1. Mice 6 weeks of age were treated
er patients exhibiting lower levels of intestinal differentiation genes (K-W test,

sity.

ced stain intensity relative to non-tumor patients (Mann-Whitney, p = 0.13362).

hen compared to non-tumor patient samples (ANOVA, p < 0.05). Scale bars,



with intraperitoneal injection of tamoxifen (1 mg/20 g), for 4 consecutive days.

Bothmales and females were used in equal consideration and littermates were

used when available for matched experimental sets. Day 1 is considered the

onset of treatment, and most animals were investigated at day 5 or at the indi-

cated time point. Mouse intestines were collected and fixed in 4% paraformal-

dehyde solution overnight at 4�C, and paraffin sections (5 mm)were generated.

For cryo-embedding, the proximal one-third of duodenum was fixed in 4%

(v/v) paraformaldehyde overnight at 4�C,washed in cold PBS, and equilibrated

in 30% (w/v) sucrose before freezing in OCT compound (catalog no. 4583;

Tissue-Tek).

Immunohistochemistry

Slides were treated with 10 mM sodium citrate, and a pressure cooker was

used for antigen retrieval. Slides were quenched in 0.5% peroxidase for

20 min, washed, permeabilized in 5% Triton X-100 (in 13 PBS) for 5 min,

blocked in 5% FBS for 1 hr, and incubated overnight at 4�C with primary

antibodies (Table S3). Slides were developed using 0.05% DAB and

0.015% hydrogen peroxide in 0.1 M Tris, after employing secondary antibody

and the ABC Vectastain HRP Kit (Vector Labs), and counterstained with

hematoxylin.

Immunofluorescence

10-mm sections of cryo-embedded tissues were examined by direct fluores-

cence for EGFP expression in Lgr5+ stem cells and DAPI for nuclei. Zeiss

Axiovert 200M was used for fluorescence microscopy using Retiga-SRV

CCD (Q-Imaging). Adjustments to contrast and sharpness, when made,

were applied to all images using ImageJ (NIH).

Histochemistry and Scoring

Alkaline phosphatase activity was carried out using the AP Staining Kit II

(Stemgent). To detect mucin, rehydrated slides were immersed in 1% Alcian

blue solution in 3% aqueous acetic acid (pH 2.5) followed by neutral red

counterstain.

Microscopic tumors were quantified based on proliferation markers and

morphology, exploring the same tissue space in each mouse, from Swiss

roll sections containing the entire gut length. Ki67 staining facilitated identifica-

tion of these lesions. Dysplasia included regions exhibiting proliferation ¼

of the way above the crypts and higher with major morphological changes

including atypical branching or hypervesicular mucinous cells. Carcinomas

were classified based on an invasive phenotype with a definite morphologic

change in the cells as well as a disturbance of the muscle layer in which pro-

liferation spread past the normal epithelial boundary.

Organoid Forming Assays

Crypt-derived organoids were isolated from duodenum and cultured in Cultrex

reduced growth factor matrix R1 (Trevigen) according to established methods

(Sato et al., 2009). An average of 100 crypts per biological replicate were

seeded in 12.5 mL of matrix with basic crypt media (BCM): advanced

DMEM/F12 (GIBCO), 13 penicillin/streptomycin, 2 mM glutamax,10 mM

HEPES (Life Technologies) supplemented with 50 ng mL-1EGF (R&D),

100 ng mL-1 Noggin (Peprotech), N-acetyl-l-cysteine 1 mM (Sigma-Aldrich),

R-Spondin CM 2.5% (v/v), 13 N2, 13 B27 (both from Life Technologies).

For rescue experiments of BRAFV600E/+ organoids, growth media was supple-

mented with 3 mMCHIR99021 (Stemgent) or Wnt3a-conditioned media (Willert

et al., 2003) at 50% (v/v). For WNT inhibition experiments, duodenal crypts

were embedded in matrix and passaged after 7 days with 13 TrypLE (GIBCO).

Mature organoids were treated with IWP-2, XAV-939 (Tocris), or DMSO vehicle

dissolved in complete growth media and changed every 2 days. Organoids

were imaged using an AxioVert 200M inverted microscope (Zeiss) with a

Retiga-SRV CCD (QImaging).

Cell Culture

Wnt3A-conditioned medium was produced using Wnt3A-expressing L cells

(ATCC) cultured in advanced DMEMF/12 supplemented with 10% fetal bovine

serum, 2mMGlutaMAX-I, and 10mMHEPES (Life Technologies) as previously

described (Farin et al., 2016; Willert et al., 2003).
BRAFV600E Recombination Assay

PCR was conducted on isolated intestinal crypt DNA using the primers previ-

ously described (Dankort et al., 2007) to resolve wild-type, mutant, and recom-

bined alleles.

Human Colon Tissue KRT20 Analysis

The human study was approved by University Medical Center of Princeton

IRB. Immunohistochemical studies on the de-identified normal (n = 10), HPP

(n = 10), and SSA (n = 10) used human tissues fixed in 10% neutral formalin

and cut to 4 mm at a College of American Pathologists-accredited histology

lab. Slides were stained for KRT20 as described above. Non-tumor tissue

adjacent to the lesions (HPP or SSA) were imaged and assigned a randomly

generated number (1–30). 6 coauthors independently scored KRT20 stain

intensity (‘‘light’’ = 1, ‘‘medium’’ = 2, ‘‘dark’’ = 3) in a blinded fashion. The

sumof the 6 scores of each sample was used as the sample’s composite score

for statistical analyses. Mann-Whitney U (Wilcoxon rank-sum) was used to

determine the difference in KRT20 stain intensity.

RNA Sequencing Data Analysis

Mouse intestinal crypts were isolated and processed for RNA using Trizol and

sequenced using Illumina’s TruSeq RNA Library Prep kit v2 RNA reads were

aligned using TopHat2 (v2.1.0). All files were run together using CuffNorm

(v2.2.1) using default settings (geometric normalization) (Langmead and Salz-

berg, 2012; Trapnell et al., 2010). For GSEA analysis, genes were pre-ranked

based on signal-to-noise values, as described (Subramanian et al., 2005).

Human data comprising RNA sequencing (RNA-seq) from 25 right colon

samples (10 control patients, 10 sporadic SSA tumor patients, and 5 syndromic

tumor patients) was derived from non-tumor tissue (Delker et al., 2014; Kanth

et al., 2016) (GSE76987). Fragments per kilobase million (FPKM) table was

normalized by fold change to the average of the 10 control patient FPKMvalues

for each gene. Specific genes associated with intestinal stem cell and differen-

tiation gene signatures were selected and plotted in R (Chong et al., 2009;

Muñoz et al., 2012). Kruskal-Wallis test was performed to determine significant

differences between the control, sporadic, and syndromic patients overall.

Differentiation signature genes (Chong et al., 2009) and stem cell signature

genes (Muñoz et al., 2012) that were represented on the human RNA-seq

FPKM table (GSE76987) (Delker et al., 2014; Kanth et al., 2016) were combined

(Table S2), and k-means clustering was performed in R. K-means clustering

was performed (clustering of 2) in R, and clustering accuracy was determined

using Rand index (RI) (Rand, 1971), RI = (TP + TN)/(TP + TN + FP + FN).

Random gene sets, comprised of an equivalent number of unique genes to

our defined gene lists, were selected to establish the ability of random classi-

fiers to stratify patients and applied 1,000 times. Distribution frequencies were

plotted using 0.1 bin sizes.

Statistical Analyses Performed

Student’s t test was used as part of our mouse RNA-seq analyses, Mann-

Whitney test was used on blind assessment of human tissue samples, Kruskal

Wallis test was used as part of our human RNA-seq data analysis, and Kolmo-

gorov-Smirnov (K-S) test was used on GSEA.

DATA AND SOFTWARE AVAILABILITY

The accession numbers for the RNA-seq files reported in this paper are GEO:

GSE106330 and GSE102171. The accession number for the human RNA-seq

samples reported in this paper is GEO: GSE76987.
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FIGURE S6

Figure S6. K-means clustering of human patient transcriptomes, based upon Intestinal Stem Cell and 
Differentiation Gene sets, Related to Figure 7. 
K-means clustering of non-tumor, ascending colon tissue from serrated tumor patients (n=15) and control 
patient tissue (n=10) using intestinal stem (Munoz et al., 2012) and differentiated cell (Chong et al., 2009) gene 
sets that are also differentially regulated in mouse models (See Figures 1-2), relative to 1000 random gene sets 
of equivalent size (see Table S2, Figure 7). Neither the stem cell gene set (RI = 0.60), nor the differentiated cell 
gene set (RI = 0.76) performed as well as the combined gene set in clustering accuracy (Figure 7).



Table S1. Table of transgenic alleles used in this study, Related to Figures 1-6 and 
Methods. 
 

Allele Reference 
Mouse: BRAFV600E Dankfort et al., 2007 
Mouse: Cdx2f Verzi et al., 2012 
Mouse: Lgr5-EGFP-IRES-CreERT2 Barker et al., 2007 
Mouse: Smad4f Yang et al., 2002 
Mouse: Villin-CreERT2 el Marjou et al., 2004 
Mouse: β-cateninExon3f/+ Harada et al., 1999 
 



Table S3. Antibodies Used in This Study, Related to Figures 1, 2, 4, 6, 7 and Methods.
Antigen Species Dilution Vendor Catalog Number

Ki67 Rabbit 1:300 Abcam ab16667, lot: GR52456-1
OLFM4 Rabbit 1:5000 Cell Signaling 39141S, lot: 1
SOX9 Rabbit 1:300 Millipore AB5535, lot: 2593867
CD44 Rat 1:300 BD 558739, lot: 5212970
CDX2 Rabbit 1:300 Cell Signaling 12306S, lot: 1
CC3 Rabbit 1:200 Cell Signaling 9661S

Lysozyme Rabbit 1:2000 Dako A00999
KRT20 Rabbit 1:2700 Cell Signaling 13063, lot:1
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