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Inflammatory bowel disease (IBD) is a chronic illness caused by complex interactions between genetic and 
environmental factors that propagate inflammation and damage to the gastrointestinal epithelium. This state 
of chronic inflammation increases the risk for development of colitis-associated cancer in IBD patients. Thus, 
the development of targeted therapeutics that can disrupt the cycle of inflammation and epithelial injury 
is highly attractive. However, such biological therapies, including those targeting epidermal growth factor 
receptor pathways, pose a risk of increasing cancer rates. Using two mouse models of colitis-associated cancer, 
we found that epidermal growth factor receptor inactivation accelerated the incidence and progression of col-
orectal tumors. By modulating inflammation and epithelial regeneration, epidermal growth factor receptor 
optimized the response to chronic inflammation and limited subsequent tumorigenesis. These findings pro-
vide important insights into the pathogenesis of colitis-associated cancer and suggest that epidermal growth 
factor–based therapies for IBD may reduce long-term cancer risk.

Introduction
Inflammatory bowel disease (IBD) is a major risk factor for col-
orectal cancer, so-called colitis-associated cancer (CAC), with 
increased tumor incidence and severity in ulcerative colitis and 
Crohn’s disease (1–6). Thus, in developing therapies for IBD, not 
only the benefits for disease remission, but also the tumorigenic 
potential of such treatments must be considered. Indeed, this is a 
major concern for biological therapies, including those involving 
EGF or EGFR (ErbB1).

EGFR is a receptor tyrosine kinase that regulates multiple 
aspects of colon epithelial homeostasis, including proliferation, 
cell survival, wound closure, barrier function, and ion trans-
port in order to optimize responses to injury (7–18). Within the 
colon, EGFR is expressed mainly on the basolateral aspect of 
all epithelial cells and, to a lesser extent, in subepithelial myofi-
broblasts and monocytic cells (19–21); however, the functional 
significance for EGFR in these latter two cell populations is 
unclear either in the normal or inflamed colon. Production of 
EGF, the prototypical EGFR ligand, is restricted to submandib-
ular glands and Brunner’s glands in the normal gastrointestinal 
tract (22, 23); however, in response to injury, the formation of 
ulcer-associated epithelial cell lineages may provide a localized 
source for EGF production in all regions of the gastrointesti-
nal tract (24). The luminal release by these glands suggests that 
exocrine EGF only activates basolateral EGFR following epithe-
lial injury and may therefore represent a so-called luminal sur-
veillance factor (19). Unlike exocrine EGF, other EGFR ligands 
(TGF-α, heparin-binding EGF, amphiregulin) are more widely 
distributed throughout the colon and are expressed by epithelial 
cells and myofibroblasts, suggesting that these ligands act in 
an autocrine or paracrine manner. This mode of signaling is of 
particular importance for EGFR transactivation by stimuli such 

as TNF, bacterial products, and TLR4 activation, which activate 
EGFR either by ligand release or intracellular signaling pathways 
(15, 18, 25); thus, these transactivation mechanisms constitute 
an important aspect of EGFR-mediated cytoprotection during 
inflammation. This emphasizes an underappreciated role for 
EGFR in regulating inflammatory outcomes, in particular dur-
ing colitis, in which epithelial homeostasis and inflammation 
are dysregulated. Indeed, EGFR is protective in murine colitis 
models (12, 17, 18), and, moreover, there is reduced EGFR sig-
naling in IBD patients (26, 27), suggesting that impaired EGFR 
may contribute to disease etiology.

Thus, EGFR-directed therapies represent an attractive approach 
for IBD, and a single clinical trial by Sinha et al. provided prom-
ising results demonstrating the ability of EGF to induce and 
maintain remission in ulcerative colitis (28). However, a major 
criticism of this approach is that EGFR activation might accel-
erate tumorigenesis (29). Indeed, EGFR is widely considered a 
tumor promoter; its expression or activation is increased in many 
colonic precancerous lesions and tumors (30–32), and EGFR 
is implicated in animal models of gastrointestinal tumorigen-
esis (25, 33–36). Moreover, EGFR monoclonal antibodies are 
approved for metastatic colorectal cancer treatment (cetuximab 
and panitumumab) (37). However, EGFR inhibition is not uni-
versally efficacious, and resistance to EGFR inhibition occurs in 
tumors with mutant BRAF or KRAS (37–40). Importantly, these 
mutations are common in tumors from ulcerative colitis patients 
(41, 42), suggesting possible widespread resistance to EGFR inhi-
bition in this population.

It is unclear how EGFR signaling might contribute to the eti-
ology or prognosis of tumorigenesis in CAC (Supplemental Fig-
ure 1; supplemental material available online with this article; 
doi:10.1172/JCI62888DS1). Clinical data suggest that disease 
severity and duration correlate with cancer risk in IBD; thus, 
treatment goals should focus on inducing mucosal healing and 
minimizing inflammation to prevent CAC (1–6). On one hand, 
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EGFR signaling may limit disease severity by minimizing injury 
and optimizing epithelial regeneration, and it may even regulate 
inflammatory outcomes. Indeed, according to data from animal 
studies and the short-term use of EGF enemas in ulcerative coli-
tis patients, EGFR-targeted therapies show such potential (12, 17, 
18, 28). However, given its association with tumorigenesis, EGFR 
activation may also potentiate the development or growth of sub-
sequent tumors. Thus, the important remaining question is how 
EGFR-targeted therapies for IBD influence long-term cancer risk.

Here, we tested the hypothesis that EGFR inhibition prevents 
colon tumor development during colitis in two mouse models of 
CAC (43–46). Paradoxically, we show that EGFR inactivation in 
these models not only exacerbated colitis, but also dramatically 
and unexpectedly increased colon tumorigenesis. These results 
demonstrate an EGFR-independent pathway for tumorigenesis in 
chronic colitis and uncover a paradoxical tumor-suppressing role 
for EGFR through mitigation of colitis severity, inflammation, 
and subsequent tumorigenesis.

Results
EGFR inhibits colitis in Il10–/– mice. EGFR regulates multiple epithe-
lial responses to injury; however, the role of EGFR in immune-
mediated colitis has not been examined. To address this, we used 
the clinically relevant Il10–/– model of spontaneous colitis (43–45, 
47), which resembles many aspects of human IBD (45) and is par-
ticularly relevant to the etiology of IBD in patients with IL-10 
signaling defects (48–51). Il10–/– mice were crossed to mice with 
a dominant-negative EGFR point mutation (Egfrwa5 mice, which 
show ~95% EGFR inhibition) (52) to test the hypothesis that 
EGFR inhibits colitis (Figure 1). Il10–/–Egfrwa5 mice presented with 
severe colitis by 8 weeks of age, which was apparent by histology 
and by increased colitis scores and colon weights (indicative of 
colitis-induced hyperplasia). By 12 weeks, colitis was evident by 
colonoscopy (Supplemental Figure 2). In Il10–/–Egfrwa5 mice, colon 
weights continued to increase through 1 year of age, indicative of 
worsening colitis-induced hyperplasia. In contrast, compared with 
wild-type mice, Il10–/– mice did not show any histologic or colono-

Figure 1
EGFR mitigates colitis in Il10–/– mice. Colitis scores (A) and colon weights (B) of Il10–/– and Il10–/–Egfrwa5 mice at the indicated ages; n = 6–15;  
*P < 0.05, ***P < 0.001. (C) In vivo colon permeability assay of Il10–/– and Il10–/–Egfrwa5 littermates at 4 weeks of age as determined by FITC-dextran 
enema; n = 3, *P < 0.05. (D–I) Representative H&E colon sections from mice of the indicated genotypes and ages. Scale bars: 5 mm, overview 
insets; 100 μm, high-power fields.
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scopic evidence of colitis prior to 28 weeks. Colitis in Il10–/–Egfrwa5  
mice was characterized by extreme epithelial hyperplasia and 
dysplasia, with increased inflammatory infiltrates and crypt 
abscesses. Indeed, this colitis was so severe that Il10–/–Egfrwa5 mice 
had significantly lower survival compared with Il10–/– littermates 
(Figure 2). Upon necropsy, moribund Il10–/–Egfrwa5 mice presented 
with distended colons, occlusions, and loose fecal contents, sug-
gestive of advanced severe colitis. Thus, given higher mortality and 
early removal from this study, the data for Il10–/–Egfrwa5 mice at 
advanced ages (i.e., 28 and 52 weeks of age) likely underestimate 
the full penetrance of the colitis phenotype, given that those mice 
most severely affected succumbed before this age and are not 
included in the data presented herein. To determine the inflam-
matory characteristics underlying this phenotype, we examined 
the profile of inflammatory cells and cytokines in these colons. 
Although Il10–/–Egfrwa5 colons had increased inflammatory cell 
infiltration, the types of inflammatory cells present, expressed as 
a percentage of all cells, were not different from those in Il10–/–  
colons (Supplemental Figure 3). Furthermore, the profile of 
cytokines released by colon explants was not different between 
Il10–/– and Il10–/–Egfrwa5 specimens, 
with each showing a combination 
of Th1 and Th17, but not Th2, 
cytokines (Supplemental Figure 
4). We compared the expression of 
inflammation-related mRNA tran-
scripts from 14-week-old colons 
(Table 1) and found that EGFR 
inactivation in the Il10–/– back-
ground increased Tnf, Il6, Il17a, 
and Il21 expression, indeed indic-
ative of increased Th1 and patho-
genic Th17 responses. However, by 
28 weeks of age, these differences 
abated (Table 2), potentially due to 
decreased Il10–/–Egfrwa5 survival or 
disease progression in Il10–/– con-
trols. Thus, EGFR inactivation did 
not qualitatively alter the type of 
inflammation in Il10–/– colitis, but 

it certainly accelerated disease progression, with an early exacerba-
tion of cytokine production. Interestingly, there was no evidence 
of inflammation or colitis in Egfrwa5 mice (Table 1 and Supplemen-
tal Figure 5), even at 1 year of age (data not shown). However, since 
EGFR inactivation increased colon permeability on both the Il10+/+ 
and Il10–/– backgrounds (Figure 1C and Supplemental Figure 5, E 
and F), this suggests that an inherent permeability defect acceler-
ated colitis in Il10–/–Egfrwa5 mice, consistent with the hypothesis 
that increased access to luminal antigens drives inflammation 
in this model (53). Given that we found no evidence of abnormal 
tight junction structure in the Egfrwa5 colon epithelium by electron 
microscopy or distribution of the tight junction proteins ZO-1 
and occludin (data not shown), this Egfrwa5 permeability defect 
likely relates to impaired physiological wound healing versus a 
tight junction defect per se. Increased colon Il10 mRNA expression 
and a trend toward increased Foxp3 expression in Egfrwa5 compared 
with wild-type mice (Table 1) suggest that protective tolerogenic 
mechanisms exist to prevent inflammation in spite of increased 
permeability; indeed, a similar mechanism has been postulated 
following targeted tight junction disruption (54). In contrast, 
the lack of IL-10–regulated immunoregulation in combination 
with increased permeability in Il10–/–Egfrwa5 mice likely accelerated 
Il10–/–-associated colitis, without altering the type of subsequent 
inflammation. To confirm an inhibitory role of EGFR in Il10–/– 
colitis, we employed an additional EGFR loss-of-function reces-
sive mutation (Egfrwa2/wa2, ~80% EGFR inhibition) (55). As with the 
EGFRwa5 crosses, Il10–/–Egfrwa2/wa2 mice displayed a similar accelera-
tion of colitis versus controls (Supplemental Figure 6).

We next examined epithelial responses upon EGFR inactiva-
tion, under normal conditions and during Il10–/–-induced colitis 
(Figure 3). Despite a well-recognized role for EGFR in inducing 
proliferation, the loss of EGFR signaling in Il10–/–Egfrwa5 mice 
actually increased epithelial proliferation, as shown by the active 
cell cycle marker Ki-67 and the metaphase marker phosphorylated 
histone H3 (pH-H3). Indeed, this hyperproliferation was so dra-
matic that in several cases, proliferating surface epithelial cells 
could be readily identified, whereas epithelial proliferation in 
control Il10–/– mice was always confined to the crypt base. We 
confirmed that these pH-H3+ cells were in metaphase by dual 
immunofluorescence staining for tubulin, a component of the 

Figure 2
EGFR increases survival in Il10–/– mice. Kaplan-Meier survival curves 
for Il10–/– and Il10–/–Egfrwa5 mice were compared by the log-rank test.

Table 1
Cytokine gene expression profile for 14-week-old colon tissue

 Egfr+/+ Egfrwa5 P Il10–/– Il10–/–Egfrwa5 P
Ifng 0.013 ± 0.004 0.013 ± 0.004 0.98 1.0 ± 0.8 0.8 ± 0.2 0.78
Il6 0.033 ± 0.008 0.022 ± 0.004 0.30 1.0 ± 0.4 6.9 ± 2.7 0.049
Il10 1.0 ± 0.3 2.0 ± 0.3 0.048 n.d. n.d. 
Il17a 0.002 ± 0.001 0.002 ± 0.001 0.66 1.0 ± 0.6 10.1 ± 3.4 0.018
Il21 0.26 ± 0.24 0.20 ± 0.07 0.82 1.0 ± 0.4 7.2 ± 1.1 0.0001
Il23a 0.022 ± 0.004 0.017 ± 0.006 0.46 1.0 ± 0.3 0.6 ± 0.1 0.26
Tgfb1 0.014 ± 0.001 0.016 ± 0.004 0.76 1.0 ± 0.2 0.9 ± 0.2 0.60
Tnf 0.3 ± 0.1 0.3 ± 0.1 0.96 1.0 ± 0.4 6.4 ± 2.0 0.013
Foxp3 0.03 ± 0.03 0.11 ± 0.03 0.11 1.0 ± 0.4 2.3 ± 0.6 0.066
Gata3 0.4 ± 0.1 0.5 ± 0.1 0.29 1.0 ± 0.3 3.1 ± 0.6 0.009
Tbet 0.05 ± 0.01 0.12 ± 0.06 0.29 1.0 ± 0.5 1.0 ± 0.4 0.96
Egfr 2.1 ± 0.2 1.4 ± 0.4 0.13 1.0 ± 0.1 3.3 ± 0.8 0.010

Tissue mRNA transcripts were quantified by real-time RT-PCR and normalized to Actb. Data are presented 
relative to Il10–/– values, except Il10 transcripts, which are presented relative to wild-type values; n.d. not 
determined, n = 4–9. Significant values are indicated in boldface.
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mitotic spindle apparatus, in which pH-H3+ cells undergoing 
cytokinesis were readily apparent (Supplemental Figure 7A). Sim-
ilar results were confirmed with in vivo BrdU labeling (representa-
tive figure in Supplemental Figure 7B). In contrast, EGFR inacti-
vation in the absence of inflammation (Egfrwa5 vs. wild-type mice) 
reduced epithelial proliferation, although this effect was rather 
modest. Thus, rather than limiting epithelial proliferation in  
Il10–/– colitis, EGFR inactivation exacerbated this feature. There-
fore, EGFR-induced proliferation is not likely the primary driver 
of the hyperproliferative response in Il10–/– colitis; alternatively, 
multiple cytokines might induce this response (e.g., TNF; ref. 56).  
In contrast, EGFR inactivation increased epithelial apoptosis, 
both with and without inflammation; nonetheless, this effect 
was greater during colitis (i.e., 450% ± 50% increase in the Il10–/– 
background vs. 280% ± 20% increase in the Il10+/+ background). 
Interestingly, EGFR inactivation also increased the number of 
epithelial cells with signs of DNA damage (phospho–histone 
H2AX–positive) (57), both under normal conditions and during 
Il10–/––induced inflammation, suggesting that EGFR signaling 
may reduce epithelial DNA damage or limit the production of 
genotoxic mediators in the colon. Thus, EGFR increases epithe-
lial cell survival and limits DNA damage during inflammation, 
while preventing epithelial hyperproliferation; taken together, 
these effects on epithelial biology are likely mechanisms involved 
in the protective effects of EGFR in chronic colitis. Indeed, EGFR 
inactivation in Il10–/–Egfrwa5 mice induced dramatic epithelial 
alterations, resulting in extensive dysplasia, suggesting that loss 
of EGFR might actually promote tumorigenesis in this model.

EGFR inhibits Il10–/– tumorigenesis. EGFR may play differential 
roles in CAC by either inducing colitis remission or promoting the 
development or progression of subsequent colorectal adenocarci-
nomas. Thus, we determined how EGFR inactivation influenced 
tumor development in the Il10–/– model. Although EGFR inacti-
vation worsened colitis, we were surprised that it also exacerbated 
the incidence and progression of colon tumors (Figure 4). In this 
model, the resulting adenomas were elevated plaque-like lesions 
arising in a background of mucosal hyperplasia and inflamma-
tion. They were distinguished from hyperplasia by greater crowd-
ing and architectural complexity of crypts, with nuclear features 
of low-grade dysplasia, similar to the mucosal changes overlying 
invasive tumors. Further tumor progression was also evidenced 

by the presence of adenocarcinomas, identified by invasion of the 
submucosa or deeper tissues. By 14 weeks of age, loss of EGFR 
signaling increased both tumor incidence and progression, with 
18% of Il10–/–Egfrwa5 mice possessing adenocarcinomas invasive 
into the submucosa. This effect worsened with age, leading to 
increased tumor incidence and depth of invasion; indeed, by  
1 year of age, Il10–/–Egfrwa5 mice had a greater number of gross 
colon tumors (Figure 4B; no tumors were obvious at a macro-
scopic level at earlier time points examined), and one Il10–/–Egfrwa5 
mouse even presented with an adenocarcinoma invasive through 
the serosa into the perirectal fat (Figure 4I). In contrast, Il10–/– litt-
ermates did not demonstrate any microscopic evidence of invasive 
tumors at time points prior to 1 year of age (the incidence [% of 
mice with invasive adenocarcinoma] in Il10–/– versus Il10–/–Egfrwa5 
mice was: at 8 weeks 0; 14 weeks: 0 versus 18; 28 weeks: 0 versus 
67; 52 weeks: 70 versus 100). Thus, EGFR inactivation in Il10–/– 
mice increased the incidence and accelerated the progression of 
colorectal tumors. After formation, tumors in both Il10–/– and 
Il10–/–Egfrwa5 mice appeared similar, both presenting as flat, non
-polypoid adenomas or adenocarcinomas; however, these tumors 
nonetheless occurred earlier and were more numerous and aggres-
sive in Il10–/–Egfrwa5 mice. To determine whether these tumors 
were particular to Il10–/–Egfrwa5 crosses, we also examined tumor 
formation in Il10–/–Egfrwa2/wa2 crosses (Supplemental Figure 6).  
These mice had increased tumor progression scores at 14 weeks  
of age, albeit to a lesser extent than those observed with Egfrwa5 
crosses, potentially due to a lower level of EGFR inhibition with 
this mutation. Nevertheless, these data uncover a surprising 
tumor-suppressing role for EGFR in Il10–/– colitis.

EGFR inhibits AOM/DSS tumorigenesis. The Il10–/– CAC model is 
informative, given the presence of IL-10 signaling defects in IBD 
patients (48–51) and the similarities of this model to IBD with 
spontaneous tumor formation (44, 45). Nevertheless, to rule out 
idiosyncrasies of Il10–/– mice and to determine whether these find-
ings were more widely applicable to CAC, we also tested whether 
EGFR inactivation accelerated tumorigenesis in an azoxymethane/
DSS (AOM/DSS) model (46), in which wild-type or Egfrwa5 mice 
received a single injection of the carcinogen AOM, followed by one 
round of DSS-induced colitis. Interestingly, EGFR inactivation did 
not affect the incidence of AOM/DSS-induced tumor formation 
(Figure 5A), but it significantly increased tumor progression (Fig-
ure 5B). Indeed, 40% of AOM/DSS-treated Egfrwa5 mice had inva-
sive adenocarcinomas, while tumor invasion was not observed in 
wild-type mice, in which the tumors maintained a non-invasive 
polypoid structure. Moreover, colitis was worsened by EGFR inac-
tivation, with a 44% mortality rate among Egfrwa5 mice during DSS 
administration, whereas no wild-type mice died during this period. 
These data differ from those of Dougherty et al., who showed that 
EGFR inactivation (Egfrwa2/wa2) reduced tumorigenesis following 
AOM/DSS, albeit only in the setting of diet-induced obesity (34). 
However, their conclusions are complicated by their use of mice on 
a mixed A/J × C57BL/6 background, since A/J mice are exquisitely 
susceptible to AOM-induced colon tumorigenesis, even without 
an inflammatory stimulus (58). Nevertheless, this is intriguing 
given the associations between obesity and colorectal cancer (59), 
suggesting that lifestyle and genetic factors, in addition to inflam-
mation, may alter the role of EGFR in colorectal tumorigenesis. 
While EGFR inactivation did not affect tumor incidence in our 
AOM/DSS study (Figure 5A), this likely occurred due to similar 
AOM-induced tumor initiation; since DSS-induced inflammation 

Table 2
Cytokine gene expression profile for 28-week-old colon tissue

 Il10–/– Il10–/–Egfrwa5 P
Ifng 1.0 ± 0.2 1.6 ± 0.4 0.18
Il6 1.0 ± 0.2 5.9 ± 2.9 0.12
Il17a 1.0 ± 0.4 0.5 ± 0.1 0.28
Il21 1.0 ± 0.3 1.5 ± 0.4 0.42
Il23a 1.0 ± 0.3 0.9 ± 0.1 0.68
Tgfb1 1.0 ± 0.1 0.9 ± 0.1 0.66
Tnf 1.0 ± 0.2 0.9 ± 0.2 0.76
Foxp3 1.0 ± 0.1 1.0 ± 0.1 0.92
Gata3 1.0 ± 0.3 1.5 ± 0.2 0.20
Tbet 1.0 ± 0.3 0.7 ± 0.1 0.26
Egfr 1.0 ± 0.2 0.9 ± 0.02 0.64

Tissue mRNA transcripts were quantified by real-time RT-PCR and nor-
malized to Actb. Data are presented relative to Il10–/– values; n = 6.
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Figure 3
EGFR inhibition exacerbates epithelial cell proliferation, apoptosis, and DNA damage in Il10–/– colitis. (A and B) Quantification of epithelial (A) 
proliferation (Ki-67) and (B) metaphase indices (pH-H3); n = 9–15; *P < 0.05, **P < 0.01, ***P < 0.001. Representative images of 8-week-old mice 
are shown; scale bars: 50 μm. Cells positive for pH-H3 are indicated with arrowheads. (C) Quantification of apoptosis (TUNEL); n = 3; **P < 0.001. 
Representative images of 14-week-old mice are shown; scale bars: 100 μm; arrows indicate TUNEL-positive epithelial cells. (D) Quantification 
of DNA damage (phospho–histone H2AX [pH-H2AX]); n = 3–6; **P < 0.01, ***P < 0.001. Representative images of 8-week-old mice are shown; 
scale bars: 100 μm; arrows indicate positive epithelial cells.
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provides a second “hit” in this model, the increased tumor pro-
gression in Egfrwa5 mice (Figure 5B) likely occurred in response to 
subsequent exaggerated inflammation and dysregulated epithe-
lial regeneration. In contrast, in the Il10–/– model, tumor initiation 
and promotion both are driven by inflammation, thus accounting 
for increased tumor formation and progression in Il10–/–Egfrwa5 
mice. Importantly, AOM/DSS tumors were histologically dis-
tinct from those in Il10–/– mice; whereas AOM/DSS tumors were 
polypoid, Il10–/– tumors were invariably flat adenomas, which are 
more similar to those observed in CAC patients (60, 61). Moreover, 
the Il10–/– data may be more applicable to tumorigenesis in IBD 
patients, since these tumors develop spontaneously without muta-
gen administration. Thus, EGFR inactivation increases tumor 
progression in two distinct models of CAC, each with a unique 
pathological presentation.

Molecular characteristics of CAC tumors. Colorectal tumors are hetero-
geneous and involve the dysregulation of multiple unique and/or  
overlapping pathways (62). EGFR inactivation increased the pro-
gression of both Il10–/– and AOM/DSS-induced tumors, despite 
a different presentation, suggesting that tumor suppression by 
EGFR during inflammation is not confined to a single tumor 
type. To understand the molecular characteristics of these tumors, 
we determined the signaling pathways activated in these diverse 
tumors (Figure 6). All tumors in the Il10–/– model, once formed, 
showed a high level of ERK1/2 (p42/44 MAPK) phosphorylation, 
irrespective of EGFR status, while none showed evidence of con-
stitutive Wnt signaling, such as nuclear β-catenin localization. In 
contrast, tumors from AOM/DSS-treated Egfrwa5 mice showed min-
imal ERK1/2 phosphorylation but a high level of nuclear β-catenin 
localization. Immunohistochemistry controls are shown in Sup-
plemental Figure 8. These data reveal constitutive ERK1/2 activa-
tion as a feature of Il10–/– colorectal tumors, indicating that these 

tumors are likely driven by MAPK pathway activation. In contrast, 
Il10–/– tumors were not associated with alterations in Wnt signal-
ing, whereas AOM/DSS tumors were likely driven by Wnt pathway 
activation, consistent with previous reports (63–66). This suggests 
that EGFR inactivation increases tumor progression across multi-
ple tumor types during inflammation, despite differential activa-
tion of either the MAPK or Wnt pathway. There is currently debate 
about whether there are aberrant signaling pathways specific to 
CAC versus sporadic colorectal adenocarcinoma (41, 42), and fur-
ther clinical studies are warranted to determine the molecular basis 
of these disparate tumor types. Nevertheless, we have identified 
ERK1/2 activation as a consistent molecular characteristic of Il10–/– 
colorectal tumors, suggesting a potential role for dysregulation of 
the MAPK pathway in CAC patients with chronic inflammation, 
which merits further investigation.

A novel tumorigenic Braf mutation. Since Il10–/– tumors showed 
ERK1/2 activation, irrespective of EGFR status, we determined 
the particular mutation driving this phenotype. We sequenced the 
DNA of genes involved in mouse tumor biology (Braf, Kras, and 
β-catenin) (63) from microdissected tumor, dysplastic, and nor-
mal histological tissues. All tumors from Il10–/– or Il10–/–Egfrwa5 
mice had a single point mutation in the Braf gene, encoding a Braf 
Q680H substitution (Figure 7A; equivalent to a Q609H muta-
tion in human BRAF, human numbering used henceforth). This 
mutation was not observed in histologically normal colon tissue 
or tail DNA but was detectable in some samples from dysplastic 
colon tissues, suggesting that this mutation is an early event in 
the initiation of dysplasia and subsequent tumorigenesis. While 
the earliest time point at which we examined tissue samples for 
this mutation was 28 weeks of age, we cannot rule out that this 
mutation occurred at earlier ages in pre-dysplastic tissue from 
either the Il10–/– or Il10–/–Egfrwa5 mice. Nevertheless, this muta-

Figure 4
EGFR is a colon tumor suppressor in Il10–/– mice. 
(A) Tumor scores quantifying the microscopic 
incidence and progression of adenomas and 
adenocarcinomas from Il10–/– and Il10–/–Egfrwa5  
mice at the indicated ages; n = 6–15; *P < 0.05,  
**P < 0.01. Scores indicate normal, 0; ade-
noma(s), 1–2; adenocarcinoma(s) with sub-
mucosal invasion, 3–4; adenocarcinoma(s) 
with muscularis invasion, 5–6; and adenocarci-
noma(s) with serosal invasion, 7–8, as in Sup-
plemental Table 2. (B) Macroscopic gross tumor 
counts from 1-year-old Il10–/– and Il10–/–Egfrwa5  
colons; n = 6–10; **P < 0.01. (C and D) Rep-
resentative H&E colon section from a single 
1-year-old Il10–/– and Il10–/–Egfrwa5 mouse; 
scale bars: 5 mm. (E–H) Representative H&E 
sections from different 1-year-old Il10–/–Egfrwa5 
colons showing dysplasia (E) and adenocarci-
nomas invasive into the submucosa (F), mus-
cularis propria (G), and perirectal fat (H); scale 
bars: 200 μm.
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tion was evident in all adenomas and adenocarcinomas exam-
ined. Since Il10–/–Egfrwa5 mice developed tumors much earlier than 
Il10–/– littermates, we conclude that this mutation also occurred 
earlier in these mice, presumably due to increased inflammation 
and oxidative stress. Indeed, in addition to increased inflam-
mation, Il10–/–Egfrwa5 mice also showed increased evidence of 
epithelial DNA damage at early ages (Figure 3D). In contrast, 
AOM/DSS-induced tumors from Egfrwa5 mice showed wild-type 
sequences for all genes examined, suggesting that this mutation is 
specific to the etiology of tumorigenesis in the Il10–/– model. This 
BRAF Q609H mutation has not been identified in human col-
orectal tumors, but has been reported in melanoma patients (67). 
Interestingly, the Q609H mutation is close to the BRAF muta-
tion commonly observed in human colorectal cancers (V600E), 
within a highly conserved region of the BRAF activation domain 
(Figure 7A). Whereas the V600E mutation is an activating muta-
tion that induces proliferation and suppresses apoptosis (68), the 
biochemical consequences of the Q609H mutation are unknown. 
To determine the functional significance of this mutation, we 
therefore generated mouse colon epithelial cell lines expressing 
vector, wild-type mouse Braf (Braf WT), or the Q609H or V600E 
mutations (Braf Q609H, Braf V600E) and determined the influence of 
these Braf mutations on basal ERK1/2 phosphorylation, prolif-
eration, and apoptosis (Figure 7, B–E). The Braf Q609H mutation 
increased basal ERK1/2 phosphorylation and proliferation and 
reduced basal apoptosis relative to Braf WT. These results were 
blocked with U0126, a MEK1/2 inhibitor. Furthermore, Braf Q609H 
cells were protected from apoptosis induced by TNF and IFN-γ. 
Therefore, this Braf Q609H mutation confers colon epithelial cells 
with the tumorigenic characteristics of proliferation and survival 
self-sufficiency, at least partially through a MEK1/2-dependent 
pathway. Furthermore, Braf Q609H was more effective than Braf V600E 
in altering these characteristics; although this difference might 
be specific to mouse Braf, it suggests that additional factors, such 
as activated Rac1b (68), may be required for Braf V600E to exert its 
full tumorigenic potential. Importantly, the V600E mutation is 
a major predictor of resistance to EGFR inhibition in colorectal 
cancer patients (37, 39); this Q609H mutation may represent a 
functional murine equivalent, given that Il10–/– tumors devel-
oped despite EGFR inactivation along with constitutive ERK1/2 
phosphorylation. While the Q609H mutation is of unclear direct 

significance for human colorectal cancer, these functional data 
are highly relevant to BRAFQ609H mutant human melanoma (67), 
and may represent a murine analog for studies of BRAFV600E 
mutant colorectal cancer. Thus, an important issue is to deter-
mine whether BRAF mutations are specifically involved in inflam-
mation-induced colorectal tumors in patients and, subsequently, 
how such mutations influence EGFR inhibitor efficacy. Indeed, 
activating BRAF mutations are known predictors for resistance 
to EGFR inhibitor–based chemotherapy. Moreover, BRAF inhib-
itors, such as vemurafenib (69), which was recently approved for 
treatment of metastatic melanoma, should be evaluated in clini-
cal trials of CAC patients with the BRAFV600E mutation.

Discussion
EGFR signaling plays a central role in the regulation of colon epi-
thelial biology and the response to injury and inflammation (Sup-
plemental Figure 1). We have now shown for the first time to our 
knowledge that EGFR dramatically slows disease progression in 
the mouse Il10–/– spontaneous colitis model, with important impli-
cations for preventing subsequent tumorigenesis. This effect of 
EGFR appears to be driven by optimizing epithelial regeneration, 
particularly by preventing pathogenic hyperproliferation, dyspla-
sia, and DNA damage and promoting cell survival. At the tissue 
level, these functions likely accelerate the rate of wound healing, 
thereby preventing epithelial barrier dysfunction and promoting 
the resolution of inflammatory injury. While the loss of EGFR sig-
naling alone induced slight barrier dysfunction, this was not suf-
ficient to induce colitis; however, the protective role of EGFR was 
readily apparent in the absence of IL-10–mediated immune toler-
ance. Interestingly, the increased Il10 mRNA expression in Egfrwa5 
mice suggests a relationship between EGFR and IL-10 in the regu-
lation of colon inflammation, which is particularly relevant given 
the recent appreciation of IL-10 signaling defects in subsets of IBD 
patients (48–51). In the absence of both EGFR and IL-10 signal-
ing, colitis was dramatically accelerated; this was associated with 
an early increase in the levels of Th1/Th17 cytokine expression, 
without altering the specific profile of those Th1/Th17 cytokines 
produced. This suggests that EGFR signaling does not directly 
influence the type of inflammation in colitis, but rather mitigates 
its initiation and/or progression. While an obvious explanation is 
that EGFR-regulated epithelial integrity prevents the activation of 

Figure 5
EGFR inhibition increases tumor progression in AOM/DSS-induced colitis. Macroscopic gross tumor counts (A) and microscopic tumor progres-
sion scores (B) from wild-type and Egfrwa5 mice in the AOM/DSS-induced CAC model; n = 5–9; *P < 0.05. Scores indicate normal, 0; low-grade 
dysplasia, 1; high-grade dysplasia, 2; and invasive adenocarcinoma, 3. Representative H&E sections showing low-grade (C) and high-grade (D) 
dysplasia in wild-type colons, and an invasive tumor (E) in an Egfrwa5 colon.
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immune responses to luminal antigen, we cannot rule 
out a role for EGFR in directly regulating immune rec-
ognition, particularly innate immunity, in epithelial or 
monocytic lineages in the colon. In addition to these 
effects on inflammation, Il10–/–Egfrwa5 mice showed a 
dramatic increase in colon tumor incidence and pro-
gression compared with Il10–/– mice. Furthermore, loss 
of EGFR signaling also increased tumor progression in 
the AOM/DSS model. Thus, colitis models present an 
unusual case in which EGFR actually acts as a tumor 
suppressor, likely through its effects of stimulating epi-
thelial regeneration and reducing inflammation.

Despite the promise of EGFR monoclonal antibod-
ies in treating colorectal cancer, clinical trials have not 
directly examined EGFR inhibition in CAC patients. 
Our current data would predict that EGFR inhibition 
would be ineffective in this population, either due to 
exacerbated inflammation driving tumorigenesis or 
due to inherent resistance to EGFR inhibition caused 
by inflammation-induced mutations, potentially in 
the MAPK pathway. Indeed, tumors with mutant BRAF 
or KRAS are associated with poor responses to EGFR 
inhibitor therapy (37–40). In the present study, the 
development and progression of Il10–/– tumors was 
greatly accelerated in the absence of EGFR signaling, 
suggesting that the identified BRAF mutation may 
preclude a role for EGFR in driving these tumors. Our 
data also suggest that EGFR signaling is important in 
colonic adaptive responses to injury and inflammation, 
involving optimization of epithelial responses and sub-
sequent inflammation. Thus, a tumor-suppressing 
role for EGFR in CAC may be secondary to its ability 
to attenuate colitis; in particular, this may involve a 
reduction in IL-6/gp130 and/or IL-21 signaling, since 
both are linked to CAC development (70–73) and the 
levels of these cytokines were dramatically increased 
with the loss of EGFR signaling. Nevertheless, we can-
not exclude a direct role for EGFR in inhibiting tumor 
development or growth in this model system. While a 
direct tumor-suppressing role for EGFR in CAC may 
seem counterintuitive, studies have identified similar 
roles for EGFR in other tumors. First, mammary and 
epidermoid tumor cells undergo growth arrest and 
apoptosis following EGF treatment (74, 75). Second, 
mutations that decrease EGFR expression in a subset of 
colon and gastric tumors are associated with increased 
tumor progression (76). Finally, activating EGFR muta-
tions in non–small cell lung cancer are associated with 

Figure 6
Mutually exclusive status of ERK1/2 phosphorylation and 
nuclear β-catenin in different mouse colon tumor models.  
Representative immunohistochemistry for dually 
phosphorylated ERK1/2 (T202/Y204 or T185/Y187) (A) and 
β-catenin (B) in colon neoplasms from mice of the indicated 
genotypes and treatment protocols. Colon polyps from ApcMin  
mice treated with DSS are shown as a positive control for 
nuclear β-catenin. Scale bars: 200 μm (low power) and 
10 μm (high power). Immunohistochemistry controls are 
shown in Supplemental Figure 8.
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decreased tumor recurrence following resection (77). These obser-
vations are consistent with the findings that EGF inhibits murine 
colonic epithelial cell proliferation in vivo (7) and that EGF is an 
ineffective trophic agent for the colonic mucosa under unchal-
lenged conditions (our unpublished observations). Interestingly, 
EGFR is required for Lgr5-positive intestinal epithelial stem cell 
growth in vitro (78). While deletion of the Apc gene in these stem 
cells is sufficient for intestinal tumorigenesis (79), the ability of 
EGFR to regulate these cells during injury, inflammation, or sub-
sequent tumorigenesis is unknown. Although Wnt signaling is 
constitutively active in Lgr5-positive epithelial stem cells (80), the 
Il10–/– tumors in the present study did not express nuclear β-cat-
enin; thus, we speculate that these tumors arise from a different 
Wnt-independent cell population, either committed epithelial 
progenitors or the normally quiescent Bmi1-positive intestinal 
epithelial stem cells that are activated upon injury (81, 82). Never-
theless, our finding that EGFR prevents aberrant epithelial prolif-
eration and tumorigenesis during colitis suggests a role for EGFR 
in regulating epithelial stem cell or progenitor cell populations 
during inflammation, which could be an additional mechanism 
by which EGFR regulates tumor biology.

Although the major site of EGFR expression in the colon is 
the epithelium, several lamina propria cell types also express 
EGFR, including myofibroblasts and monocytic lineages (i.e., 
macrophages and dendritic cells) (19–21). While the functional 
role for EGFR in these cells is relatively unknown, each cell type 
is involved in both inflammation and tumor biology, suggesting 
that EGFR regulation of these cells may contribute to protection 
from colitis and CAC. In the colon, myofibroblasts regulate epi-
thelial dynamics and inflammation and are a major stromal com-
ponent of gastrointestinal tumors (83), while macrophages and 
dendritic cells are both important regulators and mediators of 
inflammation and tumor biology. Although we did not observe 
any striking histological differences between the tumor stroma 

in the present study, the potential role of EGFR in regulating 
these cells is an intriguing possibility. An important question is 
therefore how EGFR may regulate myofibroblasts, macrophage 
recruitment/activation, or dendritic cell infiltration with respect 
to inflammation and/or tumorigenesis.

In conclusion, we have shown a paradoxical role for EGFR in 
inhibiting inflammation and tumorigenesis in mouse models 
of CAC. This emphasizes the need for a molecular approach to 
the individualized treatment of colorectal cancer (62); in partic-
ular, the determination of BRAF and KRAS mutational status 
during evaluation of CAC patients, especially when considering 
anti-EGFR therapy. Furthermore, we showed that EGFR sup-
presses tumorigenesis in chronic colitis by optimizing responses 
to chronic inflammation and reducing subsequent tumor ini-
tiation and progression. This suggests that EGFR-targeted 
therapies for colitis may not be associated with increased long-
term cancer risk, thereby providing an important rationale for 
renewed investigation of EGFR-based IBD therapies (28, 29). 
Further studies on the role of EGFR in the adaptive responses 
of the gastrointestinal tract to injury and inflammation will aid 
in the development of safer and more efficacious therapies for 
both IBD and CAC.

Methods
Chemicals and reagents. DSS (36–50 kDa) was from MP Biomedicals. AOM 
was from Wako. FITC-labeled dextran (3–5 kDa) and inulin were from 
Sigma-Aldrich. Recombinant murine EGF, IFN, and TNF were from Pepro-
tech. U0126 was from EMD Chemicals. Rat anti–Ki-67 was from Dako. 
Rabbit antibodies for pH-H3, phospho–histone H2AX, phospho-ERK1/2, 
and β-catenin and mouse antibody for total ERK1/2 were from Cell Signal-
ing Technology. Rabbit anti-BRAF was from Epitomics.

Animals. Wild-type (C57BL/6J), Il10–/–, Egfrwa2/wa2, and ApcMin/+ mice were 
from The Jackson Laboratory; Egfrwa5/+ mice were a gift from David Thread-
gill (University of North Carolina, Chapel Hill, North Carolina, USA). All 
mice were on a C57BL/6 background and housed under standard patho-
gen-free conditions. Il10–/– and Il10–/–Egfrwa2/+ littermates were used as 
controls for Il10–/–Egfrwa5 and Il10–/–Egfrwa2/wa2 mice, respectively. Where 
possible, experimental and control mice were housed together. Tail DNA 
was genotyped using the primers listed in Supplemental Table 3. PCR for 
Egfrwa2 genotyping was followed by FokI digestion (New England BioLabs).

AOM/DSS tumor model. Adult mice received a single injection of AOM 
(12.5 mg/kg, i.p.); 5 days later, mice were given a single round of DSS 
(3% w/v in drinking water) for 7 days. Mice were euthanized 65 days 
following DSS removal.

ApcMin/DSS tumor model. ApcMin/+ mice (5 weeks old) received a sin-
gle round of DSS (2% w/v in drinking water) for 1 week. Mice were 
euthanized at 10 weeks of age.

Tissue harvesting. After mice were euthanized, the entire cecum, colon, 
and rectum were removed, emptied of fecal contents, weighed, and 
opened longitudinally along the mesenteric border. Small longitudi-
nal slices of mid-colon were frozen for molecular analysis. Colons were 
either rolled from the distal to proximal end or laid flat, and then fixed 
in 10% neutral-buffered formalin. Following fixation, flat colons were 
stained with methylene blue and examined under a dissecting micro-
scope to quantify the gross tumors.

Histological scoring. H&E sections of the entire cecum to rectum were 
scored in a manner blinded to genotype and age/treatment. For the Il10–/–  
model, colitis scores were according to a previously published system 
(Supplemental Table 1) (45); tumor progression was scored based on the 
incidence and severity of adenomas and adenocarcinomas (Supplemental 

Figure 7
A novel tumorigenic Braf mutation in Il10–/– colon tumors. (A) Il10–/– 
and Il10–/–Egfrwa5 colon tumors have a single G→T point mutation in 
Braf encoding a Q609H substitution in the highly conserved activation 
domain (human numbering noted). The V600E mutation (*) is com-
monly observed in human colon cancer. (B–E) YAMC cells were stably 
transduced with the indicated Braf mutations. (B) BRAF expression in 
each line, as determined by in-cell Western; cell labeling with IRDye 800 
NHS ester was used as a loading control; n = 3. (C) Basal levels of ERK 
phosphorylation, as determined by in-cell Western; total ERK was used 
as a loading control; n = 6; NS, P > 0.05, *P < 0.05 versus BrafWT. (D) 
BrafQ609H increases unstimulated cellular proliferation. Proliferative rate 
was determined by EdU incorporation in cells treated for 24 hours with 
control medium, 10 μM U0126, or 10% fetal bovine serum. EdU incor-
poration was determined following a 2-hour pulse and quantified as the 
percentage of EdU-positive nuclei, and NuclearMask was used to stain 
nuclei; n = 6; NS, P > 0.05, ***P < 0.001 versus control-treated cells. 
Representative images of control BrafWT and BrafQ609H cells are shown. 
Original magnification, ×10. (E) BrafQ609H inhibits basal and TNF + IFN–
induced apoptosis. Apoptotic rate was determined by caspase-3 activ-
ity assay in cells treated for 5 hours with control medium, 10 μM U0126, 
or 100 ng/ml TNF + 200 U/ml IFN. Caspase-3 activity was determined 
in live cells and quantified by the degradation of a specific caspase-3 
substrate (CSP3); n = 3–6; NS, P > 0.05, **P < 0.01, ***P < 0.001  
versus control-treated cells. Representative images of control BrafWT 
and BrafQ609H caspase-3 degradation product are shown; DRAQ5 was 
used a DNA dye loading control.
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Generation of stable cell lines. Full-length mouse BRAF cDNA (IMAGE clone 
8327547) was obtained from Open Biosystems Products. Site-directed 
mutagenesis (QuikChange II XL, Agilent Technologies) was used to elim-
inate an internal EcoRI site and then to introduce the V600E or Q609H 
mutation (numbers refer to human amino acid sequence); all reactions were 
confirmed by sequencing. Following EcoRI digestion, BRAF constructs 
were transferred into a retroviral vector upstream of an internal ribosomal 
entry site, followed by a GFP reporter (LZRS-IRES-GFP; a gift from Albert 
Reynolds, Vanderbilt University, Nashville, Tennessee, USA) (84); correct 
orientation was confirmed by BglII digestion. BRAF constructs or empty 
vector were transfected into ecotropic packaging cells; conditionally immor-
talized young adult mouse colon epithelial (YAMC) cells (85) were subse-
quently infected with viral supernatants, and GFP-expressing cells were 
sorted to produce stable cell lines transduced with equivalent levels of virus 
(Children’s Hospital Los Angeles Flow Cytometry Core).

Cell line experiments. All experiments were conducted on YAMC cells 
transduced with vector or with wild-type, Q609H, or V600E Braf; experi-
ments were performed under non-permissive conditions (cells were main-
tained for at least 24 hours at 37°C in RPMI containing 0.1% FBS prior 
to treatment). Control medium consisted of RPMI containing 0.1% FBS, 
50 IU/ml penicillin, and 50 μg/ml streptomycin; vehicle (DMSO) was 
added to control medium for experiments involving U0126. BRAF expres-
sion and ERK1/2 phosphorylation were determined by In-Cell Western. 
Briefly, cells were fixed with paraformaldehyde (4% w/v) and permeabilized 
with Triton X-100 (0.1% w/v) prior to staining with either BRAF or phos-
pho-ERK1/2 and total ERK1/2 antibodies. Secondary antibody for BRAF 
and phospho-ERK1/2 was IRDye680-labeled goat anti-rabbit, and second-
ary antibody for total ERK1/2 was IRDye800-labeled donkey anti-mouse 
(LI-COR). IRDye800-NHS ester (LI-COR) was used to stain total cellular 
protein as a loading control for BRAF. Plates were imaged and quantified 
using an Odyssey Imager (LI-COR). Proliferation was determined by pulse 
labeling cells for 2 hours with 10 μM EdU and detection using the Click-
iT Alexa Fluor 555 kit (Life Technologies), according to the manufactur-
er’s instructions. Cells were imaged on an Axio Observer microscope (Carl 
Zeiss Microscopy), and the percentage of EdU-positive nuclei (Nuclear-
Mask-positive cells, Life Technologies) in 2 low-power fields (average of 
1,240 cells enumerated per sample) was quantified automatically using 
ImageJ software (http://rsb.info.nih.gov/ij/). Apoptosis was determined by 
an in-cell caspase-3 activity assay. Briefly, cells were incubated for 1 hour 
with a highly quenched caspase-3 peptide substrate (IRDye 800CW/QC-1 
CSP3, LI-COR) that fluoresces following caspase-3–mediated cleavage; flu-
orescent product was imaged and quantified on an Odyssey Imager with 
the DNA dye DRAQ5 used as a loading control (Biostatus Ltd.).

Statistics. All data are presented as mean ± SEM. Parametric methods 
(Student’s t test or ANOVA) were used for data sets that were non-categor-
ical and homoscedastic (as confirmed by Bartlett’s test). Non-parametric 
methods (Mann-Whitney U or Kruskal-Wallis test) were used for categori-
cal data sets (i.e., colitis scores and tumor scores), as well as with data that 
failed Bartlett’s test for equal variance. Kaplan-Meier survival curves were 
compared using the log-rank test. Statistical analyses were performed 
using GraphPad Prism (GraphPad Software Inc.).

Study approval. Procedures were approved by the Vanderbilt University 
and Children’s Hospital Los Angeles Institutional Animal Care and Use 
Committees.
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Table 2). Given the different morphological presentation of tumors in the 
AOM/DSS model, these sections were scored as normal, 0; low-grade dys-
plasia, 1; high-grade dysplasia, 2; or invasive adenocarcinoma, 3.

In vivo permeability measurement. To measure colon permeability, anes-
thetized mice were given an enema of FITC-dextran (0.1 ml total volume, 
100 mg/ml in saline) and maintained in an inverted position until plasma 
samples were collected 30 minutes later. To measure entire gastrointestinal 
tract permeability, fasted mice were gavaged with FITC-inulin (0.5 ml total 
volume, 20 mg/ml in saline); plasma samples were collected 4 hours later. 
Relative plasma fluorescence was measured in a fluorometer.

Real-time RT-PCR. cDNA was synthesized from total RNA isolated from 
whole-thickness colon samples and analyzed by real-time RT-PCR using 
the primers or the primer/probe sets indicated in Supplemental Table 5. 
For those transcript targets using primers alone, real-time PCR was per-
formed with iQ SYBR Green Supermix (Bio-Rad), whereas primer/probe 
reactions were performed with Maxima Probe qPCR master mix (Thermo 
Scientific). Primer/probe sets were obtained from Thermo Scientific 
(Solaris qPCR gene expression assays). Actin was used as an internal con-
trol for all samples, such that actin primers/SYBR green or actin primer/
probe sets were used to normalize primers/SYBR green or primer/probe 
transcript targets, respectively. Real-time PCR efficiency was determined 
by analysis of serial dilutions of colon cDNA.

Immunohistochemistry. All immunohistochemistry was performed on 
formalin-fixed, paraffin-embedded samples. Sections were de-waxed and 
rehydrated through a graded series of ethanol. Endogenous peroxidase 
was quenched by incubation in hydrogen peroxide (3% w/v in methanol for  
15 minutes). Antigen retrieval was performed by boiling in a pressure cooker 
for 10 minutes in either citrate buffer (10 mM citrate, 0.05% w/v Tween-20, 
pH 6, for Ki-67, pH-H3, phospho–histone H2AX, and β-catenin) or Tris-
EDTA buffer (1 mM Tris, 1 mM EDTA, 0.05% w/v Tween-20, pH 9, for phos-
pho-ERK1/2). Sections were blocked for 30 minutes with 10% normal goat 
serum (Life Technologies), prior to incubation with primary antibody for 
1.5 hours at room temperature (Ki-67) or overnight at 4°C (all others). Rab-
bit antibodies were detected using HRP-labeled anti-rabbit secondary anti-
body (Envision, Dako), and rat anti–Ki-67 was detected using biotinylated 
anti-rat secondary antibody (Vector Laboratories), followed by streptavid-
in-labeled HRP (Life Technologies). DAB (Sigmafast, Sigma-Aldrich) 
was used to develop signal, and hematoxylin was used as a counterstain. 
Immunohistochemistry controls are shown in Supplemental Figure 8.

Epithelial proliferation, apoptosis, and DNA damage. Proliferating epithelial 
cells were quantified by counting Ki-67–positive epithelial cells in one-half 
of at least 50 well-oriented crypts from the mid- and distal colon of each 
animal. Metaphase epithelial cells were quantified by counting pH-H3–
positive epithelial cells in at least 50 well-oriented crypts. Apoptotic epithe-
lial cells were identified based on both positive TUNEL staining (ApopTag 
kit, Millipore) and morphological characteristics (pyknotic nuclei). Apop-
totic epithelial cells were counted in an entire longitudinal cross section 
of the cecum, colon, and rectum and results normalized for colon length. 
Epithelial DNA damage was detected by staining for phospho–histone 
H2AX, an indirect marker of DNA damage. Positive epithelial cell nuclei 
were quantified in an entire longitudinal cross section and normalized for 
colon length, as in the apoptosis analyses.

Microdissection and sequencing. Tissue sections were counterstained with 
H&E, and tumor and histologically normal epithelium were microdis-
sected using a PALM Microsystem (Carl Zeiss Microscopy). Genomic 
DNA was isolated (QIAamp DNA Micro Kit, QIAGEN), and PCR prod-
ucts were generated and sequenced using the primers indicated in Sup-
plemental Table 4. Tail DNA was used as a control to rule out germline 
mutations. Multiple sequence alignments were performed using CLC 
Sequence Viewer (CLC bio).
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