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Mutations in components of the Wnt/�-catenin signaling pathway are commonly found in colorectal cancers, and these muta-
tions cause aberrant expression of genes controlled by Wnt-responsive DNA elements (WREs). While the c-Myc proto-oncogene
(Myc) is required for intestinal phenotypes associated with pathogenic Wnt/�-catenin signaling in vivo, the WREs that control
Myc expression in this setting have yet to be fully described. Previously, we demonstrated that the Myc 3=WRE was required for
intestinal homeostasis and intestinal repair in response to damage. Here, we tested the role of the Myc 3=WRE in intestinal tu-
morigenesis using two independent mouse models. In comparison to ApcMin/� mice, ApcMin/� Myc 3=WRE�/� mice contained
25% fewer tumors in the small intestine. Deletion of the Myc 3=WRE�/� in the ApcMin/� background resulted in 4-fold more co-
lonic tumors. In a model of colitis-associated colorectal cancer, the Myc 3=WRE suppressed colonic tumorigenesis, most notably
within the cecum. Using chromatin immunoprecipitation and transcript analysis of purified colonic crypts, we found that the
Myc 3=WRE is required for the transcriptional regulation of Myc expression in vivo. These results emphasize the critical role of
the Myc 3=WRE in maintaining homeostatic Myc expression.

The Wnt/�-catenin pathway governs cellular proliferation of
the intestinal epithelium by controlling the expression of

growth-promoting genes through Wnt-responsive DNA elements
(WREs) (1, 2). The �-catenin transcriptional coactivator is the key
regulatory protein in the Wnt pathway, and as such, its subcellular
localization and protein levels are tightly regulated (3, 4). In the
absence of an extracellular Wnt ligand, cytosolic �-catenin is tar-
geted for proteasomal degradation by the multiprotein “destruc-
tion complex.” Under these conditions, members of the T-cell
factor/lymphoid enhancer factor (TCF/Lef) (here called TCF)
family of sequence-specific transcription factors recruit transdu-
cin-like enhancer (TLE) corepressors to repress Wnt target ex-
pression (5). In the presence of Wnt, the destruction complex is
inactivated, and �-catenin is translocated into the nucleus, where
it displaces corepressor complexes and recruits coactivator com-
plexes to activate the expression of underlying gene targets. One
critical and direct target is the c-MYC proto-oncogene (MYC) (6,
7). MYC is a transcription factor that promotes cell growth and
cell cycle progression by predominantly activating the expression
of genes whose products drive DNA replication, ribosome biogen-
esis, and metabolism (8, 9).

Mutations in components of the Wnt/�-catenin signaling
pathway, most commonly in the adenomatous polyposis coli (APC)
gene, are found in over 80% of spontaneously arising colorectal
cancers (10). These mutations lead to the inappropriate expres-
sion of Wnt/�-catenin target genes. Several studies in mouse
models of colorectal cancer indicated that Myc is required for the
intestinal pathogenesis associated with deregulated Wnt/�-
catenin signaling (11–15). However, those studies involved either
heterozygous Myc mice or the removal of Myc coding sequences in
the intestines and therefore did not evaluate the precise role of
Wnt/�-catenin-dependent regulation of Myc expression and in-
testinal cancers. An understanding of this relationship requires
defining the WREs that control Myc expression. The connection
between Wnt/�-catenin signaling and MYC was made by using a
screen designed to identify genes whose expression levels were
influenced when full-length APC was restored in a human colo-

rectal cancer (CRC) cell line (6). That same study mapped the first
MYC WRE to the 5=-proximal promoter region of MYC approxi-
mately 600 bp upstream from the transcription start site (6). To
search for additional WREs that control MYC expression, we con-
ducted two genome-wide screens to identify �-catenin-bound re-
gions in the genome of a human CRC cell line (16, 17). These
screens found a robust �-catenin binding region that mapped 1.4
kb downstream from the MYC transcriptional stop site. We dem-
onstrated that this �-catenin-bound region demarcated an en-
hancer element that we termed the MYC 3=WRE (7). �-Catenin/
TCF4 complexes that bound to the MYC 3= WRE coordinated a
chromatin loop with the proximal MYC 5= promoter region to
activate MYC expression in response to mitogen and Wnt/�-
catenin signaling pathways (18).

Concurrent with our work on the MYC 3=WRE, the discovery
of a distal and upstream WRE was reported (19–21). This kb �335
WRE incorporates the single-nucleotide polymorphism (SNP)
rs6983267. This particular SNP is associated with an increased risk
of developing colorectal, breast, and prostate cancers, and it maps
adjacent to a TCF binding motif (22–24). While this element has
been shown to juxtapose to the MYC 5= promoter region through
a long-range chromatin loop, whether this conformation regu-
lates MYC gene expression is controversial (19, 21). Since the dis-
covery of this initial set of WREs, numerous WREs that regulate
MYC expression in human CRC cells have been reported, and
many form dynamic and cell-type-specific chromatin loops with
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the MYC promoter region (25–27). Of the many MYC WREs de-
scribed to date, only two have been characterized in mice (28, 29).
While the Myc �335 WRE was dispensable for intestinal develop-
ment and homeostasis, ApcMin/� Myc �335 WRE�/� mice con-
tained fewer intestinal adenomas than did ApcMin/� mice (29).
Our group generated a Myc 3=WRE�/� mouse and found that the
deletion of this element mildly compromised the architecture of
the small and large intestines (28). Analysis of Myc expression in
the intestines of juvenile mice indicated that the primary role of
the Myc 3=WRE is to repress Myc expression (28). While Myc 3=
WRE�/� small intestines contained only a slight elevation in Myc
mRNA levels, this effect was variable in littermates (28). In the
colons, deletion of the Myc 3=WRE caused a highly reproducible
2-fold increase in Myc mRNA levels and a 2.5-fold increase in
MYC protein levels (28). In both the small intestines and colons of
Myc 3= WRE�/� mice, there was an increase in the number of
proliferative cells and a decrease in the number of differentiated
cells in comparison to the colons of wild-type (WT) littermates.
When subjected to a model of acute colitis, the Myc 3= WRE�/�

colons displayed an enhanced regenerative response to repair the
damaged tissue (28, 30).

In the present study, we hypothesized that the Myc 3= WRE
regulates intestinal tumorigenesis. To test this hypothesis, we bred
Myc 3=WRE�/� mice to ApcMin/� mice and compared the num-
bers of adenomas in these mice to the numbers of adenomas
in ApcMin/� mice. In a separate line of experiments, we tested
whether the Myc 3=WRE influenced tumorigenesis using a chem-
ically induced model of colorectal cancer in mice. Our results
indicate that the Myc 3=WRE suppresses colorectal carcinogenesis
and that it is required for proper control of Myc gene expression in
mouse colonic crypts.

MATERIALS AND METHODS
Mice. ApcMin/� mice were obtained from Jackson Laboratories, and the
generation of Myc 3= WRE�/� mice was described previously (28).
ApcMin/� mice were bred to Myc 3=WRE�/� mice to obtain ApcMin/� Myc
3=WRE�/� mice. The Myc 3=WRE�/� mice were backcrossed to C57/B6
mice for six generations prior to breeding to ApcMin/� mice. DNA was
isolated from tail biopsy specimens at weaning, and PCR was used to
genotype the mice by using methods previously described (28). The fol-
lowing primers were used to genotype ApcMin/� mice according to guide-
lines provided by Jackson Laboratories: oIMR0033 (5=-GCC ATC CCT
TCA CGT TAG-3=), oIMR0034 (5=-TTC CAC TTT GGC ATA AGG
C-3=), and oIMR0758 (5=-TTC TGA GAA AGA CAG AAG TTA-3=). Mice
were housed in accordance with Penn State University College of Medi-
cine Institutional Animal Care and Use Committee (PSUCOM IACUC)
regulations. In addition, the PSUCOM IACUC approved all mouse exper-
iments conducted in this study.

Assessment of polyps. ApcMin/� and ApcMin/� Myc 3=WRE�/� mice
were examined at 14 weeks of age for polyp burden. This time point is
sufficient to assess the formation of adenomas under a dissecting micro-
scope, and it is within the range used in previous studies assessing the role
of Myc in the ApcMin/� background (12, 15). The small and large intestines
were dissected, opened longitudinally, rinsed with 1� phosphate-buff-
ered saline (PBS), and fixed overnight in 3.7% paraformaldehyde. The
fixed sections were rinsed with deionized water, stained with 0.2% meth-
ylene blue, and then rinsed in ethanol. Polyps were counted at a �20
magnification on a dissecting microscope and measured by using stan-
dard calipers.

Crypt isolation, reverse transcription, and real-time PCR analysis.
Crypts were isolated from the colons of 10-week-old ApcMin/� and
ApcMin/� Myc 3=WRE�/� mice and 7-week-old WT and Myc 3=WRE�/�

mice by using a detailed protocol described previously by Sato et al. (31).
Briefly, colons were dissected, opened longitudinally, rinsed with cold 1�
PBS, and cut into 5-mm sections. The sections were rinsed two additional
times in cold 1� PBS, followed by incubation for 30 min at 4°C in cold
chelation buffer (5.6 mM Na2HPO4, 8 mM KH2PO4, 96.2 mM NaCl, 1.6
mM KCl, 43.4 mM sucrose, 54.9 mM D-sorbitol, 0.5 mM dithiothreitol
[DTT]) containing 2 mM EDTA. The EDTA-containing chelation buffer
was removed, and the crypts were resuspended in ice-cold chelation buf-
fer. The crypts were separated mechanically by pipetting multiple times
with a 10-ml pipette and then allowed to settle on a 10-cm dish under
normal gravity. This resuspension, pipetting, and settling procedure was
repeated 8 times, with the supernatant being collected and replaced with
fresh chelation buffer after each repetition. The crypts were then passed
through a 70-�m cell strainer to further purify them away from support-
ive tissue and collected by centrifugation at 200 � g for 3 min in a 50-ml
conical tube. The crypts were incubated for 15 min at 37°C in 5 ml of
TrypLE Express (Invitrogen). This treatment releases the upper differen-
tiated portion of the crypts, while the lower proliferative portion is col-
lected by centrifugation at 200 � g for 3 min. Total RNA was extracted
from the proliferative portion by using TRIzol reagent, and cDNAs were
synthesized with reverse transcriptase as previously described (28). For
experiments involving mitogen treatments, the proliferative compart-
ments of the crypts were resuspended in Dulbecco’s modified Eagle’s me-
dium (DMEM) containing 10% fetal bovine serum (FBS) and incubated
on a rocking platform in the presence or absence of 100 ng/ml Wnt3A
(catalog number 315-20; Peprotech), 500 ng/ml R-spondin1 (catalog
number 3474-RS; R&D), and 20 ng/ml epidermal growth factor (EGF)
(catalog number 315-09; Peprotech) for 1 or 3 h at 37°C. Gene expression
levels were measured by quantitative real-time PCR using parameters pre-
viously described (28). Relative levels were determined by using the 2�CT

method, with the �-actin gene serving as the reference gene. The results
were confirmed by using 18S rRNA as the internal standard. Primer se-
quences are listed in Table S1 in the supplemental material.

Immunohistochemistry. Tissue collection, processing, and immuno-
histochemistry were performed as previously described (28). The sections
were incubated overnight at 4°C with primary antibodies diluted in 1%
bovine serum albumin. MYC staining required a 4-day incubation period
with primary antibody (28, 32). The following antibodies and dilutions
were used: anti-cleaved caspase 3 (anti-CASP3) at 1:200 (catalog number
9661; Cell Signaling), anti-Ki67 at 1:200 (catalog number VP-RM04; Vec-
tor Laboratories), anti-MYC at 1:500 (catalog number SC-764; Santa
Cruz), and anti-�-catenin at 1:200 (catalog number 9582; Cell Signaling).

Colitis-associated carcinogenesis. Colitis-associated carcinogenesis
(CAC) was induced in mice by using a protocol described previously by
Greten et al. (33). Six-week-old WT and Myc 3=WRE�/� mice were given
a single intraperitoneal injection of 10 mg/kg of body weight of azoxy-
methane (AOM) (catalog number A5486; Sigma) dissolved in 200 �l 1�
PBS. A week after the injection, the mice were administered 2.0% dextran
sodium sulfate (DSS) (catalog number AB DB001-299; TdB Consulting)
in their drinking water for 5 days, followed by 2 weeks of normal water.
Chronic inflammation was induced by two subsequent cycles of 2.5% DSS
for 5 days, with 2 weeks of normal water between cycles. Mice were eu-
thanized 85 days after AOM injection and examined for colonic tumors as
described above.

Chromatin immunoprecipitation. Crypts were prepared and treated
with or without recombinant Wnt3A, R-spondin1, and EGF for 3 h as
described above for crypt preparation, reverse transcription, and real-
time PCR. Crypts from one mouse provide sufficient material for two
chromatin immunoprecipitation (ChIP) assays. The samples were then
treated with 1% formaldehyde for 30 min, and cross-linking was stopped
by the addition of 125 mM glycine. ChIP was performed as described
previously by Mahmoudi et al. (34). The crypts were first washed twice in
buffer B (0.25% Triton X-100, 1 mM EDTA, 0.5 mM EGTA, 20 mM
HEPES [pH 7.6]) and twice in buffer C (150 mM NaCl, 1 mM EDTA, 0.5
mM EGTA, 20 mM HEPES [pH 7.6]). The crypts were then resuspended
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in resuspension buffer (0.3% SDS, 1% Triton X-100, 0.15 mM NaCl, 1
mM EDTA, 0.5 mM EGTA, 20 mM HEPES [pH 7.6]) containing freshly
added protease inhibitors (10 �g/ml leupeptin, 10 �g/ml aprotinin, 1 mM
phenylmethylsulfonyl fluoride [PMSF]). The cross-linked DNA was
sheared by using a BioRupter sonicator (model UCD-200; Diagenode)
with a total of 12 30-s bursts at the maximum setting. Insoluble material
was removed by centrifugation at 21,000 � g for 10 min at 4°C. To pre-
cipitate chromatin, 5 �g of primary antibodies and a 20-�l bed of blocked
protein A beads were added, and the samples were incubated overnight at
4°C on a rocking platform. Antibodies used for ChIP were antibodies to
TCF4 (catalog number 05-511; Millipore), �-catenin (catalog number
610154; BD Transduction), RNA polymerase (RNAP) (catalog number
8WG16; Covance), H3K4me3 (catalog number 39159; Active Motif),
TLE2 (catalog number SC-9123; Santa Cruz), and CDX2 (catalog number
PA5-20891; Pierce). The precipitated complexes were washed twice with
each of the following buffers: buffer 1 (0.1% SDS, 0.1% deoxycholate, 1%
Triton X-100, 150 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 20 mM
HEPES [pH 7.6]), buffer 2 (0.1% SDS, 0.1% deoxycholate, 1% Triton
X-100, 0.5 M NaCl, 1 mM EDTA, 0.5 mM EGTA, 20 mM HEPES [pH
7.6]), buffer 3 (250 mM LiCl, 0.5% deoxycholate, 0.5% NP-40, 1 mM
EDTA, 0.5 mM EGTA, 20 mM HEPES [pH 7.6]), and buffer 4 (1 mM
EDTA, 0.5 mM EGTA, 20 mM HEPES [pH 7.6]). Following a single wash
with water, the chromatin was released from the antibodies by two 15-min
incubations in elution buffer (1% SDS, 0.1 M NaHCO3). The cross-links
were reversed by incubating samples overnight at 65°C in elution buffer
containing 200 mM NaCl. After removal of proteins via phenol-chloro-
form-isoamyl alcohol extraction and chloroform back extraction, the
DNA was precipitated in ethanol. The DNA pellets were resuspended in
150 �l Tris-EDTA (TE), and the samples were subjected to quantitative
real-time PCR as described previously (16). Oligonucleotides used to de-
tect binding to the Myc 5= and 3=WREs as well as the control region are
listed in Table S1 in the supplemental material.

Statistical analysis. For the immunohistochemical analysis, stained
cells were quantified from 25 crypts per animal for normal tissue or from
10 high-powered fields of view per animal for tumor tissue (n � 4 mice per
genotype), and P values were determined by using the Mann-Whitney U
test. For the experiments involving tumor load, tumor location, gene ex-
pression, and ChIP, significant differences in the data were assessed by us-
ing the Student t test. Ten mice per genotype were assessed in the
ApcMin/� experiments, and four mice per genotype were examined in the
AOM/DSS experiments. For gene expression and ChIP experiments,
three mice per genotype or condition were evaluated.

RESULTS
Deletion of the Myc 3=WRE reduces the number of small intes-
tinal tumors in ApcMin/� mice. The original adenomatous polyp-

osis coli multiple intestinal neoplasia (ApcMin/�) mouse was gen-
erated by using an N-ethyl-N-nitrosourea (ENU) mutagenesis
screen (35). A point mutation in Apc at codon 850 converts it from
a leucine to a stop codon. The truncated APC protein produced
from this allele is incapable of downregulating �-catenin, and as a
result, numerous intestinal tumors develop in ApcMin/� mice. For
reasons not fully appreciated, adenomas form primarily in the
small intestines of ApcMin/� mice, with few tumors developing in
the colon. To determine whether the Myc 3=WRE regulated intes-
tinal tumorigenesis, we crossed ApcMin/� mice with Myc 3=
WRE�/� mice to generate ApcMin/� Myc 3= WRE�/� mice. We
then harvested the small intestines of 14-week-old ApcMin/� and
ApcMin/� Myc 3= WRE�/� mice and quantified the number of
adenomas using a dissecting microscope. The intestines of Apc-
Min/� Myc 3= WRE�/� mice contained a reduced number of tu-
mors, most notably within the duodenum, compared to the intes-
tines of ApcMin/� mice (Fig. 1A and B). We next measured the size
of the tumors using standard calipers and found that ApcMin/�

Myc 3=WRE�/� mice contained fewer intermediate (0.5- to 2.0-
mm) and large (	2.0-mm) tumors (Fig. 1C). While it appears
that the deletion of the Myc 3=WRE also reduced the number of
small tumors (
0.5 mm) in an ApcMin/� background, this effect
did not reach statistical significance.

Deletion of the Myc 3=WRE increases the number of colonic
tumors in ApcMin/� mice. A previous study indicated that approx-
imately half of a panel of Wnt/�-catenin target genes required Myc
for expression within mouse intestines (13). In addition, MYC has
been implicated as a global amplifier of gene expression in mouse
embryonic stem cells, mouse lymphocytes, and human cancer cell
lines (36, 37). As the deletion of the Myc 3=WRE causes a 2.5-fold
increase in colonic MYC protein levels, we wished to determine
whether the Myc 3= WRE regulated tumorigenesis in the colon
(28). To initiate these studies, we first examined the expression of
a panel of Wnt/�-catenin target genes in the colons of ApcMin/�

and ApcMin/� Myc�/� mice at a time prior to adenoma formation
(10 weeks of age). RNAs were isolated from purified colonic crypt
preparations, and cDNAs were synthesized by using reverse trans-
criptase. We assessed gene expression levels using gene-specific
oligonucleotides and quantitative real-time PCR analysis. As ex-
pected, Myc expression levels were higher in the colonic crypts of
ApcMin/� Myc 3= WRE�/� mice than in those of ApcMin/� mice
(Fig. 2). Moreover, expression levels of 14 of the 25 targets ana-

FIG 1 Deletion of the Myc 3=WRE reduces the number of small intestinal tumors in ApcMin/� mice. (A) Number of tumors in the small intestines of 14-week-old
ApcMin/� and ApcMin/� Myc 3=WRE�/� mice. (B) Number of tumors in the indicated region of the small intestines. (C) Size of tumors quantified within the small
intestines of mice with the indicated genotypes. In panels A to C, tumors were quantified in 10 ApcMin/� and 10 ApcMin/� Myc 3= WRE�/� mice. Errors are
standard errors of the means (�, P 
 0.05; ���, P 
 0.001).
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lyzed (56%) were also elevated, indicating that the deletion of the
Myc 3=WRE, and the subsequent increase in MYC protein levels,
activates the expression of a subset of Wnt/�-catenin target genes.
We next analyzed colonic adenomas in ApcMin/� Myc 3=WRE�/�

and ApcMin/� mice. In a cohort of 10 mice per genotype (14 weeks
of age), we found that the colons of ApcMin/� Myc 3=WRE�/� mice
harbored an average of 4.5 tumors and that the colons of ApcMin/�

mice contained an average of 1.5 tumors (Fig. 3A). In fact, the
colons of 70% of ApcMin/� Myc 3=WRE�/� mice contained three
or more tumors, whereas this tumor burden was observed in only
10% of ApcMin/� mouse colons (Fig. 3B). Upon closer examina-
tion, deletion of the Myc 3= WRE in an ApcMin/� background
caused increased numbers of small (
0.5-mm) and intermediate
(0.5- to 2.0-mm) tumors but decreased the formation of larger
tumors (	2.0 mm) in mice at this time point (Fig. 3C). Together,

these results indicate that the Myc 3= WRE suppresses colorectal
tumors that are caused by a mutation in Apc.

The dosage of MYC protein levels is critical to intestinal tu-
morigenesis caused by Apc deficiencies in mouse models (11–15).
The removal of either a single copy or both copies of Myc reduces
the small intestinal tumor burden in ApcMin/� mice (12, 15). MYC
is a potent regulator of cellular proliferation and growth; however,
at elevated levels, MYC can also induce apoptosis (38, 39). To
determine whether the Myc 3= WRE was regulating proliferation
or apoptosis of the ApcMin/� colonic epithelium, we conducted
immunohistochemical analyses on colonic sections prepared
from preneoplastic (10-week-old) ApcMin/� Myc 3=WRE�/� and
ApcMin/� mice. Sections were stained with antibodies directed
against Ki67, to identify proliferative cells, and antibodies against
cleaved caspase 3 (CASP3), to identify cells undergoing apoptosis.

FIG 2 Expression of Wnt/�-catenin target genes in the colons of preneoplastic ApcMin/� and ApcMin/� Myc 3=WRE�/� mice. RNAs were isolated from purified
colonic crypts, and cDNAs were synthesized with reverse transcriptase. Expression levels of the indicated genes were assessed by using gene-specific oligonucle-
otides in quantitative and real-time PCRs (n � 3 mice per genotype and 12 PCR replicates per gene). The data are normalized to �-actin gene levels. The data are
presented as relative expression levels in ApcMin/� Myc 3=WRE�/� crypts, with levels in ApcMin/� crypts set to 1. Errors are standard errors of the means (�, P 

0.05; ��, P 
 0.01; ���, P 
 0.001).

FIG 3 Deletion of the Myc 3=WRE increases the number of colonic tumors in ApcMin/� mice. (A) Number of tumors in the colons of 14-week-old ApcMin/� and
ApcMin/� Myc 3=WRE�/� mice (n � 10 mice analyzed per genotype). (B) Percentage of mice in each group that contained the indicated number of tumors. (C)
Size of tumors quantified within the colons of mice with the indicated genotypes (n � 10 mice analyzed per genotype). In panels A and C, errors are standard
errors of the means (�, P 
 0.05; ���, P 
 0.001).
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On average, and in comparison to ApcMin/� mice, the colonic ep-
ithelium of ApcMin/� Myc 3= WRE�/� mice contained 4.5-fold-
higher levels of Ki67� cells per crypt (Fig. 4A and B). In addition,
the colonic crypts of ApcMin/� Myc 3= WRE�/� mice displayed a
3-fold increase in the number of Ki67� cells that occupied the
middle and upper regions of the crypt. We noted no difference in
the numbers of apoptotic cells. Next, we analyzed sections of co-

lonic tumors prepared from age-matched (14-week-old) mice.
While the tumor sections of both ApcMin/� Myc 3= WRE�/� and
ApcMin/� mice contained higher numbers of Ki67� cells than
those in preneoplastic colonic epithelia, the deletion of the Myc 3=
WRE only slightly increased the number of proliferative cells in an
ApcMin/� background (Fig. 4A and C). Colonic tumors in mice of
both genotypes contained 6-fold-higher numbers of CASP3� cells
than those in uninvolved colonic mucosa; however, the numbers
of apoptotic cells did not differ in the tumors of ApcMin/� Myc 3=
WRE�/� and ApcMin/� mice (Fig. 4A and C).

Deletion of the Myc 3=WRE increases the number of colitis-
associated colonic tumors. We next determined whether the Myc
3= WRE influenced tumorigenesis using the azoxymethane/dex-
tran sodium sulfate (AOM/DSS) model of colitis-associated car-
cinogenesis (CAC) (33). Wild-type (WT) and Myc 3= WRE�/�

mice were first given a single intraperitoneal injection of the AOM
mutagen (Fig. 5A). After a recovery period, the mice were given
DSS in their drinking water for 5 days and were then returned to
normal drinking water. Following two additional DSS/recovery
cycles and an extended recovery period, mice were sacrificed, and
the colons were harvested. Deletion of the Myc 3=WRE caused a
higher number of colonic tumors in this model, which were pri-
marily of intermediate size (size, 0.5 to 2.0 mm) (Fig. 5B to D).

The cecum is located immediately posterior from the ileum of
the small intestines, and it marks the beginning of the large intes-
tines. We noticed that the ceca of Myc 3=WRE�/� mice subjected
to the CAC protocol contained an average of 20 tumors, whereas
none were found in this region of WT mice (Fig. 6A and B). We
then prepared cecal sections, stained them with hematoxylin and
eosin, and found that while the epithelial architecture of WT ceca
was largely intact, Myc 3=WRE�/� ceca displayed a highly irregu-
lar and disorganized phenotype (Fig. 6C). We then conducted a
series of immunohistochemical analyses to further characterize
the cecal sections (Fig. 6B). Interestingly, �-catenin localized to
the nucleus in cells dispersed throughout the cecal crypt in WT
mice. This is in contrast to the expected location of �-catenin in
the small intestines and descending colon, where its nuclear local-
ization is found predominantly in cells that receive a Wnt signal
along the lower one-third of the crypt (40). Most cells within the
tumor sections prepared from Myc 3=WRE�/� mice stained pos-
itive for nuclear �-catenin (Fig. 6B). MYC-expressing cells, on the
other hand, were largely confined to base of cecal crypts in WT

FIG 4 The Myc 3=WRE controls proliferation but not apoptosis in the colons
of ApcMin/� mice. (A) Ki67- and cleaved caspase 3 (CASP3)-stained sections of
preneoplastic colons and colonic tumors from ApcMin/� (top) and ApcMin/�

Myc 3=WRE�/� (bottom) mice. Representative images are shown (n � 4 mice
analyzed per genotype). Arrowheads indicate CASP3� cells. (B) Quantifica-
tion of Ki67� (left) and CASP3� (right) cells in preneoplastic colons of
ApcMin/� and ApcMin/� Myc 3=WRE�/� mice (n � 4 mice analyzed, with cells
counted in a total of 100 crypts per genotype). (C) Same as panel B except that
Ki67� and CASP3� cells were analyzed in tumor sections prepared from mice
with the indicated genotypes (n � 4 mice, with 40 fields of view examined per
genotype). In panels B and C, errors are standard errors of the means (��, P 

0.01; ���, P 
 0.001).

FIG 5 The Myc 3=WRE suppresses colitis-associated carcinogenesis (CAC). (A) Schematic of the CAC protocol. Myc 3=WRE�/� mice and WT littermates were
given a single intraperitoneal injection of azoxymethane (AOM) and then subjected to 3 cycles of DSS-induced colitis. After 85 days, mice were sacrificed, and
tumors within the distal colon were tallied. (B) Representative images of colons isolated from WT and Myc 3=WRE�/� mice subjected to the AOM/DSS protocol.
(C) Numbers of tumors in the colons of WT and Myc 3=WRE�/� mice subjected to the AOM/DSS protocol. (D) Size of tumors quantified within the colons of
mice with the indicated genotypes. In panels C and D, 4 mice were examined per genotype, and errors are standard errors of the means (�, P 
 0.05).
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mice. Similar to the �-catenin staining pattern, most cells dis-
persed throughout the Myc 3=WRE�/� tumors contained nuclear
MYC. Together, these results suggest that nuclear �-catenin and
nuclear MYC may contribute to tumorigenesis within the cecum
in mice subjected to CAC.

The Myc 3=WRE is required for proper control of Myc gene
expression in colonic crypts. To gain a better understanding of
how the Myc 3= WRE functions to repress colorectal carcino-
genesis, we conducted a series of experiments to analyze this
element in the colonic epithelium. In our previous study, we
reported that the colons of juvenile Myc 3=WRE�/� mice con-
tained elevated levels of Myc mRNA and MYC protein in com-
parison to the colons of WT littermates (28). Those experi-
ments involved RNAs and proteins prepared from gross
colonic sections, which contain a heterogeneous population of
cells. To determine whether the Myc 3=WRE functioned in the
colonic crypts, we first purified these structures from the co-
lons of 7-week-old Myc 3= WRE�/� and WT mice. RNAs were
isolated from the proliferative compartments of the crypts,
cDNAs were synthesized, and Myc transcript levels were mea-
sured by using quantitative real-time PCR. Deletion of the Myc
3=WRE caused a 2.5-fold increase in the levels of Myc mRNAs
relative to the control (Fig. 7A).

Next, we conducted chromatin immunoprecipitation (ChIP)
experiments to analyze the Myc proximal promoter region. The
precipitated DNA was measured in quantitative real-time PCR
assays using oligonucleotides designed against the Myc 5= WRE
and regions 1.8 kb upstream from the Myc 5= WRE and 8.5 kb
downstream from the Myc 3=WRE as controls (Fig. 7B). Increased
levels of RNA polymerase 2 (RNAP) were found at the Myc pro-
moter in the crypts prepared from Myc 3=WRE�/� mice relative
to levels seen in WT crypts (Fig. 7C). Minimal signals were de-
tected at the control regions, which attests to the specificity of the
ChIP assays. Histone H3 that is trimethylated on lysine 4

(H3K4me3) is commonly found within the promoter regions of
actively transcribed genes, including MYC (7, 41, 42). Deletion of
the Myc 3= WRE caused increased levels of H3K4me3 at the Myc
promoter region (Fig. 7D).

To gain a better understanding of the underlying mechanisms
that account for the increased Myc transcriptional activity in Myc
3=WRE�/� colons, we interrogated transcriptional regulatory fac-
tors that control the Wnt response. TCFs are sequence-specific
transcription factors that bind WREs and function as platforms to
mediate the exchange of corepressor complexes with coactivator
complexes (1, 5). TCF4 (also referred to as TCF7L2) is the major
TCF member expressed in intestinal epithelial cells (43), and we
noted no difference in TCF4 occupancy at the Myc 5= WRE in
knockout versus WT colons (Fig. 7E). In contrast, we found that
the deletion of the Myc 3= WRE caused a 2.5-fold increase in the
levels of �-catenin at the Myc 5=-proximal promoter region (Fig.
7F). Using anti-TLE2 antibodies in the ChIP assay, we found re-
duced levels of this transcriptional corepressor at the Myc 5=WRE
within Myc 3= WRE�/� colons (Fig. 7G). Together, these results
indicate that the elevated levels of Myc transcript in Myc 3=WRE
colons correlate with increased recruitment of �-catenin and
RNAP and a decrease in TLE2 occupancy at the Myc proximal
promoter.

We next tested whether the Myc 3=WRE was required for the
induction of Myc gene expression in response to mitogens. Puri-
fied crypts from WT and Myc 3=WRE�/� mice were treated with
Wnt3A, epidermal growth factor (EGF), and R-spondin1 for 1
and 3 h. R-spondin1 is a recently described ligand for the LGR5
receptor that marks intestinal stem cells, and it is commonly used
as a cofactor in intestinal organoid cultures in vitro (44). In re-
sponse to these mitogens, Myc mRNA was steadily induced in
crypts prepared from WT mice (Fig. 8A). In contrast, Myc mRNA
was not induced in Myc 3= WRE�/� crypts. A similar trend was
also seen in WT and Myc 3=WRE�/� crypts treated with Wnt3A

FIG 6 Myc 3= WRE�/� mice subjected to the AOM/DSS carcinogenesis protocol develop numerous tumors in the cecum. (A) Representative images of ceca
isolated from WT and Myc 3=WRE�/� mice following AOM and DSS treatment. (B) Quantification of cecal tumors in mice with the indicated genotypes (n �
4 mice examined per group). Errors are standard errors of the means (��, P 
 0.01). (C) Hematoxylin and eosin (H&E)-stained sections and immunohisto-
chemical analysis of �-catenin- and MYC-expressing cells in the ceca of mice with the indicated genotypes. The arrowheads in the enlarged panels identify a
subset of positive cells. Shown are representative images from 4 mice examined per genotype.
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and R-spondin1 or with EGF alone (Fig. 8B and C). Thus, deletion
of the Myc 3=WRE results in a more transcriptionally active Myc
locus in colonic crypts under basal conditions, and the Myc 3=
WRE is required for the induction of Myc gene expression in re-
sponse to Wnt3A, EGF, and R-spondin1.

Mitogens induce an exchange of transcriptional regulatory
complexes at Myc 5= and 3=Wnt-responsive elements. We per-
formed a series of ChIP experiments in untreated (control) and
mitogen-treated (Wnt3A, EGF, and R-spondin1) WT colonic
crypts to ascertain the underlying mechanisms that regulate

FIG 7 The Myc 3=WRE is required for proper regulation of Myc gene expression in purified colonic crypts. (A) Relative levels of Myc mRNA, as assessed
by quantitative reverse transcription-PCR, in purified colonic crypts from WT and Myc 3= WRE�/� mice. (B) Schematic of the Myc gene locus, with its
position on chromosome 15 indicated above and the Myc 5= and 3= WREs represented as white rectangles. Gray rectangles indicate the positions of the
amplicons produced in the PCRs. (C to G) Colonic crypts were isolated from 7-week-old Myc 3= WRE�/� mice and WT littermates and fixed in
formaldehyde. ChIP assays were conducted by using the antibodies indicated, and the precipitated DNA was measured by using specific oligonucleotides
to produce the indicated amplicons in quantitative and real-time PCR assays. Control primer sets 1 and 9 were used to monitor the level of background
in the ChIP assays. In panels A and C to G, 3 mice per genotype were examined, with 12 total PCR replicates per sample. Errors are standard errors of the
means (�, P 
 0.05; ��, P 
 0.01; ���, P 
 0.001).

FIG 8 The Myc 3=WRE is required for mitogen-induced Myc gene expression. The proliferative regions of colonic crypts were isolated from 7-week-old Myc 3=
WRE�/� mice and WT littermates and were not treated (Ctrl.) or treated for 1 or 3 h with recombinant Wnt3A, R-spondin1, and EGF (A), Wnt3A and
R-spondin1 (B), or EGF (C). RNAs were isolated, cDNAs were synthesized, and Myc expression levels were evaluated by using quantitative real-time PCR. Myc
mRNA levels were normalized to �-actin gene levels (n � 3 mice analyzed per genotype, with 12 total PCR replicates per sample). Errors are standard errors of
the means (���, P 
 0.001).
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Myc gene expression. Oligonucleotides that anneal to the Myc
5= and 3=WREs were used to interrogate factors that bound to
these elements and histones that occupied these regions (Fig.
9A). First, we precipitated RNAP and found that mitogens in-
duced RNAP recruitment to the Myc 5= WRE (Fig. 9B). RNAP
binding was not observed at the Myc 3= WRE. Mitogens also
induced H3K4me3 levels within the Myc 5= promoter region
(Fig. 9C). Using TCF4-specific antibodies in ChIP assays, we
observed static TCF4 binding to both the Myc 5= and 3= WREs
(Fig. 9D). Next, we analyzed �-catenin and found that mitogen
treatment caused 6-fold and 9-fold increases in the level of
�-catenin that was bound to the Myc 5= and 3= WREs, respec-
tively (Fig. 9E). We found that TLE2 occupied the Myc 5= and 3=
WREs in mouse colonic crypts and that mitogen treatment
reduced TLE2 binding to both elements (Fig. 9F). Thus,
�-catenin displaces TLE2 complexes bound to TCF4 to activate
Myc expression in response to mitogens.

The fact that the deletion of the Myc 3=WRE causes increased
Myc gene expression in the colons of mice, and an imbalance of

proliferative and differentiated cells within the crypts, indicates
that the repressive role of this element is critical to homeostasis
(28). Moreover, we were intrigued that this effect was not as strong
in the small intestines. As TCFs and TLEs are expressed in both the
small and large intestines, we hypothesized that a more tissue-
specific transcription factor could be responsible for repression
via the Myc 3= WRE. The homeodomain transcription factor
CDX2 is required for development of the intestines, and it is
highly expressed in the colon (45, 46). TCF and CDX2 have also
been found to cooccupy a large number of cis-regulatory elements
within the intestinal genome (47). We therefore tested whether
CDX2 occupied the Myc locus and found that its binding was
enriched at the Myc 3=WRE in untreated crypts, with lower levels
being detected at the Myc 5= WRE (Fig. 9G). Whereas mitogens
reduced CDX2 binding to the 5=WRE only slightly, they caused a
5-fold reduction of CDX2 binding to the 3=WRE. Taken together,
results from these experiments demonstrate that a dynamic ex-
change of �-catenin coactivators with TLE corepressors at TCF4
factors bound to proximal WREs occurs to activate Myc expres-

FIG 9 Mitogens induce an exchange of transcriptional regulatory complexes at Myc 5= and 3=Wnt-responsive elements. (A) Diagram of the Myc locus, with the
Myc 5= and 3=WREs indicated by white rectangles. Gray rectangles indicate the positions of the amplicons produced in quantitative real-time PCRs in panels B
to G. (B) The proliferative region of colonic crypts were isolated from 7-week-old WT mice and were untreated (Ctrl.) or treated with recombinant Wnt3A, EGF,
and R-spondin1 (mitogens) for 3 h. ChIP assays were performed by using antibodies directed against RNA polymerase 2 (RNAP), and the precipitated DNA was
measured by using quantitative real-time PCR with oligonucleotides that hybridized to the regions indicated. Colonic crypts were isolated from 3 mice, and 12
PCR replicates were prepared for each sample. Errors are standard errors of the means (��, P 
 0.01; ���, P 
 0.001). (C to G) Same as panel B except that ChIP
assays were conducted with antibodies directed against H3K4me3 (C), TCF4 (D), �-catenin (E), TLE2 (F), or CDX2 (G).
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sion in colonic crypt explants in response to Wnt3A, EGF, and
R-spondin1 signaling.

DISCUSSION

Studies have shown that Myc is required for intestinal tumors that
form in ApcMin/� mice and for phenotypes associated with acute
deletion of Apc within the intestines (11–14). Results from those
studies lend support to the hypothesis that the increased level of
Myc expression driven by pathogenic Wnt/�-catenin signaling
contributes to intestinal tumorigenesis. The Myc 3=WRE is a crit-
ical regulator of intestinal homeostasis. Our previous work indi-
cated that the deletion of the Myc 3= WRE did not impact Myc
expression significantly in the small intestine, but the deletion of
this element caused a 2.5-fold increase MYC protein levels in the
colons of juvenile (7-week-old) mice (28). Because this level of
induction is within the range observed in human CRC tissues
compared to uninvolved mucosa, Myc 3=WRE�/� mice afforded
us an opportunity to test whether a clinically relevant level of MYC
impacts colorectal tumorigenesis (48–50). Using both genetic
(ApcMin/�) and chemically induced (AOM/DSS) models of intes-
tinal cancer, we find that the Myc 3= WRE suppresses colorectal
carcinogenesis. As tumors that develop using the AOM/DSS
model of colitis-associated carcinogenesis frequently harbor mu-
tations in CTNNB1 that stabilize the expression of the �-catenin
protein produced from this allele (51), and ApcMin/� mice express
a truncated APC protein (35), our findings suggest that a 2.5-fold
increase in MYC cooperates with aberrant Wnt/�-catenin signal-
ing to drive colorectal cancers.

Our mRNA analysis of a panel of Wnt/�-catenin target genes
found that the expression levels of over half of these genes were
elevated in the preneoplastic ApcMin/� Myc 3= WRE�/� versus
ApcMin/� colons. These findings support those of Sansom et al.,
who reported that expression levels of approximately half of the
Wnt/�-catenin target genes analyzed in the small intestines of
Apc�/� mice were downregulated upon the concomitant removal
of the Myc gene (13). Together, these results suggest that MYC and
TCF transcription factors share a set of direct target genes. How-
ever, recent work has supported a model where MYC elevates the
expression levels of actively transcribed genes universally, rather
than inducing the expression of a new set of genes (36, 37). Our
data do not support this model, as the expressions of several Wnt/
�-catenin target genes were not influenced by the increase in Myc
expression when the Myc 3=WRE was deleted in an ApcMin/� back-
ground (Fig. 2). There are numerous differences between our
study and those reported by Nie et al. and Lin et al. that could
account for these discrepancies. These differences include, but are
not limited to, cell types, methods used to induce MYC protein
levels, levels of MYC expression, and tissues analyzed.

Our results indicate that the colons of Myc 3=WRE�/� mice are
predisposed to developing colitis-associated colorectal cancers,
with a large number of tumors localizing to the cecum. We previ-
ously reported, using a model of DSS-induced acute colitis, that
Myc 3=WRE�/� colons displayed a greater regenerative response
during the recovery phase of the protocol (28). Interestingly, we
found that an enhanced neutrophil response accompanied the
recovery of these mice, which likely facilitated the restoration of
the colonic epithelium by removing bacteria that penetrated into
the lamina propria and submucosa (30). On the other hand, neu-
trophils have been shown to promote tumorigenesis in chronic
models of inflammation (52). We suspect that the enhanced neu-

trophil infiltration in response to colonic damage seen in Myc 3=
WRE�/� colons may be beneficial in the short term but detrimen-
tal over longer periods of time. Regardless, deregulated MYC ex-
pression and chronic inflammation contribute to tumor forma-
tion within the cecum, which is where 13% of human colorectal
carcinomas localize (53).

Our findings suggest that the CDX2 homeodomain transcrip-
tion factor plays an important role in repressing Myc gene expres-
sion through the Myc 3=WRE in the colon. The phenotypic sim-
ilarities of the intestines of Cdx2 genetic mouse models and those
of Myc 3= WRE�/� mice support this assertion. Cdx2 heterozy-
gous mice develop tumors predominantly within the distal colon
and cecum, with few tumors forming in the small intestine (54).
Apc�/�716 Cdx2�/� contained a reduced number of small intesti-
nal tumors and an increased number of colonic tumors compared
to Apc�/�716 mice (55). Finally, Hinoi et al. reported that using a
CDX2 promoter-driven NLS-Cre transgene to remove Apc in the
intestines of Apc�/loxP mice led to the development of colorectal
adenomas (45). These phenotypes are in contrast to those pre-
dominantly seen in Apc models where adenomas form predomi-
nantly in the small intestine (56). Thus, CDX2-dependent repres-
sion of Myc gene expression may be an underlying reason why
tumors are relatively rare within the colons of ApcMin/� mice.

Concurrent with our work, Sur and colleagues reported a role
for the Myc �335 WRE in intestinal tumorigenesis in mice (29).
They found that although the deletion of this element did not
affect Myc expression within the duodenum, when Myc �335�/�

mice were crossed with ApcMin/� mice, the deletion of the Myc
�335 element caused a dramatic reduction of tumors within the
small intestines (29). ApcMin/� Myc �335�/� mice also contained
a reduced number of colonic tumors in comparison to ApcMin/�

mice, although the effect was not as severe as that seen in the small
intestines. Thus, the Myc �335 WRE promotes intestinal tumor-
igenesis. Similarly, deletion of the Myc 3= WRE did not signifi-
cantly affect Myc expression in the small intestines of juvenile mice
(28). Likewise, whereas the deletion of the Myc 3= WRE sup-
pressed tumorigenesis within the small intestines of ApcMin/�

mice, this effect was not as drastic as those reported by Sur et al.
(29). However, in contrast to ApcMin/� Myc �335 WRE colons,
ApcMin/� Myc 3= WRE�/� colons contained 4-fold more tumors
than seen within the colons of ApcMin/� mice. Therefore, in terms
of Wnt/�-catenin-driven intestinal tumors, these two WREs have
opposing roles. Mice lacking the Myc �335 WRE are resistant to
tumorigenesis, primarily in the small intestine, and mice lacking
the Myc 3= WRE are more susceptible to tumorigenesis in the
colon.

MYC is a ubiquitous transcription factor that is required for
cellular proliferation. The fact that its expression level is elevated
in over 30% of cancers, including CRC, argues that it is an attrac-
tive candidate for the development of therapeutics to treat these
diseases (57). This strategy has gained traction as impairing MYC
function, or its expression, has proven efficacious in mitigating
disease phenotypes in culture systems and mouse models (58, 59).
Drugs such as the JQ1 inhibitor (60), which reduces oncogenic
MYC expression, and 10058-F4 (61, 62), which impairs MYC’s
function as a transcription factor, have not yet been extensively
evaluated in mouse models of CRC. Our work indicates that Myc
3= WRE�/� mice are valuable tools to test current drugs, and to
evaluate novel drug candidates, for their efficacy as therapeutic
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agents for the treatment of colorectal cancers that develop in the
anatomically correct microenvironment.
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