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that genetic analysis of single intestinal metaplastic glands
may be helpful in detecting such genetic alterations.

Marked clinical and biological heterogeneity has been
noted among human gastric cancers (1-3). However, possible
genetic causes of genetic heterogeneity have not been fully
investigated. In this study, we used tumor single-gland samples
to look for heterogeneous populations within the same tumor.
Our findings that 90% of tumors demonstrated heterogeneous
composition within the same tumor, show that gastric cancers
are genetically highly complex. On average, there were 4.2
genetic alterations per tumor. The high number of genetic
alterations per tumor indicates that genetic instability may
cause intratumoral heterogeneity, as seen in other human
tumors (1,3,27,28), and be an underlying mechanism of
gastric carcinogenesis. In addition, our findings suggest that
a specific subclone cannot be selected in most gastric cancers
during tumor progression. This is an important finding toward
understanding the effectiveness of chemotherapy or radio-
therapy in gastric cancers, because the existence of hetero-
geneous populations indicates no single target cell can be
defined.

The degree of accumulated LOH (allelic imbalance) has
been shown to be of prognostic value in various cancer types
including gastric cancer, and a high degree of tumor LOH
has been shown to be associated with tumor aggressiveness
and a worse prognosis (29). In light of these findings, low
and high rates of tumor LOH suggest low and high tumor
behavioral aggressiveness, respectively. In some of the present
cases, although minor-altered genotype (low LOH) was
found in the pooled-gland sample, major-altered genotype
(high LOH) was detected in the corresponding tumor single-
gland sample. Our findings also indicate that 2 of 5 tumors
showing a minor-altered genotype in the pooled-gland
sample were classified as type II (composed of major-altered
genotype) in the tumor single-gland sample. This finding
suggests that highly aggressive subclones may exist within a
tumor showing a low frequency of LOH in a pooled-gland
sample (2/5, 40%): It is surprising that 40% of pooled-gland
samples. showing the minor-altered genotype contained a
major-altered genotype in the corresponding. tumor single-
gland samples. On the other hand, in the present study, most
of the carcinomas that were examined contained a minor-
altered genotype of single tumor glands within the same
tumor. One recent study has shown that high-LOH tumors
may have a higher rate of response to chemotherapy (29,30).
However, in general, the majority of patients with gastro-
intestinal cancers are thought to obtain a poor response to
chemotherapy without survival benefit (29,30). Although the
genetic reason for the discrepancy remains unknown, an
explanation may be that the minor-altered genotype gland is a
supply source to the major-altered genotype gland. Therefore,
a minor-altered genotype gland may co-exist with a major-
altered genotype gland within the same tumor (3).

In the present study, genotypic pattern for a single-gland
sample was classified into 5 groups. Although types T and II
were the most frequent genotypic patterns (17/20, 85%), type
IV, a tumor genotype showing predominantly minor-altered
glands, was relatively rare (3/20, 15%). These findings suggest
that single tumor glands with multiple genetic alterations
may cause subclonal expansions in different areas within the

same tumor, leading to occupation of the whole tumor mass
in gastric cancers.

The general strategy of identification of individuals at high
risk for progression to cancer offers promising possibilities
for cancer prevention, and this approach largely depends on
early detection. Therefore, it is important to evaluate GIM,
which is generally thought to be a precancerous condition in
gastric cancer (12,18). Furthermore, a previous study has
shown that GIM is closely associated with Helicobacter pylori
infection (31). However, little is known about the genetic
events responsible for initiation and progression of gastric
cancer (32,33). According to an investigation by Ochiai et al,
although p53 mutations known to play a key role in human
neoplastic progression were identified in GIM, they were
detected in only 10 of 756 (1.3%) histological sections (18).
This finding indicates that it is difficult to identify such subtle
genetic alterations in intestinal metaplastic glands. Genetic
analysis of a single gland may enable us to identify subtle
genetic alterations in GIM. Therefore, we used isolated single
glands in the current study to address the issue of whether
molecular alterations occur in GIM. In this study, although
no genetic alterations were detected in pooled samples of
intestinal metaplastic glands, alterations were frequently
found in the corresponding single intestinal metaplastic gland
samples. This suggests that intestinal metaplastic glands have
a markedly heterogeneous composition. This study is the first
to identify that expansive microsatellite alterations are seen
in samples of intestinal metaplastic glands. These data indicate
that irreversible genetic changes have already occurred in
morphologically non-neoplastic gastric mucosa with intestinal
metaplasia, and they support the hypothesis that GIM may be
a precursor lesion of gastric cancer.

The present study has demonstrated that multiple genetic
alterations are frequently found in nonmetaplastic glands. This
is a surprising finding and the first study to identify genetic
alterations in histologically normal gastric glands. This finding
suggests that accumulation of genetic alterations occurs not
only in metaplastic glands but also in nonmetaplastic glands,
and.that genetic alterations in gastric epithelial cells during
chronic gastritis may contribute to an increased risk of gastric
cancer (34).

In conclusion, single tumor glands can be useful for
investigating genetic alterations in gastric cancers and gastric
intestinal metaplasia. The present data indicate that most
carcinomas and GIM are genetically heterogeneous. Recently,
public policy strategies have been suggested for identification
of patients at risk for H. pylori-related gastric malignancy
(35,36). The thrust of this policy is that eradication of H. pylori
infection earlier rather than later in life is anticipated to be
more beneficial, because gastric intestinal metaplasia is
expected to occur later in life. Our finding that multiple genetic
alterations are found in single intestinal metaplastic glands
may support this opinion.
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BACKGROUND & AIMS: Aberrant DNA methylation
is a common early event in neoplasia, but it is unclear
how this relates to dysregulation of DNA (cytosine-5)
methyltransferases (Dnmts). Here we use knock-in trans-
genic mice to investigate the consequences of intestinal
epithelium-specific overexpression of de novo Dnmt3a.
METHODS: A novel gene targeting strategy, based on
the intestinal epithelium-specific, uniform expression of
the A33 glycoprotein, is employed to restrict Dnmt3a
overexpression in homozygous A33P"™S3a ‘mucant mice.
RESULTS: A33Pnmt2 mice infrequently develop sponta-
neous intestinal polyps. However, when genetically chal-
lenged, tumor multiplicity in A33P™334pcMin compound
mice is 3-fold higher than in ApcMi® mice. Although we
observe a requirement for spontaneous loss of heterozy-
gosity of the adenomatous: polyposis coli (Apc) gene to
trigger tumorigenesis in Apc™i® mice, lesions in A33Pnme3a;
ApcMin mice frequently retain the wild-type-Apc- allele.
However, epithelia from normal mucosa: and- polyps of
A33Dnmeda ApeMin: mice show hypermethylation-mediated
transcriptional silencing of the Wnt antagonists SfrpS,
and to a lesser extent; Sfrpl and increased nuclear B-cate-
nin alongside activation of the Wnt-target gene Axin2/
Conductin. Conversely, enforced Sfrp5 expression sup-
presses canonical Wnt-signaling more effectively in wild-
type than i “ApcMin cells. CONCLUSIONS: Aberrant
activation of the canonical Wnt pathway, either by
mono-allelic Apc loss or transcriptional silencing of
Sfip5 is largely insufficient to promote polyposis, but
epistatic interactions between these genetic and epi-
genetic events enables initiation and promotion of
disease. This mechanism is likely to play a role in
human colorectal cancer, because we also show that
elevated DNMT3A expression coincides with repressed
SFRPS and enhanced AXIN2/CONDUCTIN expression
in paired patient biopsies.

I E pigenetic modifications including DNA' (¢cytosine-5)
methylation are critical for the interpretation of ge-
netic information and ensure appropriate, cell type-spe-

cific gene expression. Consequently, the presence of al-
tered DNA methylation! and dysregulation of DNA-
methyltransferases (Dnmt)?? correlates with a number of
pathologic conditions, including cancer. A global de-
crease in cytosine methylation, usually within repetitive
sequences and intergenic regions, is a hallmark of human
cancer,* and promotes genetic instability and tumors in
mice. Similarly, age-related, genome-wide hypomethyla-
tion of centromeric regions in humans? correlates with
chromosomal abnormalities; predisposes to genetic dam-
age, and increases the risk of tumor development. Con-
comitantly, cancer cell genome-associated regions of cyto-
sine hypermethylation® within CpG islands of promoter
regions results in transcriptional silencing of genes with
tumor supptessor activity. Because aberrant DNA meth-
ylation patterns are maintained throughout subsequent
rounds of cell division, they have been proposed to con-
tribute to carcinogenesis.”

Methylation of mammalian DNA is carried out by mul-
titmeric protein complexes comprising members of the Dnme
protein family. Whereas Dnmtl1 requires hemi-methylated
DNA as a template to faithfully maintain established meth-
ylation marks, the Dnmt3 de novo methyltransferases act
on unmethylated cytosine residues in double-stranded
DNA. Simultaneous inactivation of Dnmt3a and Dnmt3b
results in embryonic lethality of mice, owing to the re-
quirement of these enzymes for genetic imprinting and X
chromosome inactivation during embryogenesis. Al-
though the individual ablation of ‘de novo Dnmts is
compatible with life, it alters intestinal tumorigenesis

Abbreviations used in this paper: APC, adenomatous polyposis coli;
CRC, colorectal cancer; DKK, Dickkopf; Dnmt, DNA-methyitrans-
ferases; GSK-3B, glycogen synthase kinase-3b; IEC, intestinal epithe-
lial cells; LOH, loss of heterozygosity; LSL, lox(P)-flanked transcription
terminator; MEFs, mouse embryo fibroblasts; MSP, methylation-spe-
cific. PCR; qPCR, quantitative reverse transcriptase polymerase chain
reaction; SFRP, secreted frizzled-related proteins; TCF, T-cell transcrip-
tion factor; WIF-1, Wnt inhibitor factor-1.

© 2009 by the AGA Institute
0016-5085/09/$36.00
d0i:10.1053/}.gastr0.2009.05.042



September 2009

when challenged in the polyposis-prone ApcMin back-
ground.® Meanwhile, overexpression of Dnmt in mam-
malian cells results in aberrant DNA methylation and
promotes cellular transformation,” which may explain
the failure to generate global Dnmt gain-of-function mice.

Despite the frequent association between epigenetic
DNA modification and cancer, it remains unclear
whether tumor-associated regional hypermethylation is a
cause or a consequence of disease. Hypermethylation is
often detected in early dysplastic lesions, and some tu-
mor characteristics correlate with epigenetic silencing of
tumor-relevant genes.'® However, unbiased screens de-
signed to identify hypermethylated regions in tumor-
derived DNA yielded many potential bystander genes not
directly involved in pathogenesis.!! Similarly, loss-of-
function studies on maintenance DNA methylation
could not establish unequivocally whether cancer-specific
hypermethylation occurred regionally or globally. Inter-
estingly, up-regulation of the de novo DNA methyltrans-
ferases DNMT3A and DNMT3B has been reported as a
feature of the colorectal adenoma- carcinoma sequence.'?
Tissue-specific (over-)expression of Dnmts in vivo is
therefore required to clarify whether de novo gene meth-
ylation is a driver of tumor development, rather than an
adaptive change associated with tumorigenesis,'* and
whether increased expression of de novo DNMTs is ca-
pable of directly driving de novo gene methylation.

The development of colorectal cancer (CRC) involves
cumulative alterations in distinct tumor-suppressors and
proto-oncogenes.'* In human sporadic CRC, these muta-
tions affect the Adenomatous Polyposis Coli (APC), and less
frequently, CTNNBI1/B-catenin or AXIN2/CONDUCTIN
genes,'S which all encode components of the canonical
Wnt signaling pathway. Inherited APC loss-of-function
mutations occur in familial adenomatous polyposis kin-
dreds, because APC acts as a gatekeeper for entry of
intestinal epithelial cells (IEC) into the adenoma-to-car-
cinoma progression.!® In wild-type cells, receptor-binding
of secreted WNT-family proteins triggers cytosolic stabi-
lization and accumulation of B-catenin, which forms a
complex with T-cell transcription factor (TCF) to induce
target gene expression. Along with APC, negative regula-
tors of this signaling cascade include other components
of the cytosolic B-catenin destruction complex such
as glycogen synthase kinase-3b (GSK-3$) and AXIN2/
CONDUCTIN. Meanwhile, the activity of WNT ligands
is antagonized by extracellular proteins, such as the
Dickkopf (DKK) and secreted frizzled-related proteins
(SFRP), as well as Wnt inhibitor factor-1 (WIF-1).17

Here, we show that restricting Dnmt3a transgene ex-
pression to IECs in A33Pnms2 knock-in mutant mice is
sufficient to elicit infrequent tumors. However, when
genetically challenged on an ApcMin background, intesti-
nal polyposis in corresponding A33P"mS3aApcMin mice is
significantly augmented. We attribute this increase to a
cooperative effect between mutations in 2 negative Wnt-
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pathway regulators, namely germ-line inactivation of 1
Apc allele and Dnmt3a-mediated epigenetic silencing of
the SfrpS gene.

Materials and Methods
Mice and Human Samples

Mice homozygous for the A33P"™®2 knock-in mu-
tations were generated by standard procedures (see Sup-
plementary Methods) and propagated on a C57B/B6
background. Health of experimental mice was monitored
according to guidelines approved by the Ludwig Insti-
tute’s Animal Ethics Committee.

Nine CRC and paired normal colonic mucosa were
randomly selected from a prospectively collected series of
individuals who had undergone curative resection. Writ-
ten informed consent was obtained from all individuals,
and the study was approved by the St. Vincent’s Campus
Human Research Ethics Committee. The clinical, patho-
logic, and molecular characteristics of these patient sam-
ples have been documented.!®

mRNA Expression Analysis, Cell Culture and
Transfections, Methylation Analysis,
Histology, Immunocytochemistry, and
Immunobistochemistry

Quantitative reverse transcriptase polymerase chain
reaction (qQPCR) expression analysis was carried out
using SYBR-Green dye and data were expressed relative
to expression of glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) or 18s RNA. Luciferase reporter activity in
mouse embryo fibroblasts (MEFs) stimulated with Wnt3a-
conditioned medium was determined using dual-Luciferase
technology. Bisulfite treatment of genomic DNA and
methylation-specific PCR (MSP) was carried out as de-
scribed.!® Formalin-fixed specimens were prepared and
stained following standard histology procedures (for
more details see Supplementary Methods).

Apc Loss of Heterozygosity Determination

Parts of exon 16 containing the Min allele specific
T>A substitution were PCR-amplified (Supplementary
Table 1) and the gel-purified amplicons sequenced on an
ABIprism 377 DNA sequencer (Applied Biosystems, Fos-
ter City, CA).

Statistical Analysis

Polyp numbers from A33P"mSaApcMin and A33%
ApcMin mice were analyzed using the unpaired t-test to
% g P
determine statistical significance.

Results

Novel Gene Targeting Strategy to Restrict

Transgene Expression to the Intestinal

Epithelium

To determine whether regional hypermethylation
is sufficient to initiate tissue-specific tumorigenesis, we
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restricted overexpression of Dnmt3a to murine intestinal
epithelium using a novel knock-in gene targeting strat-
egy. We chose the gpA33 gene locus because it confers
uniform expression of the transmembrane A33 antigen
glycoprotein to all IEC along the entire intestinal tract
from the gastric pylorus to the rectum.?° To retain activ-
ity of endogenous gpA33 and to faithfully confer its
temporal and spatial expression pattern to the transgene,
we targeted a cDNA encoding Dnmt3a to the 3'-untrans-
lated region immediately downstream of the A33 coding
sequence, preceded by a lox(P)-flanked transcription ter-
minator (LSL) cassette (Figure 14; Supplementary Figure
1A). Breeding of the corresponding A33LSL-Dnmta mjce
with E2a:Cre transgenic “deletor” mice?! excised the LSL
cassette in the germline and resulted in transgene expres-
sion (Supplementary Figure 1B) and an associated 4-fold
increase of enzymatic methyltransferase activity in IECs
from A33P"me2 mijce (Figure 1B). We used qPCR and
Northern analysis on isolated epithelia to establish that
transgene expression in A33P"msa mice resulted in in-
creased abundance of total Dnmt3a transcripts, while the
abundance of endogenous Dnmt3b transcripts remained
unchanged (Figure 1C; Supplementary Figure 1C). Repro-
ducible and uniform overexpression of Dnmt3a protein
within all IECs along the rostrocaudal axis of the small
intestine and colon of A33P"™m®2 mice was also confirmed
by immunohistochemistry (Figure 1D). Furthermore,
transgene expression from the A33-Dnmt3a bicistronic
RNA did not interfere with the uniform distribution
pattern of the A33 glycoprotein.

Although homozygous A33Pmm®a (3 = 140), A33LSL-Dnmea
(n = 120), and A33% (» = 78) mice were histo-
pathologically indistinguishable (Supplementary Figure
2), 6 A33Pmmt3a mijce =18 months old developed either
macroscopic adenomatous polyps in the proximal or
middle portion of the small intestine (1 mouse each), the
cecum (1 mouse), the colon (1 mouse), or displayed
intestinal bleeding in the absence of macroscopic lesions
(2 mice). The tumors exhibited tubulovillous architecture
reminiscent of polyps arising in ApcMi® mice (Figure 2A),
whereas the widespread transgene expression throughout
the tumor epithelium (Figure 2B) was consistent with
retention of A33 antigen expression in CRC lesions.??
Because aberrant promoter hypermethylation and asso-
ciated silencing of APC and SFRP occurs in CRC cell
lines,?>2* we used an antibody directed against the very
carboxyl-terminal domain of Apc?® to assess for possible
reduction of full-length Apc protein within the neoplas-
tic lesions as well as MSP analysis and bisulfite conver-
sion sequencing to determine promoter methylation sta-
tus of Apc and Sfrps. We observed neither down-
regulation of Apc protein (Figure 2C) nor Apc promoter
hypermethylation as determined by MSP analysis and
bisulfite conversion sequencing (Figure 2E, F). However,
the corresponding analysis revealed specific methylation
of Sfipl and SfipS, but not of Sfrp2 (Figure 2E, F). Fur-
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thermore, qPCR analysis (Figure 2D) revealed elevated
expression of the bona fide Wnt target genes CD44, My,
and Axin2/Conductin?®s in colonic tumors from A33Pnmea
mice at levels comparable to those observed in the subset
of A33Pnme3a, ApcMin mouse tumors, where Wnt target gene
activation occurs as a consequence of loss of heterozy-
gosity (LOH) of the wild-type Apc allele (see below).
Restricting overexpression of Dnmt3a to the intestinal
epithelium therefore, does not affect its development,
architecture, or homeostasis, but predisposes to intesti-
nal tumorigenesis. However, the long latency period in
the proportion of affected A33P"mt2 mice suggests a
requirement for additional (epi-)genetic events?” and/or
clonal selection of individual cells with silenced SfipI and
SfrpS loci for the development of disease.

Elevated Intestinal Polyposis in

A33Drmi3a, ApcMin Mice

To determine whether Dnmt3a-associated regional
DNA hypermethylation cooperates with a phenotypically
“dormant” germ-line mutation, we assessed intestinal
polyposis in ApcMin and A33PnmB3aApcMin mice that were
established as colonies on a mixed 129/Sv X CS7Bl/6
genetic background. Compared with ApcMi® mice, their
A33Pnme3a ApcMin counterparts showed a 3-fold higher
number of macroscopic (>1 mm) polyps within the dis-
tal small intestine and colon on either genetic back-
ground, with a similar trend extended to the middle, but
not the proximal small intestine (Figure 3A). These ob-
servations were also confirmed in cohorts of the corre-
sponding mice established on an inbred C57Bl/6 back-
grounds (data not shown) to control for effects of modifier
loci including the epigenetically regulated Mom1?® locus.
Similar to our obsetvation in single mutant A33P"™2 mice
(Figure 34), tumors in A33PrmsaApcMin mice also retained
uniform and persistent transgene expression in IECs
without affecting the expression of endogenous Dnmt3b
(Supplementary Figure 3A). Furthermore, the colons of
A33Pnme3a; ApcMin mice contained larger, clustered tumors
when compared with ApcMin colons (Figure 3B; Supple-
mentary Figure 3B). Because methylation of the HI19/
DMR imprinting control region was unaffected in
A33Pnme3a ApcMin mijce (Supplementary Figure 4) the aug-
mented tumor size in these mice appears to be unrelated
to the previously proposed mechanism by which in-
creased polyp growth in Col1AIP"™e3b;ApcMin mice corre-
lated with H19/DMR methylation and the associated res-
toration of biallelic Igf2 expression.?’

Wnt-Signaling Is Aberrant.!y Activated

Without Apc LOH in A33P"™34,ApcMin Mice

Epithelia of all polyps from A33Prmt3aApcMin mice
(n = 21) and ApcMin mice (n = 12), but not of adjacent
unaffected mucosa, exhibited nuclear accumulation of
B-catenin (Figure 44), indicative of aberrant canonical
Wnt signaling. Whereas polyps from Apc*™ mice had all
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Figure 1. Enforced Dnmt3a transgene expression in A33P"32 “knock-in” mutant mice. (A) Schematic depiction of the targeting strategy devised to
generate mutant gpA33 alleles. The targeting vector pA33theol-Dnmt3a contains a lox(P) site-flanked (I>), promoterless IRES-neomycin phosphotransferase
(Neo) and a promoterless IRES-Dnmt3a expression cassette and its homologous recombination in ES cells yields the A33-S-Dmt3a gjigle, Upon Cre-
mediated recombination, the lox(P)-flanked IRES-Neo-pA cassette is excised and yields the A33P"t3 gligle. A diagnostic EcoRV digest together with a
radiolabeled DNA probe (*) was used to identify the different gpA33 alleles with the corresponding fragment sizes indicated. Locations of the genotyping
PCR primers are indicated by half-arrows and the numbered exons, polyadenylation site (pA) and 3’-untranslated region (3=-UTR) of the gpA33 gene are
shown by boxes. (B) DNA methyltransferase activity in [ECs derived from A33*t and A33P"t32 mice as determined by transfer of ['“C]-labeled methyl groups
to the acceptor substrate poly-dl.dC. Mean + SD, n = 3. (C). gPCR analysis for Dnmt3a and Dnmt3b expression in intestinal epithelium prepared from the
proximal (PSI), middle (MS), and distal small intestines (DSI) as well as the colons of 3-month-old wild-type (open bars) or A33P"™t3a mice (filed bars). Data
were normalized against expression of the house-keeping gene Gapdh. Mean = SD; n = 3. (D) Imunohistochemical analysis of Dnmt3a (upper panels) and
A33 (lower panels) on small intestines from A33LSL-0nmt3a ang A330nMt3a mice, Scale bar represents 50 um.

uniformly lost expression of full-length Apc protein, its
expression was retained in approximately one third of.
polyps collected from A33PrmSaApcMin mice (Figure 44;
Supplementary Figure SA). We confirmed these observa-

tions genetically by amplifying the ApcMin allele-specific
TTG (Leusg) to TAG (Stop) transversion in exon 16 in
DNA isolated from tumors of the 2 genotypes. All lesions
(n = 25) analyzed from ApcM” mice revealed a <25%
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Figure 2. Spontaneous tumor formation in A332"™m*32 mice coincides with Sfrp hypermethylation. (A) Hematoxylin and eosin-stained section through
a colonic polyp from a 20-month-old A33P"t32 mouse. Scale bar represents 1 mm. (B). Dnmt3a-specific immunohistochemical staining of a colonic
polyp from a A33P"Mt32 mouse. Scale bar represents 200 um. (C) Apc-specific immunohistochemical staining of colonic sections from a 15-month-
old A33Pnmt3a mouse shows similar intensity of full-length protein staining between dysplastic (arrow head) and surrounding normal epithelium (arrow).
Scale bar represents 200 um. (D) gPCR analysis of expression of the canonical Wnt-signaling target genes Axin2/Conductin, CD44 and c-mycin a
colonic polyp from A33Pnmt3a A33bnmi3a: AncMin mice, Data were normalized against expression of the house keeping gene Gapdh. (E) MSP analysis
of genomic DNA derived from a colonic tumor arising in a 20-month-old A33P"™t32 mouse. M, methylated; U, unmethylated; IVD, in vitro methylated
DNA. (F) Bisulfite sequencing analysis of DNA from the tumor described in (A) with each vertical line referring to a CpG dinucleotide at the indicated
position relative to the transcriptional start site. After bisulfite treatment, DNA was subcloned and sequenced. Horizontal lines represent individual
sequences with open and full circles denoting unmethylated and methylated CpG residues, respectively.

contribution of the Apc"® specific TTG haplotype (Figure
4B), consistent with LOH and the residual Apc** haplo-
type being contributed by either mesenchymal compo-
nents within the polyp or contaminating adjacent not-
mal mucosa. However, 9 of 28 polyps from A33Dnmea;
ApcMin mice showed similar contribution from the 2
haplotypes (Figure 4B), suggesting maintenance of Apc
heterozygosity in >30% of polyps, which coincided with
the lack of Apc hypermethylation (Figure 4C; Supplemen-
tary Figure SB). Collectively, our results suggest that
roughly 1 in 3 macroscopic tumors in A33DnmeaApcMin
mice showed activated (nuclear) B-catenin in the presence

of 1 remaining, transcriptionally active wild-type Apc
allele.

SfrpS Is Epigenetically Silenced in
ApcM‘",A33 nmt3a Mice

Since expression of the DNA mismatch repair
enzyme encoding MIh1 gene, which is often silenced in
CRCs,3? was not repressed in A33P""34 mice (Supplemen-
tary Figure 6A), we hypothesized that Dnmt3a-mediated
epigenetic changes may instead suppress genes that limit
canonical Wnt signaling. However, expression of Gsk-38
and Wif1 remained comparable between normal mucosa
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Figure 3. Enhanced polyposis in intestines of A33P"t3a;ApcMin mice. (A) Enumeration of macroscopic polyps (>1 mm) in the proximal (PSl), middle
(MSI), and distal small intestines (DSI) and colon of 6-9mo old ApcMn (n = 32; open bars) and A33P"™3a,ApcMin mice (0 = 57; solid bars). Significance
was assigned using P-values derived by applying the 2-tailed, unpaired Student t-test. (B) Longitudinally opened colons from 3-month-old ApcMn and
A33PnmiBa; ApcMin mice showing clustering of large polyps in A33P"Mt3a;,ApcMin mice, Scale bar represents 1 cm.

of A33Pmnmsa and A33%t mice (Supplementary Figure 6B;
data not shown), whereas expression of the Wnt-pathway
target genes Dkk-13! and Axin2/conductin®? was elevated in
distal small intestines of A33P"™2 mijce (Supplementary
Figure 6C, D). In contrast, SfrpS was strongly repressed in
the distal small intestine of A33P"™2 mice, despite uniform
rostrocaudal Dnmt3a transgene expression (Figure SA).
MSP analysis of DNA from normal mucosa and polyp
tissues obtained from A33PrmeaApcMin mice also revealed
hypermethylation of SfipS and to a lesser extent of Sfipl,
but not of Sfip2 (Figure SB-D). We confirmed these
observations by bisulfite sequencing of the SfipS pro-
moter, and noted that SfrpS was subject to incomplete
promoter methylation (Figure SE), consistent with fre-
quent partial hypermethylation observed in many human
tumor suppressor genes. Furthermore, the similar extent
of methylation between normal mucosa and tumors of
individual mice suggests that SfrpS methylation precedes
tumor formation.

SfipS and Apc Cooperate in Suppressing
Canonical Wnt Signaling

To assess how partial suppression of Sfip$ affects
Wnt signaling under conditions of limiting Apc avail-
ability, we monitored canonical pathway activity in
wild-type and ApcMin MEFs, which lack SfipS expres-
sion. Exposure of Apc*® MEFs to increasing concentra-
tions of the Wnt3a resulted in dose-dependent activa-
tion of the SuperTOPflash-reporter (Figure 6A). Whereas
analogous treatment of ApcMi® MEFs resulted in a shift to
the “left” of the dose-response curve (Figure 6B), reporter
activation in ApcMin MEFs remained dependent on the
presence of the Wnt ligand. This observation confirms
that haplo-insufficiency for Apc suppresses its “gate-
keeper” role in canonical Wnt-signaling.>* Furthermore,
transient expression of transfected SfipS showed that greater
amounts of SfrpS were required to suppress TCF binding-
mediated SuperTOPflash reporter activity in ApcMi™ mice-
derived MEFs than that obtained in Apc*t MEFs. We infer
from this experiment that partial suppression of SfipS
expression (eg, in A33Pnma mijce), triggers a more pro-

found canonical Wnt response in ApcMin cells than in
Apc** cells when exposed to identical concentrations of
Wnt ligand. This observation is likely to translate to
differential activation of various canonical-Wnt target
genes in situ, because baseline expression of Mmp7 and
CD44, but not of Cyclin D1 (Supplementary Figure 7),
correlated inversely with SfipS expression level in the
distal small intestine of A33Prme3a;ApcMin and ApcMin mice.

Correlation Between DNMT3a, SFRPS, and
AXIN2/CONDUCTIN Expression in Human
CRCs

Paired human CRC specimens were analyzed to val-
idate a causal relationship between aberrant Dnmt3a expres-
sion, suppression of SfipS and enhanced Axin2/conductin
expression in A33Pmmea; Apcvt mice. We found tumor-specific
overexpression of DNMT3A and DNMT3B in the same 4 of
9 samples; the remaining samples had comparable expres-
sion of these DNMTs between tumor and the paired healthy
mucosa (Figure 7A, B). We also observed impaired SFRPS
expression in 7 of 9 tumors, which coincided with the 4
tumors characterized by elevated DNMT3a expression (Fig-
ure 7C). In addition, 75% of samples in the latter tumor
group (samples 2-4) were also characterized by elevated
expression of AXIN2/CONDUCTIN, which is commonly co-
incides with hyperactivation of the canonical Wnt pathway
(Figure 7D). Our results therefore provide evidence for a
correlation between overexpression of de novo DNMTs and
the expression levels of SFRPS and AXIN2/CONDUCTIN,
which could be predicted and functionally rationalized us-
ing the corresponding mouse models of Dnmt3a (in this
report) and Dnmt3b?® overexpression.

Discussion

A correlation between cancer and aberrant meth-
ylation of genes with tumor suppressor activity is well
documented, but it remains unclear whether increased de
novo Dnmt activity can initiate tumorigenesis. Here we
have shown that increasing Dnmt3a activity by a modest
4-fold in IECs is sufficient to trigger sporadic polyposis in
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Figure 5. Sfrp5 promoter hy-
permethylation in intestinal mu-
cosa of A33DwBa mice, (A)
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qPCR analysis of Sfip5 expres-
sion in IECs obtained from the

indicated region of the intestinal
tract of A33Pmt3a (sofid bars) and

A33* (open bars) mice. Data
were normalized against Gapdh
expression. Northern analysis of B
IECs obtained from A33DrmtSa oy, exon 1
mice verifies uniform overex-
pression of the Dnmt3a trans-
gene throughout the small intes-
tine and colon. Mean = SD;n =
3 (B-D) MSP analysis of pro-
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moter CpG islands of the Sfrp?
B), Sfrp2 (C), and Sfrp5 (D)
genes in normal (N) and polyp (P)
tissue. Numbers denote the re-
gions amplified by PCR to yield
the respective MSP1 to MSP3
amplicons. PCR amplification
was carrled out on bisulfite-
treated genomic DNA isolated
from individual polyp and normal
mucosa of A33PiBa; ApcMin gnd
ApcMn mice. (£) Bisulfite se-
quencing analysis of Sfip5 in

polyps and adjacent normal mu-
cosa from middle (MSI), distal
small intestine (DSI), and colon
(C) of A33PmBafpcMin * and
ApcMn mice, Horizontal lines
represent individual sequences
with open and full circles denot-
ing unmethylated and methyl-
ated CpG residues, respectively.
Each sequence block repre-
sents a single biological sample.

A33DPnme3a mijce, thereby establishing a cause-effect rela-
tionship between aberrant Dnmt activity, epigenetic
modifications, and neoplastic development in the ab-
sence of any compounding, predetermined germ-line mu-
tation.

A question not comprehensively addressed in the past
is whether a tumor-associated selective advantage is pro-
vided to a subset of cells by sporadic and stochastic
alterations in methylation patterns, or whether certain
genes are specifically targeted by the DNA methylation
machinery at high frequency. Our data suggest that over-
expression of de novo Dnmts results in methylation of
specific genes rather than affecting global DNA methyl-
ation, and is reminiscent of findings in Dnmt3b trans-
genic mice.?® The conclusion that Dnmt overexpression
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results in methylation of specific genes rather increasing
global DNA methylation is also consistent with our ob-
servation of a modest difference in genome-wide methyl-
ation between intestines from A33PrmeaApcMin and ApcMin
mice. when analyzed by restriction landmark genome
scanning (M. Samuel, unpublished observations). Al-
though the mechanisms restricting Dnmt activity to pat-
ticular CpG islands remain unclear, gene-specific accessi-
bility of de novo Dnmts may depend on the sequence of
non-heterochromatinized DNA and be modulated by
binding to other (tissue-specific) DNA or chromatin
binding proteins.3* Dnmt3a overexpression, for instance,
has no or only modest effects on the Sfip2 and Sfipl
promoters, respectively, whereas overexpression of the
Dnmt3bl from the widely expressed collagen 1A1 locus
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Figure 6. Sfip5 suppresses canonical Wnt-signaling less effectively in
ApcM™ than in Apc™t MEFs. Triplicate MEF cultures were transfected
with SuperTOPflash-reporter plasmid together with increasing concen-
trations of the expression plasmid pCMV-HA-SFRPS (B no plasmid; O
20 ng/mL; A 80 ng/mL; A 200 ng/mL) and cultured for 48 hours in the
presence of increasing concentrations of Wnt3a. Results were normal-
ized against expression of Renilla luciferase. Note that MEFs do not
express endogenous Sfrp5. Mean = SD; n = 3.

yielded prominent, IEC-specific hypermethylation of
Sfrp2, but not Sfipl.2° In contrast, Apc remained unmeth-
ylated in IECs of ColIA1P™* and A33Pmme3a mice, while
both Dnmt transgenes mediated extensive.SfipS hyper-
methylation. Because Col1AI Dnmt3a mice exhibited nei-
ther abetrant Sfrp2 and SfrpS methylation nor developed
polyps, differences between Dnmt3a overexpression levels
conferred by the A33 and the Coll1AI loci may help to
specify the range of methylated target genes and thereby
ultimately determine the extent of the (intestinal) phe-
notype in the 2 corresponding transgenic mouse strains.
This notion is indirectly supported by our inability to
derive live A33 transgenic mice that overexpressed either
Dnmtl or’ Dnmit3b (M. Samuel, unpublished observa-
tions), possibly resulting from transgene expression dur-
ing transient activation of the A33 locus in the preim-
plantation embryo?S and embryonic lethality.
Methylation-associated gene silencing can'act as a “sec-
ond-hit” in genes linked to cancer initiation3¢ and con-
vergence of genetic mutations and epigenetic alterations
in common cancer genes predicts a poor prognosis.3”
Indeed, partial rather than complete gene methylation

GASTROENTEROLOGY Vol. 137, No. 3

seems to be the norm, and suggests a gene-dosage effect
of the affected genes and pathways during tumorigenic
processes. Because stringent regulation of Wnt signaling
is important in self-renewing tissues and dysregulation
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Figure 7. Correlation between DNT3A, SFRP5 and AXINZ expression
in paired colorectal’ cancer biopsies. TagMan gPCR analysis of
DNMT3A (A), DNMT3B {B), SFRP5-(C), and AXIN2/CONDUCTIN (D)
expression in tumors (filled bars) and normal distant mucosa (open
bars). Results were normalized against GAPDH expression, and RNA
was reverse transcribed on 2 separate occasions for TagMan analysis in
duplicate. Tumor samples comprised 2 cecal, 2 transverse, 2 sigmoid, and
3 rectal biopsies, and were obtained from 7 male and 2 female patients
with a median age of 61 years {range, 47-78). Mean = SD.



September 2009

W\

5
b .
5f Teny eSIpE
££ VoSBT
b= D e [ WA
238 ~ Meg . e
G5 = | Mestps T
ne [-“ésn\?\\ S (LOH)
| L | e
© MeSfips 7 :
== T Min Min
Wl ™ _ Apc Apc

Figure 8. Model depicting the cumulative nature of (epi-)genetic
events affecting Wnt signaling and polyposis in mice. Three separate
situations schematically depict contributions to the canonical Wnt sig-
naling pathway occuring in wild-type (wt), ApcMn cells with 1 mutant
Apc allele or in ApcMn cells that have undergone LOH. The height of the
boxes and triangles indicates additive signal strength attributed to an
event with binary (genetic Apc mutation) or graded outcomes, such as
the extent of available Wnt ligand (grey) or Sfrp gene methylation/silenc-
ing (blue). The dotted line indicates the threshold signal required for
polyposis.

occurs in cancers, ApcMi® mice are a useful model to
experimentally explore gene-dosage effects. In particular,
phenotypically “silent” haploinsufficiency only becomes
evident in ApcMi® mice after genetic or chemical challenge.
Accordingly, reduced Dnmt1 activity promotes Apc-LOH
and formation of microadenomas in ApcMi®;Dnmtl hypo-
morphic compound mice. Furthermore, allele-specific ex-
pression ratios in CRC lesions of familial adenomatous
polyposis patients reveal that small changes to expression
of the remaining wild-type APC allele influences predispo-
sition to tumorigenesis.*® Meanwhile, SFRP and DKK-1
inhibit canonical WNT signaling, even in the presence of
activating CTNNBI and APC mutations in humans?43° and
in ApcMin cells (Figure 6). Thus, (epi-)genetic mutations can
simulate a haploinsufficient Apc phenotype in the pres-
ence of functional Apc protein, as long as the net effect of
the mutations accounts for a signal equivalent to that
associated with less than half the diploid Apc gene dosage
(Figure 8). Indeed, we show that partial epimutation of
several negative regulators can be sufficient to surmount
the threshold level of canonical Wnt signaling physiolog-
ically tolerated by intestinal mucosa in the absence of
Apc mutations (Figure 2). Because epigenetic SFRP silenc-
ing can further enhance WNT-signaling in the presence
of biallelic APC mutations in humans,>* Wnt signaling
may not be fully activated after LOH in ApcMin mice.
Indeed, tumor formation in ApcMi® mice is retarded when
compared with LgrS-EGFP-creER T2;Apcflo/flox mjce40
where Cre-induced Apc inactivation results in an trunca-
tion that is more radical than in the Apc Min protein.
Therefore, Dnmt3a-mediated silencing of SfrpS (and to a
lesser extent Sfrpl) may sensitize Wnt-target genes in
A33Dnme3a ApcMin JECs before, and possibly after, LOH.
Subsequent small and stochastic fluctuations in locally
available Wnt ligand may (transiently) elevate canonical
Wnt-signaling above the pathophysiologic threshold and
provide the small proliferative advantage required for de
novo tumorigenesis. Accordingly, differential expression
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of SfrpS (silenced by the A33P"me32 transgene) and Sfrp2
(silenced by the ColIAIP"™3b transgene) and/or differ-
ences in their binding specificity may explain why polyp-
osis in ColIAIPM™3b:ApcMin but not in A33Pnme3a;ApcMin
mice, remained strictly dependent on Apc-LOH.?° Indeed,
SfrpS is the most abundantly expressed Sfrp protein in
epithelial cells of the intestinal crypt with a rostrocaudal
expression gradient that peaks in the distal small intes-
tine*! and the largest accumulation of transcripts is
found in positions of the putative stem cells.*?

Dnmt overexpression occurs in various cancers of ep-
ithelial origin, including hypermethylator phenotype-
positive gastric, colorectal, and breast cancers.** Further-
more, expression of DNMT3A, along with DNMT3B and
DNMTI is progressively up-regulated in the colorectal
adenoma- carcinoma sequence in humans,* and corre-
lates with elevated Dnmt3b expression in polyps of ApcMin
mice.® Intriguingly, promoter methylation of DNMT3L,
which encodes a catalytically inert protein that augments
the activity of DNMT3A, is relaxed in some human can-
cers,*> whereas reduced expression of miR-29 in lung
cancer de-represses transcription of DNMT3A and
DNMT3B.#¢ In addition, recent evidence also suggests
that some Dnmt genes may undergo cancer-specific splic-
ing,*” thereby altering susceptibility to transcriptional
activity mediated by intron-specific binding of regulatory
proteins.*® Our observations support the use of DNA
methyltransferase inhibitors for the therapeutic reversion
of epigenetic mutations as a potential strategy for cancer
therapy, and A33PmeaApcMin mice may be helpful in
exploring and assessing novel compounds designed to
alleviate the toxicity of S-azacytidine.*® Such strategies
could be used complementarily with attempts to dampen
constitutive Wnt activation through the expression of
signaling antagonists or molecules disrupting the tran-
scriptionally active B-catenin/Tcf-1 complex.

Supplementary Data

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2009.05.042.
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Supplementary Methods

Generation of A33P"™34 Mice

To generate the pA33tncob-Dnmea rargeting vector, a
Dnmt3al-encoding cDNA, was used to substitute the
AN131-Bcat coding sequence in the pA33Lneol-AN13L-fea
plasmid.! Inclusion of an LSL cassette comprising a sec-
ond internal ribosome entry site IRES fused to the neo-
mycin (neo) resistance gene, takes advantage of transient
gpA33 activity in the inner cell mass and corresponding
embryonic stem (ES) cells at the blastocyst stage.? Exci-
sion of the LSL cassette confers transgene expression to
all IECs, including those of the epithelial stem cell com-
partment of the small intestine and colon as assessed by
lineage trace experiments in analogously constructed A33
CrePR2 mice? (Ernst, unpublished data). We electropo-
rated 129/Sv] ES cells with linearized pA33Lnecl-Dnmea yec-
tor and genotyped G418-resistant clones by Southern
blotting, which yielded a targeting efficiency of 24%.
Three independently derived A33LSLPnme3a ES cell lines
were injected into C57B1/6 blastocysts and Cre-mediated
excision of the LSL cassette in the germline occurred after
the mating of chimeric males with female C57Bl/6 E2a:
Cre mice.* Resulting A33LSL-Pnme3a apnd A33Pnmea progeny
were identified by Southern blotting, bred to homozygos-
ity, and back-crossed for 8 generations to the CS57Bl/6
background. We monitored distribution of different
gpA33 alleles by PCR genotyping of tail biopsy DNA
using primers (Supplementary Table 1) that yielded
amplicons of ~420 bp (A33'SL-Dnme32) and ~370 bp
(A33Pnme3a) - respectively. All mice were housed in open-
top cages.

Histology, Immunocytochemistry, and
Immunobistochemistry

To retrieve antigens, rehydrated sections were
boiled in 1 mmol/l EDTA pH 8.0 (anti-S-catenin), 0.01
mol/l sodium citrate pH 6.0 (anti-Apc), or 0.1 mol/l
Tris-HCl pH 9.0 (anti-Dnmt3a) and incubated with pri-
mary antibody diluted in phosphate-buffered saline
(PBS) or CAS-Block (Invitrogen, Carlsbad, CA) at room
temperature for 1 hour followed by HRP-conjugated sec-
ondary antibody for 30 minutes. Diaminobenzidine
(Dako, Carpentaria, CA) was used for visualization and
sections were counterstained with hematoxylin. Antibody
dilutions were as follows: mouse anti-bromodeoxyuridine
(1:100; Dako), rabbit anti-mA33 antigen (1:100; John-
stone et al’), mouse anti-B-catenin (1:100; BD Bio-
sciences, Bedford, MA), rabbit anti-Apc antibody (1:100;
Nathke et al),¢ rabbit anti-hDnmt3a (1:100; Calbiochem,
San Diego, CA), anti-mouse HRP (1:200; Bio-Rad, Her-
cules, CA) and anti-rabbit HRP (1:200; Bio-Rad).

mRNA Expression Analysis

To release IECs from stroma, small intestines and
colons were incubated in PBS containing 3 mmol/L
EDTA and 0.5 mmol/L DTT, followed by total RNA

GASTROENTEROLOGY Vol. 137, No. 3

extraction using TRIzol (Invitrogen). gPCR expression
analysis was carried out on oligo dT- or random-primed
cDNA prepared by Superscript III reverse transcriptase
(Invitrogen) with the indicated primers (Supplementary
Table 1) and quantified by the SYBR-Green dye (Fisher
Biotech, Wembley, Western Australia) method using the
Rotorgene RG-3000 system (Qiagen, Doncaster VIC, Aus-
tralia). Tagman analysis (Applied Biosystems) was per-
formed on an AB7300 system (Applied Biosystems). Data
were exptressed in units relative to GAPDH or 18s RNA
expression level.

Cell Culture and Transfections

MEFs were derived from E13 embryos and prop-
agated in DMEM supplemented with 15% fetal bovine
serum. Wnt3a-conditioned medium was a gift from Dr
Liz Vincan (Peter MacCallum Cancer Institute, Mel-
bourne, Australia) and Ms Nicole Church (JPSL, Ludwig
Institute for Cancer Research, Melbourne, Australia).
MEFs were plated onto 6-well plates at 5 X 10 cells per
well in DMEM and replaced with Wnt3a-containing
DMEM. Transfections were carried out using FuGENE 6
transfection reagent (Roche, Basel, Switzerland), 200 ng
pSuperTOPflash, 4 ng pRL-CMV and the indicated
amount of pCMV-HA-SFRPS expression construct. Two
days later, cultures were processed using the Dual-Lucif-
erase Reporter Assay kit (Promega, Madison, WI) and
luminescence was measured using a Lumistar Galaxy
luminometer (Dynatech Laboratories, Orlando, FL).

Methylation Analysis

Bisulfite treatment of genomic DNA was carried out
as described® and MSP (primers in Supplemnetal Table 2)
was performed in 25 pl containing 67 mmol/l Tris-HCl
(pH 8.8), 16.6 mmol/l (NH,),SO,, 6.7 mmol/l MgCl,, 10
mmol/l 2-mercaptoethanol, 1.25 mmol/l dNTP, 0.4
pmol/l per primer, and 0.5 U of JumpStart REDTaq
DNA Polymerase (Sigma, St Louis, MO) for 3§ cycles
(95°C for 30 seconds; 60°C for 30 seconds; 72°C for 30
seconds). For bisulfite sequencing, PCR amplicons (35
cycles; 95°C for 60 seconds; 60°C for 60 seconds; 72°C
for 60 seconds) were cloned into pCR2.1 TOPO and
sequenced using the ABI3100 system (Applied Biosys-
tems).
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Supplementary Table 1. Nucleotide Sequence for Primers Used for Genotyping and Quantitative RT-PCR

Gene Sense primer Antisense primer
Apc (ex16) 5'-TCACCGGAGTAAGCAGAGACAC 5"-TTTGGCATAAGGCATAGAGCAT
Dnmt3a 5’-CTCCATAAAGCAGGGCAAAG 5'-AGTCTCTGCCTCGCCAAG
Dnmt3b 5'-GAATGCGCTGGGTACAGT 5'-GCCACCAGTTTGTCAGCA
Gapdh 5'-CAACTCACTCAAGATTGTCAGCAA 5'-TACTTGGCAGGTTTCTCCAGGC
genotype (JRES-neo) 5'-AATGGCTCTCCTCAA 5'-CAATAGCAGCCAGTC
genotype (IRES-Dnimt3a) 5'-AATGGCTCTCCTCAA 5"-GTGTCACTGCTTTCC
Mih1 5-AGGAGTCGACCCTCTCAGG 5'-CCATACACTTCGCCTTGGAT
Gsk3b 5'-CCGTCTGCTGGAGTACACAC 5"-AGCATGTGGAGGGATAAGGA
Dkk1 5'-CTGAAGATGAGGAGTGCGGCTC 5"-GGCTGTGGTCAGAGGGCATG
Axin2 5'-CCAACACTTTGGCACAGCTA 5"-TGCCAGTTTCTTTGGCTCTT
Mmp7 5-GAGATGTGAGCGCACATCAGTG 5'-GATGTAGGGGGAGAGTTTTCCAGT
Cd44 5'-GTCTGCATCGCGGTCAATAG 5'-GGTCTCTGATGGTTCCTTGTTC
Ccnd1 5'-GCACAACGCACTTTCTTTCCA 5'-CGCAGGCTTGACTCCAGAAG
Sfrp5 5'-AACAGATGTGCTCCAGTGACTTT 5'-GGGATAGGAGAACATGAATTTGAC
SFRP5* tagman probe Hs00602456_m1
DNMT3A* tagman probe Hs00169366_m
AXINZ* tagman probe Hs00610344_m1
GAPDH* tagman probe Hs99999905_m1

All genes are mouse, except those denoted by *, which are human genes.
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Supplementary Figure 1. Genetic characterization of A33P"Mt32 mice. (A) Southern Blot analysis of A33 targeted ES cells. DNA prepared from
G418-resistant ES cell clones was digested with EcoRV and subjected to Southern analysis using an [«-32PJATP-labeled (3,000 Ci/mmol/L; GE
Biosciences, Rydalmere NSW, Australia) probe denoted by (*) in Figure 1A. Lanes 1, 2, and 4 correspond to clones which had undergone
homologous recombination. The 7.5-kb band corresponds to the wild-type allele and the 13.5-kb band corresponds to the targeted A33LSL-Dnmt3a
allele. (B) Southern Blot analysis genomic DNA of a representative litter following Cre-mediated recombination in vivo. Male A33LSL-Dnm3&/+ mice were
mated with female E2a:Cre transgenic mice and tail biopsy DNA was digested with EcoRV and subjected to Southern analysis as described. Lane
2 contains genomic DNA from a resulting A33P"™3&/+ mouse and the 9.5-kb band corresponds to the targeted A33°32 glele. (C) Northern Blot
analysis for Dnmt3a and A33 antigen expression in A33 knock-in mutant mice. Total cytoplasmic RNA (25 ug), prepared from IECs of mice
homozygous for the indicated genotype were electrophoresed, blotted on duplicate Genescreen Plus nylon membranes (Perkin Elmer, Boston, MA)
and hybridized with [a-32PJATP-labeled (3,000 Ci/mmol/L; GE Biosciences) partial cDNAs corresponding to gpA33 and Dnmt3a, respectively. A
probe against 18S rRNA (5'-CGGCA TGTAT TAGCT CTAGA ATTAC CACAG-3') was used to assess RNA loading. Wild-type (A33*) mice show
weak endogenous Dnmt3a (4.2 kb) and prominent gpA33 expression (2.3 kb). A33-SL-Dnmt3a mice express a 6.5kb A33-neo-Dnmt3a mRNA species
alongside a weaker 3.1-kb A33-neo mRNA species, whereas analysis of A33P"™%2 mice reveals a 5.7-kb transcript corresponding to bicistronic
A33-Dnmt3a mRNA.
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Supplementary Figure 2. Epithelial homeostasis is unaffected in A33P"™32 “knock-in” mutant mice. Tissue sections from small intestines of
A33Pnmt3a (A_D) and A33-SL-Dnmt3a (E_H) mice were stained with hematoxylin and eosin (A, E). Staining for periodic acid-Schiff (B, F) was carried out
according to manufacturer's instructions (Sigma) by treating dehydrated sections briefly in 1% periodic acid solution before incubating in Schiff's
reagent for 20 minutes and 1% sodium metabisulfite for 5 minutes to visualize Goblet cells. Paneth cells (red arrows) were visualized by phloxine and
tartrazine stains (C and G and respective enlargements of boxed sections in D and H) of deparaffinized and hydrated sections in alum hematoxylin
solution (Sigma) for 5 minutes, rinsing and incubating in 0.5% phloxine (Sigma) in 0.5% aqueous calcium chloride for 20 minutes. After rinsing in tap
water, sections were left in a saturated solution of tartrazine (Sigma) in 2-ethoxy ethanol, until all color was leached from the section except for the
Paneth cells, which remained red. Sections were washed in 95% ethanol, dehydrated, and mounted in DPX. All scale bars represent 50 um.
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Supplementary Figure 3. Polyp size distribution in transgene positive lesions in A33P"3 mice, (A) Dnmt3a-specific immunohistochemical
staining of a colonic polyp from a A33Prmt3a mouse. The scale bar represents 1 mm. (B) Size distribution of intestinal polyps in the proximal (PSI),

middle (MSI), and distal small intestine (DSI) as well as colon of ApcMn (open bars; n = 28) and A33P"MBa:ApcMin mice (filled bars; n = 18).



