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Aberrant gene silencing accompanied by DNA methylation is associated with neoplastic progression in many
tumors that also show global loss of DNA methylation. Using conditional inactivation of de novo methyltrans-
ferase Dnmt3b in ApcMin/� mice, we demonstrate that the loss of Dnmt3b has no impact on microadenoma
formation, which is considered the earliest stage of intestinal tumor formation. Nevertheless, we observed a
significant decrease in the formation of macroscopic colonic adenomas. Interestingly, many large adenomas
showed regions with Dnmt3b inactivation, indicating that Dnmt3b is required for initial outgrowth of macro-
scopic adenomas but is not required for their maintenance. These results support a role for Dnmt3b in the
transition stage between microadenoma formation and macroscopic colonic tumor growth and further suggest
that Dnmt3b, and by extension de novo methylation, is not required for maintaining tumor growth after this
transition stage has occurred.

Altered DNA methylation in the form of global hypometh-
ylation and regional hypermethylation is one of the most con-
sistent epigenetic changes in cancer (18). Global hypometh-
ylation, which is frequently observed at early stages of
tumorigenesis in human cancer (10, 11), promotes tumor de-
velopment in several mouse models and causes chromosomal
instability in cultured fibroblasts (9, 12). After the initial ob-
servation of DNA hypermethylation within the retinoblastoma
tumor suppressor gene (14), dozens of genes have been shown
to be hypermethylated and transcriptionally silenced in tumors
(2, 20). Although the consequences of global hypomethylation
and gene-specific hypermethylation have been mechanistically
connected to chromosome instability and transcriptional si-
lencing, respectively, the causes of aberrant DNA methylation
patterns are currently unknown.

DNA methylation is catalyzed by a family of three DNA
methyltransferases: Dnmt1, Dnmt3a, and Dnmt3b. Although
the three Dnmts partially cooperate to establish and maintain
genomic methylation patterns (21), they also have distinctive
functions. Dnmt1 has a preference for hemimethylated DNA
(1, 15, 38), and indeed a hypomorphic allele of Dnmt1 has
been shown to cause global DNA hypomethylation (12).
Dnmt1 is therefore considered the major maintenance methyl-
transferase. Dnmt3a and -3b probably function as de novo
DNA methyltransferases because these enzymes were shown
to have equal preferences in vitro for unmethylated and hemi-
methylated DNA (25, 26). Furthermore, de novo methylation
of a subset of the CpG sites on stable episomes is detected in

human cells overexpressing the murine Dnmt3a or Dnmt3b1
protein (17). Consistent with these notions, inactivation of both
Dnmt3a and Dnmt3b by gene targeting blocks de novo DNA
methylation in embryonic stem (ES) cells and early embryos, as
well as de novo methylation of imprinted genes in germ cells (25,
26). These findings support the view that Dnmt3a and Dnmt3b
function primarily as de novo methyltransferases during normal
development. Nevertheless, the role of the de novo Dnmts in
cancer is unresolved.

Evidence from humans and mouse models has shown that
Dnmt3b is important for maintaining methylation of pericen-
tromeric repetitive elements (5, 25) and of single copy genes in
cooperation with Dnmt1 in a human colon cancer cell line (29,
37). Mouse embryonic fibroblasts expressing large T antigen
and Ras form soft agar colonies and large tumors, but similarly
treated fibroblasts from Dnmt3b�/� mice do not grow in soft
agar and are much less tumorigenic in vivo (34). These findings
suggest that deletion of Dnmt3b inhibits cell transformation. In
addition, Dnmt3b deficiency promotes the chromosomal insta-
bility of mouse embryonic fibroblasts, which in turn promotes
spontaneous immortalization or premature senescence (7).
Furthermore, deletion of Dnmt3b was shown to induce apop-
tosis in a human cancer cell line (3). Taken together, these
observations implicate a role for Dnmt3b in oncogenesis.

Despite these in vitro studies, there is no direct evidence in vivo
to clarify the role of Dnmt3b in tumorigenesis. Here we show that
Dnmt3b expression is elevated in colonic adenomas derived from
the ApcMin/� mouse model. We therefore chose this in vivo tumor
model to analyze the role of Dnmt3b in tumor initiation and
progression by using Cre-Lox mediated conditional Dnmt3b gene
deletion in the intestinal mucosa. We found that the removal of
Dnmt3b does not affect tumor initiation in the form of micro-
adenomas but does inhibit the formation of macroscopic tumors
at an early stage of tumor development.

MATERIALS AND METHODS

Construction of the Dnmt3b conditional knockout targeting vector. A 10-kb
XhoI-EcoRV genomic DNA fragment containing the catalytic domain and
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surrounding regions from the Dnmt3b locus was isolated from a 129/SvEvTac
female mouse bacterial artificial chromosome library (Roswell Park Cancer
Institute) by hybridization to a Dnmt3b cDNA probe. The fragment was
subsequently cloned into the pBluescript II SK vector (Stratagene), generat-
ing plasmid pBS3bXEV, which was used to generate the conditional knockout
construct.

A loxP site was inserted into the intron just 3� of the exon 19, which encodes
DNA methyltransferase motif VI. In addition, a drug selection marker in the
form of a neomycin phosphotransferase gene under the control of the phospho-
glycerate kinase 1 gene promoter (pgk-neo cassette flanked by Frt sites) (28) was
inserted into the intron between exons 15 and 16 of the Dnmt3b locus, which are
5� to the catalytic domain. The pgk-neo cassette was flanked by frt sites to
facilitate removal by flp recombinase. A loxP site was also included just 5� to the
pgk-neo cassette.

In the final targeting construct, pBS3blfN, the loxP sites flank exons 16 to 19,
which encode the catalytic domains. Arms of genomic DNA from the Dnmt3b
locus—a 1.9-kb HindII-EcoRV fragment on the 5� side and a 4.5-kb HindII
fragment on the 3� side—surround the loxP-flanked region. The orientation of
pieces in the targeting construct was confirmed by restriction digest analysis and
sequencing.

Generation of ES cells and mice with conditional knockout alleles of Dnmt3b.
Plasmid pBS3blfN was linearized with SacII and electroporated into F1 (129Sv-
Jae � C57BL/6; v6.5 line) mouse ES cells and selected for drug resistance against
neomycin as described previously. Neomycin-resistant ES colonies were analyzed
by Southern blotting. In ca. 45% of the picked colonies, the targeting construct
had integrated properly into the Dnmt3b locus.

In order to remove the pgk-neo cassette, ES cells from a targeted clone were
transiently transfected with enhanced flp (Flp-e) recombinase-encoding plasmids
(a gift from Francis Stewart) (4) by lipofection with Cytofectene (Bio-Rad).
Removal of the pgk-neo cassette was confirmed by PCR, Southern blotting, and
by death in G418-containing medium (350 �g/ml). Sixteen of twenty-four sub-
clones in this experiment no longer contained the neomycin resistance gene.

For injection into blastocysts, we used ES cells from one properly targeted
subclone in which the neomycin resistance cassette was removed. The resulting
chimeras were crossed with C57BL/6 mice to generate the founder colony.

Mice and polyp analysis. Mice were maintained in the facilities of Whitehead
Institute for Biomedical Research. The conditional Dnmt3b allele was back-
crossed to the C57BL/6 strain prior to crossing with ApcMin/� mice. All tumor
bearing mice analyzed in this experiment were backcrossed at least six genera-
tions into C57BL/6 mice. For tumor analysis, the entire intestine was excised
immediately after sacrifice and subjected to a systematic microscopic screen for
tumor formation along the entire length of the intestine. The investigator count-
ing the adenomas was blind with regard to mouse genotype.

Genotyping. DNA was isolated from tail tips and amplified by PCR for the
Dnmt3b locus as follows: Dnmt3bF (5�-GCTGAATTATACCCGCCCCAAGG
AGGGCG-3�; located just 5� of the 3�loxP site) and Dnmt3bR (5�-CCCTTCA
AAGGTGCATCGTGGCCAGTGTGC-3�; located in the 3� arm of the condi-
tional construct). PCR products are 410 bp for the wild-type allele and 550 bp for
the 2lox allele. For the Dnmt3b 1lox allele, Dnmt3bR was used in conjunction
with Dnmt3b1F (5�-CCTGAGAGACTGGCCGGCTTTTCCTCAGAC-3�; lo-
cated in the 5� arm of the conditional construct), generating a roughly 500-bp
product from the Dnmt3b 1lox allele. C57BL/6 ApcMin/� mice were purchased
from Jackson Laboratories, Bar Harbor, Maine. Oligonucleotides RM21a (5�-T
TCTGAGAAAGACAGAAGTTA-3�), RM20 (5�-TTCCACTTTGGCATAAG
GC-3�), and RM19 (5�-GCCATCCCTTCACGTTAG-3� were used for genotyp-
ing. The Fabp-Cre mice (a gift from Jeffrey I. Gordon, Washington University,
St. Louis, MO) were backcrossed to the C57BL/6 strain for more than 10
generations. Cre-positive mice were determined by PCR with the oligonucleo-
tides CreF (5�-TGGGCGGCATGGTGCAAGTT-3�) and CreR (5�-CGGTGC
TAACCAGCGTTTTC-3�).

Southern blotting, Western blotting, and histological analysis. Southern blot-
ting, Western blotting, and histological analysis were performed as described
previously (16). Total DNA was isolated from ES cells, intestinal mucosa, and
tumor tissue and digested by BamHI for Southern blotting. The probe is a
genomic fragment of Dnmt3b located downstream of the 3� end of the Dnmt3b
targeting construct. Dnmt3b antibody (1:200 dilution for Western blotting; 1:100 for
immunohistochemical analysis, IMGENEX), anti-�-catenin antibody (1:1,000 dilu-
tion; BD Transduction Laboratories), and anti-Ki-67 antibody (1:250; Dako) were
used in these analyses. The fluorescein in situ cell death detection kit, (Roche) was
used to detect apoptosis.

RESULTS

Dnmt3b is activated in the intestinal tumors of ApcMin/�

mice. Elevated expression of Dnmt3b has been observed in
many human tumors (13, 23, 24, 30, 32). We therefore sought
to identify a mouse tumor model that recapitulated Dnmt3b
overexpression for in vivo analysis of the functional importance
of de novo methyltransferase upregulation. Western blot anal-
ysis of intestinal macroscopic tumors from ApcMin/� mice re-
vealed that expression of Dnmt3b is substantially higher in
tumors compared to normal epithelium (Fig. 1A). Consistent
with this result, immunohistochemical staining of sections
through polyps identified strong and specific staining with an
anti-Dnmt3b antibody, in contrast to the adjacent normal ep-
ithelium, which showed weak staining (Fig. 1B). These results
demonstrate that Dnmt3b expression is elevated in the intes-
tinal tumors of ApcMin/� mice.

Deletion of Dnmt3b in the intestine. To investigate whether
Dnmt3b overexpression plays a causal role in intestinal carci-
nogenesis, we generated a conditional Dnmt3b allele that
would allow intestine-specific deletion of this gene, since
Dnmt3b-null mutant mice do not survive past midgestation
(25). Deletion of the exons encoding highly conserved PC and
ENV DNA methyltransferase catalytic motifs (motifs IV and
VI) of Dnmt3b has previously been shown to result in a null
mutation in this gene (25). We therefore created an analogous
conditional mutation in Dnmt3b, by placing loxP sites flanking
exons 16 through 19 using homologous recombination in V6.5
ES cells (Fig. 2A and see also Materials and Methods). Suc-
cessfully targeted ES cells bearing a conditional knockout
(“2lox”) allele were analyzed by Western blotting with a
Dnmt3b antibody and shown to express normal levels of
Dnmt3b protein, confirming that the Dnmt3b2lox allele is a
silent mutation (Fig. 2B). Western analysis of Dnmt3b1lox/1lox

ES cells, similarly confirmed that the deleted Dnmt3b1lox allele
is null (Fig. 2B).

Dnmt3b2lox/� ES cells were injected into blastocysts to gen-
erate chimeric mice, which were backcrossed to the C57BL/6
strain for subsequent crosses with ApcMin/� mice. An intercross

FIG. 1. Expression level of Dnmt3b in intestinal tumors of
ApcMin/� mice. (A) Western blot showing expression levels of
Dnmt3b in intestinal macroadenomas and adjacent normal mucosa
from ApcMin/� mice. GAPDH (glyceraldehyde-3-phosphate dehy-
drogenase) serves as the loading control. (B) Immunohistochemical
analysis with an anti-Dnmt3b antibody of a macroscopic colon tu-
mor and adjacent normal crypts.
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between Dnmt3b2lox/� mice generated 13 2lox/2lox, 30 2lox/�,
and 17 �/� mice (total n � 60), a finding consistent with
expected Mendelian ratios (P � 0.05, chi-square analysis) and,
in contrast to the embryonic lethal phenotype observed for the

Dnmt3b-null mutants (25), Dnmt3b2lox/2lox mice are healthy
and fertile with no phenotype observed through 1 year of age.

To achieve intestine-specific deletion, a Cre transgene under
the control of transcriptional regulatory elements from the
fatty acid-binding protein gene (Fabp-Cre) (31) was used to
generate Dnmt3b2lox/2lox, Fabp-Cre mice. Cre-mediated dele-
tion of Dnmt3b was assessed by Southern blotting, which re-
vealed ca. 50% recombination in the colon, but no recombi-
nation was detected in the small intestine from the same mice
(Fig. 2C). To assess further the efficiency of Cre-mediated
deletion within individual crypts, sections of the colon and
small intestine of 8- and 21-week-old animals were stained with
an anti-Dnmt3b antibody. Immunostaining showed ca. 50% of
colon crypts stained positive for Dnmt3b in animals of both
ages (Fig. 2D and 2E). Similar analysis of small intestinal
crypts showed uniform expression of Dnmt3b in Dnmt3b2lox/2lox

Fabp-Cre mice (data not shown), a finding consistent with the
lack of recombination observed by Southern blotting in this
tissue (Fig. 2C). Within the colon, immunostaining demon-
strated that all cells of a given colon crypt were either Dnmt3b
positive or negative, indicating that deletion of Dnmt3b likely
occurred in crypt forming stem cells. Histological analysis did
not reveal any significant phenotypic differences between
Dnmt3b-positive and -negative crypts (Fig. 2D and E and data
not shown).

Deletion of Dnmt3b decreases the number of colon tumors
but not the formation of microadenomas. To study the effects
of Dnmt3b deletion on intestinal tumorigenesis in ApcMin/�

mice, cohorts of 23 ApcMin/� Dnmt3b2lox/2lox Fabp-Cre� and 18
ApcMin/� Dnmt3b2lox/2lox Fabp-Cre� mice were sacrificed at 150
days of age to quantify intestinal tumors. Since Fabp-Cre has
different recombination efficiencies in different regions of the
intestinal tract (Fig. 2C), tumor numbers in the small intestine
and the colon were scored separately. Conditional deletion of
Dnmt3b reduced the total number of colonic tumors by ca.
40% (P � 0.0012; Fig. 3A) as shown by the average colonic
tumor burden of 2.75 	 0.6 polyps in ApcMin/� Dnmt3b2lox/2lox

Fabp-Cre� mice, whereas ApcMin/� Dnmt3b2lox/2lox Fabp-Cre�

mice had a mean macroscopic tumor load of 5.2 	 0.7
colonic polyps. Based on the low recombination rate de-
tected in the small intestine of Fabp-Cre mice, we antici-
pated little difference in tumor load in the small intestine of
Fabp-Cre-positive and -negative cohorts. No significant dif-
ference was observed (P � 0.89, Fig. 3B), which shows the
specificity of the result for Dnmt3b deletion in colon and
supports the notion that Dnmt3b deficiency inhibits tumor
formation in ApcMin/� mice.

Tumor formation in ApcMin/� mice occurs in two distinct
stages, which are referred to as microadenoma and macro-
scopic adenoma. Microadenomas are considered to be the first
stage of tumorigenesis and are detectable as histologically ab-
normal crypts that have mostly undergone loss of heterozygos-
ity (LOH) at the Apc locus and therefore stain positive for
�-catenin (39). To discern whether Dnmt3b affects the initial
stage of tumor formation, we compared the number of mi-
croadenomas in the colons of ApcMin/� Dnmt3b2lox/2lox Fabp-
Cre-positive and -negative mice. Microadenomas were scored
on en face sections of the colonic mucosa by staining with
anti-�-catenin antibody. ApcMin/� Dnmt3b2lox/2lox Fabp-Cre�

mice had a mean microadenoma load of 7.2 	 1.2/cm2 in the

FIG. 2. Targeting vector of conditional knockout and the frequency
of Fabp-Cre mediated the recombination of conditional Dnmt3b allele
in the intestine. (A) Restriction map of the Dnmt3b conditional knock-
out targeting vector. Restriction sites: B, BamHI; H, HindIII; RV,
EcoRV; X, XhoI. (B) Western blot demonstrating the protein level of
Dnmt3b in Dnmt3b 2lox/wild-type ES cells and Dnmt3b 1lox/1lox ES
cells. The Dnmt3b knockout ES cell is a negative control (a gift from
E. Li). (C) Southern blot demonstrating Fabp-Cre-mediated recombi-
nation of the conditional Dnmt3b allele in the colon and small intes-
tinal mucosa harvested from Dnmt3b2lox/2lox Fabp-Cre-positive and
-negative mice (14 kb for the 2lox allele and 11 kb for the 1lox allele).
(D and E) Longitudinal section and cross section, respectively, of the
colonic mucosa from a Dnmt3b2lox/2lox Fabp-Cre-positive and -negative
mouse stained with an anti-Dnmt3b antibody, demonstrating the Fabp-
Cre-mediated recombination of the conditional Dnmt3b allele.
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colon and ApcMin/� Dnmt3b2lox/2lox Fabp-Cre� mice had a
mean microadenoma load of 6.5 	 1.3/cm2 (Fig. 3C). The
marginal decrease in microadenomas observed was not statis-
tically significant (P � 0.08). These results suggest that
Dnmt3b deletion has no impact on the formation of microad-
enomas. To support this notion further, microadenomas of
ApcMin/� Dnmt3b2lox/2lox Fabp-Cre� mice were stained with
anti-Dnmt3b antibody, revealing ca. 50% Dnmt3b-positive and
50% Dnmt3b-negative microadenomas (Fig. 3D). Since this
ratio reflects the recombination frequency in the colonic mu-
cosa (Fig. 2C), these results are consistent with the conclusion
that Dnmt3b deficiency has no effect on microadenoma for-
mation. Taken together, these data suggest that the inhibition

of macroscopic tumor formation in ApcMin/� mice by Dnmt3b
conditional mutants occurs later during either initiation or
growth of macroscopic tumors.

Dnmt3b is not essential for tumor growth. The consistency
in the frequency of Cre-mediated recombination within the
colon (50%, Fig. 2C to E), along with the nearly twofold
reduction in colonic polyps in the Cre-expressing cohort (Fig.
3A), suggested that deletion of Dnmt3b might provide a strong
block to macroscopic tumor formation. To assess whether loss
of Dnmt3b was compatible with macroscopic tumor growth,
immunohistochemical staining of tumor sections using a
Dnmt3b antibody was performed to determine the number of
Dnmt3b-positive and -negative tumors. This analysis revealed
that polyps from ApcMin/� Dnmt3b2lox/2lox Fabp-Cre� mice
were predominantly composed of both Dnmt3b-positive and
-negative sectors, with a few sections showing homogeneous
wild-type or mutant staining patterns (Fig. 4A and Table 1). To
quantitate the extent of recombination throughout the tumors,
we developed a competitive PCR assay to measure the ratio of
1lox to 2lox Dnmt3b alleles in DNA isolated from individual
whole colon tumors (Fig. 4B). DNA samples from 2lox/2lox
and 1lox/1lox ES cells were mixed in defined ratios to stan-
dardize the PCR conditions. This analysis revealed that most
macroscopic tumors contained 2lox as well as 1lox Dnmt3b

FIG. 3. Effect of Dnmt3b deletion on the number of macroscopic
tumors and microadenomas in the colon and small intestine of Apcmin/�

mice. (A and B) Number of macroscopic tumors in the colons and
small intestines of Apcmin/� Dnmt3b2lox/2lox mice that either carried
(ApcMin/� Dnmt3b2lox/2lox Fabp-Cre�) or did not carry (ApcMin/�

Dnmt3b2lox/2lox Fabp-Cre�) the Fabp-Cre transgene. (C) The number of
colonic microadenomas in ApcMin/� Dnmt3b2lox/2lox mice that either
carried or did not carry the Fabp-Cre transgene was determined by
immunohistochemical analysis for �-catenin. (D) Dnmt3b-positive and
Dnmt3b-negative microadenomas in the colonic mucosa of ApcMin/�

Dnmt3b2lox/2lox Fabp-Cre� mice. The left panel illustrates our method
of microadenoma detection using an anti-�-catenin antibody. The
right panel illustrates immunohistochemical analysis of microadeno-
mas with an anti-Dnmt3b antibody. The right upper picture shows a
Dnmt3b-positive microadenoma, and the right lower picture shows a
Dnmt3b-negative microadenoma.

FIG. 4. Most colon tumors from ApcMin/� Dnmt3b2lox/2lox Fabp-
Cre� mice are both Dnmt3b positive and negative. (A) Immunohisto-
chemical analysis with an anti-Dnmt3b antibody illustrating expression
of Dnmt3b in colon tumors of ApcMin/� Dnmt3b2lox/2lox Fabp-Cre� mice.
The left picture illustrates a purely Dnmt3b-positive section, the mid-
dle picture shows a mixed Dnmt3b-positive and -negative section, and
the right picture shows a pure Dnmt3b-negative section. (B) PCR
analysis shows that most colon tumors from ApcMin/� Dnmt3b2lox/2lox

Fabp-Cre� mice contain both 1lox and 2lox alleles of Dnmt3b. The top
panel shows a reference PCR using different ratios of 2lox to 1lox Dnmt3b
genomic DNA. The top right and lower panels show the PCR analysis of
colon tumors from ApcMin/� Dnmt3b2lox/2lox Fabp-Cre� mice.
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alleles, a few contained only the nonrecombined 2lox allele,
and almost no tumors were observed with greater than 50%
contribution of 1lox alleles.

The immunostaining and PCR analysis together demon-
strated a partial contribution of Dnmt3b mutant cells in a
majority of the macroscopic colon tumors in ApcMin/� Dnmt3b
conditional mutant animals (as summarized in Table 1). Since
Cre-mediated recombination is irreversible and the majority of
tumors in ApcMin/� mice are considered to be monoclonal (22,
27, 36), this suggests that Dnmt3b deletion occurred after
tumor initiation during tumor growth. Two observations are
consistent with this idea. First, we observed Cre expression in
macroscopic tumors by reverse transcription-PCR (data not
shown). Second, the areas lacking Dnmt3b expression were
always seen as coherent patches (Fig. 4A, middle panel), indi-
cating that the Dnmt3b-negative tumor sections were clonally
derived from a tumor cell that had recombined Dnmt3b 2lox
alleles during tumor growth.

The presence of clonal sectors of Dnmt3b mutant cells
within the macroscopic tumor lesions suggested that Dnmt3b
function is dispensable in an already-formed colon tumor. To
assess whether Dnmt3b deletion affects the proliferation rate
of tumors, histological sections of colon polyps were stained
with a cellular replication marker (Ki67 antibody). Consistent
with the notion that Dnmt3b is not required in adenomas, no

significant difference in Ki67 staining was observed between
Dnmt3b-positive (45.7% 	 1.4% positive cells per crypt) and
-negative (42.8% 	 1.45% positive cells per crypt) tumor sec-
tors (Fig. 5A, P � 0.185). In addition, TUNEL (terminal de-
oxynucleotidyltransferase-mediated dUTP-biotin nick end la-
beling) staining revealed 0.90% 	 0.2% and 0.82% 	 0.3%
TUNEL-positive cells/crypt in Dnmt3b-positive and -negative
areas, respectively (P � 0.66), indicating there was no effect of
the Dnmt3b deletion on tumor cell apoptosis (Fig. 5B). Fur-
thermore, we calculated the tumor volume from ApcMin/�

Dnmt3b2lox/2lox mice that either carried or did not carry the
Fabp-Cre transgene. Figure 5C shows that the average vol-
ume of colon tumors from ApcMin/� Dnmt3b2lox/2lox Fabp-
Cre� mice (11.84 	 1.5 mm3) was not significantly different
from the average tumor volume in ApcMin/� Dnmt3b2lox/2lox

Fabp-Cre� mice (11.04 	 1.4 mm3; P � 0.68). We therefore
conclude that Dnmt3b deficiency impairs the initiation of
macroscopic tumors but has no noticeable effect on later
stages of tumor growth (Fig. 6).

DISCUSSION

In this study we investigated the role of Dnmt3b in intes-
tinal tumorigenesis of ApcMin/� mice. Colon tumorigenesis

TABLE 1. Loss of Dnmt3b observed in early-stage microadenomas
is selected against in later-stage colonic tumors

Tissue analyzed n
% Dnmt3b expression (n)a

Positive Mixed Negative

Colon crypts 98 48 (49) 50 (51)
Microadenomas 23 11 (48) 12 (52)
Tumors 45b 14 (31) 26 (58) 5 (11)

a Dnmt3b expression was determined by immunohistochemistry on sections of
Dnmt3b conditional mutant colonic tissue. Microadenomas were identified by
beta-catenin staining of adjacent sections.

b These data include 14 tumors analyzed by PCR, using a genotyping assay for
recombination at the Dnmt3b locus shown in Fig. 4B, and 31 tumors analyzed by
immunostaining tumor sections.

FIG. 5. Effect of Dnmt3b deletion on tumor growth and apoptosis. (A) Percentage of Ki67-positive cells per crypt in either the Dnmt3b-positive or
-negative region of the mixed tumor. (B) Percentage of TUNEL-positive cells per crypt in either the Dnmt3b-positive or the Dnmt3b-negative region of
the mixed tumor. (C) Average volume (in cubic millimeters) of colon macroscopic tumors from ApcMin/� Dnmt3b2lox/2lox Fabp-Cre� and Fabp-Cre� mice.

FIG. 6. Model depicting the effects of Dnmt1 and Dnmt3b on var-
ious stages of colon tumorigenesis in ApcMin mice.
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in ApcMin/� mice occurs in two distinct stages, with micro-
adenomas representing the first stage, followed by the devel-
opment of macroscopic adenomas. Western blot and immuno-
histochemical analyses indicated that Dnmt3b was overexpressed
in adenomas of ApcMin/� mice compared to normal intestinal
mucosa. To assess whether Dnmt3b was causally involved in
tumorigenesis, we generated a conditional allele of Dnmt3b
gene and used a Fabp-Cre transgene to delete this enzyme in
the intestinal epithelium. The frequency of Cre-mediated
Dnmt3b deletion was 50% in the colon crypts, with little or no
deletion in the small intestine. When the number of microad-
enomas in the colons of ApcMin/� Dnmt3b2lox/2lox Fabp-Cre�

and Fabp-Cre� mice were compared, we found no differences,
indicating that Dnmt3b deficiency had no effect on the forma-
tion of microadenomas. Consistent with this conclusion was
the finding that 50% of all microadenomas in the colon of
ApcMin/� Dnmt3b2lox/2lox Fabp-Cre� were positive and 50%
were negative for Dnmt3b, a ratio that corresponds to the
Fabp-Cre-mediated recombination frequency in normal crypts.
In contrast to microadenoma formation, Dnmt3b deficiency
reduced the load of macroscopic adenomas in the colon by ca.
40%. No changes in tumor multiplicity were observed in the
small intestine that could be attributed to Dnmt3b inactivation,
because of the low to undetectable recombination frequency in
this region. Together, these results support the notion that
Dnmt3b deletion selectively inhibits the formation of macro-
scopic colonic tumors but does not affect the formation of
colonic microadenomas.

Two findings indicate that Dnmt3b activity and, by exten-
sion, de novo methylation are required specifically at the tran-
sition from microadenoma to macroscopic tumor outgrowth.
First, as summarized in Table 1, roughly 50% of microadeno-
mas lacked Dnmt3b expression, which was equated to the
recombination frequency in the colon. However, only 10% of
macroscopic tumors developed without Dnmt3b, suggesting
that the outgrowth of the Dnmt3b deficient microadenomas
was selected against. Second, the subsequent maintenance of a
tumor outgrowth was not dependent upon Dnmt3b since both
DNA and immunohistochemical analyses indicated that most
tumors in Fabp-Cre� mice were mixed, being composed of cells
carrying the unrecombined 2lox Dnmt3b allele as well as the
deleted Dnmt3b 1lox allele. Together, these two results
strongly suggest that Dnmt3b deletion selectively inhibits the
transition from microadenoma to macroscopic adenoma and
that the majority of macroscopic adenomas in these mice were
initiated in cells with a nonrecombined Dnmt3b conditional
allele (2lox). Persistent or stochastic expression of Cre recom-
binase within an already formed tumor may have allowed re-
combination to occur at some later point after adenoma out-
growth, which resulted in clonal expansion of Dnmt3b-negative
sectors in a given adenoma. This interpretation is supported
by immunostaining, which showed that the region of the tumor
lacking Dnmt3b expression always appeared as coherent
patches of variable size. Although immunohistochemical anal-
yses indicated that ca. 10% of the adenomas lacked Dnmt3b
expression, these were analyzed on representative sections and
may even be an overestimate of the number of tumors that
formed entirely lacking Dnmt3b (Fig. 4A). In a less biased
analysis, DNA isolated from whole tumor samples failed to
confirm the presence of a tumor with greater than 50% con-

tribution by Dnmt3b mutant cells (Fig. 4B), and in fact most of
the mixed tumors had a contribution of less than 20% based on
the competitive PCR analysis. Together, these results suggest
that Dnmt3b deficiency resulted in a more than three- to four-
fold reduction in macroscopic tumor incidence, owing to a
selective requirement for de novo methylation at the transition
from micro- to macroadenoma (Fig. 6).

It has been suggested, based on the analysis of chimeric
ApcMin/� mice, that tumors in the small intestine arise by active
interactions between crypts promoting loss of Apc and thus
resulting in the formation of polyclonal adenomas (36). In that
study, however, only 22% of all tumors were identified as
polyclonal. A similar experiment analyzing chimeric ApcMin/�

mice, using lacZ as a reporter, yielded only 9% mixed tumors
(22). Also, in our experimental system, an average of only
three adenomas were observed in the colon, in contrast to an
average of 17 tumors in the small intestine of the chimeric mice
(36). Because the same frequency of recombination in crypts
and microadenomas was observed in our study and the mi-
croadenomas were homogeneous in Dnmt3b expression (Ta-
ble 1), our data indicate the initiating event of LOH at the
APC locus must precede the local recruitment of a similarly
mutated crypt to produce the mixed tumor class according to
the collision model. The low incidence of lesions in our system
virtually excludes the possibility that the random collision
model accounts for a substantial fraction of the majority class
of mixed tumors observed in the ApcMin/� Dnmt3b conditional
mutants. Consistent with this conclusion are other studies that
also demonstrated a monoclonal origin of colon tumors in
mice (27). We think it more likely that persistent and stochastic
expression of Cre recombinase within colonic tumors, which
we observed by reverse transcription-PCR, explains the forma-
tion of the mixed class of tumors in these animals.

It has been shown previously that global DNA hypomethyl-
ation can protect as well as enhance tumor formation (8, 12,
19). For example, reduced Dnmt1 activity was demonstrated to
inhibit adenoma formation in ApcMin/� mice but to promote
formation of lymphomas in the thymus and of sarcomas in soft
tissues (9, 12). Enhanced thymoma and sarcoma formation was
due to increased genetic instability and elevated LOH frequen-
cies of tumor suppressor genes. Consistent with this finding is
our recent observation that reduced levels of Dnmt1 expres-
sion increased the number of microadenomas in ApcMin/� mice
(39) by enhancing the rate of Apc LOH (Fig. 6). In contrast to
reduced Dnmt1 activity, the somatic deletion of Dnmt3b would
be predicted to have no effect on global methylation levels and
thus would not be expected to affect APC LOH. In agreement
with this prediction is the finding that microadenoma forma-
tion is unaffected by loss of Dnmt3b (Fig. 6).

Protection against macroscopic tumors by reduced Dnmt1
expression was suggested to be due to an epigenetic mecha-
nism such as the impaired maintenance of methylation marks
that are acquired during tumorigenesis. For example, de novo
methylation of tumor suppressor genes of the H19 DMR has
been shown to promote intestinal tumor load by loss of im-
printing of Igf2 (6, 33). Because the maintenance of methyl-
ation marks depends on Dnmt1 activity, a reduced Dnmt1 level
may lead to loss of DMR methylation causing reduced Igf2
expression and thus protect against intestinal tumors. Our re-
sults indicate that somatic deletion of Dnmt3b also protects
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against polyp formation, suggesting that this de novo methyl-
transferase is causally involved in tumor formation, possibly by
promoting de novo methylation that mediates silencing of tu-
mor suppressor genes (35) or loss of imprinting of genes such
as Igf2 (6, 33). This predicts that, once tumor growth is initi-
ated, continuous expression of Dnmt3b would not be required
for further tumor growth (Fig. 6). Indeed, we found that loss of
Dnmt3b has no noticeable effect on the growth of established
tumors as the proliferation and apoptosis rate of cells was
similar in Dnmt3b-positive and -negative sectors of a given
tumor. Also, we failed to detect any significant difference in the
average tumor volume when comparing Dnmt3b2lox/2lox

ApcMin/� mice with or without the Fabp-Cre transgene, which
is consistent with tumor growth being unaffected by Dnmt3b.
These studies are consistent with the results obtained by tar-
geted disruption of the human DNMT3B gene in the human
colon cancer cell line HCT116, which resulted in little to no
change in the global DNA methylation or growth of these cells.
Although the disruption of both DNMT1 and DNMT3B caused
DNA hypomethylation in the same colorectal cancer cell line,
our results suggests that Dnmt1 alone is sufficient to support
the proliferation and maintenance of tumors in ApcMin mice
(29, 37). Thus, although Dnmt3b is required during the initial
outgrowth phase of macroscopic colonic adenomas in these
mice, it has no effect on subsequent tumor growth and main-
tenance (Fig. 6).

Our previous observation that inhibition of Dnmt1 pro-
tected against intestinal tumorigenesis (19) sparked efforts to
develop inhibitors of Dnmt1 that could be administered pro-
phylactically to FAP patients carrying an Apc mutation. How-
ever, the later recognition that Dnmt1 inhibition can impair
genomic stability and enhance tumor formation in other tissues
such as the thymus or in soft tissues (9, 12) cautioned against
long-term treatment with Dnmt1 inhibitors. Since Dnmt3b in-
hibition has no effect on microadenoma formation and, by
implication, on genomic stability but strongly inhibits macro-
scopic tumor initiation, drug-mediated inhibition of this en-
zyme may be effective as a prophylactic agent to protect against
tumors without the potential side effects of Dnmt1 inhibitors.
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