Dnmt3b promotes tumorigenesis in vivo
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Increased methylation of CpG islands and silencing of affected target genes is frequently found in human
cancer; however, in vivo the question of causality has only been addressed by loss-of-function studies. To
directly evaluate the role and mechanism of de novo methylation in tumor development, we overexpressed
the de novo DNA methyltransferases Dnmt3al and Dnmt3b1 in Apc™™/* mice. We found that Dnmt3b1

enhanced the number of colon tumors in Apc™i/+

mice approximately twofold and increased the average size

of colonic microadenomas, whereas Dnmt3al had no effect. The overexpression of Dnmt3b1 caused loss of
imprinting and increased expression of Igf2 as well as methylation and transcriptional silencing of the tumor
suppressor genes Sfrp2, Sfrp4, and Sfrp5. Importantly, we found that Dnmt3b1 but not Dnmt3al efficiently
methylates the same set of genes in tumors and in nontumor tissues, demonstrating that de novo
methyltransferases can initiate methylation and silencing of specific genes in phenotypically normal cells.
This suggests that DNA methylation patterns in cancer are the result of specific targeting of at least some
tumor suppressor genes rather than of random, stochastic methylation followed by clonal selection due to a
proliferative advantage caused by tumor suppressor gene silencing.
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Cancer cells show widespread epigenetic changes when
compared with their normal parental tissue, including
changes in DNA methylation and chromatin modifica-
tion (Jones and Baylin 2007). The first epigenetic abnor-
mality reported for human cancer was a global decrease
in genomic cytosine methylation (Feinberg and Vogel-
stein 1983), most often seen in repetitive sequences and
intergenic regions. It promotes genetic instability, in-
creases the mobility of transposable elements (Walsh et
al. 1998), and induces tumorigenesis in several different
mouse models (Eden et al. 2003; Gaudet et al. 2003; Ya-
mada et al. 2005; Jones and Baylin 2007). Thus, hypo-
methylation predisposes to genetic damage and increases
the risk of tumor development. Conversely, in some tis-
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sues global hypomethylation can also inhibit tumor out-
growth (Laird et al. 1995).

In addition to global hypomethylation, it was also
found that the cancer cell genome frequently contains
regions with increased cytosine methylation (Baylin et
al. 1986). This regional hypermethylation often affects
CpG islands that are associated with promoter regions
(Herman and Baylin 2003; Feinberg and Tycko 2004,
Jones and Baylin 2007). Regional hypermethylation at-
tracted attention when it was linked to transcriptional
silencing of the RB tumor suppressor gene in patients
with retinoblastoma tumors (Greger et al. 1989, 1994).
Multiple follow-up studies revealed that in cancer many
tumor-relevant genes, in particular tumor suppressor
genes, are transcriptionally silenced by hypermethyl-
ation. Aberrant DNA methylation patterns are stable
and maintained throughout cell division, and therefore
regional hypermethylation has been proposed to contrib-
ute to carcinogenesis (Herman and Baylin 2003). How-
ever, when unbiased screens were conducted to identify
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hypermethylated regions in tumor DNA, many of the
affected genes were not directly involved in tumor
pathogenesis (Suzuki et al. 2002). These observations
stirred a debate about whether the widespread regional
hypermethylation in tumors is a consequence rather
than a cause of cancer. Two recent discoveries shed more
light on the mechanisms and the conceptual understand-
ing of regional hypermethylation in tumors. Firstly, it
was found that Polycomb group (PcG) repressor com-
plexes can directly recruit de novo methyltransferases to
target genes and promote regional methylation (Vire et
al. 2006). Secondly, recent studies demonstrated that hy-
permethylation in cancer targets developmental regula-
tor genes that are occupied by polycomb repressor com-
plexes in embryonic stem (ES) cells (Ohm et al. 2007;
Schlesinger et al. 2007; Widschwendter et al. 2007). This
is consistent with the notion that genes marked by PcG
complexes during early development may be particularly
susceptible to methylation-mediated silencing.

Epigenetic silencing of genes in cancer poses a number
of as yet unresolved questions. For example, an impor-
tant issue is whether de novo methylation of genes in
cancer is causally involved in tumor development, or
rather represents an adaptive change reflecting the onco-
genic phenotype (Bestor 2003). An early in vitro study
using the colon carcinoma cell line HCT116 suggested a
causal role of de novo methylation in carcinogenesis
(Myohanen et al. 1998). Correlative evidence from hu-
man studies is also consistent with regional hypermeth-
ylation being causally involved in the tumorigenic pro-
cess. For example, hypermethylation is already detect-
able at the earliest stages of tumor development, and
some tumor characteristics correlate well with methyl-
ation-mediated silencing of certain tumor-relevant genes
(Chan et al. 2006). However, most in vivo experiments
addressing the role of DNA methylation in cancer are
loss-of-function studies using chemical or genetic inhi-
bition of maintenance DNA methylation (Robert et al.
2003) and therefore do not directly address the causal
role of hypermethylation in cancer. Such interventions
affect global methylation as well as regional methyl-
ation, complicating the interpretation of results. One
gain-of-function study using in vitro overexpression of
Dnmtl in mammalian cells indeed supported the idea
that hypermethylation can promote cell transformation
(Wu et al. 1993), but attempts to expand this approach
into an adult in vivo model were unsuccessful (Binisz-
kiewicz et al. 2002). To prove that de novo methylation
is causally involved in tumor formation, loss-of-function
studies need to be complemented by gain-of-function
studies in vivo.

Other open questions relate to the mechanism and
specificity of the de novo methylation process: Are al-
tered methylation patterns in tumors the result of spo-
radic methylation events and selection, or are certain
genes directly and efficiently targeted for methylation?
Also, the identity and the specificity of DNA-methylat-
ing enzymes involved in gene silencing remain unre-
solved questions. Both de novo DNA methyltransferases
(Dnmt) 3a and 3b are frequently expressed in cancer tis-
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sue, but their relative contribution to hypermethylation
in cancer is unclear. A recent study from our laboratory
suggested that Dnmt3b is required for tumor develop-
ment (Lin et al. 2006), but target genes have not been
identified. It remains to be clarified which of the known
de novo methyltransferases is involved in tumor-associ-
ated hypermethylation in vivo and whether these en-
zymes have inherent target specificity. To address these
questions, we generated several mouse strains that allow
for conditional overexpresssion of Dnmt3al, Dnmt3bl,
and isoforms of Dnmt3b1 and studied the effect of these
enzymes on tumorigenesis in the Apc™™/* mouse model
for intestinal neoplasia. Both Dnmt3a and Dnmt3b have
been shown to mediate de novo methylation of previ-
ously unmethylated double-stranded DNA. For example,
during embryogenesis, expression of Dnmt3a and
Dnmt3b coincides with periods of high de novo methyl-
ation activity, and this process is impaired by genetic
deletion of these enzymes (Okano et al. 1998, 1999). Both
enzymes are therefore considered the major de novo
DNA methyltransferases of mammalian cells (Goll and
Bestor 2005).

Results

Transgenic mice with inducible Dnmt3a and
Dnmt3b transgenes

We generated tetracycline-inducible alleles of Dnmt3al
and Dnmt3b1 and two isoforms of Dnmt3b1—Dnmt3b3
and Dnmt3b6 (Fig. 1A,B)—that are produced by alterna-
tive splicing. The isoforms Dnmt3b3 and Dnmt3b6 are
truncated versions of the full-length protein Dnmt3bl
and lack part of motif IX of the catalytic domain (Chen et
al. 2003). These isoforms are enzymatically inactive and
were included in our experiment to allow for a distinc-
tion between methylation-related and non-methylation-
related effects of Dnmt3bl. The tetracycline-inducible
Dnmt3 transgenes were targeted to the 3’ untranslated
region (UTR) of the collagen I gene, and the tetracycline-
responsive transactivator (M2-rtTA) was inserted into
the ROSA26 locus as described previously (Beard et al.
2006). To analyze the effect of Dnmt3a and Dnmt3Db ac-
tivation on tumorigenesis, the respective transgene was
crossed into the Apc™™* mouse model for intestinal
neoplasia, which is heterozygous for the mutant Min al-
lele of the adenomatus polyposis coli (Apc) tumor sup-
pressor gene (Su et al. 1992). Previous experiments from
our lab detected increased expression of Dnmt3b in some
intestinal adenomas (Fig. 1C) and showed that deletion
of Dnmt3b protects against intestinal tumor initiation
(Lin et al. 2006). All Dnmt transgenic strains were first
backcrossed into the C57BL/6 background and then
crossed with Apc™™* mice to generate the experimental
genotype M2-rtTA*/~, Dnmt transgene*/~, Apc™M»/*,

Inducible transgene expression

For transgene induction, the experimental animals were
fed doxycycline in the drinking water, starting at 4 wk of
age, and were compared with the control group that re-
ceived regular drinking water. The top four panels of
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the methyltransferase motifs (I, IV, VI, and

IX), and sites of alternative splicing are c
shown. Numbers represent amino acids
(Chen et al. 2003). (C) Colon section of a
control Apc™™* mouse, stained with a
Dnmt3b antibody (left, 10x; right, 40x).
Regions with normal mucosa (M) showed
weak expression of Dnmt3b, whereas re-
gions with adenoma tissue (A) showed
strong expression of Dnmt3b.

Figure 2A show transverse sections of colon samples de-
rived from the four doxycycline-treated mice stained
with antibodies against Dnmt3a (top left) or Dnmt3b.
Each section covers areas with both normal intestinal
mucosa and tumor tissue. The immunostaining demon-
strated strong transgene expression in normal epithelial
cells of the intestinal mucosa and neoplastic tissue in all
experimental groups. The third row of Figure 2A illus-
trates transgene expression in the colon mucosa at
higher magnification from treated (left) and untreated
(right) animals. The doxycycline-treated mice showed
strong transgene expression with the expected nuclear
localization (Fig. 2A), whereas very little or no nuclear
staining was detectable in the uninduced mice. Also,
Dnmt3bl was overexpressed in spleen of doxycycline-
treated animals (Fig. 2A, bottom row). In general, Dnmt
transgene expression was low or undetectable in the
nonepithelial cells of the intestinal wall. To compare
transgene expression in the different anatomic regions of
the intestine, we harvested epithelial cells from the
proximal, middle, and distal small intestine and colon
from induced and uninduced mice. We found that trans-
gene expression was lower in the proximal small intes-
tine and increased toward the distal intestine, with the
highest expression observed in the colon (Fig. 2B; Supple-
mentary Fig. S1). Dnmt3-mediated de novo methylation
is thought to require association with the Dnmt3L iso-
form (Ooi et al. 2007). To assess whether Dnmt3b1 over-
expression also induces Dnmt3L, we performed quanti-
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tative PCR analyses. Supplementary Figure S2 shows
that Dnmt3b1 induction did not alter Dnmt3L expression.

Dnmt3b1 activation increases the number of
intestinal adenomas

When analyzing the colon of experimental mice at 5 mo
of age, we found a more than twofold increase in mac-
roscopic tumors in transgenic mice expressing full-
length Dnmt3b1 when compared with controls (11.7 = 1
vs. 5.3 +0.3 colon tumors/mouse; n = 23 and n = 79,
respectively; P < 0.0002, Mann-Whitney U-test, values
given as mean + SE), and this difference was statistically
significant. All other transgenic strains showed either
very small or no changes in colon tumor numbers when
compared with controls (Fig. 3A). Expression of full-
length Dnmt3b1 also significantly increased the number
of small intestinal adenomas (39.5 + 3.7 vs. 25.3 3.6
small intestinal tumors/mouse; n =12 each, P <0.01,
Mann-Whitney U-test, values given as mean =+ SE), with
the relative increase being less pronounced than in the
colon, possibly due to lower expression of the transgene
(Fig. 3B). Tumor formation in the intestine occurs in two
stages: microscopic adenomas and macroscopic adeno-
mas, where microadenomas are considered precursor le-
sions to macroscopic tumors (Yamada et al. 2002; Lin et
al. 2006; Yamada and Mori 2007). To evaluate whether
Dnmt3bl overexpression affects these early tumor
stages, we analyzed the morphology of microadenomas
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in the colon of Dnmt3b1-expressing mice using horizon-
tal en face sections of the colon mucosa. Figure 4, A and
B, shows that the average size of microadenomas was
increased almost twofold in mice expressing Dnmt3bl
when compared with controls (364 pm =38 vs. 211
um +25; n=58 and n =70, respectively, P < 0.0005,
Mann-Whitney U-test, values given as mean = SE). No
difference was found in the ratio of microscopic to mac-
roscopic adenomas when comparing control mice with
Dnmt3bl-expressing mice (ratio microdaenomas/mac-
roadenomas control: 3.6 + 1.9; Dnmt3bl: 4.8 + 1.6, n=5
each, P =0.75). These findings suggest that Dnmt3bl
overexpression affects the earliest stages of tumor devel-
opment.

Dnmt3b1 promotes loss of imprinting of Igf2

The increased tumorigenesis by Dnmt3bl overexpres-
sion but not by enzymatically inactive isoforms is con-

Dnmt3b1
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Dnmt3b3

Dnmt3b promotes tumorigenesis

Figure 2. Transgene expression analysis. (A) Colon
and spleen sections of transgenic mice induced with
doxycycline and stained with a Dnmt3a (top Ieft) or
Dnmt3b antibody. All strains showed clearly visible
doxycycline-induced transgene expression in both nor-
mal mucosa and adenoma tissue (first and second panel,
10x). The third panel demonstrates appropriate nuclear
localization of the transgene product (Dnmt3bl, third
panel Ieft, 40x), whereas mucosa from an uninduced
control mouse showed weak to no nuclear Dnmt3b
staining (third panel, right, 40x). The bottom panel
demonstrates that the Dnmt3bl transgene is also
widely expressed in the spleen. (B) Western blot dem-
onstrating doxycycline-inducible protein expression of
transgenic mouse strains in different regions of the in-
testinal mucosa. Top panel is stained with Dnmt3a an-
tibody, and other panels are stained with Dnmt3b an-
tibody; Gapdh was used as loading control. In each case,
protein from wild-type ES cells (ES WT) was used as a
positive control, and protein from ES cells knocked out
for Dnmt3b (ES 3bKO) was used as a negative control.
CTRL protein was extracted from immortalized and
doxycycline-induced tail tip fibroblasts derived from
the same respective mouse strain. All strains showed
doxycycline-inducible transgene expression. In general,
Dnmt expression was lowest in the proximal small in-
testine (SI) and highest in the colon. This is particularly
the case with Dnmt3b1l. The weak band in the ES 3bKO
lane (runnning slightly above the Dnmt3bl band),
which is seen in blots with Dnmt3b antibody, is most
likely nonspecific.

sistent with silencing of genes involved in tumor forma-
tion by hypermethylation. To identify possible target
genes, we analyzed genes that are known to be silenced
in cancer by de novo methylation. Insulin-like growth
factor II (Igf2) has been shown to promote intestinal tu-
morigenesis in mouse models, and increased Igf2 expres-
sion in humans due to loss of imprinting has been linked
to an increased risk of colon cancer (Cui et al. 2003). To
analyze whether overexpression of Dnmt3b1 caused loss
of imprinting and increased expression of Igf2, we first
compared the Igf2 expression in colon tumors from con-
trol mice with Igf2 expression in tumors derived from
Dnmt3bl-overexpressing mice using quantitative PCR.
Figure 4C shows that Igf2 expression was increased al-
most twofold in tumors from Dnmt3bl-expressing mice
when compared with tumors from control mice. Bisul-
fite sequencing analysis of the H19 DMR showed that
tumors from Dnmt3bl-expressing mice were hyper-
methylated at this locus, when compared with controls
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Figure 3. Dnmt3bl overexpression increases the number of
intestinal tumors. (A) Number of macroscopic colon tumors per
mouse. Increased expression of Dnmt3b1 caused a 2.2-fold in-
crease in the number of colon tumors per mouse (11.7 £ 1 vs.
5.3 £ 0.3 colon tumors per mouse; P < 0.0002, Mann-Whitney
test). Other mouse strains showed small changes (Dnmt3b3,
1.3-fold increase, P < 0.02; Dnmt3a, 0.68-fold decrease, P < 0.01)
or no change (Dnmt3b6) in colon tumor numbers. (B) Number of
small intestinal adenomas per mouse. Expression of Dnmt3b1
caused a 1.6-fold increase in small intestinal adenomas
(39.5 + 3.7 vs. 25.3 =+ 25.3 small intestinal tumors per mouse,
P < 0.02, Mann-Whitney test). Values are given as mean = SE.

(Fig. 5A). Analysis of the non-tumor-bearing mucosa also
showed a slight increase in H19 DMR methylation in
Dnmt3bl-expressing mice, but to a lesser degree than in
the macroscopic tumors (Fig. 5A). Both the expression
and the bisulfite sequencing data are consistent with bi-
allelic expression of Igf2 due to loss of imprinting. We
used liquid chromatography coupled to a mass spectrom-
eter (LC-MS/MS) to assess whether Dnmt3bl overex-
pression altered the overall DNA methylation level.
Supplementary Figure S3 shows that the 5-methylcyto-
sine content of DNA from Dnmt3bl-overexpressing
mice did not differ from control samples, suggesting that
global DNA methylation was not affected by Dnmt3b1
overexpression.

Methylation of the Snurf/Snrpn imprinting center

To evaluate whether Dnmt3bl expression also affects
imprinted regions that do not promote cell growth and
are therefore not subject to positive selection, we ana-
lyzed methylation of the differentially methylated re-
gion 1 (DMR1) of the Snurf/Snrpn imprinting center.
This imprinting center is normally methylated on the
suppressed maternal allele, with the unmethylated pa-
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ternal allele being expressed. Methylation of this im-
printing center negatively controls expression of the
Snurf/Snrpn genes, which are predominantly expressed
in the developing and adult brain (Reinhart et al. 2006).
Bisulfite sequencing analysis indeed showed that in con-
trast to the H19 DMR, the monoallelic methylation pat-
tern of this region was not significantly altered in
Dnmt3bl-overexpressing mice (Fig. 5B).

Binding, methylation, and transcriptional
down-regulation of Sfrp family members by Dnmt3b1

Activation of the Wnt pathway is a key component of
most intestinal tumors (Clevers 2006). We therefore in-
vestigated whether Dnmt3b1 expression contributed to
epigenetic silencing of secreted frizzled-related protein
(Sfrp) genes, which are considered Wnt pathway inhibi-
tors (Suzuki et al. 2004). We first analyzed the expression
of Sfrpl, frp2, Sfrp4, and Sfrp5 in colon tumors from ex-
perimental and control mice using quantitative PCR.
Figure 4D shows that expression of Sfrp2, Sfrp4, and
Sfrp5 was significantly down-regulated in tumors de-
rived from Dnmt3bl-expressing mice when compared
with controls. Based on this finding, we conducted bi-
sulfite sequencing analysis of the promoter regions of
Sfrp2, Sfrp4, and Sfrp5. Figure 6A shows that methyl-
ation of Sfrp2 and 5 genes was significantly increased in
Dnmt3bl-expressing tumors, when compared with con-
trols. Methylation of Sfrp4 was also increased, as shown
in Supplementary Figure S4. Importantly, analysis of the
tumor-free mucosa also showed a significant increase in
Sfrp2 and Sfrp5 methylation in samples derived from
Dnmt3bl-overexpressing mice, and for Sfrp2 this finding
was confirmed in Apc wild-type mice (Fig. 6B). This sug-
gests that overexpression of Dnmt3bl directly targets
Sfrp2, Sfrp4, and Sfrp5 for de novo methylation and si-
lencing without clonal selection of cells carrying ran-
domly silenced tumor suppressor genes being involved.
In contrast to Dnmt3bl, Dnmt3al overexpression did
not cause significant methylation of Sfrp2 (Fig. 6A). Sfrp2
was not de novo methylated in spleen (Supplementary
Fig. S5), suggesting tissue specificity of gene silencing.
To further evaluate the target specificity of Dnmt3bl,
we analyzed the methylation pattern of three CpG is-
lands associated with the Cdx2 promoter region. The
tumor suppressor gene Cdx?2 is transcriptionally down-
regulated in tumors from Apc™™/* mice and therefore is
a potential target for de novo methylation. However, in
contrast to the Sfrp genes, we found that the Cdx2-asso-
ciated CpG islands were completely unmethylated in
Dnmt3bl-overexpressing tumors (Supplementary Fig.
S6), supporting the hypothesis that Dnmt3b1 targets spe-
cific sequences. To screen for additional tumor-relevant
targets of Dnmt3bl, we also analyzed the methylation
status of Mlh1, Mgmt, Cdkn2b, Apc, Rb1, VhIh, and
Brcal by MALDI-TOF mass spectrometry, using the pre-
viously identified targets Sfrp2 and Sfrp4 as positive con-
trols. Figure 7 demonstrates that none of these additional
loci was methylated by Dnmt3b1, whereas methylation
of Sfrp2 and 4 was confirmed, supporting the concept



450
400 1

350 -
300 1
250 o
200 -
150 -

Igf2ibeta-actin

100 -

50 1

microadenoma size [um]

Control

Control Dnmt3b1

O control
B Dnmt3b1

Sfrp/beta-actin

05

Sfrp1 Sfrp2

Sfrp4

Sfrp5

that this enzyme targets only specific loci. We also ana-
lyzed whether Dnmt3bl was directly bound to methyl-
ated target loci, using chromatin immunoprecipitation
(ChIP). The results (Supplementary Fig. S7) show that
the Dnmt3b1 protein was physically associated with the
DMRs of the methylated target loci Sfrp2, Sfrp4, Sfrp5,
and H19 but not with the control loci Cdx2 and B-actin,
consistent with Dnmt3bl binding to selected target
genes.

Apc loss of heterozygosity (LOH) analysis

The Apc™™/* mouse strain contains one wild-type (+)
and one mutant (Min) allele of the Apc tumor suppres-
sor. Loss of function of Apc is an important component
of tumor development in these mice, and LOH of this
gene has been detected in the majority of intestinal tu-
mors. We therefore investigated whether epigenetic in-
activation of the Apc wild-type allele (+) might have con-
tributed to the increased tumor load found in Dnmt3b1-
expressing mice. We isolated DNA from colon tumors
with Dnmt3b1 overexpression and from control tumors
and analyzed the frequency of Apc LOH. Supplementary
Figure S8 shows that in both groups almost all tumors
showed loss of the wild-type Apc allele. This indicates
that epigenetic loss of Apc function is unlikely to con-
tribute to the increased tumor load of Dnmt3b1-express-

Dnmt3b1
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Figure 4. Dnmt3bl overexpression increases the size
of colonic microadenomas, increases expression of Igf2,
and decreases expression of Sfrp2, Sfrp4, and Sfrp5 in
colon tumors. (A) Horizontal en face sections of colon
mucosa derived from a control and Dnmt3b1-express-
ing mouse (H&E stain, 10x). (Arrows) Microadenomas;
(LF) lymph follicule. The size of microadenomas in the
mouse with increased Dnmt3bl expression was much
larger than in the control mouse. (B) The average size of
colonic microadenomas in Dnmt3bl-expressing mice
was increased 1.7-fold when compared with controls
(364 pm = 38 vs. 211 pm = 25 colon; P < 0.0005). Values
represent mean = SE. (C) Quantitation of Igf2 expres-
sion in colon tumors normalized to B-actin expression
using real-time PCR. The relative Igf2 expression in tu-
mors derived from Dnmt3bl mice (2.9 £ 0.6, n = 10)
was significantly higher than Igf2 expression in control
mice (1.3 £0.4, n = 11), P < 0.03 Mann Whitney U-test.
(D) Quantitation of Sfrp expression in colon tumors
normalized to B-actin expression using real-time PCR.
To facilitate comparisons in one graph, measurements
of each Sfrp RNA were normalized to the average value
of the respective control group. The expression of Sfrp2,
Sfrp4, and Sfrp5 was significantly lower in tumors de-
rived from Dnmt3bl mice (Sfrp2, P <0.002; control,
1203, n=10; Dnmt3bl, 0.35+0.2, n=10; Sfrp4,
P <0.05; control, 1 £0.3, n=9; Dnmt3b1: 0.26 = 0.15,
n=10; Sfrp5, P<0.003; control, 1+03, n=9;
Dnmt3b1:0.29 0.1, n =10, Mann-Whitney U-test).
Values represent mean = SE.

ing mice and supports the methylation analysis of the
Apc locus, which suggested that this gene was not meth-
ylated by Dnmt3bl (Fig. 7). Only one tumor in the
Dnmt3bl1 group appeared to have retained the wild-type
allele. It is possible that in this particular tumor aberrant
methylation contributed to silencing of the wild-type al-
lele and loss of Apc function; however, the low fre-
quency of this event cannot account for the observed
increase in tumor numbers.

Discussion

Our study focused on three main goals: to evaluate a
possible cause-effect relationship between de novo
methylation and tumor development, to establish an ex-
perimental system that can unmask and help identify
genes susceptible to de novo methylation, and to analyze
how different de novo methyltransferases affect regional
DNA methylation in vivo.

To address these questions, we generated four trans-
genic mouse strains that allow for conditional overex-
pression of full-length Dnmt3al, full-length Dnmt3bl1,
and two isoforms of Dnmt3b1 and studied the effect of
overexpression on tumor development in the Apc™Min/+
model. We found that full-length Dnmt3b1 increased the
number of intestinal adenomas and microadenomas,
whereas the truncated isoforms Dnmt3b3 and Dnmt3b6
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Figure 5. Dnmt3bl overexpression causes A
biallelic methylation of the H19 DMR but

H19 DMR

Snrpn DMR1

does not affect methylation of the Snrpn
DMR1. (A) Bisulfite sequencing analysis of
the H19 DMR of tumor DNA and colon mu-
cosa DNA derived from control (right col-
umns) and Dnmt3bl-expressing (left col-
umns) mice (five tumors each and three co-
lon mucosa samples each). The region
analyzed covers 16 CpG sites. Each horizon-
tal line represents one individual sequence;

Colon Tumors
Dnmt3b1 Control

each block of sequences represents data

from one sample. (Black boxes) Methylated

CpGs; (white boxes) unmethylated CpGs.
For each sample, the biallelic or monoallelic
status of the methylation pattern was as-
sumed from the ratio of methylated and un-

methylated alleles. Four out of five
Dnmt3bl-expressing tumors showed clearly
increased H19 DMR methylation, whereas
all control tumors showed mostly monoal-
lelic methylation. (B) Bisulfite sequencing
analysis of the Snrpn DMR1 of tumor DNA
and colon mucosa DNA derived from con-

Colon Mucosa Colon Tumors Colon Mucosa
Dnmt3b1 Control Dnmt3b1 Control Dnmt3b1 Control

trol (right column) and Dnmt3b1-expressing (left column) mice (five tumors each and three colon mucosa samples each). Sixteen CpG
sites were analyzed. Only one Dnmt3b1-expressing tumor showed clear hypermethylation at this site. A second tumor was possibly
hypermethylated; however, the number of sequences is low. All colon mucosa samples show monoallelic methylation.

had a small, if any, effect on the tumor number. Both
Dnmt3b3 and Dnmt3b6 have no enzymatic activity be-
cause they lack part of the methyltransferase catalytic
domain (Chen et al. 2002, 2003). It is therefore likely that
the observed tumor-promoting effect of Dnmt3b1 is me-
diated by DNA methylation. This distinction is impor-
tant because it had been shown that Dnmt3b can sup-
press transcription in the absence of DNA-methylating
activity (Bachman et al. 2001). When evaluating possible
molecular targets of Dnmt3bl-mediated methylation,
we followed a candidate approach. We selected genes for
expression and methylation analyses that are relevant
for intestinal tumor development and are known targets
for de novo methylation in cancer.

Igf2 is an imprinted gene encoding a single-chain poly-
petide with paracrine and autocrine activity that pro-
motes mitosis mostly through signaling via the Igf-1 re-
ceptor (Dupont et al. 2003). Igf2 has been shown to pro-
mote tumor development in mouse models (Hassan and
Howell 2000; Sakatani et al. 2005), and its increased ex-
pression in humans correlates with an increased risk for
tumor development, in particular colorectal cancer (Cui
et al. 2003; Woodson et al. 2004). Monoallelic expression
of Igf2 depends on the methylation status of the imprint-
ing control region located between the Igf2 and the H19
gene (H19 DMR). The unmethylated maternal allele al-
lows binding of the CTCF insulator protein, which
blocks downstream enhancer sequences from interacting
with the upstream Igf2 gene. Methylation of this se-
quence inhibits binding of the insulator protein and al-
lows expression of the respective Igf2 allele. Thus, de
novo methylation of the H19 DMR results in loss of
imprinting and increased expression of Igf2 (Bell and
Felsenfeld 2000; Hark et al. 2000; Kurukuti et al. 20006).
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In a recent study, it was demonstrated that loss of im-
printing and biallelic expression of Igf2, due to deletion
of the H19 DMR on the maternal allele, causes a twofold
increase in intestinal tumors in Apc™™* mice (Sakatani
et al. 2005), which is similar to the relative tumor in-
crease that we observed. This suggests that the H19
DMR hypermethylation and increased Igf2 expression
are partially responsible for the increased tumor load
found in Dnmt3bl-expressing mice. Enhanced Igf2 ex-
pression is also a possible explanation for the increased
size of microscopic adenomas observed in these animals.
Our observations provide direct in vivo evidence that
loss of imprinting of Igf2 can be caused by de novo
methylation, as opposed to genetic rearrangements that
cause loss of the maternal and duplication of the paternal
Igf2 allele (Haddad and Held 1997; Cooper et al. 2007).
Deletion of Dnmt3b did not affect size or number of
microadenomas, suggesting that the phenotype of the
Dnmt3bl-overexpressing mice is not complementary
to the phenotype of the Dnmt3b knockout model (Lin
et al. 2006).

To evaluate whether Dnmt3bl expression results in
general loss of imprinting, we analyzed the DMR]1 of the
Snurf/Snrpn imprinting center (Reinhart et al. 2006).
Snurf/Snrpn is a bicistronic imprinted gene encoding
two polypeptides: the SmN splicing factor, which is in-
volved in RNA processing, and the Snurf polypeptide of
unknown function. Snrpn also encodes a long (~460-kb)
alternatively spliced RNA transcript that contains sev-
eral families of snoRNAs. A direct effect on cell prolif-
eration has not been reported for the products of this
locus, suggesting that growth-mediated selection of
methylation events at this imprinting center is unlikely
(Rodriguez-Jato et al. 2005). In contrast to the H19 DMR,
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Figure 6. Dnmt3bl causes hypermethylation of

Sfrp2 and Sfrp5 in both tumors and normal colon

epithelial cells. (A) Bisulfite sequencing analysis

%

of the Sfrp2 and Sfrp5 promoter region of tumor

DNA derived from control mice, Dnmt3bl-ex-

pressing mice, and Dnmt3al-expressing mice

(Sfrp2). In each case, five colon tumors from five

different mice were analyzed. In the case of Sfrp2,

.......

14 CpG sites were analyzed, and in the case of
Sfrp5, 20 CpG sites were analyzed. Four out of

five Dnmt3b1-expressing tumors showed clearly

increased methylation at the Sfrp2 promoter, and

B Colon Mucosa

all five such tumors showed increased methyl-

ation at the Sfrp5 promoter, when compared with
control tumors. No significant methylation of
Sfrp2 was detected in tumors derived from
Dnmt3al-overexpressing mice. (B) Bisulfite se-
quencing analysis of the Sfrp2 and Sfrp5 pro-

Sfrp2 Sfrp5

Dnmt3b1 Control Dnmt3b1

moter region of DNA derived from non-tumor-
bearing colon epithelial cells (colon mucosa).
Sfrp2 methylation was analyzed in four Apc het-

Control

erozygote mice (+/-) and in three Apc wild-type

mice with Dnmt3bl overexpression. Both Apc

T
HHH

wild-type mice and Apc heterozygote mice show
a clear increase in Sfrp2 methylation following

Dnmt3bl expression when compared with con-

trols, suggesting that Dnmt3b1 directly methyl-

ates this target in the absence of coexisting pa-

e thology. (Bottom right) Methylation of Sfrp5 is

also increased in colon epithelial cells from

Dnmt3bl-expressing mice when compared with

we found that most samples from Dnmt3bl-expressing
mice maintained normal imprinting patterns at this site.
This suggests that the H19 DMR is either inherently
more susceptible to de novo methylation by Dnmt3b1 or
that cells with loss of imprinting of Igf2 have a selective
growth advantage.

In addition to Igf2, we also analyzed the expression
and methylation status of Sfrp genes. Five members of
this protein family have been identified (Sfrpl1-5). They
contain regions homologous to the frizzled receptor, in-
cluding a cysteine-rich domain, which allows for binding
and sequestering of Wnt ligands. These proteins are
therefore considered inhibitors of the Wnt pathway
(Jones and Jomary 2002). Importantly, it has been shown
that the Sfrp proteins 1, 2, 4, and 5 inhibit the activity of
the Wnt pathway even in the presence of downstream
activating mutations, such as loss of function of Apc
(Suzuki et al. 2004). Each of these genes is associated
with a CpG island that meets the formal criteria pub-
lished by Takai and Jones (2002). We found that Sfrp2,
Sfrp4, and Sfrp5 are significantly down-regulated in tu-
mors derived from Dnmt3bl mice and that the promoter

controls.

regions of Sfrp2, Sfrp4, and Sfrp5 are significantly de
novo methylated in tumor samples from Dnmt3b1 mice
when compared with controls. Importantly, increased
methylation of Sfrp2 and Sfrp5 was already detectable in
the normal intestinal mucosa. Since Sfrp proteins can
inhibit the Wnt pathway, and methylation and down-
regulation of Sfrp genes is strongly associated with colo-
rectal cancer in human patients (Caldwell et al. 2004,
Suzuki et al. 2004), these observations suggest that epi-
genetic silencing of these targets contributed to the in-
creased tumor load of Dnmt3bl-expressing mice. Our
results show that de novo DNA methylation can induce
silencing of Sfrp genes, supporting the view that DNA
methylation is a cause rather than a consequence of tran-
scriptional silencing (Gu et al. 2006). This concept is also
supported by the observation that the Cdx2 gene re-
mained unmethylated in Dnmt3bl-overexpressing tu-
mors, even though it is transcriptionally down-regulated
in Apc™i/* tumors. To further evaluate the specificity of
de novo methylation by Dnmt3bl, we analyzed the
methylation status of seven additional tumor-relevant
genes, selecting candidates from different functional cat-
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Figure 7. Dnmt3bl does not cause hypermethylation of the
tumor relevant genes Mlh1, Mgmt, Cdkn2b, Apc, Rb1, Vhih,
and Brcal. The methylation status of seven tumor relevant tar-
get genes (MIh1, Mgmt, Cdkn2b, Apc, Rb1, Vhih, and Brcal)
was analyzed by MALDI-TOF mass spectrometry, using two
previously identified methylation targets (Sfrp2 and Sfrp4) as
positive controls. We analyzed DNA from colon epithelial cells
and colon tumors derived from Dnmt3b1-overexpressing mice
and uninduced control mice (Dnmt3bl* colon, n = 4; control
colon, n = 3; Dnmt3bl* tumors, n = 5; control tumors, n = 4).
The average CpG methylation rate was calculated for each am-
plicon (one amplicon per gene) of each experimental group, and
these averages are shown in the bar graph. The data demonstrate
that none of these seven genes show signs of increased methyl-
ation upon overexpression of Dnmt3b1, whereas methylation of
Sfrp2 and Sfrp4 is confirmed, further suggesting that Dnmt3b1
only methylates specific genetic loci.

egories, such as DNA repair (Mlh1, Mgmt, and Brcal),
Cdk inhibitor (Cdkn2b), and tumor suppressor genes
(Apc, Rb1, and Vhih). None of these loci was hypermeth-
ylated upon Dnmt3bl overexpression, supporting the
hypothesis that Dnmt3bl targets and methylates spe-
cific genetic loci.

Little is known about the relative role of different de
novo methyltransferases in cancer. In contrast to
Dnmt3bl, Dnmt3al overexpression did not cause any
significant methylation of Sfrp2, which is consistent
with the observation that Dnmt3al overexpression did
not enhance tumor development. Several studies have
shown different roles for Dnmt3a and Dnmt3b in devel-
opment. For example, Dnmt3a is required for methyl-
ation of imprinted loci during gametogenesis, whereas
Dnmt3Db is not (Kaneda et al. 2004). Also, major satellite
repeats of the pericentromeric region are preferentially
methylated by Dnmt3a, whereas minor satellite repeats
are methylated by Dnmt3b (Chen et al. 2003). A recent
study identified a specific gene (Fgf-1) that is preferen-
tially methylated by Dnmt3a and not by Dnmt3b (Oka et
al. 2006). Our findings suggest that these differences may
be significant for tumor development and that Dnmt3b1
is possibly a more relevant mediator of de novo methyl-
ation in cancer than Dnmt3a.

Our analysis of Apc LOH in colon tumors shows that
the majority of tumors derived from Dnmt3bl-express-
ing mice lost the Apc wild-type allele, which is similar
to control mice. It is therefore unlikely that epigenetic
silencing of the Apc wild-type allele contributed to the
increased tumor load of Dnmt3bl-overexpressing mice.
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Hypermethylation of the APC gene has been reported for
selected cases of intestinal tumors in FAP patients,
where loss of APC function was documented and at the
same time LOH of the APC gene was excluded (Esteller
et al. 2000, 2001). However, even though hypermethyl-
ation of the APC gene was found in these selected cases,
it was not detected in unbiased screens to identify meth-
ylation targets in tumors, and in our own study we also
did not detect any methylation of this locus (Weber et al.
2005; Keshet et al. 2006; Widschwendter et al. 2007).

An important question is whether the epigenetic
changes induced by Dnmt3b1 overexpression correspond
to stochastic epimutations with subsequent selection
due to proliferative advantage or whether the enzyme
specifically targets some genes more efficiently than oth-
ers. Our observations suggest that the aberrant DNA
methylation in our model is localized and not stochastic.
First, analysis of Dnmt3bl-overexpressing tissue showed
no increase in global 5-methylcytosine content when
compared with control tissue, supporting the idea that
this DNA methyltransferase affects regional methyl-
ation and not global methylation (Supplementary Fig.
S3). Secondly, we found that overexpression of one de
novo methyltransferase (Dnmt3b1) causes hypermethyl-
ation of Sfrp2, whereas overexpression of another de
novo methyltransferase (Dnmt3al) does not, suggesting
differential targeting of these enzymes. Third, and more
importantly, methylation of affected target regions by
Dnmt3b1 was detectable not only in clonal tumor tissue
but also in normal colon mucosa. Because in normal mu-
cosa selection for tumor suppressor gene silencing is un-
likely, our results support the hypothesis that Dnmt3b1
can cause sequence-specific de novo methylation of
some tumor suppressor genes. This concept is further
supported by the methylation screen of seven additional
tumor-relevant target loci, which did not show de novo
methylation in mucosa or tumor samples from
Dnmt3bl-overexpressing mice. In contrast to the normal
intestinal mucosa, Sfrp2 was not methylated in the
spleen, even though the Dnmt3bl transgene was ex-
pressed in this tissue. This suggests that the specificity
of Dnmt3bl-mediated de novo methylation may be in-
fluenced by tissue-specific chromatin states of target
genes.

The results of our study raise several interesting ques-
tions with regard to the mechanisms that mediate spe-
cific targeting of Dnmt3bl to certain loci. Is targeting
specificity an inherent property of Dnmt3bl, or are ad-
ditional binding partners such as Dnmt3L required for
recruitment? What role does the DNA sequence play,
and which chromatin states of target genes are required
for this process? Reports on the DNA sequence specific-
ity of methylation targets in cancer are conflicting. One
study suggested enrichment of certain sequence motifs
in tumor-related methylation targets (Keshet et al. 2006),
whereas another study could not detect any sequence
specificity of de novo methylation in cancer (Weber et al.
2005). In contrast to DNA sequence specificity, recent
studies found good correlations between the chromatin
state of genes and their methylation frequency in cancer;



in particular, H3K27 marks correlated with an increased
frequency of DNA methylation in tumors (Schlesinger et
al. 2007; Widschwendter et al. 2007). Sfrp2, Sfrp4, and
Sfrp5 are reported targets of polycomb complexes and are
marked by H3K27 methylation in mouse and human ES
cells (Boyer et al. 2006; Lee et al. 2006a). Similarly, when
we analyzed the expression of Runx3, which is also a
PcG target and in humans is frequently methylated in
colon cancer (Widschwendter et al. 2007), we found re-
duced expression in tumors derived from Dnmt3b1-over-
expressing mice (data not shown). On the other hand, we
could not detect any methylation of the Cdx2 gene,
which is occupied by PcG complexes in ES cells (Boyer et
al. 2006; Lee et al. 2006a), and the H19 DMR, which was
methylated in our study, reportedly does not contain any
H3K27 marks (Mikkelsen et al. 2007). Clearly, methyl-
ation analysis of more regions combined with histone
mapping is necessary to allow a more detailed correla-
tion of Dnmt3b1-mediated de novo methylation and his-
tone modifications.

At this point, it is unclear whether binding of
Dnmt3bl to specific target sites is an inherent property
of the protein itself, or if additional mediators such as
Dnmt3L are required for this process (Ooi et al. 2007).
However, Dnmt3L expression was not increased upon
overexpression of Dnmt3bl. Initial ChIP experiments
suggested that Dnmt3b1 was indeed physically bound to
the same loci that were found to be methylated (Supple-
mentary Fig. S7), consistent with its role in de novo
methylation of specific target genes. Our results support
recent models on the contribution of epigenetic changes
to tumor development: Based on the finding that epige-
netic suppression of tumor relevant genes is often al-
ready detectable in preneoplastic tissue, it has been pro-
posed that regional hypermethylation predisposes these
tissues to later tumor development (Baylin and Ohm
2006; Feinberg et al. 2006; Jones and Baylin 2007). In our
model, Dnmt3b1l expression establishes a methylation
pattern that is already detectable in non-tumor-bearing
tissues. This is consistent with the hypothesis that epi-
genetic rather than genetic alterations may be the very
first changes in the process that converts a normal to a
malignant cell (Baylin and Ohm 2006; Feinberg et al.
2006; Jones and Baylin 2007). Further analyses will also
help clarify whether inappropriate activation of Dnmt3b
is the molecular basis for the CpG island methylator
phenotype (CIMP), which is found in a subset of human
cancers (Weisenberger et al. 2006).

Materials and methods

DNA constructs and targeting of ES cells

Plasmids containing the coding region of the respective Dnmts
were kindly provided by Dr. En Li (Novartis Institute of Medi-
cine, Cambridge, MA). Briefly, the respective Dnmt cDNA was
cloned into the HindIlI-EcoRI sites (for Dnmt3al) or the Bam-
HI-EcoRI sites (for Dnmt3b1 and isoforms) of the recipient plas-
mid pcDNAG6/V5-HisA (Invitrogen) (Chen et al. 2002). In our
laboratory, these coding regions were released from pcDNAG/
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V5-HisA using HindIII/EcoRI (for Dnmt3al) and BamHI/EcoRI
(for Dnmt3b1 and isoforms) and inserted into the EcoRI site of
the targeting vector pBS31 via blunt-end ligation. All final tar-
geting vectors were verified by sequencing before transfection
into ES cells. Targeting of transgenes to the ColA1 locus of KH2
cells was conducted as described previously (Beard et al. 2006).
Properties of the targeting vector are detailed in the Supplemen-
tal Material. Clones with correct integration of the targeting
vector into the homing site of KH2 cells were identified by
hygromycin resistance and Southern blotting.

Generation of mice, genotyping, and transgene induction

Transgenic ES cells were used to generate mice as described
previously (Beard et al. 2006). Mice with tet-inducible Dnmt
alleles were backcrossed to the C57BL/6 strain for four genera-
tions prior to crossing with Apc™™* mice. C57BL/6 Apc™Mi®/*
mice were obtained from The Jackson Laboratory. All final ex-
perimental mice analyzed in this study had been backcrossed
for at least six generations to the C57BL/6 background. For
genotyping, DNA from tail tips was PCR-amplified using prim-
ers and conditions listed in the Supplemental Material. For
transgene induction, mice were fed 0.5 mg/mL doxycycline in
the drinking water supplemented with 10 mg/mL sucrose. Con-
trol mice received regular drinking water.

Tissue harvesting and tumor analysis

All experimental mice were sacrificed at 5 mo of age, and mac-
roscopic and microscopic adenomas were analyzed as described
previously (Yamada et al. 2005). Counting was conducted blind
with regard to genotype. P values were obtained using the
Mann-Whitney U-test. Colon epithelial cells were harvested
from tumor-free colon samples as described previously (Fuji-
moto et al. 2002).

Histological analysis, immunostaining, Western blotting,
and ChIP

Paraffin sections (5-um) were used for hematoxylin and eosin
(H&E) staining and immunohistochemical analysis. Primary
antibodies for immunostaining were anti-Dnmt3a (monoclonal,
1:150 dilution, Imgenex) and anti-Dnmt3b (monoclonal, 1:150
dilution, Imgenex). For Western blotting, we used anti-Dnmt3a
(chicken polyclonal, 1:2000 dilution, Abcam), anti-Dnmt3b
(monoclonal, 1:500 dilution, Imgenex), and anti-GAPDH (rabbit
polyclonal, 1:2000, Abcam). ChIP was conducted as described
previously (Lee et al. 2006b), using the Dnmt3b antibody
ab2851 (rabbit polyclonal, Abcam). Primer pairs used for quan-
titative PCR following ChIP are listed in the Supplemental Ma-
terial.

c¢DNA and real-time PCR

cDNA was generated from total RNA using oligo-dT primers.
For each sample, a minus-RT reaction was generated, and
pooled minus-RT reactions were used as negative controls for
quantitative PCR reactions (SYBR Green, Invitrogen). For quan-
titation, standard dilution curves were included on each plate.
All samples were analyzed in triplicate; B-actin was used as an
endogenous control. Individual data were converted to relative
values based on the standard curve and then normalized to the
B-actin values of the same sample. Primers used are listed in the
Supplemental Material.

Bisulfite sequencing, methylation screen, 5-methylcytosine
quantitation, and Apc LOH analysis

For bisulfite sequencing analysis, DNA was mutagenized using
the Epitect kit (Qiagen). Target regions were PCR-amplified and
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subcloned, and minipreps of individual colonies were se-
quenced. Only sequences with >95% non-CpG C conversion
were used for analysis. Primers and PCR conditions for indi-
vidual loci are listed in the Supplemental Material. Methylation
screening using MALDI-TOF MS was conducted as described
previously (Ehrich et al. 2005). Primer pairs used for this analy-
sis are listed in the Supplemental Material. Quantitative analy-
sis of 5-methylcytosine content of DNA was performed by LC-
MS/MS as described previously (Crain 1990). 2’-deoxycytidine
(dC), and 5-methyl-2'-deoxycytidine (5mdC) were monitored in
the analysis, and 2’-deoxycytidine (°N;) was used as an internal
standard. LOH of the Apc gene was analyzed by PCR as de-
scribed previously (Yamada et al. 2002).
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