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Previous studies have shown that tumor progression in the transgenic adenocarcinoma of mouse
prostate (TRAMP) model is characterized by global DNA hypomethylation initiated during early-stage
disease and locus-specific DNA hypermethylation occurring predominantly in late-stage disease. Here, we
utilized Dnmt1 hypomorphic alleles to examine the role of Dnmt1 in normal prostate development and in
prostate cancer in TRAMP. Prostate tissue morphology and differentiation status was normal in Dnmt1
hypomorphic mice, despite global DNA hypomethylation. TRAMP; Dnmt1 hypomorphic mice also dis-
played global DNA hypomethylation, but were characterized by altered tumor phenotype. Specifically,
TRAMP; Dnmt1 hypomorphic mice exhibited slightly increased tumor incidence and significantly in-
creased pathological progression at early ages and, conversely, displayed slightly decreased tumor inci-
dence and significantly decreased pathological progression at advanced ages. Remarkably, hypomorphic
Dnmt1 expression abrogated local and distant site macrometastases. Thus, Dnmt1 has tumor suppressor
activity in early-stage prostate cancer, and oncogenic activity in late stage prostate cancer and metastasis.
Consistent with the biological phenotype, epigenomic studies revealed that TRAMP; Dnmt1 hypomorphic
mice show dramatically reduced CpG island and promoter DNA hypermethylation in late-stage primary
tumors compared to control mice. Taken together, the data reveal a crucial role for Dnmt1 in prostate
cancer and suggest that Dnmt1-targeted interventions may have utility specifically for advanced and/or
metastatic prostate cancer.

Changes in DNA methyltransferase (Dnmt) expression and
DNA methylation are observed in human prostate cancer (3,
38, 41). Of particular interest, genes with tumor suppressive
function become hypermethylated and silenced, which corre-
lates with the development of specific disease phenotypes (2, 3,
38). Although an association between prostate cancer and al-
terations in DNA methylation has been established, in vivo
models are required to determine whether these changes func-
tionally contribute to the disease. In this context, studies in
which pharmacological inhibitors of Dnmts were shown to
inhibit prostate cancer in murine models have proven infor-
mative (34, 56). However, it remains unknown whether genetic
disruption of epigenetic components, such as Dnmts, also im-
pacts prostate cancer development. This is a critical question
since the pharmacological inhibitors of Dnmts have pleiotropic
effects, including those unrelated to activation of methylation-
silenced genes (21, 23, 31). Moreover, no studies to date have
examined whether Dnmts or DNA methylation play roles in
normal prostate development; this information is vital to fully
understanding the effects that inhibiting DNA methylation
may have on prostate cancer.

Dnmt1 is a maintenance DNA methyltransferase that prop-
agates preexisting DNA methylation patterns in genomic DNA
(44). Dnmt1 also is involved in de novo DNA methylation in

cancer cells and interacts with other key epigenetic control
molecules, including histone-modifying enzymes (11, 19). Mu-
rine models have been used to investigate the in vivo functions
of Dnmt1. Complete genetic knockout of Dnmt1 is embryonic
lethal in mice (29). However, hypomorphic expression of
Dnmt1 allows murine development to proceed but causes
global DNA hypomethylation and impacts cancer development
and progression (7, 14, 28). Specifically, hypomorphic expres-
sion of Dnmt1 can lead to the development of lymphoma (14).
Furthermore, crossing Dnmt1 hypomorphic mice with murine
tumor models alters tumor progression, resulting in either in-
creased or decreased tumor development, depending on the
disease stage and tissue site (1, 7, 53). For example, reduced
expression of Dnmt1 dramatically decreases intestinal polyp
formation in ApcMin/� mice, either alone or in combination
with 5-aza-2�-deoxycytidine treatment (7, 27). However, it was
later noted that reduced expression of Dnmt1 has a dual effect
on intestinal cancer in ApcMin/� mice, in which the develop-
ment of early stage intestinal microadenomas is accelerated,
whereas the formation of adenomatous polyps is significantly
reduced (53). In addition, ApcMin/� Dnmt1 hypomorphic mice
develop liver cancer associated with the loss of heterozygosity
of Apc (53). Similarly, in Dnmt1 hypomorphic mice crossed to
Mlh1�/� mice, a dual effect was noted wherein mice developed
fewer intestinal cancers but displayed increased T- and B-cell
lymphomas (52). In addition, a recent study demonstrated that
hypomorphic Dnmt1 expression is associated with reduced
squamous cell carcinoma of the tongue and esophagus, result-
ing in decreased invasive cancer (1). Taken together, the data
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suggest that Dnmt1 has diverse effects on cancer development,
which are dependent on tissue context and tumor stage.

TRAMP is a well-established transgenic prostate cancer
model driven by prostate-specific expression of the simian virus
40 (SV40) T/t oncogenes (16). TRAMP mice are characterized
by Dnmt mRNA and protein overexpression, altered DNA
methylation, and altered gene expression during prostate can-
cer development (2, 33, 35, 37). Of the three enzymatically
active Dnmts, Dnmt1 shows the greatest level of overexpres-
sion in TRAMP, and this correlates with Rb inactivation, a key
genetic event driving prostate cancer in the model (37). Most
critically, global DNA hypomethylation occurs during early
and late disease stages, while DNA hypermethylation occurs
primarily at late disease stages in TRAMP (35).

Here, we utilized Dnmt1 hypomorphic mice and the
TRAMP model to assess the role of DNA methylation in
both normal prostatic development and prostate cancer.
The Dnmt1 hypomorphic mouse model used involves two
different hypomorphic alleles (N and R), resulting in four
genotypes with progressively reduced DNA methylation
(Dnmt1�/�, Dnmt1R/�, Dnmt1N/�, and Dnmt1N/R) (7, 52).
The N allele consists of a PGK-Neo insertion that deletes a
portion of exon 4 of Dnmt1, resulting in severely reduced
Dnmt1 expression, while the R allele involves a lacO inser-
tion into intron 3 of Dnmt1, which partially reduces Dnmt1
expression (7, 52). Based on our previous work establishing
the timing of DNA hypomethylation and DNA hypermeth-
ylation in TRAMP, we hypothesized that hypomorphic
Dnmt1 expression in TRAMP may have tumor-promoting
effects at early disease stages and tumor-inhibitory effects at
later stages of prostate cancer progression. Our data are
consistent with this hypothesis and, more importantly, re-
veal a critical and unanticipated role for Dnmt1 in prostate
cancer metastasis.

MATERIALS AND METHODS

Dnmt1 hypomorphic mice and TRAMP; Dnmt1 hypomorphic mice. Animal
studies were carried out under IACUC-approved protocols at Roswell Park
Cancer Institute. Dnmt1 hypomorphic mice were provided by Peter Laird (Uni-
versity of Southern California [USC] Norris Cancer Center) and have been
described previously (7, 52). C57BL/6 Dnmt1 hypomorphic mice carrying one
hypomorphic allele and one wild-type (WT) (�) allele (Dnmt1N/� or Dnmt1R/�)
were mated to produce offspring that are C57BL/6 Dnmt1�/� (WT), Dnmt1R/�,
Dnmt1N/�, or Dnmt1N/R. Body, prostate, and urogenital tract (UG) weights were
measured at euthanasia. To produce TRAMP; Dnmt1 hypomorphic mice that are
50:50 C57BL/6-FVB, C57BL/6 Dnmt1R/� males were backcrossed to FVB ho-
mozygous TRAMP females for four generations, resulting in 93.75% FVB ho-
mozygous TRAMP; Dnmt1R/� mice. The resulting mice were crossed with
C57BL/6 Dnmt1N/� mice to produce offspring that are 53.1:46.9 C57BL/6-FVB
TRAMP; Dnmt1 hypomorphic mice (of all four genotypes). Body, prostate, and
UG weights were measured at euthanasia. Genotyping for Dnmt1 and Tag alleles
was completed on tail snip DNA extracted by using a Puregene DNA extraction
kit (Gentra Systems, Minneapolis, MN), as described previously (7, 16). Primer
sequences are available from the authors upon request.

qRT-PCR. RNA samples were extracted and used for quantitative real-time
reverse transcription-PCR (qRT-PCR) analysis as described previously (35). The
following genes were analyzed: Dnmt1, Dnmt3a, Dnmt3b, and 18S rRNA. SYBR
green absolute quantification was used to determine mRNA copy number, fol-
lowing normalization to 18S rRNA. PCRs were performed in triplicate. Primers
were obtained from IDT (Coralville, IA) and were designed by using Primer3 or
were previously reported (28, 46, 48). Primer sequences are available from the
authors upon request.

Western blot analyses. Western blotting for Dnmt proteins was completed as
described previously (35, 37). Ponceau S total protein stain was used to confirm
equivalent protein loading.

Global DNA methylation analyses and mass array quantitative DNA methyl-
ation analysis (MAQMA). Quantification of 5-methyl-deoxycytidine (5mdC) lev-
els was determined by liquid chromatography-electrospray ionization quadrapole
mass spectrometry, as described previously (35, 50). Bisulfite pyrosequencing of
the murine B1 repetitive DNA element was done as described previously (35).
The mean methylation value of all sites was averaged for each sample. MAQMA
was used to determine the methylation status of Irx3, Cacna1a, Cdkn2a, and
Nrxn2 as described previously (2, 10, 36).

HELP. HpaII tiny fragment enrichment by ligation-mediated PCR (HELP)
analysis was performed as described previously (24, 39, 51). Six prostate samples
were analyzed: (i) Dnmt1�/� (24 weeks), (ii) Dnmt1N/R (24 weeks), (iii) TRAMP;
Dnmt1�/� (15 and 24 weeks), and (iv) TRAMP; Dnmt1N/R (15 and 24 weeks). To
obtain representative samples from each experimental group, Dnmt1�/� and
Dnmt1N/R prostate samples were selected based on those that were closest to the
mean prostate weight and mean 5mdC level, for the corresponding genotype.
Similarly, TRAMP; Dnmt1�/� and TRAMP; Dnmt1N/R prostate samples from
15-week-old mice were selected based on those that were closest to the median
prostate weight and the mean 5mdC level for each genotype. TRAMP; Dnmt1�/�

and TRAMP; Dnmt1N/R prostate samples from 24-week-old mice were selected
based on those that were closest to the median disease score/median prostate
weight and the mean 5mdC level for each genotype. Sequence features, including
CpG islands and repetitive elements, were defined using the UCSC genome
browser annotations for the mm8 mouse genome assembly, the same database
used for designing the microarrays. The annotated sequences were then cross-
correlated with the HELP data. We focused on the annotated RefSeq genes,
defining promoters as the �1-kb region flanking the transcription start site.

H&E and IHC staining. Five micron tissue sections were cut from paraffin-
embedded blocks and mounted on slides. Slides were deparaffinized with xylene,
rehydrated with alcohol, and equilibrated with Tris-phosphate buffer. Samples
were stained with hematoxylin and eosin (H&E) or incubated with SV40 Tag
antibody (1:400; catalog no. 554149; BD Pharmingen), AR (1:200; catalog no.
06-680; Millipore), p63 (1:100; catalog no. SC-8431; Santa Cruz), E-cadherin
(1:500; catalog no. 610181; BD Pharmingen), smooth muscle actin (1:60; catalog
no. V2258-0.2ML; Sigma-Aldrich), or Dnmt1 (1:50; catalog no. NB 100-264;
Novus Biologicals) for immunohistochemistry (IHC), according to standard
methods. Negative IHC controls utilized bovine serum albumin buffer alone,
without primary antibody, during the primary antibody staining step. Tissue
sections were scored for tumor grade using a compound Olympus XI-50 micro-
scope equipped with QCapture imaging software. Two independent slides of
each sample were analyzed.

Tumor incidence and tumor pathology measurements. Primary prostate tumor
and macrometastatic tumor incidence were determined at necropsy by using a
dissecting microscope. To measure prostate tumor stage, two slides of H&E-
stained tissue sections 50 �m apart were analyzed for each mouse at 12, 15, and
24 weeks of age. The disease stage was assigned as described previously (20, 35).
For comparison of the pathological grades, a disease index was calculated from
the percentage of each pathological stage determined for the dorsal, lateral, and
ventral prostate lobes according to the following formula: disease index � (%
normal � 0) � (% PIN � 1) � (% well-differentiated [WD] � 2) � (%
moderately differentiated [MD] � 3) � (% poorly differentiated [PD] � 4). One
disease index value was calculated for each mouse based on the arithmetic
average of the three prostate lobes, after averaging for the two slides ana-
lyzed. IHC of the SV40 tag was used to assess micrometastatic tumor inci-
dence. Two slides (50 �m apart) of Tag-stained lymph node, kidney, lung,
and liver tissue sections were analyzed for each mouse at 12, 15, and 24 weeks
of age.

Statistics. Statistical analyses were performed by using the GraphPad Prism v5
(GraphPad Software, San Diego, CA). To test for differences between two
groups with nonnormal distributions, we used a two-tailed nonparametric Mann-
Whitney test. To test for differences in tumor incidence, we used the Fisher exact
test. Disease index scores were compared by using the Mann-Whitney test. The
figure legends contain specific information regarding the statistical analyses used
for the indicated experiments.

RESULTS

Prostate development in Dnmt1 hypomorphic mice. Survival
defects in Dnmt1N/R hypomorphic mice have not been previ-
ously reported (7, 52). However, in our experiments, only
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�20% of the expected amount of Dnmt1N/R mice were gener-
ated, whereas Dnmt1R/� and Dnmt1N/� mice were generated
at expected levels (Table 1). These data suggest that Dnmt1N/R

mice are near a critical threshold of DNA methylation re-
quired to sustain mouse development. To determine whether
reduced Dnmt1 expression affects normal prostate develop-
ment, we examined prostate weight and glandular morphology
using H&E staining and the expression of several prostate
differentiation markers by using IHC.

Dnmt1N/R mice showed decreased body weights at 15 and 24
weeks and reduced prostate weights at 15 weeks of age (Fig.
1A and B). However, following normalization to body weight,
the prostate weights of mice from all four genotypes were
similar (Fig. 1C). Thus, Dnmt1N/R mice appear to have a gen-
eral survival and growth defect that does not specifically
affect the prostate. Consistent with our findings, other
strains of Dnmt1 hypomorphic mice also have reduced body
weight (1, 14).

Dnmt1 hypomorphic mouse prostates displayed a normal
glandular morphology and general appearance (Fig. 2A). In
addition, Dnmt1 hypomorphic mice showed typical patterns of
expression of several prostate differentiation markers, includ-
ing p63 (basal cells), smooth muscle actin, androgen receptor
(AR; luminal epithelial cells), and E-cadherin (luminal cells)
(Fig. 2B). Dnmt1N/R mice showed a slight increase in cytosolic
AR staining, but nuclear AR staining was retained (Fig. 2B).
Male Dnmt1 hypomorphic mice of all genotypes were fertile,
suggesting that prostate function in these mice is normal (data
not shown). Taken together, the data suggest that the prostates
of surviving Dnmt1 hypomorphic mice develop normally.

Dnmt expression and DNA methylation in Dnmt1 hypomor-
phic mice. To define the Dnmt expression phenotype of Dnmt1
hypomorphic mice, we measured Dnmt1, Dnmt3a, and Dnmt3b
mRNA expression in the prostate and, as an additional control,
in liver tissue by qRT-PCR. We analyzed mRNA as Dnmt
protein expression is virtually undetectable in normal mouse
prostate (35, 37). Dnmt1 mRNA expression was reduced in
both the prostates and the livers of Dnmt1 hypomorphic mice,
with the greatest decline in Dnmt1N/R mice (Fig. 3A and data
not shown). In contrast, Dnmt3a and Dnmt3b displayed vari-
able expression patterns, with a decrease in Dnmt3b expression
in the prostate of Dnmt1N/R mice and upregulation of Dnmt3a
and Dnmt3b in the liver of Dnmt1N/R mice at 24 weeks (Fig. 3A
and data not shown).

The reduced expression of Dnmt1 in the prostate of
Dnmt1N/R mice suggests that DNA methylation may be altered
in these mice. To test this, we first measured global 5mdC
levels and methylation of the B1 repetitive element, as de-
scribed previously (35, 50). Both measures of global DNA

methylation were reduced in the prostates and livers of
Dnmt1N/R mice but not in the other hypomorphic genotypes
(Fig. 3B and C and data not shown). To more comprehensively
evaluate DNA methylation in the Dnmt1N/R mouse prostate,
we utilized the HpaII tiny fragment enrichment by ligation-
mediated PCR assay (HELP), an epigenomic approach (24).
We used HELP to compare DNA methylation profiles of pros-
tates from Dnmt1�/� and Dnmt1N/R mice at 24 weeks of age.
The proportions of hypermethylated HELP fragments in
Dnmt1�/� and Dnmt1N/R mice were 78.7 and 76.7%, respec-
tively, indicating a slight DNA hypomethylation effect (Fig.
3D). Consistent with this, a small loss in methylation occurred
at gene bodies and repetitive DNA elements (Fig. 3D). Sur-
prisingly, however, increased methylation was seen at promot-
ers and CpG islands (Fig. 3D). This unexpected increase at
normally hypomethylated regions suggests a compensatory
DNA hypermethylation response in the Dnmt1N/R mouse pros-
tate, possibly involving Dnmt3 enzymes. Analysis of hypom-
ethylated genes identified by HELP in Dnmt1N/R mice revealed
a number of genes previously found to be regulated by DNA

FIG. 1. Body and prostate weights of Dnmt1 hypomorphic mice.
(A) The body weights of 15- and 24-week-old mice of the indicated
genotypes were determined at euthanasia. (B) The prostate weights of
15- and 24-week-old mice of the indicated genotypes were determined
at euthanasia. (C) Prostate weight normalized to body weight. Error
bars indicate the standard error. Mann-Whitney test P values of sig-
nificant differences (P � 0.05), compared to Dnmt1�/� mice, are
shown. In all panels, 8 to 15 mice were analyzed per group.

TABLE 1. Inheritance of Dnmt1 hypomorphic allelesa

Genotype No. of mice
Mendelian ratio

Expected Observed

Dnmt1�/� 53 0.25 0.34
Dnmt1N/� 46 0.25 0.29
Dnmt1R/� 49 0.25 0.31
Dnmt1N/R 8 0.25 0.05

a F1 offspring from cross of Dnmt1R/� and Dnmt1N/� C57BL/6 mice.
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methylation, including Sohlh2, MyoG, PRAME, and p1a (17,
32, 47, 49) (Table 2). Some of these genes can be classified as
cancer-germ line antigens, a gene family methylated in most
normal tissues (6). In addition, HELP identified a number of
genes not previously known to be regulated by DNA meth-
ylation (Table 2). These data point to a complex DNA meth-
ylation phenotype in the Dnmt1N/R mouse prostate, character-
ized by global and gene specific DNA hypomethylation but also
by DNA hypermethylation at specific genomic regions.

Generation of TRAMP; Dnmt1 hypomorphic mice and ana-
lysis of Dnmt expression. Dnmt1 hypomorphic mice are
C57BL/6 (7, 52). In TRAMP, 50:50 C57BL/6-FVB mice
present with tumors contained within the prostate (a finding
more reflective of the human disease), rather than spreading to
the seminal vesicles, which is observed in the pure C57BL/6 back-
ground (20). Thus, to generate TRAMP; Dnmt1 hypomorphic
mice in the 50:50 genetic background, we backcrossed Dnmt1
hypomorphic mice to homozygous FVB TRAMP mice (see Ma-
terials and Methods). To minimize potential differences in tumor
pathology due to strain effects, in all analyses we only compared
age-matched littermates of the four TRAMP; Dnmt1 hypomor-
phic genotypes: (i) TRAMP; Dnmt1�/�, (ii) TRAMP; Dnmt1R/�,
(iii) TRAMP; Dnmt1N/�, and (iv) TRAMP; Dnmt1N/R. We col-
lected samples from �20 animals per genotype per time point.
Due to the limited size of the prostate, at early ages (12 and 15
weeks), prostate tissues from half of the mice were embedded for

histological analyses, and prostate tissues from the remaining
mice were frozen for molecular analyses. At 24 weeks, prostate
tissue was first embedded, and the remaining tissue was frozen for
molecular studies; at this time point, individual tissues were usu-
ally large enough to use for both types of analyses.

To confirm specific knockdown of Dnmt1 in the target tis-
sue, we measured Dnmt1, Dnmt3a, and Dnmt3b mRNA and
protein expression in the prostates of TRAMP; Dnmt1 hypo-
morphic mice at 12, 15, and 24 weeks. Dnmt1 mRNA expres-
sion was significantly decreased in TRAMP; Dnmt1N/R mice at
all three time points, whereas its levels were more variable in
the TRAMP; Dnmt1R/� and TRAMP; Dnmt1N/� mice (data not
shown). Dnmt3a and Dnmt3b mRNA expression was inconsis-
tent, with the only significant change an increase in Dnmt3a in
TRAMP; Dnmt1N/� mice at 24 weeks (data not shown). Similar
to Dnmt1 mRNA expression, Dnmt1 protein levels were de-
creased in TRAMP; Dnmt1 hypomorphic mice (Fig. 4A and B).
Although the most dramatic effect occurred in TRAMP;
Dnmt1N/R mice, significant decreases were also observed in
TRAMP; Dnmt1R/� mice and TRAMP; Dnmt1N/� mice at a
minimum of one time point (Fig. 4B). IHC staining in prostate
tissue confirmed the reduction of Dnmt1 expression in
TRAMP; Dnmt1N/R mice, especially in poorly differentiated
regions (data not shown). In contrast to Dnmt1, the Dnmt3a
and Dnmt3b protein levels did not show a consistent pattern of

FIG. 2. Prostate tissue architecture and differentiation marker expression in Dnmt1 hypomorphic mice. (A) H&E staining of lateral
prostates from 15-week-old mice of the indicated genotypes was performed as described in Materials and Methods. (B) IHC staining of
markers of prostate differentiation was performed on lateral prostates from 15-week-old mice of the indicated genotypes. The antibodies and
conditions are described in Materials and Methods, and the negative control is shown at the right. Staining is shown for p63 (basal cell
marker), smooth muscle actin (SMA; marker of the muscular layer surrounding glands), androgen receptor (AR; marker for luminal
epithelial cells, with predominantly nuclear staining), and E-cadherin (marker for luminal epithelial cells, with predominantly plasma
membrane staining). Scale bar, 100 �m.

4162 MOREY KINNEY ET AL. MOL. CELL. BIOL.



altered expression in TRAMP; Dnmt1 hypomorphic mice (Fig.
4C and D).

Since Dnmt expression is aberrant in TRAMP tumors as a
function of the disease (35, 37), we additionally utilized liver as
a control tissue to measure Dnmt expression in TRAMP;
Dnmt1 hypomorphic mice. Similar to the effects observed in
the prostate, Dnmt1 mRNA expression was significantly de-
creased in the liver of TRAMP; Dnmt1 hypomorphic mice,

whereas there were no consistent changes in Dnmt3a or
Dnmt3b expression in this tissue (data not shown).

DNA methylation in TRAMP; Dnmt1 hypomorphic mice. To
assess DNA methylation in TRAMP; Dnmt1 hypomorphic
mice, we first measured global DNA methylation in prostate
tissues. 5mdC levels were significantly decreased in TRAMP;
Dnmt1N/R mouse prostates at all ages and in TRAMP;
Dnmt1N/� mouse prostates at 15 and 24 weeks (Fig. 5A and C).

FIG. 3. Dnmt mRNA expression and global DNA methylation in the prostate of Dnmt1 hypomorphic mice. (A) Dnmt1 (left), Dnmt3a (center),
and Dnmt3b (right) mRNA expression in prostate tissues from mice of the indicated genotypes, at 15 and 24 weeks of age, were measured by
qRT-PCR as described in Materials and Methods. Three to six mice were analyzed per group, and the means and standard errors are plotted.
(B) 5mdC levels in the prostate tissues from mice of the indicated genotypes, at 15 and 24 weeks of age, were measured by liquid chromatography-
tandem spectrometry as described in Materials and Methods. Three to four mice were analyzed per group, and the means and standard errors are
plotted. (C) The B1 repetitive element methylation levels in prostate tissues from mice of the indicated genotypes, at 15 and 24 weeks of age, were
measured by sodium bisulfite pyrosequencing as described in Materials and Methods. Three to four mice were analyzed per group, and the means
and standard errors are plotted. (D) HELP analysis of 24-week-old Dnmt1�/� and Dnmt1N/R mouse prostate. The total number of fragments
analyzed are indicated by a line and plotted on the right axis, and the proportion of methylated fragments are indicated by columns and plotted
on the left axis. HELP regions were subclassified as listed, as described in Materials and Methods.
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B1 methylation levels were unchanged in all genotypes at 12
weeks but were decreased in TRAMP; Dnmt1N/R mice at 15
and 24 weeks and in TRAMP; Dnmt1N/� mice at 15 weeks (Fig.
5D and F). Similarly, in liver, B1 methylation was decreased in
TRAMP; Dnmt1N/R mice at 15 and 24 weeks and in TRAMP;
Dnmt1N/� mice at 15 weeks (data not shown). These data
indicate that hypomorphic Dnmt1 expression in TRAMP
causes global DNA hypomethylation in both tumor and normal
tissues and that this effect is most dramatic in TRAMP;
Dnmt1N/R mice.

We next examined whether hypomorphic Dnmt1 expression
alters locus-specific DNA hypermethylation in TRAMP tu-
mors. Our prior studies, using restriction landmark genomic
scanning (RLGS), identified loci that are hypermethylated in
late-stage TRAMP tumors (2, 35, 37). Here, we used mass
array quantitative methylation analysis (MAQMA) to analyze
the methylation status of four loci identified by RLGS in our
previous studies: Irx3, Cacna1a, Cdkn2a, and Nrxn2 (2, 35, 37).
Irx3 displays 5� region hypermethylation in TRAMP, whereas
the other three genes display downstream gene body hyper-
methylation, suggesting that the causes of these epigenetic
lesions may be distinct (2, 35, 37). MAQMA analysis of pros-
tate samples from 24-week-old mice revealed that, relative to
TRAMP; Dnmt1�/� mice, Irx3 was hypomethylated in TRAMP;
Dnmt1N/� and TRAMP; Dnmt1N/R mouse prostates (Fig. 6A).
In contrast, the only significant methylation change at the
other three loci was a loss of Nrxn2 methylation in TRAMP;
Dnmt1R/� mice (Fig. 6B to D). These data suggest that Dnmt1
may contribute to promoter DNA hypermethylation in
TRAMP but may play a smaller role in downstream gene body
hypermethylation.

To more comprehensively examine the effect of hypomor-
phic Dnmt1 expression on DNA methylation in TRAMP, we

conducted HELP analysis on TRAMP; Dnmt1�/� mice and
TRAMP; Dnmt1N/R mice at 15 and 24 weeks of age (24). Sam-
ple selection was made as described in Materials and Methods.
The experimental design allowed us to address how DNA
methylation patterns change during progression from early-
stage (15 weeks) to late-stage (24 weeks) prostate cancer, as
well as to define the role of Dnmt1 in these changes. Overall,
81.1 and 86.0% of HELP fragments were methylated in
TRAMP; Dnmt1�/� mice at 15 and 24 weeks, respectively,
indicating a high degree of methylation that was further in-
creased during tumor progression (Fig. 7A). In contrast,
TRAMP; Dnmt1N/R mice showed a reduced level of methyl-
ation at 15 weeks (77.7%) that was only slightly increased at 24
weeks (78.5%) (Fig. 7A). The methylation level of TRAMP;
Dnmt1N/R at 24 weeks was almost equivalent to Dnmt1N/R mice
at this time point (78.7%; Fig. 3D). These data suggest that
hypomorphic Dnmt1 expression has a dramatic impact on
DNA methylation genome-wide during tumor progression in
TRAMP.

To determine the regions of the genome that were affected
by Dnmt1 reduction, we further analyzed the HELP data to
assess DNA methylation at repetitive DNA elements, CpG
islands, gene bodies, and promoter regions (Fig. 7B to E). At
repetitive DNA elements and gene bodies, TRAMP; Dnmt1N/R

mice showed substantial DNA hypomethylation at 15 weeks,
which was further evident at 24 weeks (Fig. 7B and C). This is
consistent with the overall HELP fragment data (Fig. 7A) and
likely reflects the fact that these regions are the most abundant
class of HELP fragments (and genomic regions) analyzed. In
contrast, and notably, CpG islands and promoter regions
showed similar methylation in TRAMP; Dnmt1�/� mice and
TRAMP; Dnmt1N/R mice at 15 weeks but highly divergent
methylation at 24 weeks (Fig. 7D and E). This effect was

TABLE 2. Characteristics of the top 21 loci hypermethylated in 24-week-old Dnmt1�/� mice relative to Dnmt1N/R mice, identified by HELPa

Gene ID Chromosome Protein Full name

Location of hypermethylated HELP
fragment(s)

Promoter Gene body CpG island

NM_010401 10 Hal Histidine ammonia lyase X
NM_027306 15 Zdhhc25 Zinc finger protein X
NM_011425 17 Sstr5 Somatostatin receptor 5 X
NM_008938 17 Prph2 Peripherin 2 X
NM_016977 18 Mc4r Melanocortin receptor X
NM_031189 1 Myog Myogenin X
NM_001011684 1 Nms Neuromedin S X
NM_177191 2 Sycp2 Synaptonemal protein complex protein 2 X X X
NM_011784 2 Aplnr Apelin receptor X
NM_028937 3 Sohlh2 Spermatogenesis and oogenesis specific basic

helix-loop-helix 2
X

NM_146255 4 Slc1a7 Solute carrier family transporter X
NM_031377 4 Pramel1 Preferentially expressed antigen in melanoma X
NM_031377 4 Pramel1 Preferentially expressed antigen in melanoma X X
NM_031377 4 Pramel1 Preferentially expressed antigen in melanoma X X
NM_001013751 5 Gm52 Syncytin a X
NM_001039678 5 Prhoxnb Parahox cluster neighbor X
NM_177213 7 Abca15 ATP binding cassette transporter X
NM_001033316 7 Ffar3 Free fatty acid receptor 3 X
NM_001033316 7 Ffar3 Free fatty acid receptor 3 X
NM_019415 8 Slc12a3 Solute carrier family transporter X X
NM_011635 X Trap1a Tumor rejection antigen p1a X

a That is, hypermethylated HELP fragments with a 	1.6 log ratio (HpaII/MspI).
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FIG. 4. Dnmt protein expression in prostates from TRAMP; Dnmt1 hypomorphic mice. (A) Representative Western blots of Dnmt1, Dnmt3a, and
Dnmt3b in prostate tissues from 24-week-old TRAMP mice of the indicated genotypes. The arrow indicates the position of Dnmt3a, as determined by
Western analysis of Dnmt3a-null cell lines (data not shown). Ponceau S total protein staining was used to confirm equivalent protein input. (B) Dnmt1
protein expression in prostate tissues from TRAMP mice of the indicated genotypes and ages was determined by quantification of compiled Western blot
data, as described in Materials and Methods. The number of samples analyzed per group is indicated on the bars, and means and standard errors are
plotted. (C) Dnmt3a protein expression. (D) Dnmt3b protein expression. Mann-Whitney test P values of significant differences (P � 0.05), compared to
TRAMP; Dnmt1�/� mice, are shown.
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characterized by a robust increase in both CpG island and
promoter region methylation in TRAMP; Dnmt1�/� mice at 24
weeks compared to 15 weeks, with no corresponding increase
in TRAMP; Dnmt1N/R mice (Fig. 7D and E). The dramatic
increase in CpG island methylation in TRAMP; Dnmt1�/�

mice at 24 weeks is consistent with earlier studies showing that
RLGS spot loss (which measures DNA methylation predomi-
nantly at CpG islands) is a late event during TRAMP tumor
progression (35). Analysis of the genes showing the greatest
degree of hypermethylation in TRAMP; Dnmt1�/� mice rela-
tive to TRAMP; Dnmt1N/R mice at 24 weeks revealed that most
of the hypermethylated regions are in promoter CpG islands
(Table 3). With the exception of a small subset of these genes,
including Csnk1g2, Ints6, and En1, most of the identified genes
are not previously known to be regulated by DNA methylation
(25, 43, 45).

Primary tumor incidence and pathological stage in TRAMP;
Dnmt1 hypomorphic mice. The significantly altered DNA
methylation patterns in TRAMP, Dnmt1 hypomorphic mice
(particularly in TRAMP; Dnmt1N/R mice) suggested that the
tumor phenotype in these mice may be affected. To address
this question, we analyzed several parameters in TRAMP;
Dnmt1 hypomorphic mice, including body, prostate, and UG
tract weight, primary tumor incidence, and tumor pathology.
Similar to Dnmt1N/R mice, TRAMP; Dnmt1N/R mice showed
significantly reduced body weights relative to control mice
(TRAMP; Dnmt1�/�) (data not shown). However, after normal-
ization to body weight, the TRAMP; Dnmt1 hypomorphic mice
did not show consistent changes in prostate weight compared to

FIG. 5. Global DNA methylation in prostate tissues of TRAMP; Dnmt1 hypomorphic mice. (A to C) 5mdC levels in prostate tissues from
TRAMP mice of the indicated genotypes and ages was measured as described in Materials and Methods. The number of samples analyzed
per group is indicated on the bars, and the mean and standard errors are plotted. (D to F) B1 repetitive element methylation levels in
prostate tissues from mice of the indicated genotypes and ages was measured as described in Materials and Methods. The number of samples
analyzed per group is indicated on the bars, and the means and standard errors are plotted. Mann-Whitney test P values of significant
differences (P � 0.07), compared to TRAMP; Dnmt1�/� mice, are shown.

FIG. 6. Locus-specific DNA methylation in prostates from
TRAMP; Dnmt1 hypomorphic mice. MAQMA was used to deter-
mine locus-specific DNA methylation in prostate tissues from 24-
week-old TRAMP mice of the indicated genotypes, as described in
Materials and Methods. (A) Irx3 5�-region methylation;
(B) Cacna1a gene body methylation; (C) Cdkn2a gene body meth-
ylation; (D) Nrxn2 gene body methylation. In each panel, the num-
ber of samples analyzed per group was (from left to right) 18, 12, 22,
and 16, and means and the standard errors are plotted. Mann-
Whitney test P values of significant differences (P � 0.05), com-
pared to TRAMP; Dnmt1�/� mice, are shown.
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the TRAMP; Dnmt1�/� mice (Fig. 8A). At early time points (12
and 15 weeks), TRAMP; Dnmt1N/� mice showed elevated pri-
mary tumor incidence compared to TRAMP; Dnmt1�/� mice
(Fig. 8B). Similarly, TRAMP; Dnmt1N/R mice displayed an
elevated tumor incidence at 15 weeks (Fig. 8B). However,
these changes were not statistically significant (Table 4).
Despite the increased tumor incidence at early time points,
at 24 weeks of age, TRAMP; Dnmt1 hypomorphic mice
showed similar (i.e., TRAMP; Dnmt1N/� mice and TRAMP;
Dnmt1N/R mice) or reduced (TRAMP; Dnmt1R/�) primary
tumor incidence compared to control mice (Fig. 8B and
Table 4). These data suggested that hypomorphic Dnmt1
expression may have opposing effects on prostate tumor
formation, with a promotion effect at early stages and a
suppressive effect at later stages of tumor progression.

To further define the effect of Dnmt1 reduction on prostate
tumor development in TRAMP, we determined the patholog-
ical stage of primary tumors by examining H&E-stained pros-
tate tissues. Tissue sections were scored for tumor stage (N,
normal; PIN, prostatic intraepithelial neoplasia; WD, well dif-
ferentiated; moderately differentiated; PD, poorly differenti-
ated), and the percentage of tissue in each stage was deter-
mined as described previously (20). This method allowed us to
calculate a disease index, which is based on the percentage of
each pathological stage determined for each prostatic lobe.
Disease index values represent the pathological stage averaged
across three prostate lobes (dorsal, lateral, and ventral lobes).
At 12 weeks of age, TRAMP; Dnmt1N/R mice had a significantly
increased disease index value compared to TRAMP; Dnmt1�/�

mice (Fig. 9A). At 15 weeks of age, all TRAMP; Dnmt1 hypo-

FIG. 7. HELP analysis of TRAMP; Dnmt1�/� and TRAMP; Dnmt1N/R mouse prostate at 15 and 24 weeks of age. Sample selection and HELP
assays were performed as described in Materials and Methods. In all panels, the total number of HELP fragments analyzed is shown at top, and
the proportion of fragments that are methylated is plotted. (A) All HELP fragments; (B) fragments in repetitive DNA elements; (C) fragments
in gene bodies; (D) fragments in CpG islands; (E) fragments in promoter regions. HELP regions were subclassified as described in Materials and
Methods.
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morphic genotypes had increased disease index values com-
pared to TRAMP; Dnmt1�/� mice (Fig. 9B). In contrast, at 24
weeks of age both TRAMP; Dnmt1R/� mice and TRAMP;
Dnmt1N/R mice had decreased disease index values compared
to TRAMP; Dnmt1�/� mice (Fig. 9C). These data suggest that
Dnmt1 reduction accelerates the early stages of prostate tumor
progression but inhibits the later stages of tumor progression
in TRAMP mice.

Metastatic tumor formation in TRAMP; Dnmt1 hypomor-
phic mice. One of the advantages of the TRAMP model is that
primary prostate cancer progresses to local and distant site
metastases, reminiscent of the human disease (15). This fact
allowed us to investigate the impact of hypomorphic Dnmt1
expression on metastatic tumor development in vivo, which, to
our knowledge, has not been investigated previously (1, 7, 9,
14, 52). Initially, we examined macrometastatic tumor growth
at necropsy by visual inspection of target tissues with a dissect-
ing microscope. A negligible level of metastases developed in
TRAMP mice at early time points (12 and 15 weeks), as ex-
pected (Fig. 8C and Table 4). However, at 24 weeks, 30% of
TRAMP; Dnmt1�/� mice developed metastatic tumors (Fig.
8C and Table 4). Strikingly, macrometastatic tumor develop-
ment was reduced in all three TRAMP; Dnmt1 hypomorphic
mouse genotypes, with a complete elimination of macrometas-
tases in TRAMP; Dnmt1N/R mice (Fig. 8C and Table 4). Both
local and distant site macrometastases were reduced in Dnmt1

hypomorphic mice; these reductions are statistically significant
in TRAMP; Dnmt1N/R mice (Table 4).

To determine the stage at which hypomorphic Dnmt1 ex-
pression impacts metastatic tumor development, we next as-
sessed micrometastatic lesions using IHC staining for Tag on
lymph node, liver, lung, and kidney tissues, the common sites
of metastases in TRAMP (18, 20). Consistent with the macro-
metastasis data, only a negligible level of micrometastatic tu-
mors was present at 12 and 15 weeks of age in all genotypes
(Table 5). However, at 24 weeks, 40 and 15% of TRAMP;
Dnmt1�/� mice developed local and distant micrometastatic
tumors, respectively (Table 5). Interestingly, the incidence of
local micrometastatic tumors at 24 weeks was similar in
TRAMP; Dnmt1�/� mice, TRAMP; Dnmt1N/� mice, and
TRAMP; Dnmt1N/R mice but was reduced in TRAMP;
Dnmt1R/� mice (Table 5). In contrast, all strains of Dnmt1
hypomorphic mice showed reduced micrometastatic tumors at
distant sites; this effect was most dramatic in TRAMP;
Dnmt1N/R mice, in which no lesions were observed (Table 5).
These findings were consistent with the complete absence of
distant macro-metastatic tumors in TRAMP; Dnmt1N/R mice
(Table 4) and reveal that Dnmt1 plays a critical role in estab-
lishing distant site metastases in TRAMP.

Finally, to determine whether reduction in circulating an-
drogens in the TRAMP; Dnmt1N/R mice accounted for the
observed inhibitory effect on metastatic tumor growth at 24

TABLE 3. Characteristics of the top 27 candidate loci hypermethylated in 24-week-old TRAMP; Dnmt1�/� mice relative to TRAMP;
Dnmt1N/R mice, identified by HELPa

Gene ID Chromosome Protein Full name

Location of
hypermethylated HELP

fragment(s)

Promoter Gene
body

CpG
island

NM_053014 10 Agpat3 1-Acylglycerol-3-phosphate O-acyltransferase 3 X X
NM_134002 10 Csnk1g2 Casein kinase 1, gamma 2 X X
NR_015372 11 Gm12166 Sft2d1 pseudogene X X
NM_146047 13 Clptm1l Cisplatin resistance related protein CRR9p X X
NM_207215 14 Mycbp2 MYC binding protein 2 (aka PAM in human) X X
NM_008715 14 Ints6 Integrator complex subunit 6 (DICE1, DDX26) X X
NM_172814 15 Lrp12 Low-density lipoprotein-related protein 12 X X
NM_029457 16 Senp2 SUMO/sentrin-specific peptidase 2 X X
NM_001081684 16 Zfp295 Zinc finger protein 295 X X
NM_181397 17 Rftn1 Raftlin lipid raft linker 1 X X
NM_007419 19 Adrb1 Adrenergic receptor, beta 1 X X
NM_010133 1 En1 Engrailed X X
NM_023343 1 Ilkap Integrin-linked kinase-associated serine/threonine phosphatase 2C X X
NM_030112 2 Rtf1 Rtf1, Paf1/RNA polymerase II complex component, homolog (S. cerevisiae) X X
NM_183023 2 Rims4 Regulating synaptic membrane exocytosis 4 X X
NM_011098 3 Pitx2 Paired-like homeodomain transcription factor 2 X
NM_001039090 3 Skil SKI-like X X
NM_198960 4 Tcfap2e Transcription factor AP-2, epsilon X X
NM_172890 6 Slc6a11 Solute carrier family 6 (neurotransmitter transporter, GABA), member 11 X X
NM_177192 6 Dennd5b DENN/MADD domain containing 5B X X
NM_010596 7 Kcna7 Potassium voltage-gated channel, shaker-related subfamily, member 7 X X
NM_029332 7 Akap13 A kinase (PRKA) anchor protein 13 X X
NM_001083118 8 Terf2 Telomeric repeat binding factor 2 X X
NM_133765 8 Fbxo31 F-box protein 31 X X
NM_001101502 8 Zfp703 Zinc finger protein 703 X X
NM_030261 9 Sesn3 Sestrin 3 X X
NM_211138 X Pcyt1b Phosphate cytidylyltransferase 1, choline, beta isoform Xb

a Hypermethylated HELP fragments 	 3.75 log ratio (HpaII/MspI).
b Alternative promoter.
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weeks, we conducted two independent tests. First, we mea-
sured UG weight, which would be expected to show a dramatic
decrease in mice with reduced circulating androgens due to the
strict dependence of the rodent urogenital tract on testoster-
one for growth (26). As shown in Fig. 10A, TRAMP; Dnmt1�/�

mice and TRAMP; Dnmt1N/R mice show very similar UG sizes,
after normalization to body weight, at all three time points (12,
15, and 24 weeks). As a second test, we measured nuclear AR
staining, since nuclear localization of AR is dependent on
androgens (4). We stained 17 TRAMP; Dnmt1�/� and 22
TRAMP; Dnmt1N/R mouse prostate and seminal vesicle sec-
tions (two slides per animal) with AR antibody for IHC, as
described in Materials and Methods. The slides were deiden-
tified, and nuclear AR staining was scored (as yes or no [Y/N]).
The resulting data revealed no difference in nuclear AR stain-

ing between the two genotypes (data not shown; representative
AR IHC staining of seminal vesicles is shown in Fig. 10B).
Taken together, these data suggest that it is highly unlikely that
alterations in circulating androgens account for the dramatic
reduction of metastatic tumor growth observed in TRAMP;
Dnmt1N/R mice.

DISCUSSION

Dnmt1 in prostate development and DNA methylation. In
wild-type mice, hypomorphic Dnmt1 expression did not alter
the general morphology of the prostate, nor did it appear to
alter its differentiation state. However, Dnmt1N/R mice
(which showed the lowest level of Dnmt1 expression and
greatest degree of DNA hypomethylation) had a significant

FIG. 8. Prostate weight and tumor incidence in TRAMP; Dnmt1 hypomorphic mice. (A) Prostate weights (normalized to body weight) of
TRAMP mice of the indicated genotypes were determined at necropsy at the indicated ages. The number of samples analyzed per group is
indicated on the bars, and the means and standard errors are plotted. No significant differences (P � 0.05; Mann-Whitney test) were observed.
(B) The primary tumor incidence of TRAMP mice of the indicated genotypes was determined at necropsy at the indicated ages. Each bar indicates
the mean of a sample group where the number of samples analyzed per group is the same as in panel A. No significant differences (P � 0.05; Fisher
exact test) were observed. (C) The macrometastatic tumor incidence of TRAMP mice of the indicated genotypes was determined at necropsy at
the indicated ages. Each bar indicates the mean of a sample group where the number of samples analyzed per group is the same as in panel A.
Fisher exact test P values of significant differences (P � 0.05), compared to TRAMP; Dnmt1�/� mice, are shown.
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survival defect, as evidenced by a 5-fold decrease from the
expected Mendelian ratio. Surviving Dnmt1N/R mice also
had reduced body weights. These data provide evidence that
Dnmt1 is required for normal vertebrate development and
are in agreement with previous data showing that Dnmt1
knockout mice are embryonic lethal and that Dnmt1 knock-
down zebrafish show reduced survival (29, 42). Our data
suggest that the level of Dnmt1 expression in Dnmt1N/R mice
is close to the threshold required for normal murine devel-
opment. Importantly, however, the defects observed in
Dnmt1N/R mice did not appear to specifically impact the
development of the prostate. Since Dnmt3a and Dnmt3b
expression was retained in Dnmt1 hypomorphic mice, it is
reasonable to hypothesize that these enzymes may compen-
sate for Dnmt1 reduction in the surviving Dnmt1N/R mice.
Most important for the present study, the apparently normal
development of the prostate in surviving Dnmt1 hypomor-
phic mice suggests that this genetic model is valid for as-
sessing the impact of reduced Dnmt1 expression on prostate
cancer.

As expected, Dnmt1N/R prostate and livers had reduced lev-
els of 5mdC and B1 repetitive element methylation, which are
measures of global DNA methylation status. In addition,
HELP analyses revealed slight genome-wide hypomethylation
in the Dnmt1N/R prostate. However, HELP also revealed a
more complicated pattern of DNA methylation alterations in
the Dnmt1N/R prostate. Although a number of genes were
identified that become hypomethylated in the Dnmt1N/R pros-
tate, these events frequently occurred outside of CpG islands.
Moreover, unexpectedly, CpG island regions overall were
hypermethylated in the Dnmt1N/R prostate compared to
Dnmt1�/� mice. It is possible that this effect reflects compen-
satory epigenetic mechanisms (possibly mediated by Dnmt3
enzymes) that act in response to global DNA hypomethylation.

Dual or combinatorial Dnmt disruption approaches in vivo
could be used to test this idea. Potentially, this type of feedback
response could explain the frequent coexistence of global
DNA hypomethylation and CpG island hypermethylation ob-
served in human cancer.

Dnmt1 and DNA methylation alterations during prostate
cancer progression. Tumor progression in TRAMP is charac-
terized by two major alterations in DNA methylation: (i) global
hypomethylation appearing at early stages that becomes more
pronounced at later stages and (ii) locus-specific CpG island
hypermethylation, which is chiefly observed in the late stages
of prostate cancer development (35). In TRAMP; Dnmt1N/R

mice, these two alterations were exacerbated or inhibited, re-
spectively. By 15 weeks of age, 5mdC and B1 methylation levels
in the prostates of TRAMP; Dnmt1 hypomorphic mice were
significantly reduced. In agreement with this, HELP analysis
revealed genome-wide DNA hypomethylation in TRAMP;
Dnmt1N/R mice at 15 weeks. The hypomethylating effect was
seen specifically at repetitive DNA elements and gene bodies
at this time point but was not seen at the promoters or CpG
islands. A likely explanation for the lack of hypomethylation at
the CpG islands and promoters at 15 weeks in TRAMP;
Dnmt1N/R mice is that these regions are largely hypomethyl-
ated at baseline and the aberrant hypermethylation of these
regions had not occurred to significant levels at this time. In
contrast, at 24 weeks, TRAMP; Dnmt1�/� mice showed dra-
matic increases in both CpG island and promoter hypermeth-
ylation. Remarkably, these changes appeared to be completely
abrogated in TRAMP; Dnmt1N/R mice, supporting a major role
for Dnmt1 in CpG island and promoter region DNA hyper-
methylation during prostate cancer progression. The current
data set does not allow us to resolve whether Dnmt1 is involved
in de novo or maintenance methylation at these hypermethyl-
ated regions.

Our prior work using RLGS identified two general catego-
ries of DNA hypermethylation events in TRAMP: one in which
promoter methylation is correlated with gene repression and a
second in which gene body methylation is associated with in-
creased gene expression (2, 35, 37). Interestingly, in TRAMP;
Dnmt1 hypomorphic mice it appeared that promoter hyper-
methylation is inhibited (illustrated by Irx3), whereas down-
stream hypermethylation was inconsistently affected (as illus-
trated by Cacna1a, Cdkn2a, and Nrxn2). This suggests that
Dnmt1 may be primarily involved in initiating or maintaining
aberrant promoter hypermethylation, with a less important
role in catalyzing downstream gene DNA hypermethylation in
TRAMP. Further studies are necessary to determine whether
hypomorphic Dnmt1 expression alters the expression of hyper-
methylated gene targets in TRAMP.

Opposing roles for Dnmt1 in early- and late-stage primary
prostate cancer. The dual nature of the DNA methylation
changes observed in TRAMP revealed in our previous studies
(i.e., global hypomethylation appearing at early stages, CpG
island hypermethylation at late stages) led us to hypothesize
that hypomorphic Dnmt1 expression may accelerate early-
stage prostate tumor development and, conversely, inhibit late-
stage prostate cancer. Our data support this hypothesis. At 12
and 15 weeks of age, TRAMP; Dnmt1 hypomorphic mice
showed slightly increased primary prostate tumor incidence, as
well as significantly increased pathological stage (i.e., the dis-

TABLE 4. Primary and metastatic tumor incidence in TRAMP;
Dnmt1 hypomorphic micea

Time (in wks) and
TRAMP Dnmt1

genotype
n

Primary
tumors

Total
metastatic

tumors

Local
metastatic

tumors

Distant
metastatic

tumors

% P % P % P % P

12
�/� 29 0 NA 3 NA 0 NA 3 NA
R/� 25 0 1 4 1 0 1 4 1
N/� 29 7 0.49 0 1 0 1 0 1
N/R 19 0 1 0 1 0 1 0 1

15
�/� 29 24 NA 3 NA 0 NA 3 NA
R/� 28 21 1 0 1 0 1 0 1
N/� 33 39 0.28 0 1 0 1 0 1
N/R 21 29 0.75 0 1 0 1 0 1

24
�/� 20 85 NA 30 NA 20 NA 20 NA
R/� 22 73 0.46 9 0.12 9 0.40 4.5 0.17
N/� 29 83 1 21 0.51 21 1 3 0.14
N/R 22 86 1 0 0.007* 0 0.04* 0 0.04*

a Fisher exact test P values, compared to TRAMP; Dnmt1�/� mice, were
determined. “Local” refers to lymph node metastases; “distant” refers to liver,
lung, or kidney metastases. �, significant difference (P � .05). NA, not applicable.
n, number of mice.
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ease index score). Global DNA hypomethylation was also ob-
served in Dnmt1 hypomorphic mice at these time points. Thus,
reduced Dnmt1 expression and the associated reduction in
global DNA methylation appear to functionally alter the dis-
ease phenotype. Global DNA hypomethylation is associated
with genomic instability and oncogene expression, both of
which contribute to oncogenesis (9, 12, 22). Our data suggest
that one or both of these mechanisms may contribute to tu-
morigenesis in TRAMP.

In direct contrast to the tumor-promoting effect seen at early
ages in TRAMP; Dnmt1 hypomorphic mice, at a later time
point (24 weeks), these mice showed similar or slightly reduced
primary prostate tumor incidence, as well as significantly de-
creased pathological stage (i.e., the disease index). These ef-
fects coincided with dramatic reductions in locus-specific DNA

hypermethylation genome-wide, as revealed by HELP analy-
ses. These observations support the notion that aberrant locus-
specific DNA hypermethylation contributes to late stages of
primary tumor development in TRAMP.

It should be noted that some of the changes in tumor phe-
notype observed here could be related to either strain or
Dnmt1 allele-specific effects. Because the experimental mice
were not 100% FVB mice, this could affect the linkage for the
Dnmt1R allele to the C57BL/6 strain, such that Dnmt1R/� and
Dnmt1N/R mice may display phenotypic similarities that are
based on strain and not genotype. In fact, there were a few
instances where this appeared to occur, including the disease
index scores at 24 weeks of age. A previous report utilizing the
identical Dnmt1 hypomorphic model revealed an analogous
effect on tumor phenotype wherein Dnmt1R/� and Dnmt1N/R

FIG. 9. Prostate pathological stage and disease index in TRAMP; Dnmt1 hypomorphic mice. Pathological stage was determined for the dorsal,
lateral, and ventral prostate lobes (DLV) and averaged as described in Materials and Methods. (A) The proportion of the prostate classified as
normal (N), PIN, well-differentiated tumor (WD), moderately differentiated tumor (MD), and poorly differentiated tumor (PD) for mice of each
TRAMP genotype, at 12 weeks of age, is plotted on the left. A disease index score was calculated as described in Materials and Methods and is
plotted at right. The number of samples analyzed per group is indicated on the bars, and the means and standard errors are plotted. (B) Patho-
logical staging and disease index score as described in panel A for 15-week-old mice. (C) Pathological staging and disease index score as described
in panel A for 24-week-old mice. Mann-Whitney test P values of significant differences (P � 0.09), compared to TRAMP; Dnmt1�/� mice, are
shown.
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mice in the Mlh1�/� background sometimes showed effects
distinct from that seen in Dnmt1N/� mice, despite the fact that
experimental mice had been backcrossed for at least 10 gen-
erations to reduce strain variability (52). It is also possible that
specific differences between the configuration of the Dnmt1 R
and N alleles could have distinct phenotypic effects (52). Nev-
ertheless, in almost all instances, TRAMP; Dnmt1N/R mice,
which have the most robust loss of Dnmt1 expression and
DNA hypomethylation, also showed the most divergent mo-
lecular and biological phenotypes, confirming the validity of
the model system.

Dnmt1 promotes prostate cancer metastasis. The most
striking finding in the present study was the dramatic inhibition
of prostate tumor metastases observed in TRAMP; Dnmt1N/R

mice. While approximately one-third of control mice displayed
macrometastatic tumor growth at 24 weeks of age, no lesions
were observed in TRAMP; Dnmt1N/R mice. Moreover, clear
reduction of macrometastatic tumors occurred in the other
hypomorphic TRAMP; Dnmt1 strains. The reduced level of
macrometastases corresponded to both local and distant site
tumors. In contrast to the effect on macrometastases, IHC
staining for Tag-positive cells (scored as micrometastases)
revealed similar levels of local (lymph node) involved mi-
crometastatic tumors in control and Dnmt1 hypomorphic
mice. These data suggest that the early stages of metastases,
e.g., invasion and colonization of the draining lymph nodes,
are not inhibited by Dnmt1 reduction. Rather, it is the
growth of these microscopic metastatic lesions at secondary
sites that appears to be impacted. In light of our data, it is
notable that numerous studies suggest that growth of mac-
roscopic foci at distant sites is the rate-limiting step in tumor
metastases (8).

Importantly, TRAMP; Dnmt1 hypomorphic mice showed re-
duced levels of micrometastatic tumor growth at distant organs

(i.e., liver, lung, and kidney). This effect was most dramatic in
TRAMP; Dnmt1N/R mice, in which no distant site micrometa-
static lesions were detected. Taken together, our data suggest
that Dnmt1 contributes to at least two different stages of pros-
tate metastasis: (i) the growth of already present micrometa-
static lesions in the lymph nodes and (ii) the colonization and
growth of metastases at distant organs. As with other solid
tumors, metastasis is the key event conferring poor prognosis
in human prostate cancer (13); thus, identification of factors
that contribute to this process, such as Dnmt1, is critically
important.

In agreement with our findings, Day and coworkers have
shown that treatment of intact or castrated TRAMP mice
with the DNA methyltransferase inhibitor 5-aza-2�-deoxycy-
tidine (DAC) inhibits both primary tumor growth and the
development of lymph node macrometastases (34, 56).
While DAC has effects beyond inhibition of DNA methyl-
ation, the data suggest that inhibition of DNA hypermeth-
ylation mediated by Dnmt1 may be directly responsible for
the phenotypes observed in the current and prior studies.
The data showing that robust DNA hypermethylation occurs
in late-stage prostate cancer, castration-recurrent prostate
cancer, and metastatic prostate cancer in both mouse mod-
els and humans also support this idea (2, 35, 37, 38). More-
over, studies using in vitro cell models suggest that aberrant
DNA methylation mediated by Dnmt enzymes contributes
to the development of cellular phenotypes associated with
metastasis (5, 30, 40, 54, 55). It will be of particular impor-
tance to define the genes targeted by DNA hypermethyl-
ation that contribute to prostate cancer metastasis.

In summary, based on our earlier characterization of the

FIG. 10. Urogenital tract (UG) weight and androgen receptor
(AR) staining in TRAMP; Dnmt1�/� and TRAMP; Dnmt1N/R mice.
(A) UG weight normalized to body weight. The number of samples
analyzed per group is indicated on the bars, and the means and
standard errors are plotted. No significant differences between the
two genotypes (P � 0.05; Mann-Whitney test) were observed.
(B) Representative example of AR IHC staining in the seminal
vesicles of 24-week-old mice of the indicated genotypes. IHC was
performed as described in Materials and Methods, and the negative
control is shown at right. Scale bar, 100 �m.

TABLE 5. Micrometastatic tumor incidence in TRAMP; Dnmt1
hypomorphic micea

Time (in wks) and
TRAMP Dnmt1

genotype
n

Local
micrometastatic

tumors

Distant
micrometastatic

tumors

% P % P

12
�/� 9 0 NA 0 NA
R/� 9 0 1 0 1
N/� 10 0 1 0 1
N/R 10 0 1 0 1

15
�/� 10 0 NA 0 NA
R/� 9 0 1 0 1
N/� 15 13 0.5 0 1
N/R 11 9 1 0 1

24
�/� 20 40 NA 15 NA
R/� 22 23 0.32 9 0.66
N/� 22 50 0.55 5 0.33
N/R 22 41 1 0 0.10

a As determined by IHC staining for large T antigen (Tag). “Local” refers to
lymph node tumors; “distant” refers to liver, lung, or kidney tumors. Fisher exact
test P values, compared to TRAMP; Dnmt1�/� mice, were determined. NA, not
applicable. n, number of mice.
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epigenetic changes during TRAMP tumorigenesis, we hy-
pothesized that Dnmt1 may play a dual role in prostate
caner progression characterized by tumor suppressor activ-
ity during early stages of the disease and oncogenic function
at late stages. Our findings from the TRAMP; Dnmt1 hypo-
morphic mouse model confirm this hypothesis and suggest
that Dnmt1 has opposing effects on early and late stage
prostate cancer. Importantly, the apparent tumor-promot-
ing effect of Dnmt reduction on early-stage lesions in Dnmt1
hypomorphic mice does not support the use of DNA hy-
pomethylating agents as chemopreventive approaches for
prostate cancer. However, the robust inhibitory effect of
Dnmt1 reduction on prostate tumor metastasis (and in par-
ticular the prominent reduction of distant-site metastasis),
which constitutes the clinically relevant human condition, is
striking. This outcome supports further investigation of
Dnmt1 inhibitors as therapeutic interventions for advanced
and metastatic prostate cancer.
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