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We have introduced DNA methyltransferase 1 (Dnmt1) mutations into a mouse strain deficient for the Mlh1
protein to study the interaction between DNA mismatch repair deficiency and DNA methylation. Mice har-
boring hypomorphic Dnmtl mutations showed diminished RNA expression and DNA hypomethylation but
developed normally and were tumor free. When crossed to MIhI~'~ homozygosity, they were less likely to
develop the intestinal cancers that normally arise in this tumor-predisposed, mismatch repair-deficient
background. However, these same mice developed invasive T- and B-cell lymphomas earlier and at a much
higher frequency than their Dnmt1 wild-type littermates. Thus, the reduction of Dnmt1 activity has significant
but opposing outcomes in the development of two different tumor types. DNA hypomethylation and mismatch
repair deficiency interact to exacerbate lymphomagenesis, while hypomethylation protects against intestinal
tumors. The increased lymphomagenesis in DnmtI hypomorphic, MIh1~'~ mice may be due to a combination
of several mechanisms, including elevated mutation rates, increased expression of proviral sequences or
proto-oncogenes, and/or enhanced genomic instability. We show that CpG island hypermethylation occurs in
the normal intestinal mucosa, is increased in intestinal tumors in MIk1~'~ mice, and is reduced in the normal
mucosa and tumors of Drnmtl mutant mice, consistent with a role for Dnmtl-mediated CpG island hyper-

methylation in intestinal tumorigenesis.

Cancer development is thought be driven by the acquisition
of both mutations and abnormal methylation patterns (4, 38).
Aberrant hypermethylation of promoter CpG islands can lead
to transcriptional silencing of key growth-controlling genes (4,
32, 38, 71). DNA methylation is also thought to play a role in
the silencing of endogenous repetitive DNA elements such as
transposons, retroviruses, LINE-1, and Alu sequences (30, 31,
42, 53, 82). The mechanism driving these methylation events is
unclear, but it involves one or more of the DNA methyltrans-
ferase enzymes known to methylate genomic DNA at CpG sites.

DNA methyltransferase 1 (Dnmtl), Dnmt3a, and Dnmt3b
are three functional DNA methyltransferase enzymes known
to contribute to methylation patterns in mammalian cells.
These enzymes have differential abilities to catalyze mainte-
nance and de novo methylation (61). In vitro methylation stud-
ies have shown that while Dnmt1 has a strong predilection for
hemimethylated DNA, Dnmt3a and Dnmt3b have approxi-
mately equivalent preferences for hemimethylated and un-
methylated DNA substrates (61). This has led to the widely
held concept that Dnmtl is predominantly responsible for
maintenance methylation, while Dnmt3a and Dnmt3b are pri-
marily involved in de novo methylation. Some expression stud-
ies have suggested that abnormal upregulation of DNA meth-
yltransferase genes might cause aberrant methylation patterns
and thus enhance cancer risk, but others have argued against
this mechanism (17, 24, 35, 40, 48, 69). The normal activity of
methyltransferases may be dependent upon their proper inter-
action with PCNA through a conserved PCNA-binding motif
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(11, 83, 84), localization to replication foci during S phase (51),
and cell cycle regulation (70). Deregulation of these activities
may lead to irregular methylation patterns.

In this study we used a mouse model system to assess the
interaction between DNA methylation and DNA mismatch
repair deficiency. Cells lacking functional mismatch repair are
subjected to 100- to 1,000-fold increases in microsatellite in-
stability (MSI") and base substitution rates throughout the
genome due to the inability to repair replication errors that
create base-base and loop mismatched heteroduplex DNA
(74). Targeted mutations have been generated for mismatch
repair genes Msh2, Msh3, Msh5, Msh6, Mlh1, Pmsl, and Pms2
in mice (3, 15, 20, 21, 23, 64, 66). Mutant mice are prone to the
development of a spectrum of tumors, in addition to a meiotic
defect resulting in infertility (2, 3, 14, 20, 21). However, the
mutation spectrum, tumor phenotype, and meiotic phenotype
are not always manifest, nor are they the same in all mismatch
repair mutant animals, indicating that these genes have distinct
yet overlapping functions. Loss-of-function mutations in genes
MLHI, MSH2, and MSH6 are the most commonly observed
mismatch repair gene mutations in colorectal cancer patients,
suggesting that disruption of early steps in the DNA mismatch
repair process causes a predisposition to colorectal tumorigen-
esis.

A role for DNA methylation in the mismatch repair pathway
has been proposed (5, 29), possibly involving an interaction
between DNA methyltransferase and PCNA (11, 68) and/or
the assistance of methylation patterns in mismatch recognition
and correction through MBD4 recruitment (5), but direct ev-
idence in support of these mechanisms is lacking. In Esche-
richia coli, Dam methylation at GATC sites serves as the strand
discrimination for the incision and excision of the DNA strand
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containing the mismatched base (54). However, model organ-
isms such as Saccharomyces cerevisiae and Caenorhabditis el-
egans have functional mismatch repair despite having no de-
tectable DNA methylation. It is speculated that the orientation
of the passing replication fork complex and/or the presence of
transient DNA nicks after replication may act as strand dis-
crimination signals in these organisms (77, 78). Whether CpG
hemimethylation participates as a signal for strand discrimina-
tion in mammalian cells has not been resolved.

Abnormal methylation patterns have been well documented
in colorectal cancer (25, 27, 75, 86). Hypermethylation of the
MLH] promoter has been shown to be the basis for the inac-
tivation of the MLHI mismatch repair gene in the majority of
the 10 to 15% of sporadic colorectal cancer cases that exhibit
an MSI™" phenotype (33, 81). Several studies have reported
that mismatch repair deficiency is associated with a generalized
CpG island methylation phenotype (1, 75). It has also been
reported that MSI™* colorectal cell lines have a higher de novo
methylation activity towards exogenous retroviral sequences
than those that are MSI™ (50). However, we did not find an
increased frequency of CpG island hypermethylation in MSI™
colorectal cell lines (63) or colorectal tumors (86). We have
recently suggested that the association between CpG island
hypermethylation and mismatch repair deficiency is limited to
the association with MLHI promoter hypermethylation (86). It
has been reported that patients with MSI" cases show loss of
imprinting of IGF2 (13, 56). The significance of this observa-
tion is poorly understood, but it suggests that DNA methyl-
ation and mismatch repair pathways may be intertwined.

In this study, we have devised a genetic strategy based on
Dnmt1 hypomorphic alleles to study the effect of DNA meth-
ylation on tumor development (45). This system avoids the
toxicity associated with the use of 5-aza-2'-deoxycytidine (37).
Here, we made use of two hypomorphic alleles which, when
introduced in combination, allow for manipulation of the levels
of expression of Dnmtl in vivo without compromising devel-
opment (52). We applied this experimental system to a mouse
MiIh1 knockout strain that is predisposed to the development
of multiple tumors, including lymphomas and intestinal ade-
nocarcinomas (3). We show that hypomorphic alleles of Dnmt!
can lead to decreased RNA expression, hypomethylation of
centromeric repeat sequences, and reduced hypermethylation
of promoter regions containing CpG islands. Paradoxically, a
reduction in Dnmt1 expression concomitantly reduced the in-
cidence of intestinal cancers and increased the incidence of
aggressive lymphoid tumors in mismatch repair-deficient mice.
Our data suggest that in the intestinal epithelium, Dnmt1 may
contribute to cancer by causing CpG island hypermethylation.
Further, we suggest that the mechanism by which lym-
phomagenesis is induced by DNA hypomethylation is distinct
and possibly could involve a combination of molecular defects,
including the lack of mismatch repair, a global change in gene
expression patterns with upregulation of repetitive retroele-
ments, and an increased chromosomal instability as a result of
a hypomethylated genome.

MATERIALS AND METHODS

Genotyping. We used PCR to genotype the MIh1 gene as described previously
by Baker et al. (3). The PCR was performed in a 15-pl reaction mixture with 20
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mM Tris-HCI (pH 8.4); 50 mM KClI; 1.5 mM MgCl,; 0.2 mM deoxynucleoside
triphosphates; 0.3 wM primers MLH1-a, MLH1-U, and MLH1-T5; and 0.35 U of
Taq polymerase, using cycling conditions of 94°C for 4 min, followed by 35 cycles
of 94°C for 50 s, 58°C for 50 s, and 72°C for 60 s, followed by 72°C for 5 min. The
MLH1-a and MLH1-U primers produced a 258-bp amplicon, while the MLH1-a
and MLHI1-TS5 primers produced a 198-bp amplicon, which were diagnostic for
the wild-type and targeted alleles, respectively.

Dnmtl was genotyped by multiplex PCR using primers OL106 (5'-GGGAAC
TTCCTGACTAGGGG-3'), OL168, (5'CCAACAAACCAGTATGTCTCGT-
3’), OL173 (5'-CCCAGTTTCCAGAAAGCTACC-3'), and OL369 (5'-CAATT
CCACACAACATACGAGC-3"). Reactions were carried out in a 15-pl volume
with 20 mM Tris-HCl (pH 8.4), 50 mM KCI, 1.5 mM MgCl,, 0.2 mM de-
oxynucleoside triphosphates, a 0.3 uM concentration of each primer, and 0.35 U
of Taq polymerase, using cycling conditions of 94°C for 4 min, followed by 35
cycles of 94°C for 50 s, 60°C for 50 s, and 72°C for 1 min 30 s, followed by 72°C
for 5 min. OL168 and OL173 produced both a 342-bp wild-type-specific band and
a 661-bp DnmtI® allele-specific band. OL106 and OL173 produced a 430-bp
DnmtIV allele-specific band. OL173 and OL369 produced a second 211-bp
Dnmt1R allele-specific band.

Examination of mice. These experiments were conducted with F; mice derived
from two inbred strains. All of the alleles used in this study had been backcrossed
to 129/sv]ae or C57BL/6 mice for at least 10 generations before the experimental
crosses were set up. We limited our analysis to homozygous MIhl~/~ and
MIh1™* mice. MIh1 heterozygous offspring were euthanized after genotyping.
Experimental mice were monitored closely for 9 months, after which they were
euthanized and autopsied. Mice that were moribund before 9 months were also
euthanized and autopsied. Tumors that developed in these mice include lym-
phomas, skin tumors, intestinal adenomas, and adenocarcinomas. Tumor and
tissue samples were dissected and snap frozen in liquid N,, as well as paraffin
embedded for histology.

DNA isolation. Genomic DNA was isolated from tumor samples and from tail
biopsies of 4-week-old mice as described previously (47). Tissues were lysed in
100 mM Tris-HCI (pH 8.5)-5 mM EDTA-0.2% sodium dodecyl sulfate-200 mM
NaCl-100 pg of proteinase K/ml overnight at 55°C with agitation, followed by
isopropanol precipitation. The DNA was then spooled from the isopropanol and
resuspended in 10 mM Tris-HCI-0.1 mM EDTA (47).

DNA recombination assays. DNA rearrangement of the immunoglobulin
and T-cell receptor loci was analyzed in MIh1 wild-type and MIh1~/~ thymus,
tail, and lymphoma tissues by PCR. We used seminested and nested PCR
primers to analyze Dy Jg;, DgiJgs, and Dg,Jg, recombination at the T-cell
receptor beta (TCRB) locus (85). Immunoglobulin heavy-chain (IgH) DJ
recombination was determined using degenerate PCR primers as described
previously (73).

Bisulfite treatment and MethyLight analysis. Genomic DNA was converted
with sodium metabisulfite (Sigma) by using a modification of the agarose bead
method (62). Denatured genomic DNA was suspended by being mixed with 4%
Seakem agarose (FMC Corp.) to form a bead, equilibrated with 5 M bisulfite for
14 h at 50°C, washed, and desulfonated with 0.2 M NaOH. Agarose beads were
melted, diluted, and stored at —20 degrees until used. Detection and quantita-
tion of DNA methylation by MethyLight was performed as described previously
(16-19). We examined methylation levels at 5 different CpG island sites. For
each reaction, we used PCR primer and fluorescent probe combinations that
contain CpG sites such that amplification occurs only if those CpG sites are
methylated and only if the DNA is completely converted with bisulfite. The
fluorescent signal for each reaction was adjusted for DNA input by normalizing
to two independent reference reactions (Guca2 and LhxI), for which the primer
and probe sequences do not contain any CpGs and are therefore not dependent
on the methylation status of the DNA. Methylation levels are expressed as a ratio
of the input DNA-adjusted signal and the signal of a reference methylated DNA
sample (16-19). This reference DNA was obtained by the in vitro methylation of
genomic DNA derived from 129/sv J1 ES cell line (52) with Sss/ methylase (New
England Biolabs) and subsequent bisulfite conversion. The primer and probe
sequences used for MethyLight analysis were as follows: for Timp3, forward,
5'-GAGAGGCGGTGGGCGTAG-3'; reverse, 5'-CGAAAATATAAACTAAA
CGCGTCCT-3'; probe, 6FAM-5'-CGATATACGCTACAACGACGTCCCAC
GA-3'-TAMRA,; for MyoD1, forward, 5'-CGTGTTTCGATTTATTAGATTTG
CG-3'; reverse, 5'-CATCCTCACGAACGCCTAAAC-3'; probe, 6FAM-5'-CC
ACGTACACCAAACGCGAATCCA-3'-TAMRA,; for Int4a, forward 5'-CGAG
GTGTAGATCGAGGTTTCG-3'; reverse, 5'-AATACCCGATTAACACCCC
GA-3'; probe, 6FAM-5'-ACAACATCACCGCTTCCCGAAAAACG-3'-TAMRA;
for Mgmt, forward, 5'-CGACACCCTTACGTCACACACT-3'; reverse, 5'-TAG
TTCGAGGGTGTAAAGCGG-3'; probe, 6FAM-5'-AACCACGCCCCGCGT
ACCAA-3'-TAMRA; for Cdkn2a, forward, 5'-CGCGAGGAAAGCGAATTC-
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3’; reverse, 5'-CGAAACCCCGACTTCCAA-3'; probe, 6FAM-5'-CCCGCACG
TCATACACACGACCCT-3'-TAMRA,; for Lhx1, forward, 5'-AGAGTGTTTG
GAAGTTAGGTGAAGGT-3'; reverse, 5'-CACATTCATAAACACAAATTC
ACACAAC-3'; probe, 6FAM-5'-CACAATCAACATCCCAAACATATTCAC
CCA-3'-TAMRA; and for Guca2, forward 5'-GGTGTTGTGGTTTAGAAGG
TTATGG-3'; reverse, 5'-ACCTTATCCTCAACTTCCAACATACC-3'; probe,
6FAM-5'-TCTCATCATCTTCTACAAACCAAAAC-3'-TAMRA. (Dyes used
were 6-carboxyfluorescein [6 FAM] and 6-carboxy-tetramethylrhodamine
[TAMRA]; CpG sites are underlined.)

RNA expression analysis. We used real-time, fluorescence-based reverse tran-
scription-PCR (RT-PCR) (Tagman) to measure gene expression (17). Total
RNA was isolated using the guanidinium isothiocyanate method (Ambion Total
RNA). RNA samples were then treated with DNase I to remove contaminating
DNA (Ambion DNA-free). Samples were reverse transcribed with random prim-
ers and SuperScript II reverse transcriptase (Gibco-BRL) as specified by the
manufacturer. Dnmtl expression was normalized to glyceraldehyde-3-phosphate
dehydrogenase (Gapdh), histone H4, and Pcna control reactions. For the lym-
phoma analyses, we analyzed 17 different transcripts, including 2 control RNA
transcripts, Gapdh and histone H4. Specific gene expression was normalized to
both Gapdh and histone H4 expression to correct for RNA input and averaged.
The primer and probe sequences were as follows: for Dnmtl, forward, 5'-CCA
TGGTGCTGAAGCTCACA-3'; reverse, 5'-AGCACACCAAAGGTGCACTG-
3'; probe, 6FAM-TAGCCCATGCGGACCAGGCAG-3'-TAMRA; for Bmi-1,
forward, 5'-CTGGAGAAGAAATGGCCCAC-3'; reverse, 5'-CCCTCTGGTG
ACTTCATCTTCAT-3'; probe, 6FAM-5'-CCTTTGAAATACAGAGTTCGGC
CAACTTGC-3'-TAMRA; for C-myc, forward 5'-ACAGCAGCTCGCCCAAA
TC-3'; reverse 5'-CGAGTCCGAGGAAGGAGAGA-3'; probe 6FAM-5'-ACC
TCGTCCGATTCCACGGCC-3'-TAMRA; for N-myc, forward 5'-CTGGCGA
GCTGATCCTCAA-3'; reverse, 5'-GGTGAGGGTGCAGCATAGTTG-3';
probe, 6FAM-5'-CGCTGTGTTCCCATCCATCAGCA-3'-TAMRA,; for Pim-1,
forward 5'-TTCGGCTCGGTCTACTCTGG-3'; reverse, 5'-CACGTGCTTAA
TGGCCACC-3'; probe, 6FAM-5'-ATCCGCGTCGCCGACAACTTG-3'-TA
MRA; for Pim-2, forward, 5'-GAACCGTGTGCTAGGCTGGT-3'; reverse, 5'-
ACAGCAGCGCAACCTCAAGT-3'; probe, 6FAM-5'-CACCGTGTCAGACT
CAGTCACCTGCC-3'-TAMRA,; for Fratl, forward, 5'-AGCTCGTGCTCTCG
GGAA-3'; reverse, 5'-CTGTAGCTGTCGCGAATGAAGT-3'; probe, 6FAM-
5'-TGCGCACCGCCTCCTTGATG-3'-TAMRA,; for Frat3, forward, 5'-CTTC
ATTCGCGAGGGCTACA-3'; reverse 5'-CTGACAAAGGCCCGAGGA-3';
probe, 6FAM-5'-AGGCAAAGCTTCCCGCTCACTCG-3'-TAMRA; for Gfil,
forward, 5'-TGCCGCTCTCTGGACGA-3'; reverse 5'-CCAGCAAGACCGCT
CCAT-3'; probe, 6FAM-5'-CCAGCCCTACACGCTGCCTTTCA-3'-TAMRA;
for C-abl, forward, 5'-TCTCTTAGGAAGACCCGCCA-3'; reverse, 5'-GTCCA
GAACCACACCCTTGG-3'; probe, 6FAM-5'-AGCGCATTGCCAGTGGCAC
CAT-3'-TAMRA; for Bci2, forward, 5'-CATCTTCTCCTTCCAGCCTGA-3'; re-
verse 5'-ACGTCCTGGCAGCCATCTC-3'; probe, 6FAM-5'-AGCAACCCAAT
GCCCGCTGTG-3'-TAMRA,; for C-fos, forward, 5'-CTTCTTGTTTCCGGCA
TCATC-3'; reverse, 5'-AGGTCCACATCTGGCACAGAG-3'; probe 6FAM-5'-
AGGCCCAGTGGCTCAGAGACCTCC-3'-TAMRA; for IAP, forward, 5'-GA
GTTTGAAGGCATCCTTGATACC-3'; reverse, 5'-TTGATATCCTAGGCCC
TGTAATGAA-3'; probe, 6FAM-5'-CCCAAAGCATGGCCCACCACA-3'-TA
MRA; for Linel, forward, 5'-ATAGCGCTGAGTGCCTCCA-3'; reverse, 5'-T
TGGGTGAATTTGCTTCCTTTT-3'; probe, 6FAM-5'-TCAAGCTGCTAGTA
TGTGCTGTCTCCCGT-3'-TAMRA,; for Arf, forward, 5'-GGTCGCAGGTTC
TTGGTCA-3'; reverse, 5'-AAAACCCTCTCTTGGAGTGGG-3'; probe,
6FAM-5'-CCGCGCGCTGAATCCTCACA-3'-TAMRA; for Cdkn2a, forward,
5'-ACGACTGGGCGATTGGG-3'; reverse, 5'-TCCAGATGGCTCTCCTCGA
GT-3'; probe, 6FAM-5'-CACTGAATCTCCGCGAGGAAAGCG-3'-TAMRA;
for BI elements, forward 5'-CACGCCTTTAATCCCAGCAC-3'; reverse, 5'-G
CTGGCCTCGAACTCAGAAAT-3'; probe, 6FAM-5'-CGCCTGCCTCTGCC
TCCCG-3'-TAMRA; for endogenous long terminal repeat (LTR), forward, 5'-
TCTTGCTTCTTACACTCTTGCTCC-3'; reverse 5'-CAGGAAGAACACCAC
AGACCAG-3'; probe, 6FAM-5'-ATCTTCTGCGGCAAAACTTTATTGCTT
ACATCTT-3'-TAMRA; for GADPH, forward, 5'-TTGTCAAGCTCATTTCC
TGGTATG-3'; reverse, 5'-GCCATGTAGGCCATGAGGTC-3'; probe, 6FAM-
5'-CCACCCTGTTGCTGTAGCCGTATTCATT-3'-TAMRA; for histone H4,
forward, 5'-TCTCCGGCCTCATCTACGAG-3'; reverse, 5'-CGGATCACGTT
CTCCAGGA-3'; probe, 6FAM-5'-CACCTTCAGCACACCGCGGGT-3'-TA
MRA; and for PCNA, forward, 5'-GAGCAACTTGGAATCCCAGAAC-3'; re-
verse, 5'-ATGTGGCTAAGGTCTCGGCATA-3'; probe, 6FAM-5'-TGCAAAT
TCACCCGACGGCATCTTTATTA-3'-TAMRA.

MoL. CELL. BIOL.

RESULTS

Effects of Drnmt1 hypomorphic mutations on expression and
DNA methylation levels. Five independent targeted mutations
of the murine Dnmt1 gene have been described so far. These
have been designated DnmtI™ (52), DnmtlS (49), Dnmt1€
(49), Dnmt1<"'™" (76), and Dnmt1'4° (34), and they all differ in
the targeted location within the gene and the degree of dis-
ruption of Dnmt1 activity. In this report, we made use of one
of these mutations, Dnmt1”, and another DnmtI mutation that
has not been previously described, which we refer to as
DnmtI® (for insertion to EcoRYV site) (Fig. 1A). The Dnmt1V
allele is known to be hypomorphic, with very low levels of RNA
message and protein (49, 52). The residual protein is slightly
reduced in size (49), suggesting that a modified Dnmt1 protein
results from an alternative splicing event around the neo cas-
sette insert. Homozygous Dnmt1™N mouse embryos had 30%
of their normal methyl cytosine content and died at mid-ges-
tation (52). Since we had observed that Dnmt15® mice show
reduced viability (data not shown), while DnmtIV'® mice are
fully viable, we hypothesized that the DnmtI® allele may be
expressed at a higher level than the DnmtIV allele but at a
lower level than the wild-type allele. This was investigated by
quantitative RT-PCR analysis (Fig. 1B). The DnmtI™'® mice
show substantially lower expression levels than the Dnmt1™'*
mice, which supports this hypothesis. If the DnmtI® allele is
indeed a hypomorphic allele, then this could potentially result
in detectably lower levels of genomic DNA methylation in
combination with the other hypomorphic allele, DnmtI”. Fig-
ure 1C shows a Southern blot analysis of genomic DNA ob-
tained from tail biopsies, which was digested with the methy-
lation-sensitive restriction enzyme Hpall and hybridized with a
centromeric minor satellite repeat probe (8). DnmtI®* and
DnmtI™'* genomic DNA samples did not show detectable
levels of hypomethylation relative to Dnmtl " DNA. How-
ever, Dnmt1™® DNA showed clear evidence of enhanced di-
gestion of centromeric repeat sequences by Hpall, indicating
that these sequences have reduced levels of methylation in
these mice. We did not observe an effect of MIhI genotype on
methylation levels (data not shown).

DnmtI®™® mice were viable and developed normally, in con-
trast to Dnmt1™"™ mice, which show extensive hypomethylation
and embryonic lethality (52). DnmtIV® mutants were also vi-
able and showed detectable hypomethylation at centromeric
repeat sequences, although their DNA was not as severely
hypomethylated as complete knockout Dnmt1“/“ embryonic
stem cell DNA (49) (Fig. 1C). This strongly indicates that
expression, enzyme activity, or both are higher for Dnmt1®
than Dnmt1™. Additionally, this confirms that while Dnmtl
activity is necessary for viability, mice with reduced expression
still develop properly (46, 52). Therefore, we can rank geno-
types Dnmtl™'" > DnmtI®* > DnmtIV'* > DnmtINR >
DnmtI™N in decreasing order of Dnmt1 expression.

Tumor incidence in Mlhl-deficient mice harboring Dnmt1
mutations. Mice with DnmtI hypomorphic alleles were crossed
with animals carrying a null mutation in the mismatch repair
gene MIhl1 (3). These mismatch repair-deficient mice are prone
to the development of a spectrum of tumors, including skin
tumors, intestinal adenomas, and adenocarcinomas. 129Sv/Jae
Mih1™'~ DnmtI™" females were mated with C57/BL6
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FIG. 1. Hypomorphic alleles of the mouse Dnmtl gene. (A) Schematic map (drawn approximately to scale) showing the positions of the
DnmtI® and Dnmt1” mutations in the 5’ region of the Dnmtl genomic locus. The first four exons shown are represented as numbered black boxes,
and intervening introns are represented as solid lines. The 320-bp insertion (43, 44) containing three copies of the lac operator (lacO) sequence
from E. coli is located just upstream of an EcoRV site (R) in intron 3 and is depicted as an open box (O). H, HindIIl. The Dnmt1” allele, which
has been described previously (49, 52), contains a neomycin cassette that replaces a 900-bp Nael (N) fragment. This mutation deletes part of exon
4 and causes an almost full disruption of Dnmtl expression. (B) Dnmtl expression in mutant mice as determined by real-time RT-PCR analysis.
RNA was isolated from two thymus tissues of each genotype, and expression was normalized to expression of Gapdh, histone H4, and Pcna. The
bars represent the mean value obtained for each of the normalized measurements shown on a relative scale. The error bars represent the standard
error of the mean. The slope of the solid triangle below the graph schematically represents the relative Dnmtl expression for each genotype.
(C) DNA methylation of centromeric minor satellite repeats in Dnmtl mutant mice. Genomic DNA from tail biopsies of MIhI ™/~ mice was
digested with methylation-sensitive Hpall (H) or with a methylation-insensitive isoschizomer, MspI (M), as a control and then probed with a
fragment derived from pMR150 (8). Results for DNA from a Dnmt1</ complete-knockout embryonic stem cell line are shown as a control (49).
Lower-molecular-weight bands in the Hpall lanes indicate DNA hypomethylation. The slope of the solid triangle above the gels schematically

represents the relative Dnmtl expression for each genotype.

MIh1™'~ DnmtI™* males to produce 618 offspring. Of these,
we obtained 30% Dnmtl ™", 26% DnmtI™™", 23% DnmtIN'*,
and 20% Dnmt1™™ (P = 0.09 by the chi-square test) and 25%
MIh1"™", 56% Mih1™~, and 19% Mkl '~ (P = 0.02 by the
chi-square test). We observed that MIh1 ™/~ mice were under-
represented (19% [119 of 618]), in contrast to previous reports
(3, 20). The 12 combinations of Mlhl and Dnmtl genotypes
were obtained at expected frequencies (data not shown); this is
consistent with the independent segregation of the two genes
and indicates that the simultaneous absence of Mlhl and re-
duced Dnmtl expression does not adversely affect develop-
ment in mice. We monitored F, mice for 9 months, after which
they were euthanized and assessed for tumors. We also eutha-
nized mice that were moribund before 9 months and screened
them for tumors that had developed (see Materials and Meth-
ods).

It has been suggested that DNA hypomethylation leads to an
elevated rate of gene loss due to mitotic recombination and
DNA rearrangement (10). We tested whether reduced Dnmt!
expression by itself would increase tumorigenesis by examining
MIh1*"* mice with different Dnmtl genotypes. We euthanized

16 Dumtl ™", 17 DnmtI®'™", 20 Dnmt1™V'", and 22 DnmtINV'R
mice at 9 months, but autopsy failed to reveal tumors in any of
these mice. Thus, it appears that the degree of hypomethyla-
tion in Dnmt1™® DNA is insufficient to induce tumor forma-
tion in animals with proficient mismatch repair during the first
9 months.

We next assessed tumor susceptibility in mismatch repair-
deficient MIh1~/~ animals. The Mlh1-deficient mice developed
a spectrum of tumors similar to that described previously (22,
64). Lymphomas and intestinal tumors accounted for the vast
majority of the observed tumors, but skin tumors were also
seen in MIhl~'~ Dnmtl™'* mice. Of 24 Mlhl~'~ Dnmt1™'*
mice, 21% (5 of 24) developed aggressive lymphoid tumors,
and 83% (20 of 24) developed either adenomas or adenocar-
cinomas in the intestinal tract by 9 months of age. One mouse
developed a tumor of the uterine epithelium, and another had
a skin tumor.

Tumor susceptibility in Mlhl-deficient mice was substan-
tially modified when we crossed them with Dnmt] mutant mice
(Fig. 2A and B). There was a strong effect of DnmtI genotype
on the frequency of intestinal tumors (Fig. 2A) and of lympho-
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FIG. 2. Effect of Dnmt] mutations on the tumor incidence in Mlh1
deficient mice. (A) Effect of Dnmtl genotype on the cumulative fre-
quency of intestinal tumors in Mlh1-deficient mice by 9 months of age.
The number of mice in each cohort is shown at the bottom. The
statistical significance of the difference in tumor frequency for each
mutant genotype versus the wild type was tested using chi-square
analysis, with the P values shown at the bottom. (B) Effect of Dnmtl
genotype on the cumulative frequency of lymphomagenesis in Mlh1-
deficient mice by 9 months of age. All F; Mlh1-deficient and wild-type
mice were sacrificed when they were moribund or when they reached
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mas (Fig. 2B) in mice lacking Mlhl. In the intestinal epithe-
lium, reduced Dnmt1 expression was associated with a dimin-
ished tumor burden (Fig. 2A). Figure 2A shows that at 9
months the cumulative frequency of intestinal tumors was 83%
for Dnmt1™’" mice, but it decreased to 61% for DnmtI®™"
mice (P = 0.1) and to 41% for DnmtI™'* mice (P = 0.004).
There were two mice of the DnmtI™® genotype that survived
to 9 months, and they did not develop any detectable intestinal
tumors. These results suggest that mice with reduced Dnmt1
expression are less likely to develop intestinal tumors than
Dnmt1 wild-type littermates (P = 0.02 for trend). This reduced
frequency of intestinal tumors in DnmtI hypomorphic mice is
not just an indirect consequence of increased lymphomagen-
esis (see below). The intestinal tumor incidence in just the
surviving mice at 9 months was also reduced (71% for
Dnmt1™'*, 62% for Dnmt1™* [P = 0.36], 44% for Dnmt1N'™"
mice [P = 0.04], and 0% for DnmtI™® mice [P = 0.02]). In
contrast, lymphoma frequencies were dramatically elevated in
these same mismatch repair-deficient Dnmtl mutant animals.
As shown in Fig. 2B, Dnmt1™® mutants were at highest risk of
developing lymphomas (90% by 9 months versus wild type; P <
0.0001 by unpaired ¢ test). DnmtI®'* and Dnmt1™'* mice also
developed lymphomas at higher frequencies (P = 0.07 for
trend). In addition, Dnmtl mutant mice presented with lym-
phoma at a younger age than their Dnmt1 /" littermates, sug-
gesting an enhanced rate of tumor formation in the lymphoid
lineage (Fig. 2C). Consistent with a previous report (64), we
found that the majority of MIhl1~'~ Dnmtl™'* animals with
lymphoma presented after 6 months. The mean age of onset of
lymphomagenesis was significantly reduced in mice with any
combination of Dnmtl hypomorphic alleles. Interestingly, we
found that the lymphoma frequency was higher in Dnmt1%"
than in DnmtI™'™ mice.

Since this experiment was conducted in a syngeneic genetic
background (F,;; 129sv/Jae and C57BL6), the observed tumor
predisposition is modified specifically by Dnmtl genotype and
not by strain differences. The effect on tumor frequency is
tissue dependent. In the intestinal mucosa, the effect appears
to be protective against adenomas and adenocarcinomas. In
the lymphoid lineage, the tumor burden is enhanced by DnmtI
mutations. To our knowledge, this is the first report showing
that a reduction in Dnmtl expression concomitantly exacer-
bates and diminishes tumor incidence in different tissues.

Effects of Dnmtl genotype on survival of Mlhl-deficient
mice. Mlh1-deficient mice are known to have reduced survival
(64). We confirmed this in our study as well (Fig. 3). At 9
months, all of the 16 MIh1™'* Dnmtl™’* mice we examined
were still alive, but only 65% (22 of 34) of the Mihl '~
Dnmtl*'" mice had survived. Dnmtl hypomorphic alleles
showed an interesting interaction with MIh1~/~ homozygosity.

9 months. The statistical significance of the difference in tumor fre-
quency for each mutant genotype versus the wild type was tested using
chi-square analysis, with the P values shown at the bottom. (C) Effect
of Dnmtl genotype on the age of onset of lymphomas. The horizontal
lines represent the mean age at diagnosis for each genotype. The
statistical significance of the difference in age of onset of each mutant
genotype versus wild-type mice was tested using an unpaired ¢ test, with
the P values shown at the bottom.
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FIG. 3. Kaplan-Meier survival curves of Mlhl-deficient, Dnmtl
mutant mice up to 9 months. n, number of mice in each genotype
cohort. Each group was monitored closely for 9 months, at which time
mice were euthanized and examined on autopsy. Each point represents
a death event for a mouse, which is then censored from further survival
analysis. Mice removed from cohorts for any other reasons were also
censored so that only the survival data for the remaining cohort is
monitored.

DnmtI™'® mice had the poorest survival due to the accelerated
lymphomagenesis. Dnmt1 wild-type mice survived best early
on, but they dropped below DnmtI™'* mice in survival rates
later in life, due to their higher rates of intestinal tumorigenesis
(Fig. 3). Our results suggest that lowering Dnmt1 expression
levels can substantially affect longevity of Mlh1-deficient mice
through modification of tumor burden risks. As Mihl™'™*
Dnmt] mutant animals did not show reduced survival, a de-
crease in Dnmt1 expression by itself has little effect on longev-
ity until it is coupled with additional molecular deficiencies
such as a loss of mismatch repair.

Methylation analysis of DNA from intestinal tumors. The
reduced frequency of intestinal tumors in Dnmtl hypomorphic
mice suggests that Dnmtl, or its resulting methylation, may
contribute to tumorigenesis in the intestinal mucosa. Dnmt1
could potentially participate in oncogenesis by mediating hy-
permethylation of promoter CpG islands (38). Hypermethyl-
ation of some genes, such as tumor suppressors, would be
expected to predispose the intestinal mucosa to oncogenic
transformation. The occurrence of occasional CpG island hy-
permethylation in the normal mucosa would thus be expected
to predispose some cells to neoplastic transformation. There-
fore, we used the sensitive MethyLight assay (16-19) to deter-
mine whether CpG island hypermethylation could be detected
in the normal intestinal mucosa of Dnmt1 hypomorphic mice
(Fig. 4B). The MethyLight assay is well suited for this analysis,
since it can detect very low occurrences of fully methylated
CpG islands (16-19). Such fully methylated CpG islands are
expected most likely to result in transcriptional silencing of the
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FIG. 4. MethyLight analysis of five CpG islands. (A) CpG density
maps of five CpG islands analyzed by MethyLight. Individual CpG
sites are indicated by vertical lines. Locations of MethyLight amplicons
are indicated by solid boxes. Sequences are aligned relative to their
respective transcriptional starts at position 0, indicated by the arrow
pointing to the right. GenBank accession numbers are indicated to the
right of the CpG density maps. (B) MethyLight analysis of CpG island
hypermethylation in normal mucosal tissue. Genomic DNA from je-
junum mucosal tissue was bisulfite converted and then used to measure
CpG island hypermethylation. CpG island hypermethylation is ex-
pressed as percentage of methylated reference (PMR) value (19). The
calculation of PMR values is described in Materials and Methods.
Geometric means of the PMR values were calculated, since the meth-
ylation data are not normally distributed. The error bars represent the
standard errors of the means. The statistical significance of the differ-
ence in CpG island hypermethylation for each gene of each mutant
genotype versus the wild type was tested using the Mann-Whitney U
test, with the P values shown at the bottom.

associated gene. We chose a collection of CpG islands that
included both genes implicated in oncogenesis (Cdkn2a) and
those thought to be neutral to the process (Myod1), so that we
could assess whether any observed CpG island hypermethyl-
ation was a generalized phenomenon or was restricted to genes
providing a selective advantage (Fig. 4A). We isolated genomic
DNA from normal mucosa or tumors, performed sodium bisul-
fite conversion, and analyzed methylation levels for the genes
Myodl, Timp3, Itga4, Cdkn2a (p16), and Mgmt. We performed
MethyLight analysis of DNA from normal mucosa of Dnmt1
mutant mice to determine if there were significant methylation
differences in the normal mucosa between the various Dnmt!
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FIG. 5. MethyLight analysis of CpG island hypermethylation at five sites in normal mucosa and intestinal tumors of MI/h1~'~ mice. Genomic
DNA from jejunum mucosal tissue or tumor tissue was bisulfite converted and then used to measure CpG island hypermethylation. CpG island
hypermethylation is expressed as percentage of methylated reference (PMR) value (19). The calculation of PMR values is described in Materials
and Methods. Geometric means of the PMR values were calculated, since the methylation data are not normally distributed. The error bars
represent the standard errors of the means. The statistical significance of the difference in CpG island hypermethylation between normal and tumor
tissue was tested separately for each gene and for each genotype using the Mann-Whitney U test, with the P values shown at the bottom.

genotypes (Fig. 4B). We found a trend of decreasing methyl-
ation in the Dmmtl mutant mice at genes Myodl, Itga4,
Cdkn2a, and Mgmt. CpG island hypermethylation was gener-
ally highest in the intestinal mucosa of Dnmt] wild-type mice.
The effect of Dnmtl genotype on DNA methylation levels was
most pronounced for MyoDI. At this locus, there was a strong,
statistically significant difference in methylation between
Dnmtl*'* DNA and DNA from other Dnmt]l mutant geno-
types. The greatest difference was seen between Dnmtl /" and
DnmtI™® (P = 0.001 by the Mann-Whitney U test; nonpara-
metric statistical tests were used, since the methylation data
are not normally distributed). We also observed a significant
decrease of methylation levels in the Dnmtl mutant mice at
Cdkn2a (P = 0.02 for Dnmt1*'" versus Dnmt1™/*). We did not
detect an effect of genotype on methylation levels at Timp3,
suggesting that this locus is resistant to changes in Dnmtl
activity or that other methyltransferases contribute to methyl-
ation at this genomic location. Our results suggest that Dnmt1
contributes to methylation at these CpG islands in the normal
mucosa, which could cause a predisposition to neoplastic pro-
gression. If this is indeed the case, then one would expect CpG
island hypermethylation levels to be higher in the resulting
intestinal tumors than in the originating normal mucosa, which
consists of many cells without any or with lower levels of CpG
island hypermethylation. We therefore investigated whether
CpG island hypermethylation was elevated in the intestinal
tumors of Mlh1-deficient mice with different Dnmt1 genotypes
(Fig. 5).

We observed a tendency for tumor DNA to have higher
levels of CpG island hypermethylation at three of the five
genes analyzed. This is apparent at genes Timp3, Myodl, and

Itga4, at which CpG island hypermethylation levels were higher
in the tumor DNAs than in their corresponding normal mu-
cosal samples. The difference between tumor and normal tis-
sues was statistically significant for 7imp3 and Iltga4 for
Dnmt1™*'* animals (P = 0.02 at Timp3 and P = 0.01 at Itga4).
To our knowledge, this is the first demonstration of increased
CpG island hypermethylation of intestinal tumors in mice.
CpG island hypermethylation was also observed in tumors
derived from DnmtI®* and Dnmt1™'" mice for the genes
Timp3, Itga4, and Cdkn2a, although it was less pronounced
than in DnmtI*’* tumors. We could not perform a similar test
for the mice of the Dnmt1™'® genotype, because these animals
did not develop intestinal tumors.

It is interesting that tumor CpG island hypermethylation
decreased by Dnmtl genotype, just as in the normal intestinal
mucosa. This suggests that the low rate of tumorigenesis that
does occur in Dnmt1 hypomorphic mice may rely less on CpG
island hypermethylation. Presumably, other oncogenic mecha-
nisms that are less dependent upon Dnmt1 expression predom-
inate in mice with limiting amounts of Dnmtl. The reduced
rates of intestinal tumorigenesis in Dnmt] hypomorphic mice
may be a consequence of the limited capacity for CpG island
hypermethylation in these mice, although we do not have di-
rect evidence for this. We observed a correlation between CpG
island hypermethylation frequency and rates of intestinal tu-
morigenesis, but this is not proof of a causal link.

Analysis of lymphoid tumors from Mlh1-deficient mice. Pre-
vious studies have reported that mismatch repair-deficient
mice are predisposed to the development of lymphomas, in-
cluding T-cell lymphomas in Msh2 knockout mice and both B-
and T-cell lymphomas in Msh6 mutant mice (15, 20). MIhI and
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FIG. 6. Recombination of lymphoma DNA in Mlh1-deficient, Dnmt1 mutant mice. (A) Dg,Jg, and Dg,;Jg, recombinations at the TCRp locus
and DJ recombination at the IgH locus were determined using PCR of genomic DNAs derived from various tissues, and products were separated
on an agarose electrophoresis gel (85). Representative DNA samples from four MIhI wild-type thymus samples (lanes 1 to 4, left panels) and four
lymphoma samples (lanes 5 to 8, left panels) at each Dnmtl genotype and their matched control tail DNAs are shown. Lanes with thymus DNA
show different possible DJ configurations, while some lanes with lymphoma DNA show one or two predominant configurations (indicated by a
closed circle below the lane). Recombined product bands seen in the tail DNA lanes (right panel) are due to DNA from blood lymphocytes that
contaminated the samples. GL, unrearranged, germ line configuration; PD, primer dimer. (B) Summary of DNA recombination in lymphoma in

Mlh1-deficient mice for each Dnmtl genotype.

Pms2 mutant mice also succumb to lymphomas, but their phe-
notypes were not reported (3, 20). The vast majority of lym-
phoid tumors that we observed in our mouse colony presented
in the thymus, suggesting that they may be of the T-cell lineage.
Splenomegaly was occasionally observed in conjunction with a
thymoma. We characterized these lymphomas by using PCR to
analyze DJ recombination at the TCR locus and at the IgH
locus (Fig. 6). Out of 21 lymphoma samples tested, 19 (90%)
showed a dominant recombined band (Fig. 6A) when tested
for either TCRB or IgH. DJ rearrangement at TCRB was
detected in 71% (15 of 21) of the tumors, while rearrangement
at IgH was seen in 52% (11 of 21) of the tumors. This is
consistent with the observation that the majority of these tu-
mors developed in the thymus and would therefore be ex-
pected to be of the T-cell lineage. DJ recombination at these
two loci was not mutually exclusive, as 33% (7 of 21) of these
samples showed simultaneous DNA rearrangements at both

TCRB and IgH. Due to the small sample size, we could not
determine if the Dnmtl genotype had an effect on these re-
combination frequencies. We did not observe dominant re-
combined bands in any of the control thymus DNA or matched
tail DNA samples (Fig. 6A) when assayed at either TCRp or
IgH.

We next investigated the mechanism by which reduced levels
of Dnmtl expression might have resulted in enhanced rates of
lymphomagenesis in Mlh1-deficient mice. It does not appear
that the effects of Dnmtl hypomorphic alleles on the rates of
lymphomagenesis are exerted primarily through CpG island
hypermethylation, since lymphomagenesis is increased in these
mice, while CpG island hypermethylation is decreased. Since
retroviral infection and proviral activation of proto-oncogenes
are known to cause lymphomas in mice (6, 79, 80), we hypoth-
esized that Dnmt] mutant mice might have increased rates of
endogenous proviral activation, or increased expression of
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FIG. 7. Summary of genes induced (white boxes), repressed (black
boxes), or unchanged (gray boxes) in lymphoid tumors from Mlhl-
deficient mice. Gene expression levels of 17 transcripts were analyzed
using real-time RT-PCR in lymphomas (the number is indicated at the
bottom of the chart) and compared to the mean values for eight
age-matched normal thymus tissues from Mlh1 wild-type mice. Gene
expression was normalized to both Gapdh and histone H4 expression to
correct for RNA input and averaged. The values shown in each box
represent the relative increase or decrease in expression level in the
lymphomas versus the control tissues.

proto-oncogenes, due to reduced levels of promoter methyl-
ation. To test this, we analyzed the expression of 17 different
genes and repetitive elements in lymphoma samples by using
real-time fluorescence-based Tagman RT-PCR (Fig. 7). The
level of expression of each of the 17 transcripts in the lympho-
mas was calculated relative to the expression level in corre-
sponding MIh1™'* thymus control samples. We found that 10
out of 17 transcripts showed a significant difference in expres-
sion between lymphoma and thymus samples in at least one of
the Dnmtl genotypes. On average, many of the tested genes
and repeat elements showed upregulation in lymphoma tis-
sues. There was a significantly elevated expression of the C-abl,
Bmi-1, C-myc, and N-myc genes. These genes (with the excep-
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tion of C-abl) have been shown to be activated by proviral
insertion in Moloney murine leukemia virus-induced lym-
phoma models (6, 79, 80). Our analysis did not reveal upregu-
lation of some other oncogenes that have been shown to be
overexpressed in lymphoma models (e.g., Gfil and Frat-1).
Interestingly, we found that the tumor suppressor genes p19Arf
and Cdkn2a both showed strongly increased expression levels
in lymphoid tumors relative to control tissues. Bcl2 was the
only gene to show a reduced level of expression in lymphomas
compared to normal thymus.

Although the expression levels of AP and endogenous LTR
elements were modestly enhanced in DnmtI1®'* and Dnmt1™'®
mice, we did not observe a strong and convincing difference in
gene upregulation between the different Dnmtl genotypes.
This implies that similar lymphomagenic pathways are utilized
in mice with different Dnmtl genotypes. Since the rate of
lymphomagenesis is higher in Dnmtl hypomorphic mice, this
may indicate that the oncogenic pathways shared by these mice
are activated more readily in animals with reduced levels of
Dnmtl expression but that the relative contribution of each of
the pathways does not shift in the Dnm¢I hypomorphs. In other
words, the nature of the lymphomagenic process has not been
altered by reduced Dnmtl expression, but the rate at which
these processes are activated or proceed has increased.

DISCUSSION

Mice carrying germ line mutations of the MIhl mismatch
repair gene have both an enhanced mutational burden (100- to
1,000-fold increase) and a greater tumor incidence (22, 64).
Our results clearly demonstrate that hypomorphic mutations
of Dnmtl differentially affect neoplastic development in two
separate tissue compartments, as was illustrated by an exacer-
bated tumor frequency in lymphoid tissues and a diminished
tumor frequency in the intestinal epithelium in Dnmt] mutant,
Mlh1-deficient mice. The protection from intestinal tumors in
Dnmt] mutant animals may be a consequence of reduced CpG
island-associated promoter hypermethylation, while the en-
hanced lymphomagenesis in the same animals may be the
result of overexpression of endogenous retroviruses and/or
proto-oncogenes or a consequence of an increase in genomic
rearrangements.

It is generally thought that global DNA hypomethylation
and silencing of growth control genes by promoter hypermeth-
ylation contribute to cancer progression (38). However, the
causal role of these abnormal epigenetic changes in cancer
development is sometimes unclear, since they could either
directly contribute to neoplastic transformation or simply be a
consequence of the malignant transformation. Promoter CpG
island hypermethylation has been shown to interfere with tran-
scription by causing the local chromatin to form a compact,
transcriptionally repressed state through the recruitment of
methyl-binding proteins, histone deacetylase, and corepressors
(26, 39, 57-59, 67). Some studies involving mouse embryonic
stem cells with reduced Dnmt1 expression and patients with
immunodeficiency, centromeric region instability, and facial
anomaly syndrome support the hypothesis that DNA hypom-
ethylation can increase cancer risk by enhancing chromosomal
instability (10, 28, 60, 87). However, we and others have also
reported that DNA hypomethylation can suppress tumorigen-
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esis and lead to reduced rates of gene inactivation (7, 12, 46,
55, 65). In light of our findings, one could argue that the effects
of reduced methylation levels depend on the tissue origin of
the tumor. Indeed, our results suggest that DNA hypomethy-
lation can concomitantly enhance and diminish tumor devel-
opment.

This study relies on the use of two Dnmtl hypomorphic
alleles. Although the molecular and phenotypic studies indi-
cate that the expression from these alleles is below wild-type
levels, the precise mechanism by which this is achieved is not
fully clear. It appears that both of these hypomorphic muta-
tions cause a reduced expression at the RNA level by interfer-
ing with efficient and correct splicing, leading to an accompa-
nying decrease in protein levels. The transcript generated from
the Dnmt1® allele appears to be normal in length and sequence
composition but present at lower-than-wild-type levels.

Although we observed clear effects of Dnmtl hypomorphic
alleles on tumorigenesis in mismatch repair-deficient animals,
we cannot conclude that this effect is a direct consequence of
reduced levels of DNA methylation. It is now known that the
Dnmtl protein itself is associated with activities that are dis-
tinct from the enzymatic ability of Dnmtl to methylate DNA
(11, 26, 41, 67, 72). Therefore, the effect of reduced levels of
Dnmtl on tumorigenesis may be a consequence of alterations
in the transcriptional repressive complexes associated with
Dnmtl, rather than being due to changes in genomic DNA
methylation levels.

We found a good correlation between predicted Dnmt1 ex-
pression levels and intestinal tumorigenesis (Fig. 2A). These
results are consistent with previous studies documenting sup-
pression of polyp multiplicity in Apc™” mice by Dnmt] muta-
tions and 5-azadeoxycytidine treatment (12, 46). On the other
hand, we did not observe a perfect correlation between pre-
dicted Dnmtl expression levels and lymphomagenesis, since
the lymphoma incidence in DnmtI™'* mice was lower than that
in the DnmtI®'" mice (Fig. 2B). This result could be due to a
statistical aberration, or it may reflect a dominant activity by a
truncated form of the Dnmt1 protein expressed by one of the
hypomorphic alleles. Further experiments will be needed to
investigate whether this result is reproducible, and if so, what
the molecular mechanism is that is responsible for this finding.

We suggest that the mechanism of intestinal tumor suppres-
sion by Dnmt1 hypomorphic alleles is through a reduced fre-
quency of CpG island hypermethylation in the normal mucosa
and during intestinal tumor formation. We provide evidence
that Dnmt] mutant mice have a reduced frequency of CpG
island hypermethylation in both normal mucosal and tumor
DNAs, as determined for a limited number of CpG islands. We
do not believe that the five loci that we analyzed are necessarily
involved in intestinal tumor formation, but we suggest that the
process of CpG island hypermethylation does occur in the
mouse intestinal mucosa, that it is increased in intestinal tu-
mors, and that it is suppressed in Dnmtl hypomorphic mice.

Since Mlh1-deficient mice are already subjected to greatly
elevated mutation rates, it seems unlikely that Dnmt1 insuf-
ficiency would contribute substantially to lymphomagenesis
by further increasing the mutation rate. Rather, the ob-
served acceleration of lymphomagenesis in MIhl '~ mice by
Dnmtl hypomorphic alleles is likely to be due to an additive
or synergistic effect of mismatch repair deficiency and DNA
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methyltransferase insufficiency through different mecha-
nisms. In particular, our data do not provide evidence for a
direct interaction between the mismatch repair process and
DNA methylation, since functional mismatch repair is pre-
sumed to be absent in MIhl~/~ mice. It is possible that
Dnmt] mutations lead to an increased MSI by enhancing
DNA polymerase slippage or misincorporation rates, but
there is no evidence to support this. It seems more likely
that the enhanced lymphomagenesis is a consequence of an
increased rate of the same type of endogenous retroviral or
proto-oncogene activation or chromosomal instability that
occurs normally in MIh1 /" -induced lymphomas. We did
find evidence for increase expression of some proto-onco-
genes and also of endogenous LTR elements and IAP in our
lymphoid tumors. Endogenous IAP and related repetitive
viral elements are normally silenced by dense methylation
(82) but can be induced to reactivate by hypomethylation
and thereby could afford higher rates of de novo integration
which then could either disrupt genes or cause constitutive
gene activation. However, since only a few lymphoid tumors
per genotype were available for analysis, we could not de-
finitively show that hypomethylation induces lymphomagen-
esis through an endogenous retroviral reactivation mecha-
nism. An alternative view is that hypomethylation enhances
lymphomagenesis by directly allowing proto-oncogenes to
be expressed at higher levels. A recent study showed that up
to 10% of genes are abnormally expressed in Dnmt1-defi-
cient cells (36). Thus, the risk of developing lymphoma
could be greatly exacerbated by a combination of mismatch
repair deficiency, aberrant gene expression and the inherent
chromosomal instability that is proposed to be associated
with a hypomethylated genome (10, 28, 60, 87).

Finally, it is yet unclear if our observations can be readily
extended to human cancer. The opposing effects of DNA hy-
pomethylation on tumorigenesis are interesting and potentially
relevant to human clinical trials of methyltransferase inhibi-
tors. Inhibition of Dnmtl activity could be effective in the
prevention of colorectal cancer in at-risk individuals with fa-
milial adenomatous polyposis or hereditary nonpolyposis colo-
rectal cancer. We had previously shown that reduced Dnmt1
expression can suppress polyp formation in a mouse model of
familial adenomatous polyposis (46). In this study, we now also
provide evidence that reduced Dnmtl expression can inhibit
intestinal tumor formation in a mouse model of hereditary
nonpolyposis colorectal cancer. Drugs such as 5-azacytidine
and 5-aza-2'-deoxycytidine are in clinical trials for the treat-
ment of various hematopoietic and solid malignancies but are
considered too toxic and mutagenic for long-term preventive
therapy (37). Thus, development of less toxic inhibitors of
Dnmtl may be beneficial in the treatment and prevention of
colorectal cancer. However, our finding of increased rates of
lymphomagenesis in Dnmt1 hypomorphic mice suggests that
long-term inhibition of DNA methyltransferases in humans
may have an associated increased lymphoma or leukemia risk.
Obviously, there are important differences between the mouse
and human tumor systems. Nevertheless, our results offer new
insights into the tissue-dependent balance of oncogenic effects
of Dnmtl expression levels.
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