
MOLECULAR AND CELLULAR BIOLOGY, Apr. 2002, p. 2124–2135 Vol. 22, No. 7
0270-7306/02/$04.00�0 DOI: 10.1128/MCB.22.7.2124–2135.2002
Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Dnmt1 Overexpression Causes Genomic Hypermethylation, Loss of
Imprinting, and Embryonic Lethality

Detlev Biniszkiewicz,1 Joost Gribnau,1 Bernard Ramsahoye,2 François Gaudet,1,3 Kevin Eggan,1
David Humpherys,1 Mary-Ann Mastrangelo,1 Zhan Jun,4 Jörn Walter,4 and Rudolf Jaenisch1*

Whitehead Institute for Biomedical Research and Massachusetts Institute of Technology, Cambridge, Massachusetts 021421;
Department of Oncology, John Hughes Bennett Laboratory, Western General Hospital, Edinburgh EH4 2XU, United Kingdom2;

and Max-Delbrück-Center for Molecular Medicine, 13125 Berlin,3 and Max-Planck Institute for Molecular Genetik,
14195 Berlin,4 Germany

Received 8 October 2001/Returned for modification 30 November 2001/Accepted 4 January 2002

Biallelic expression of Igf2 is frequently seen in cancers because Igf2 functions as a survival factor. In many
tumors the activation of Igf2 expression has been correlated with de novo methylation of the imprinted region.
We have compared the intrinsic susceptibilities of the imprinted region of Igf2 and H19, other imprinted genes,
bulk genomic DNA, and repetitive retroviral sequences to Dnmt1 overexpression. At low Dnmt1 methyltrans-
ferase levels repetitive retroviral elements were methylated and silenced. The nonmethylated imprinted region
of Igf2 and H19 was resistant to methylation at low Dnmt1 levels but became fully methylated when Dnmt1 was
overexpressed from a bacterial artificial chromosome transgene. Methylation caused the activation of the silent
Igf2 allele in wild-type and Dnmt1 knockout cells, leading to biallelic Igf2 expression. In contrast, the imprinted
genes Igf2r, Peg3, Snrpn, and Grf1 were completely resistant to de novo methylation, even when Dnmt1 was
overexpressed. Therefore, the intrinsic difference between the imprinted region of Igf2 and H19 and of other
imprinted genes to postzygotic de novo methylation may be the molecular basis for the frequently observed de
novo methylation and upregulation of Igf2 in neoplastic cells and tumors. Injection of Dnmt1-overexpressing
embryonic stem cells in diploid or tetraploid blastocysts resulted in lethality of the embryo, which resembled
embryonic lethality caused by Dnmt1 deficiency.

The two most common mechanisms to induce tumor growth
are the activation of oncogenes and the inactivation of tumor
suppressor genes. Both genetic alterations or epigenetic events
can result in activation of oncogenes (8, 9) or in the silencing
of tumor suppressor genes (17, 40). Imprinted genes that affect
cellular growth are particularly vulnerable targets in tumori-
genesis because only one allele of an imprinted gene is ex-
pressed. Indeed, activation of the silent Igf2 allele leading to
biallelic Igf2 expression is a frequent event in neoplasia, which
provides the cell with a strong growth signal. Loss of imprinting
(LOI) and biallelic Igf2 expression have been described to
occur in over 20 different tumor types, including cancers of the
liver, breast, pancreas, and colon (16, 27, 30, 35, 40). In addi-
tion, it has been shown that experimental overexpression of
Igf2 in mice leads to increased cell proliferation, overgrowth,
and increased probability of malignant transformation (2, 34,
38).

It has been suggested that deregulation of Igf2 expression is
caused by de novo methylation of the differentially methylated
domain (DMD), which controls expression of Igf2 and H19 (43,
52). In normal cells the DMD region is methylated on the
paternal chromosome and unmethylated on the maternal chro-
mosome, leading to paternal expression of Igf2 and maternal
expression of H19. During tumorigenesis, the unmethylated
DMD region is frequently methylated, and this has been cor-
related with biallelic expression of Igf2 and silencing of H19

(27, 40). In contrast, the active allele of imprinted tumor sup-
pressor genes such as Igf2r is inactivated during tumorigenesis
through genetic mechanisms and not by epigenetic changes
(16). Although the imprinted status of the human Igf2r gene
remains unclear, during liver tumorigenesis in rats Igf2r func-
tion is always deleted by mutations and loss of heterozygosity,
which is in contrast to the LOI of Igf2 and H19 (16). These
observations raise the question of whether Igf2 and H19 have
an intrinsic susceptibility to de novo methylation that is differ-
ent from other imprinted genes.

Inheritable DNA methylation patterns are established
through a two-step process that converts two unmethylated
cytosine residues within palindromic CpG dinucleotides into
two methylated CpG dinucleotides with hemi-methylated
DNA as an intermediate. During early development the estab-
lishment of genomic methylation patterns is accomplished by
the concerted action of Dnmt3 and Dnmt1 DNA methyltrans-
ferases (MTases). Dnmt3a and Dnmt3b, both expressed in
early embryos, have been shown to “de novo methylate” un-
modified DNA after implantation of blastocysts and in trans-
genic flies, resulting in hemi-methylated DNA (26, 31). How-
ever, the activity of the hemi-MTase Dnmt1 is crucial to
achieving a normal inheritable methylation level of the post-
gastrulation embryo, because this enzyme acts as a mainte-
nance methylase that recognizes the hemi-methylated CpG
sites established by Dnmt3a and -b, methylates the comple-
mentary CpG and, thus, converts the respective CpG site to a
fully methylated state. Consistent with this notion is the obser-
vation that the deficiency of Dnmt1 leads to genomic hypo-
methylation and embryonic lethality after gastrulation (23).
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It has been shown that the deletion of Dnmt1 in mice leads,
in addition to genome-wide hypomethylation and embryonic
lethality, to loss of monoallelic expression of imprinted genes
(23). Dnmt1 mutant mice show biallelic expression of H19 and
silencing of the active Igf2 and Igf2r alleles. In addition, dereg-
ulation of several other imprinted genes, including p57Kip2
and Kvlqt1, has been observed in Dnmt1 mutant mouse em-
bryos, further demonstrating the involvement of DNA meth-
ylation in the maintenance of genomic imprinting (4). In con-
trast, Mash2 was unaffected by the lack of Dnmt1 MTase,
suggesting either that not every imprinted gene is controlled by
DNA methylation or that the Dnmt1 mutant embryos died
prior to complete demethylation of this locus. Reexpression of
the Dnmt1 cDNA in Dnmt1 homozygous mutant (Dnmt1�/�)
embryonic stem (ES) cells at low levels did not result in rem-
ethylation of parental imprints despite restoration of the over-
all genomic methylation level (45), implying that methylation
imprints can only be imposed on imprinted genes during ga-
metogenesis and that postzygotic cells lack the ability to de
novo methylate imprinting boxes.

Increased MTase activity and changes of DNA methylation
patterns are commonly seen in neoplastic cells and tumors of
humans and mice (3, 6, 19, 49), and this increase in MTase
activity has been linked to the deregulation of tumor suppres-
sor genes, oncogenes, and imprinted genes (47). Because de
novo methylation and biallelic expression of Igf2 is a frequent
alteration in neoplastic cells and tumors, we tested whether the
imprinted region of Igf2 and H19 is particularly susceptible to
elevated levels of Dnmt1 expression, distinguishing Igf2 and
H19 from other imprinted genes. In this study, we generated
ES cells with a wide range of Dnmt1 expression levels in wild-
type and in Dnmt1�/� ES cells to determine whether the im-
printed region of Igf2 and H19 has a different intrinsic sensi-
tivity to postzygotic de novo methylation in comparison to
other imprinted genes.

MATERIALS AND METHODS

Dnmt1 BACs. PCR screening with two different sets of primers of a 129Sv/J
mouse bacterial artificial chromosome (BAC) library from the Whitehead Insti-
tute Genome Center identified a BAC clone containing the Dnmt1 gene. The
BAC clone Dnmt1-BAC has a length of 150 kb as determined by pulsed-field gel
electrophoresis. The BAC clone was shown to contain the complete Dnmt1 gene
by a combination of PCR and Southern hybridization techniques.

ES cell culture and transfection. Wild-type ES cells (J1 ES cells) and Dnmt1c/c

homozygous mutant ES cells (22) were cultivated on �-irradiated murine em-
bryonic fibroblasts (mEF) as described previously (24) or without mEF by using
a high concentration of leukemia inhibitory factor (LIF; 1,000 U/ml). All trans-
fections were done using the cationic liposome reagent DOTAP from Boehr-
inger Mannheim. To prepare BAC DNA for transfection, bacteria containing the
artificial chromosomes were grown on Luria-Bertani medium with 12.5 �g of
chloramphenicol/ml. BAC DNA was prepared using standard Qiagen columns.
The quality of the BAC DNA was controlled by pulsed-field gel electrophoresis.
Uncut BAC DNA was used for lipofection, due to the lack of an unique restric-
tion site for linearization.

DNA preparation and methylation analysis. Cells were digested in lysis buffer
(100 mM Tris-HCl [pH 8.5], 5 mM EDTA, 0.2% sodium dodecyl sulfate [SDS],
200 mM NaCl, 100 to 300 �g of proteinase K/ml) for several hours at 55°C,
phenol-chloroform extracted, and precipitated with an equal volume of isopro-
panol. Ten micrograms of DNA was digested with the stated restriction endo-
nuclease for 12 to 16 h. The products were resolved on an agarose gel, trans-
ferred to nylon membranes, and hybridized in Church buffer (0.5 M NaPO4 [pH
7.5], 7% SDS, 2 mM EDTA) with a radioactively labeled probe for 8 to 16 h.
Radioactively labeled probes were synthesized with random labeling. Final wash
was with 0.1� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.1%

SDS at 65°C. All methylation-sensitive assays were performed two to four times
with independently derived genomic DNAs. Methylation analysis of repetitive
repeats was performed by comparison of the intensity of individual low-molec-
ular-weight bands to the intensity of all bands. Details for the methylation-
sensitive digests were as follows [gene name, enzyme(s), probe (reference)]:
Igf2r, PvuII and MluI, region 2 probe, (41); Peg3, KpnI and SacII (25); H19, SacI
and HhaI, DMD probe (nucleotides [nt] 1440 to 3332; GenBank accession no.
U19619); Grf1, EcoRV and HhaI (EcoRV, NotI) (33); Snrpn, EcoRI and MluI
(10); intracisternal type A particle sequence (IAP), HpaII, probe homologous to
gag coding region (47a).

Northern blotting. Poly(A)-RNA was purified using the OligoTex system (Qia-
gen), separated on formaldehyde-agarose gels, and transferred to nylon mem-
branes (Hybond). Hybridization was carried out at 63°C for 8 to 16 h in Church
buffer. All details for the probes are described in reference 42. The IAP probe is
homologous to the gag coding region (nt 1570 to 1899; GenBank accession no.
M17551). RNA loading was normalized to hybridization with Gapdh.

In vitro differentiation. In vitro differentiation of ES cells was induced with
retinoic acid in the absence of a fibroblast feeder layer and with LIF, as described
in references 12 and 45. After 9 days of differentiation, a monolayer of cells was
harvested and mRNA transcripts were purified. To ensure complete differenti-
ation of the cell lines, we measured the onset of a differentiation marker (Fgf5)
and the transcriptional downregulation of an ES cell marker (Oct3/4). Indeed, we
found that Oct3/4 mRNA was undetectable in all differentiated cells. In addition,
Fgf5 mRNA levels were increased to similar levels in all differentiated cell lines.

Western blotting. Protein extracts were harvested from ES cells, which were
grown for at least two passages without mEF and with 1,000 U of LIF/ml. ES cells
were harvested in 10 volumes of sample buffer (2% SDS, 100 mM dithiothreitol,
60 mM Tris [pH 6.8], 0.01% bromophenol blue), boiled, sonicated, and sepa-
rated on an SDS–7% polyacrylamide gel. All protein extracts were controlled by
Coomassie-stained gel to ensure equal loading. Antibodies against the C termi-
nus and N terminus of Dnmt1 are described in references 11 and 46. mEF were
derived from tetraploid embryos as described in references 24 and 12. Cells were
transformed with large SV40 antigen, harvested in 10 volumes of sample buffer,
and analyzed using antibodies against the N terminus of Dnmt1 (46). Protein
extracts were controlled by Coomassie-stained gel.

In vitro methylation assay. ES cells were grown without mEF to avoid any
Dnmt1 contamination from the mEF. ES cell nuclear lysates were prepared and
the protein concentrations were normalized. Methyltransferase activity of the
lysates was measured by their ability to incorporate the methyl group from
[3H]S-adenosyl-L-methionine into a synthetic poly(dIdC) substrate or on a dou-
ble-stranded oligonucleotide (30-mer) containing one unmethylated CpG site
(20). The in vitro assays were performed with three independently derived sets of
protein extracts and their protein concentration was normalized. All results
within a set were normalized to wild-type activity, which was defined as 100%.

Bisulfite modification. One to 2 �g of DNA was digested for 6 h with 10 U of
restriction endonuclease, precipitated in ethanol, and resuspended. The DNA
fragments were modified by bisulfite treatment using a final concentration of 2.0
M sodium metabisulfite (Sigma) in 474 �l for 16 h at 50°C (32, 48). The
deaminated restriction fragments were desalted using a DNA clean-up column
(Promega). Bisulfite-converted DNA was used for PCR amplification using
primers directed at the deaminated sequence. After 40 cycles of amplification
(94°C denaturation for 1 min, 55°C annealing for 1 min, 72°C extension for 1
min), PCR products were size fractionated on a 1% agarose gel. The PCR
products were recovered, cloned into the pGEM T-Easy vector (Promega), and
sequenced (ABI Automated Sequencer).

Reverse-phase HPLC. Thirty micrograms of DNA was incubated with RNase
A (250 �g/ml) and RNase T1 (5,000 U/ml) and recovered by ethanol precipita-
tion. The DNA was then digested to completion with DNase and nuclease P1 and
filtered with 0.2-�m spin columns. The resulting nucleotides were separated by
isocratic reverse-phase high-pressure liquid chromatography (HPLC). The mo-
bile phase was 50 mM ammonium orthophosphate (pH 4.1; flow rate, 1 ml/min)
and the solid phase was a 25- by 0.4-cm, 5-�m APEX ODS column (Jones
Chromatography Limited, Wales, United Kingdom). The nucleotides were de-
tected by UV absorption (280 nm) and the area under each peak was converted
to a molar equivalent by dividing by the respective extinction coefficient of each
nucleotide. These have been previously determined as 11.5 � 10�3 and 10.1 �
10�3 at pH 4.3 and 280 nm for dCMP and mdCMP, respectively (39). The
percent cytosine methylation was then found by the equation [mdCMP/(mdCMP
� dCMP)] � 100.

RNA fluorescence in situ hybridization (RNA FISH). ES cells were differen-
tiated for 5 days with retinoic acid, trypsinized, and fixed onto poly-L-lysine-
coated slides with 4% formaldehyde–5% acetic acid in phosphate-buffered saline
(PBS) for 18 min at room temperature (RT). Subsequently, the slides were

VOL. 22, 2002 Dnmt1 OVEREXPRESSION CAUSES LOSS OF IMPRINTING 2125



washed with PBS (three times for 5 min) and stored in 70% ethanol at �20°C.
Pretreatment of slides included washing for 5 min with 70% ethanol and 0.1 M
Tris, 0.15 M NaCl. Next, slides were subjected to pepsin digestion (4 min at 37°C;
0.01% pepsin in 0.01 M HCl), rinsed in water, and postfixed in 4% formalde-
hyde–PBS (5 min). Slides were washed with PBS (10 min), dehydrated in 70, 90,
and 100% ethanol, and air dried. The hybridization mixture (1 ng of probe/�l,
50% formamide, 2� SSC, 200 ng of salmon sperm DNA/�l, 5� Denhardt
solution, 50 mM phosphate buffer, 1 mM EDTA) was applied (12 ml per 24- by
24-mm coverslip), and slides were incubated at 37°C in a moisturized chamber
for 12 h. Igf2 and H19 probes were nick translated (Boehringer) with digoxigenin
and biotin-conjugated nucleotides, respectively. The Igf2 probe contains an
8.6-kb Igf2 fragment (accession no. U71085; nt 8017 to 16706), and the H19
probe is a 582-bp fragment (accession no. AF049091; nt 7550 to 8132). After
hybridization, slides were washed in 2� SSC (four times for 10 min; 37°C) and
in 0.1 M Tris, 0.15 M NaCl, 0.05% Tween 20 (twice for 5 min; RT) and then
incubated in 2 mg of bovine serum albumin/ml in 0.1 M Tris, 0.15 M NaCl in a
humidified chamber (30 min; RT). Detection was with subsequent incubation
steps with antidigoxigenin (Boehringer), -sheep (fluorescein isothiocyanate
[FITC]-conjugated; Jackson Laboratory), -rabbit (FITC-conjugated; Jackson
Laboratory), -biotin (Boehringer), -mouse (rhodamine red-conjugated; Jackson
Laboratory), and -horse (rhodamine red-conjugated; Jackson Laboratory) anti-
bodies in 0.1 M Tris, 0.15 M NaCl (30 min; RT). Slides were washed twice in
between each detection step with 0.1 M Tris, 0.15 M NaCl, 0.05% Tween 20,
mounted with Vectashield (Vector Laboratories), and stored at 4°C. Fluores-
cence was detected by epifluorescence–charge-coupled device. Between 100 and
300 cells were counted for each cell line. Between 29 and 32% of ES cells in each
line were informative and Igf2 expression was detected. Igf2 expression was
detected in 15% of the fetal liver cells.

Tetraploid blastocyst injection. Two-cell embryos for tetraploid electrofusion
were produced by superovulation of B6D2F1 females with intraperitoneal injec-
tion of 7.5 IU of pregnant mare serum gonadotropin (Calbiochem) and 7.5 IU of
human chorionic gonadotropin (HCG; Calbiochem) (46 to 50 h later). After
injection of HCG, females were mated with B6D2F1 males and fertilized zygotes
were isolated from the oviduct 24 h later. Zygotes were washed in HEPES-
buffered Chatot-Ziomek-Bavister (CZB) with 0.1% bovine testicular hyaluroni-
dase (2 to 10 min; RT) to remove remaining cumulus cells. Zygotes were cul-
tured overnight at 37° to obtain two-cell embryos. Forty hours after HCG
injection, the blastomeres of two-cell embryos were electrofused to produce
one-cell tetraploid embryos. Electrofusion was carried out on an inverted mi-
croscope. Platinum wires were used as electrodes. Two-cell embryos were placed
on the stage in a 200-�l drop of M2 medium (Sigma). Embryos were aligned with
the interface between their two blastomeres perpendicular to the electrical field,
and each embryo was fused with a single electrical pulse of 100 V for 100 �s.
Embryos that had not undergone membrane fusion within 1 h in CZB medium
at 37°C were discarded. ES cells were injected into tetraploid blastocysts with a
flat-tip microinjection pipette (internal diameter, 12 to 15 �m) using a Piezo
Micromanipulator (Primetech Pmm, Ibaraki, Japan). The injection pipette con-
taining the ES cells was pressed against the zona opposite the inner cell mass. A
brief pulse of the Piezo Micromanipulator was applied, and the injection needle
was pushed through the zona and trophectoderm layer into the blastocoel cavity.
About 10 ES cells were then expelled from the injection pipette and placed
against the inner cell mass. After injection, blastocysts were placed in CZB
medium at 37°C until transfer to recipient females. Ten injected blastocysts were
transferred to each uterine horn of 2.5-days postcoitum (dpc) pseudopregnant
Swiss females that had mated with vasectomized males. Recipient mothers were
sacrificed at the indicated time points.

Regular blastocyst injection to obtain chimeric mice was performed as de-
scribed in references 24 and 23. Recipient blastocysts were BALB/c derived,
while injected ES cells originated from 129/SvJae mice. Teratomas were gener-
ated by the injection of 107 ES cells into the flank of isogenic 129/SvJae mice and
excision 3 weeks after injection (11).

RESULTS

Genomic methylation is dependent on the Dnmt1 expres-
sion level. A 150-kb BAC containing the complete Dnmt1
gene (Fig. 1A) was introduced into wild-type and Dnmt1�/�

ES cells (22). Wild-type (Dnmt1�/�;BAC) and knockout
(Dnmt1�/�;BAC) ES cells with insertion of the Dnmt1 BAC
were analyzed for Dnmt1 expression (Fig. 1B). Additionally,
we analyzed expression of Dnmt1�/� ES cells with random

integration of a Dnmt1 minigene (Dnmt1�/�;cDNA ES cells)
(46) and of Dnmt1�/� ES cells with homologous insertion of a
partial Dnmt1 cDNA into the cognate Dnmt1 locus
(Dnmt1chip/� ES cells) (45).

To determine the Dnmt1 level in the different ES cells,
protein extracts were analyzed by Western blotting using two
different Dnmt1-specific antibodies (11, 46). A Dnmt1-specific
band of 190 kDa was detected in Dnmt1�/� ES cells, while no
Dnmt1 band was seen in Dnmt1�/� ES cells (Fig. 1B).
Dnmt1chip/� ES cells displayed approximately 10% of wild-type
Dnmt1 protein levels. Insertion of the Dnmt1 minigene in
Dnmt1�/� ES cells resulted in low Dnmt1 expression in 24
independent clones (data not shown). In contrast, the level of
Dnmt1 protein was elevated to approximately 200% of wild-
type levels in Dnmt1�/�;BAC ES cells and to approximately
400% in Dnmt1�/�;BAC ES cells.

To confirm that an increase in Dnmt1 expression led to
elevation of MTase activity, we performed a standard in vitro
methylation assay with synthetic poly(dIdC) as the substrate
(Fig. 1C) (20). The results were normalized to wild-type activ-
ity, which was defined as 100%. Dnmt1�/� ES cells had resid-
ual activity of 20%, which probably reflects Dnmt3a/b activity
(31, 37, 51). Dnmt1chip/� ES cells showed an activity level of
47%, while Dnmt1�/�;BAC ES cells had a MTase activity ele-
vated to about 130%. Dnmt1�/�;BAC ES cells further increased
MTase activity to 251%. We also measured de novo methyl-
ation activity on an unmethylated oligonucleotide (30-mer)
and detected no increased MTase activity in Dnmt1�/�;BAC

wild-type ES cells when compared to Dnmt1�/� and Dnmt1�/�

ES cells (data not shown).
Next, we determined whether the observed Dnmt1 overex-

pression caused changes in the genomic DNA methylation
level. The 5-methyl-cytosine content of genomic DNA was
measured by reverse-phase HPLC. A total of 4.0% of all cy-
tosine residues were methylated in the genome of Dnmt1�/�

ES cells, while the 5-methyl-cytosine content in Dnmt1�/� ES
cells was only 1.1% (Fig. 1D). Dnmt1�/�;BAC ES cells displayed
an increase in 5-methyl-cytosine content to about 4.5%, while
Dnmt1�/�;BAC ES cells contained about 4.6%. The biological
significance of the 0.6% increase in 5-methyl-cytosine content
in Dnmt1�/�;BAC ES cells was demonstrated by nearest neigh-
bor analysis, which showed that the level of methylation at
CpG dinucleotides increased from 62% in Dnmt1�/� ES cells
to 72% in Dnmt1�/�;BAC ES cells (36). Therefore, insertion of
the Dnmt1 BAC into ES cells resulted in the generation of two
cell lines with elevated Dnmt1 expression, increased MTase
activity, and hypermethylated genomic DNA. We note that
wild-type ES cells are slightly less methylated than somatic
tissues, as observed previously (36).

Methylation assays with methyl-sensitive restriction enzymes
were used to compare methylation of specific genomic se-
quences such as retroviral elements, centromeric repeats, CpG
islands from nonimprinted genes, and differentially methylated
regions of imprinted genes. The minor satellite centromeric
repeat and the IAP (47a), both repetitive sequences, showed a
high level of DNA methylation in wild-type ES cells but were
severely hypomethylated in Dnmt1�/� ES cells, as indicated by
the increased density of the lower-molecular-weight bands
(Fig. 2A). DNA methylation of bulk repetitive DNA was al-
most restored to normal in Dnmt1chip/� ES cells but not in
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Dnmt1�/�;cDNA ES cells. Dnmt1�/�;BAC and Dnmt1�/�;BAC ES
cells de novo methylated both repetitive elements to a level
higher than that observed in wild-type ES cells. It has been
shown that expression of IAP elements is controlled by meth-
ylation (47a). Northern analysis confirmed that the level of
IAP expression was inversely correlated to the level of DNA
methylation detected at the IAP retroviral elements (Fig. 2B).
All three major classes of IAP elements were highly expressed
in Dnmt1�/� cells (50-fold induction). IAP expression was
reduced in Dnmt1�/�;cDNA cells compared to Dnmt1�/� cells
and was only expressed at barely detectable levels in
Dnmt1chip/�, Dnmt1�/�;BAC, Dnmt1�/�;BAC, and Dnmt1�/� ES
cells. We conclude that Dnmt1 overexpression in wild-type or
Dnmt1�/� ES cells caused hypermethylation of repetitive
genomic DNA, including centromeric repeats and retroviral
IAP elements, and that IAP expression was highly sensitive to
genomic demethylation.

DNA methylation of imprinted genes. The methylation sta-
tus of several imprinted genes, including Igf2r (41), Peg3 (25),
Grf1 (33), and Snrpn (21; data not shown), was determined at
their differentially methylated regions (Fig. 3). Dnmt1�/� cells
displayed one unmethylated allele and one methylated allele in
each of the four imprinted genes, while both alleles were un-
methylated in the Dnmt1�/� ES cells (Fig. 3 and data not
shown). Reexpression of Dnmt1 by the CHIP construct, cDNA
construct, or BAC in Dnmt1�/� ES cells did not result in
remethylation of the unmethylated alleles, even when Dnmt1
was expressed at high levels, as observed in Dnmt1�/�;BAC ES
cells. Similarly, when high levels of Dnmt1 were expressed in
wild-type ES cells (Dnmt1�/�;BAC), no de novo methylation of
the unmethylated allele was detected. In addition, we mea-
sured the methylation level of CpG islands of several nonim-
printed genes, such as p21 (nt 3900 to 4500; accession no.
MMU24171), p16 (promoter and exon1), and telomerase (pro-

FIG. 1. (A) Schematic diagram and restriction map of the BAC containing the Dnmt1 gene. Restriction sites are abbreviated as follows: N, NotI;
P, PstI. PCR screening of a mouse 129/Sv BAC library identified a BAC clone containing the Dnmt1 gene. The 150-kb BAC clone was shown to
contain the complete Dnmt1 gene by a combination of PCR and Southern hybridization techniques (data not shown). (B) Western blot analysis
of ES cell extracts using an antibody which was generated against the catalytic domain of Dnmt1. Similar results were obtained with a polyclonal
antibody against the N-terminal region of Dnmt1 and are therefore not shown. All protein extracts were controlled by Coomassie-stained gel to
ensure equal loading. (C) In vitro MTase activity assay measuring incorporation of the methyl group from [3H]S-adenosyl-L-methionine into a
synthetic poly(dIdC) substrate. The in vitro assay was performed with three independently derived sets of protein extracts and their protein
concentration was normalized. All results within a set were normalized to wild-type activity, which was defined as 100%. Each value represents the
mean � SEM. (D) 5-Methyl-cytosine content of genomic DNA from different ES cells and from differentiated tissues (liver, kidney), as measured
by HPLC. Each value represents the mean � SEM.

VOL. 22, 2002 Dnmt1 OVEREXPRESSION CAUSES LOSS OF IMPRINTING 2127



moter and exon1), by bisulfite sequencing and detected no
significant increase in DNA methylation in the Dnmt1�/�;BAC

ES cells compared to levels in Dnmt1�/� ES cells. Therefore,
Dnmt1 overexpression in ES cells did not lead to changes in
DNA methylation of the imprinted region of Igf2r, Peg3, Snrpn,
and Grf1 or of CpG islands of nonimprinted genes.

A strikingly different result was obtained when the methyl-
ation status of several imprinted HhaI sites within the DMD of
the imprinted genes Igf2 and H19 was assayed (Fig. 4A).
Dnmt1�/� ES cells contained one fully methylated paternal
band and several weaker undermethylated lower bands from
the maternal allele (Fig. 4B) (1, 44, 48). Dnmt1�/� ES cells

were completely unmethylated and displayed several lower-
molecular-weight bands. Minimal remethylation of the im-
printed region was observed in Dnmt1chip/� ES cells and
Dnmt1�/�;cDNA ES cells, which express Dnmt1 at a low level.
In contrast, Dnmt1�/�;BAC ES cells showed significant remeth-
ylation of the imprinted H19/Igf2 region. Remarkably, the
Dnmt1�/�;BAC ES cells also showed an increase in methylation
of the undermethylated maternal allele, as indicated by the
disappearance of low-molecular-weight bands. To confirm
these results, we measured the DNA methylation status of 10
CpG dinucleotides within the DMD (nt 1089 to 1481; acces-
sion no. U19619) by using genomic bisulfite sequencing (data

FIG. 2. (A) Methylation-sensitive restriction enzyme assays with HpaII using two repetitive probes, minor satellite centromeric repeat and an
IAP. In these assays, low-molecular-weight bands indicate demethylated restriction sites, while high-molecular-weight bands indicate methylated
restriction sites. (B) Northern blot analysis of IAP expression in differentiated cells. RNA loading was controlled for by hybridization with Gapdh.

FIG. 3. The imprinted region of the genes Igf2r (A), Peg3 (B), and Grf1 (C) are resistant to de novo methylation by overexpression of Dnmt1
in ES cells. For the Igf2r gene, we assayed an MluI site in region 2, which resulted in a maternally methylated band and a paternally unmethylated
band in wild-type ES cells (42). For the Peg3 gene, a SacII site was assayed which is normally methylated on the maternal allele (25). A differentially
methylated HhaI site was assayed for the Grf1 gene, which is paternally methylated in wild-type cells (34).
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not shown). Previously, this region was shown to be differen-
tially methylated in Dnmt1�/� ES cells, with one allele com-
pletely methylated and the other undermethylated (48). The
overall methylation level in Dnmt1�/� ES cells in this region
was between 56 and 78% (48). Dnmt1�/� ES cells displayed a
DNA methylation level of 3.3%, which was slightly lower than
that in Dnmt1chip/� ES cells (8.8%) (48). In contrast,
Dnmt1�/�;BAC ES cells remethylated this region to approxi-
mately 70%. Dnmt1�/�;BAC ES cells increased DNA methyl-
ation in this region to approximately 88%. Therefore, we con-
clude that the unmethylated allele(s) of imprinted region of
H19 and Igf2 is susceptible to de novo methylation in ES cells,
which overexpress Dnmt1. This is in contrast to the imprinted
regions of Igf2r, Snrpn, Peg3, Grf1, and Snrpn, which were
completely resistant to de novo methylation.

Expression of imprinted genes. To determine if de novo
methylation of the DMD region resulted in altered expression
of H19 and Igf2, we measured Igf2 and H19 expression in the
different ES cell lines. Because undifferentiated ES cells do not
express H19 and Igf2 (45), expression of both genes was in-
duced upon differentiation in vitro by culturing the cells in the
presence of retinoic acid and without LIF and embryonic fi-

broblasts (12, 45). Differentiation was monitored by the ap-
pearance of the differentiation marker Fgf5 and the repression
of the ES cell marker Oct3/4 9 days after retinoic acid exposure
(data not shown). As expected, several Igf2 RNA transcripts of
different sizes were detected in differentiated Dnmt1�/� ES
cells (Fig. 4C) (7). Little or no Igf2 expression was observed in
Dnmt1�/� cells, Dnmt1chip/� cells, or Dnmt1�/�;cDNA cells,
which is consistent with the DMD region being unmethylated.
In contrast, Igf2 was highly expressed in Dnmt1�/�;BAC cells,
where the DMD region was de novo methylated on both al-
leles. Furthermore, Igf2 expression level in Dnmt1�/�;BAC cells
was increased to approximately twice the level in wild-type
cells (mean � standard error of the mean [SEM], 1.86 � 0.084;
n � 3), suggesting biallelic expression. Conversely, the H19
gene was expressed at a higher level than in wild-type cells
when the DMD region was unmethylated, such as in
Dnmt1�/�, Dnmt1chip/�, and Dnmt1�/�;cDNA cells (Fig. 4C).
Expression of H19 was significantly downregulated in
Dnmt1�/�;BAC cells to a level still higher than in wild-type cells.
H19 expression was reduced below the wild-type expression
level in Dnmt1�/�;BAC cells, which showed increased methyl-
ation at the DMD imprinted box. These results indicate that

FIG. 4. (A) Map of the upstream region of H19, which includes the DMD that regulates expression of Igf2 and H19. Location of the main
imprinted region and the Southern probe (nt 1440 to 3332; GenBank accession no. U19619) are shown. Restriction sites are abbreviated as follows:
E, EcoRI; S, SacI. HhaI sites are indicated beneath the line. The region (nt 1089 to 1481; accession no. U19619) which was assayed by bisulfite
modification is also indicated. (B) Methylation analysis of the DMD Igf2/H19 imprinted region, performed using the methylation-sensitive
restriction enzyme HhaI and the methylation-insensitive enzyme SacI. ES cells show one paternal methylated band and there are several
undermethylated lower bands from the maternal allele. (C) Northern blot analysis of Igf2, H19, p57Kip2, and Igf2r expression in differentiated cells.
RNA loading was controlled for by hybridization with Gapdh. The last two lanes on the right show a longer exposure of H19 expression only for
the wild-type and Dnmt1�/�;BAC cells.
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DMD methylation controls expression of Igf2 and H19. Igf2
was only active when the DMD was methylated, and Igf2 ex-
pression was completely silenced when the DMD was unmeth-
ylated. H19 expression was inhibited by methylation of DMD
but with lesser stringency.

We also investigated the expression level of Igf2r in differ-
entiated ES cells (Fig. 4C). Igf2r was expressed at comparable
levels in wild-type and Dnmt1�/�;BAC cells, but it was not
detected in Dnmt1�/�, Dnmt1chip/�, Dnmt1�/�;cDNA, and
Dnmt1�/�;BAC cells. This is consistent with the lack of rem-
ethylation of the Igf2r imprinted region in these cells, which is
only expressed when the gene is methylated. Importantly, the
unmethylated and inactive copies of Igf2r, carried in Dnmt1�/�

and Dnmt1�/� ES cells, cannot be reactivated through an
epigenetic mechanism because the Igf2r imprinted region 2 is
resistant to de novo methylation even when the Dnmt1 MTase
is overexpressed.

Similar to Igf2 expression, expression of p57Kip2 was also
deregulated in differentiated ES cells overexpressing Dnmt1
(Fig. 4C). While no or only residual p57Kip2 expression was
detected in Dnmt1�/�, Dnmt1chip/�, or Dnmt1�/�;cDNA cells,
reactivation of p57Kip2 was observed in Dnmt1�/�;BAC cells by
Northern blotting. p57Kip2 expression was also increased in
Dnmt1�/�;BAC cells compared to that in wild-type cells, sug-
gesting that p57Kip2 is activated by DNA methylation. Because
of the absence of restriction site polymorphisms in our ES cell
lines, we cannot determine if the increased p57Kip2 expression
is the result of biallelic expression or upregulation of expres-
sion of the active maternal allele. Our results are in contrast
with a former report that suggests that the maternal allele of
p57Kip2 is activated in Dnmt1�/� embryos as measured by
nonquantitative reverse transcription-PCR (RT-PCR) (4). Our
Northern analysis suggests that the detected expression of the
maternal p57Kip2 allele in dying Dnmt1�/� embryos by non-
quantitative RT-PCR is likely the result of increased nonspe-
cific expression at the p57Kip2 locus by activated endogenous
retroviral elements. Due to the lack of a defined imprinted
region, we were unable to analyze the imprinted p57Kip2 gene
in the Dnmt1-overexpressing cells for methylation differences.

Biallelic expression of Igf2. The increased Igf2 expression in
Dnmt1�/�;BAC or Dnmt1�/�;BAC cells could be due either to
activation of the inactive maternal Igf2 allele, resulting in bi-
allelic Igf2 expression, or to overexpression of the active pa-
ternal Igf2 allele. To distinguish between these two possibili-
ties, we performed Igf2 RNA FISH. As expected, wild-type ES
cells as well as control wild-type fetal liver cells showed mono-
allelic Igf2 expression (Fig. 5A). A small percentage of fetal
liver cells (8%) and ES cells (7%) showed biallelic Igf2 expres-
sion, which is consistent with previously reported results (18).
In contrast, Igf2 expression was biallelic in 68% of the
Dnmt1�/�;BAC cells, demonstrating that Dnmt1 overexpression
causes activation of the silent maternal allele (Fig. 5A).

To independently confirm that Dnmt1 overexpression causes
activation of silenced Igf2 alleles, we also analyzed Igf2 expres-
sion in Dnmt1�/� cells, Dnmt1chip/� cells, and Dnmt1�/�;BAC

cells by RNA FISH. No expression of Igf2 was detected in
Dnmt1�/� or Dnmt1chip/� cells, as measured by FISH analysis
(Fig. 5B). In contrast, a high level of Dnmt1 expression from
the Dnmt1-BAC transgene in Dnmt1�/�;BAC cells caused acti-
vation of both silenced Igf2 alleles, as indicated by 81% biallelic
expression in these cells (Fig. 5B). When globin expression was
analyzed as a control for biallelic expression, 91% of fetal liver
cells expressed both alleles (data not shown). We conclude that
overexpression of Dnmt1 activates inactive Igf2 alleles.

We also analyzed H19 expression in wild-type and
Dnmt1�/�;BAC cells by RNA FISH analysis. While wild-type
ES cells showed monoallelic expression of the paternal Igf2
allele and of the maternal H19 allele (Fig. 5C), Dnmt1�/�;BAC

cells demonstrated biallelic expression of both Igf2 and H19
(Fig. 5C). This is consistent with the high level of H19 expres-
sion in Dnmt1�/�;BAC cells as measured by Northern analysis,
indicating that partial methylation might not be sufficient for
silencing of the H19 gene.

Overexpression of Dnmt1 causes embryonic lethality. To
determine whether overexpression of the Dnmt1 MTase would
impair the developmental potential of totipotent ES cells,
we injected Dnmt1�/�;BAC and Dnmt1�/�;BAC ES cells into
wild-type blastocysts. Injection of each of the 129Sv/Jae-de-
rived Dnmt1�/�;BAC and Dnmt1�/�;BAC ES cells into over 300
BALB/c blastocysts resulted in few newborns but no chimeric
pups (Fig. 6A). In contrast, injection of Dnmt1chip/� ES cells
into wild-type blastocysts generated chimeric mice, with the
germ line contribution of the injected cells indicating that the
rescued Dnmt1�/� ES cells can regain developmental totipo-
tency (45).

To further investigate the developmental potency of these
ES cells, we injected Dnmt1�/�;BAC cells and Dnmt1�/�;BAC

cells into tetraploid host blastocysts (Fig. 6A). Because tet-
raploid blastocysts, generated by electrofusion of the blas-
tomeres in a two-cell embryo, cannot contribute to embryonic
lineages, the composite embryos give rise to mice that are
entirely derived from the descendants of ES cells injected into
the blastocyst (28, 29). Wild-type control cells (Dnmt1�/�) and
targeted control cells (Dnmt1chip/�) implanted efficiently into
the uterus of pseudopregnant females and showed normal de-
velopment at dpc 14.5, similar to previously reported results
(5). Although Dnmt1�/�;BAC cells and Dnmt1�/�;BAC ES cells
injected into tetraploid blastocysts showed a similar percentage
of implantation, 33% (29 of 88) and 35% (34 of 98), respec-
tively, embryonic development of these ES cells was severely
impaired after implantation (Fig. 6A). None of the embryos
derived from Dnmt1�/�;BAC cells survived past dpc 14.5 (0 of
88), with three malformed and developmentally delayed em-
bryos recovered between dpc 10.5 and 12.5. Similarly, embryos

FIG. 5. Igf2 RNA FISH in wild-type (A), Dnmt1�/�;BAC (A), Dnmt1�/� (B), Dnmt1chip/� (B), and Dnmt1�/�;BAC (B) cells. Content of images
for each cell line is as follows, from left to right: Igf2 expression (green), nuclear 4�,6�-diamidino-2-phenylindole (DAPI) staining (blue), and
merged image of Igf2 and DAPI. The graph to the right indicates the monoallelic versus biallelic Igf2 expression observed in each cell line. (C) Igf2
and H19 RNA FISH of wild-type and Dnmt1�/�;BAC cells. Images, from right to left, are Igf2 expression (green), H19 expression (red), a merged
imaged of Igf2 and H19 expression, and a merged image of Igf2 and H19 expression with nuclear DAPI staining.
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derived from Dnmt1�/�;BAC ES cells were unable to develop
beyond dpc 12.5 (0 of 98), with one malformed and develop-
mentally delayed embryo recovered at dpc 10.5. Even though
Dnmt1-overexpressing ES cells exhibit developmental deficien-
cies, Dnmt1�/�;BAC ES cells (7 of 8) and Dnmt1�/�;BAC ES
cells (8 of 8) were able to form teratomas at a similar rate as
wild-type ES cells (8 of 8) when injected into the flank of
129Sv/Jae mice. In contrast, Dnmt1�/� ES cells were unable to
form teratomas (0 of 8).

Protein extracts of Dnmt1�/�;BAC, Dnmt1chip/�, and wild-
type mEF, which were cultured from the recovered tetraploid
embryos, were analyzed by Western blotting to determine the
Dnmt1 expression level (Fig. 6B). All analyzed fibroblast cell
lines were transformed with SV40 large T antigen, as we were
unable to long-term culture the nontransformed Dnmt1�/�;
BAC mEF. Dnmt1�/�;BAC fibroblasts from two independent
embryos displayed significant overexpression when compared
to the Dnmt1 protein level of wild-type fibroblasts. Dnmt1chip/�

fibroblasts displayed approximately 10% of wild-type Dnmt1
protein levels. Thus, Dnmt1 expression levels in differentiated
fibroblasts recapitulate the expression profile of the corre-

sponding ES cells. We conclude that Dnmt1 overexpression in
Dnmt1�/�;BAC and Dnmt1�/�;BAC ES cells results in embry-
onic lethality resembling the embryonic fatality observed in
Dnmt1-deficient ES cells.

DISCUSSION

The establishment of genomic methylation patterns requires
the concerted activity of two enzymes, the de novo MTase
Dnmt3 and the hemi-MTase Dnmt1 (26, 31). Our study defines
three classes of sequences which are subject to gain of meth-
ylation at different levels of Dnmt1 expression, as summarized
in Fig. 7. (i) Retroviral elements like IAP and other repetitive
sequences such as centromeric repeats are highly susceptible to
gain of methylation even under conditions of low Dnmt1 ex-
pression (Dnmt1chip/� cells). (ii) Unmethylated alleles of most
imprinted genes, including Igf2r, Peg3, Snrpn, and Grf1 and the
CpG islands of several nonimprinted genes, are completely
resistant to de novo methylation. (iii) The DMD imprinted
region, which has been shown to control expression of Igf2 and
H19, is resistant to de novo methylation at low Dnmt1 expres-

FIG. 6. (A) Summary of the development (implantation) and survival of ES cell tetraploid blastocyst-derived mice or ES cell blastocyst-derived
mice. Implantation is indicated in percent, while survial at dpc 14.5 is indicated in total numbers. ND, not determined. (B) Western blot analysis
of mEF cell extracts using an antibody against the N-terminal domain of Dnmt1. All protein extracts were controlled by Coomassie-stained gel to
ensure equal loading.
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sion levels but becomes fully methylated at higher levels of
Dnmt1 expression.

Several lines of evidence indicate that the Dnmt1 MTase
catalyzes methylation of hemi-methylated DNA and therefore
is likely not responsible per se for the initiation of de novo
methylation of unmethylated sequences (26, 31). However, ES
cells and early embryos express Dnmt3a/b MTases (37, 51)
which are able to de novo methylate unmethylated DNA in
vitro (30a) and in vivo (31). Because the methylation activity of
the Dnmt3a/b MTases is low, the final level of genomic DNA
methylation in ES cells depends on the Dnmt1 expression level
in the cells. Our results are consistent with the notion that the
establishment of a normal methylation pattern depends on
cooperation between Dnmt3 and Dnmt1 (26, 31). Dnmt1 “fix-
es” the Dnmt3-initiated de novo methylation of CpG dinucle-
otides, which results in an increase of methylation to reach a
final level of DNA methylation (36).

Methylation imprints are imposed upon imprinted genes
during gametogenesis when the two alleles are in different
compartments. The regions of parent-specific methylation, de-
noted as the “imprinting box,” are resistant to the wave of
global demethylation, which occurs during cleavage and re-
moves methylation from nonimprinted genes. Equally impor-
tant, the nonmethylated imprinted allele cannot be postzygoti-
cally de novo methylated and is resistant to the wave of global
de novo methylation that methylates all nonimprinted genes
after implantation (15). Thus, the resistance to demethylation
and the resistance to de novo methylation of the respective
imprinted alleles assure that the parent-specific methylation
mark imposed during gametogenesis remains unaltered and
distinguishes the two alleles of imprinted genes in the adult. A

previous study using Dnmt1chip/� ES cells supported the idea
that ES cells and postzygotic embryos lack the enzymatic ma-
chinery to de novo methylate unmethylated imprinting regions,
including the imprinted region of Igf2 and H19 (45). However,
more extensive analysis of Dnmt1chip/� cells by Western blot-
ting and methylation activity assays showed that the Dnmt1chip

allele is a hypomorph with only low levels of Dnmt1 expression
that are insufficient to achieve de novo methylation of the
DMD imprinted region of Igf2 and H19. In contrast, overex-
pression of Dnmt1 as obtained by the integration of the Dnmt1
BAC in ES cells resulted in increased methylation levels at the
imprinting box of Igf2 and H19 and biallelic Igf2 expression.
Our results indicate that the unmethylated Igf2/H19 allele in
wild-type or Dnmt1�/� cells is subject to postzygotic methyl-
ation under conditions of elevated Dnmt1 expression. We also
detected that p57Kip2 is deregulated in Dnmt1-overexpressing
cells. But due to the lack of a defined imprinted region of
p57Kip2 and a complex gene structure, we were unable to
detect the primary imprint with differential DNA methylation.
However, analysis of the methylation status of the Lit1 CpG
island might be informative, since a targeted deletion of the
methylated maternal CpG island on a human chromosome
results in the upregulation of p57Kip2 (13). In contrast to the
imprinted genes Igf2 and p57Kip2, other imprinted genes such
as Igf2r, Peg3, Snrpn, and Grf1 were resistant to de novo meth-
ylation even under conditions of elevated Dnmt1 expression.
Igf2r was not expressed once the Igf2r imprinting box was
demethylated, which is consistent with the model that methyl-
ation of the imprint region 2 of Igf2r is required for its tran-
scription (50).

Genomic hypomethylation caused by the deletion of Dnmt1

FIG. 7. Summary of methylation and expression status of repetitive sequences such as IAP and of the imprinted genes Igf2r and Igf2 in cells
with different levels of Dnmt1 expression, as measured by Western blot analysis (shown in second column). Three classes of genes (IAP, Igf2r, and
Igf2) are subject to postzygotic de novo methylation at different levels of Dnmt1 expression, as illustrated. Repetitive IAP sequences are highly
susceptible to de novo methylation. Igf2r and other imprinted genes, including Peg3, Snrpn, and Grf1 and the CpG islands of several nonimprinted
genes, are completely resistant to de novo methylation. The imprinted region of Igf2 and H19 was resistant to de novo methylation at low Dnmt1
levels but became fully methylated at higher levels of Dnmt1 expression. The maternal and paternal alleles of Igf2 and Igf2r are indicated. The
expression levels of IAP, Igf2r, and Igf2 are indicated by the number of � signs, while a � sign indicates no expression. Monoallelic or biallelic
Igf2 expression in differentiated cells is indicated as the percentage of total Igf2-expressing cells. Embryonic survival of the ES cell tetraploid
blastocyst-derived mice is summarized in the last column. Symbols: ❒ , unmethylated; p, partially methylated (low); o, partially methylated (high);
■ , methylated; oval with one dot, monoallelic Igf2 expression; oval with two dots, biallelic Igf2 expression.
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MTase, though with no obvious effect on in vitro growth of
undifferentiated ES cells, results in abnormal development and
embryonic lethality (23). Similarly, overexpression of Dnmt1
and genomic hypermethylation had no obvious effect on ES
cell proliferation. However, injection of the cells into blasto-
cysts resulted in embryonic lethality of the chimeric embryos.
Our results are consistent with the notion that DNA methyl-
ation has no obvious role in the survival of embryonic cells but
is crucial for normal physiology of somatic cells (15). It has
been shown that conditional deletion of Dnmt1 in fibroblasts
leads to genomic demethylation and widespread ectopic gene
activation, which may explain the cell death of Dnmt1 mutant
cells (14). The mechanism of lethality induced by overexpres-
sion of Dnmt1, however, is unclear. It has been reported that
Dnmt1 can be overexpressed in rare clones of tumor cells (47),
suggesting that genomic hypermethylation is compatible with
survival of transformed cells in contrast to that of primary cells.
Our inability to long-term culture untransformed Dnmt1-over-
expressing fibroblasts is consistent with that observation.

The susceptibility of Igf2 and H19 to postzygotic de novo
methylation is of potential relevance for tumorigenesis because
deregulation of Igf2 imprinting has been shown to occur in over
20 different tumor types, including Wilms’ tumor (16, 27, 30,
35, 40). Igf2 is a potent cell survival factor that stimulates cell
proliferation, and its overexpression leads to conditions that
are favorable to increased cell proliferation and overgrowth.
The oncogenic function of Igf2 has been confirmed by the
experimental overexpression of Igf2 in mice leading to an in-
creased probability of tumor development (2, 34, 38). The
susceptibility of the imprinted region of Igf2 and H19 to postzy-
gotic de novo methylation may be the basis for the high fre-
quency of biallelic Igf2 expression observed in many cancers
(27, 40). This appears to distinguish the Igf2 gene from other
imprinted genes, such as Igf2r, Grf1, Snrpn, and Peg3, that were
not susceptible to postzygotic de novo methylation. Consistent
with this notion is the observation that tumor-specific alter-
ations of these imprinted genes involve genetic mutations
rather than epigenetic changes (16).

The results described in this paper suggest that Dnmt1 ac-
tivity may be crucial for the final level of methylation of bulk
genomic DNA and repetitive genes and for the imprinted
region of Igf2 and H19. Our results imply that even a moderate
increase in Dnmt1 expression in cells with low intrinsic de novo
activity from Dnmt3 may be sufficient to shift the balance
towards de novo methylation and activation of the silenced Igf2
allele. Thus, overexpression of Dnmt1 and activation of Dnmt3
as observed in many transformed cells may be of selective
advantage for the incipient tumor cell (37, 51).
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