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DMAP1 (DNMT1-associated protein 1) is a member of the TIP60-p400 complex that maintains embryonic
stem (ES) cell pluripotency and a complex containing the somatic form of DNA methyltransferase 1
(DNMT1s). DMAP1 interacts with DNMT1s through a domain that is absent in DnmtI"”" mice expressing just
the oocyte form (DNMT10). A DmapI-null allele was generated to study the role of DMAP1 in development.
Consistent with the phenotypes of loss of other members of the TIP60-p400 complex, Dmapl ™'~ mice died
during preimplantation in both Dnmt1*'* and Dnmt1"”" backgrounds. Unexpectedly, in the Dnmt1"”" back-
ground, Dmapl*'~ parents produced mainly Dmapl™'~ mice. Most Dmapl™'* progeny died during midges-
tation, with loss of DNA methylation on imprinted genes, suggesting that DMAP1 influences maintenance
methylation mediated by DNMT1o. In this regard, a DMAP1-DNMT1o0 complex was detected in ES cells when
DNMT1o was stably expressed but not when transiently expressed, indicating a novel interaction between
DMAP1 and DNMT1o. These results suggest that DMAP1-DNMT1s and DMAP1-DNMT1o interactions are
essential for normal development and that DMAP1-DNMT1o0 complexes are not readily formed in the embryo.
Therefore, DMAP1 mediates distinct preimplantation epigenetic reprogramming processes: TIP60-p400
nucleosome remodeling and DNMT1 maintenance methylation.

A major biological role of chromatin is to control gene
expression, through either transcriptional activation or repres-
sion. There are many types of chromatin, defined primarily by
the organization and composition of nucleosomes, including
specific posttranslational modifications of histones within
nucleosomes. The significant changes in chromatin that occur
during preimplantation development are of particular interest
because of their likely association with epigenetic reprogram-
ming, the inheritance of genomic imprints, and the generation
of the embryo’s stem (ES) cells. To gain insight into this pro-
cess, we focused on understanding the role of the corepressor
DNMT1-associated protein 1 (DMAP1). DMAP1 was initially
identified as a protein associated with the N-terminal domain
of DNMT1s and was shown to function as a transcriptional
corepressor by interacting with histone deacetylase 2
(HDAC2) (26). Later, DMAP1 was found to be a component
of the TIP60-p400 histone acetyltransferase complex (14, 28),
which is critically important for the maintenance of ES cell
pluripotency (8).

Genetic studies using Dnmtl mutant mice (11, 12) and im-
munohistological studies of the intracellular locations of
DNMT1 proteins (5, 12) indicate that DNMTT catalyzes the
maintenance of DNA methylation during preimplantation de-
velopment. The maintenance of CpG methylation patterns is
carried out by a combination of maternal (oocyte-derived) and
zygotic (embryo-derived) DNMT1 proteins (5). The oocyte
synthesizes two DNMT1 proteins: the somatic DNMT1s form
of 1,621 amino acids (aa) whose N terminus interacts with
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DMAPI, and the oocyte form of 1,503 amino acids (DNMT1o)
that lacks the known 118-amino-acid DMAPI interaction do-
main (5, 18, 26). Both the DNMT1s and DNMT1o proteins
coexist in the ooplasm of fully grown mouse oocytes (5).
Oocyte-derived DNMT1s maintains methylation patterns dur-
ing the first two embryonic S phases, whereas DNMT1o func-
tions at the 4th embryonic S phase (4). After the 2-cell stage,
zygotic DNMT1s is synthesized, which maintains methylation
patterns during the remaining S phases of preimplantation
(5, 23).

An important aspect of preimplantation maintenance meth-
ylation is its specificity for a subset of gamete-derived DNA
methylation patterns. The level of genomic CpG methylation
fluctuates during development, with a notable decline from the
zygote to the blastocyst stages (3, 19). Differentially methylated
domains (DMDs) of imprinted genes maintain (inherit) their
gamete-derived methylation patterns during preimplantation
development, despite the loss of the bulk of genomic methyl-
ation (17, 25). We have postulated that the selective mainte-
nance of DMD methylation during this developmental window
is part of a critically important reprogramming process medi-
ated by activities of preimplantation DNMT1 proteins (1, 25).
Thus, associations of DMAP1 with DNMT'1s and the TIP60-
p400 complex suggest that DMAP1 plays an important role in
epigenetic reprogramming during preimplantation develop-
ment. We approached this issue by generating a mouse line
with a Dmap1-null allele and studying the effects of this allele
in wild-type Dnmtl and mutant Dnmt1" genetic backgrounds.

MATERIALS AND METHODS

Targeted deletion of Dmapl. A targeting construct was made by inserting a
loxP site into an Smal restriction site in the first intron of Dmap! and a Pgk-neo®
cassette at an engineered Eagl site in the intron between exons 10 and 11. The
cassette contained a Pgk-neo” transcription unit flanked by FLP recombination
target (FRT) sites and a 5’ loxP site (Fig. 1A). Genotypes of Dmapl™*'*,
Dmap1"°*¥* and Dmap1™'~ mice were confirmed by Southern blotting of tail



1862 MOHAN ET AL.

A

MoL. CELL. BIOL.

2 kb

B Probe A E B ; 5 B Probe B E
SO Lo N 1 T 1 ISR |1 111 1 |
> = <
LI 1 T[] ] -
Flp
Floxed LJ 11 gl
Dmap1
lCre
Dmap1_ HIGIT
B C D
/\/\fi\ ,\4@/\/\‘79/\/\%0 BN M ++ -+
kb kb
400 bp—
ool Lod L = - 300 bp—
. e 200 bp—
«
Probe B Probe A

FIG. 1. Generation of a mouse Dmapl~ allele. (A) Schematic of targeted-mutagenesis scheme in mouse ES cells used to generate a mouse
conditional allele (Dmap1°*?), which in turn was used to generate a mouse null allele (Dmapl ). The targeting plasmid contains a 5" loxP site
in the first intron and a 3’ loxP site in the last intron of Dmapl. loxP sites are shown by black triangles and exons by vertical black rectangles. Gray
rectangles represent FRT sites. Probes used for Southern blots are indicated by horizontal black rectangles. A mouse line generated with
a Pgk-neo®-containing heterozygous ES cell clone was crossed to a CAGGS-flp transgenic mouse line (gift from G. Homanics) to remove
the Pgk-neo® fragment and generate a Dmap1°*** mouse line, which was then crossed to an Ella-cre transgenic line (15) to remove the bulk
of the Dmapl gene between the 5" and 3’ LoxP sites. Bglll and EcoRI restriction sites are indicated by “B” and “E,” respectively. The positions
of the oligonucleotides used to genotype mice are indicated by arrows. (B) Southern blot of EcoRI-digested genomic DNA from four offspring (no.
7727 to 7730) derived from a cross between a wild-type mouse and a heterozygous Dmap1°**? mouse. The 19-kb band is the wild-type allele, and
the 10.5-kb band is the Dmap "¢ allele. (C) Southern blot of BgllI-digested genomic DNA from a wild-type DmapI™’* mouse and the founder
Dmapl™’~ mouse derived from a cross between a Dmap1#°**¥* mouse and an EITA-cre transgenic mouse. The 6-kb band is the wild-type allele,
and the 11-kb band is the Dmapl~ allele. (D) Genotypes of a wild-type mouse and a Dmapl ™'~ mouse identify a 320-nucleotide (nt) wild-type
allele and a 250-nt Dmap ™~ allele in PCR assays by using the oligonucleotide pairs shown in panel A. M, molecular size markers.

DNA digested with either BglII or EcoRI and with the probes indicated (Fig. 1B
and C). Dmapl™ and Dmap~ alleles were also genotyped by PCR using oligo-
nucleotides 1 (5’CCCCCTCCCTCAAATACTTC3') and 2 (5'CAGCCATTGA
GAGGAAAAGC3') for the wild-type (WT) allele and oligonucleotides 3 (5'T
CCTATCCGTGGGTCTTCAG3') and 4 (5'GTCAACCCTCTCCTGTCGTC
3") for the null allele (Fig. 1D).

Mouse lines. The Dmapl~, Dnmt1", and TR2 + 3/Igmyc mouse lines were all
maintained in an inbred 129/Sv genetic background. Dnmt1™'* and Dnmt1"
alleles were genotyped as previously described (6). TR2 + 3/Igmyc mice were
identified by genotyping as previously described (25). All mouse experiments
were approved and conformed to the standards of the Institutional Animal Care
and Use Committee of the University of Pittsburgh.

Cell lines. Dnmt1""" ES cell lines were generated from blastocysts isolated
from crosses between Dnmt1""" mice (6). The R1 mouse ES cell line has been
previously described (21). Primary mouse embryonic fibroblasts (MEFs) were
established from embryonic day 14.5 (E14.5) embryos.

Expression plasmids. Dmapl cDNA amplified from mouse spleen total RNA
was cloned in Topo blunt vector (Invitrogen), and the sequence was verified and
subcloned into EF1-myc version B expression plasmid (Invitrogen) to stably
express DMAP1-MYC fusion peptide in ES cells. An EFl-internal ribosome
entry site (IRES)-hyg expression vector constructed by replacing the c-myc pro-
moter in pIRES-hyg (Clontech) with PCR-amplified EFla promoter from EF1-
myc vector was used for expression of DNMT1s and DNMT1o proteins. Stable
transfections were carried out by electroporation. Transient transfections of ES

cells with Lipofectamine 2000 (Invitrogen) gave a transfection efficiency of
~75%. Cell lysates were prepared 48 h after transfection.

DMAP1 immunoprecipitation. Whole-cell lysates prepared using a nondena-
turing cell lysis buffer (20 mM Tris HCI [pH 7.5], 137 mM NaCl, 10% glycerol,
1% Nonidet P-40 [NP-40], and 2 mM EDTA) containing protease inhibitor
cocktail (Roche) were centrifuged at 12,000 rpm for 20 min at 4°C. The super-
natants were transferred to fresh tubes and incubated overnight with anti-MYC
antibody conjugated with agarose (Santa Cruz Biotechnology). Protein com-
plexes were pulled down by centrifugation, washed three times with the lysis
buffer, and denatured for analysis by immunoblotting.

Immunoblotting. Protein lysates resolved on 5% to 15% gradient polyacryl-
amide gels were Western blotted and probed with the UPTC21 antibody that
detects both DNMT1s and DNMTlo (23), anti-DMAP1 antibody (ab2848;
Abcam), and anti-MYC antibody (Covance). Bands on Western blots were
quantified with Image J software (http://rsbweb.nih.gov/ij/).

Embryo collection. Blastocysts were obtained from a cross between
Dmapl*'~, Dnmt1""" parents. One-half of the DNA sample from each blastocyst
was used to determine the Dmapl genotype. The remaining DNA samples from
Dmapl™'~, Dnmt1""" blastocysts were collected into one pool of two blastocysts,
and the remaining DNA samples from Dmapl™*'*, Dnmt1""" blastocysts were
collected into a separate pool of two blastocysts.

Methylation analysis. Samples of genomic DNA were treated with sodium
bisulfite (EZ DNA methylation kit; Zymo Research) and amplified with primers
specific to H19, Snurf/Snrpn, and Gti2 differentially methylated domains (DMD)
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TABLE 1. Genotypes of offspring from crosses of Dnmtl and Dmapl parents
Dmapl genotype
Cross Parent genotype Devel(?prr}lental Total no.
stage’ /4 /- /- of mice
1 Dmap1™'~, Dnmt1™"* X Dmapl™*'~, Dnmt1*'* Adult 21 62 0 83
E10.5 6 17 0 23
Blastocyst 9 20 0 29
8-cell 10 17 0 27
2 Dmap1™'~, Dnmt1""V X Dmap1™'~, Dnmt1""V Adult 4° 74 0 78
E9.5 5° 63 0 68
E8.5 1 8 0 9
E7.5 3 21 0 24
Blastocyst 6 18 0 24
8-cell 2 8 0 10
3 Dmap1™'~, Dnmt1"" X Dmap1™'*, Dnmt1""" Adult 0° 21 0 21
4 Dmap1™'*, Dnmt1"" X Dmap1™'~, Dnmt1""" Adult 0° 23 0 23
5 Dmap1™'~, Dnmt1"" X Dmap1™'*, Dnmt1*'* Adult 7 9 0 16
6 Dmap1™'*, Dnmt1™"* X Dmapl™'~, Dnmt1""" Adult 5 9 0 14
7 Dmap1™'~, Dnmt1"" X Dmap1™'*, Dnmt1""* Adult 0° 9 0 9
8 Dmap1™'*, Dnmt1""" X DmapI1™'~, Dnmt1""" Adult 6 5 0 11
9 Dmap1™'~, Dnmt1""" X Dmap1™'*, Dnmt1""" Adult 4 7 0 11
10 Dmap1™"*, Dnmt1"" X Dmap1™'~, Dnmt1""* Adult 4 7 0 11

“ “Adult” indicates mice genotyped at 3 weeks after birth.

® Significant deviation from expected ratio of Dmapl™*/* to Dmapl™'~ offspring.

and the imprinted TR2 + 3/Igmyc transgene sequences (1, 25). Methylation levels
of Snurf/Snrpn and Gtl2 DMDs were estimated with combined bisulfite restric-
tion analysis (COBRA) assays (1). The level of methylation on H19/Igf2 DMD
and the TR2 + 3/Igmyc transgene was determined by sequencing individual
cloned DNA fragments amplified from the bisulfite-treated DNA (1, 25).

RESULTS

Homozygous Dmapl~'~ embryos show a lethal embryonic
phenotype. To explore the function of the DMAPI protein in
embryonic development, we generated a mouse line with a null
allele of the mouse DmapI gene. We first generated mice with
a conditional allele of Dmapl (Dmap1”***?) in which loxP sites
were placed in the first and last introns of the Dmapl gene. By
crossing Dmap I'"***? mice with mice carrying an Ella-cre trans-
gene (15), a mouse line carrying an allele lacking nine exons
coding for amino acids 1 to 448 of the 468-aa DMAP1 protein
was produced (Fig. 1). As shown in Table 1, homozygous
Dmapl '~ neonatal mice from crosses between Dmapl ™/~
parents were not recovered, and heterozygous and wild-type
mice were recovered at an approximate ratio of 2:1 (cross 1),
indicating that homozygous Dmapl '~ mice died during em-
bryonic development, whereas the development of heterozy-
gous Dmapl ™'~ mice is normal. To define the age of embry-
onic lethality, we determined the genotypes of E10.5 embryos,
E3.5 blastocysts, and 8-cell embryos from crosses between
heterozygous Dmapl™*’~ parents. No homozygous mutant
Dmapl '~ 8-cell embryos or blastocysts were identified (cross
1). We conclude that the DMAPI protein is required for pre-
implantation development.

DMAP1 is required for development even in the absence of
its known DNMT1 interaction domain. The DMAP1 interac-
tion domain was mapped to the first 118 aa of DNMT1s, and
DNMT1o was suggested not to interact with DMAP1 (26). We
previously showed that Dnmt1"”" mice that produce a mutant
form of DNMT s lacking this interaction domain (equivalent
to DNMT1o) are viable and fertile (6), indicating that the
DMAPI interaction domain is not required for normal devel-
opment. Here we were interested in knowing whether loss of
DMAP1 would have no consequences in a Dnmt1""" back-
ground. Heterozygous Dmapl™’~ mice in a DnmtI""" back-
ground (Dmapl™’~, Dnmt1""") were crossed, and progeny
were genotyped at multiple stages. As shown in Table 1 (cross
2), none of the progeny (examined as early as the 8-cell stage)
were Dmapl '~ , indicating that the DnmtI"”" background did
not suppress or modify in any discernible way the lethality of
homozygous Dmapl '~ mice. We conclude that DMAP1
serves an essential function in preimplantation that is indepen-
dent of its specific interaction with DNMT1s.

Contrary to expectations, we also did not recover mice with
the Dmapl™'™ genotype at the expected frequency from
crosses between Dmapl™'~, Dnmt1""" mice (Table 1, cross 2).
When the progeny of these parents were genotyped at different
stages of development, we observed that the Dmapl™'* em-
bryos died around 9.5 days of gestation. Because the progeny
of the same genotype (Dmapl ™'+, Dnmt1""") are viable when
the parents are Dmapl ™", Dnmt1""", we examined whether
Dmapl™, Dnmt1” gametes from Dmapl™'~, Dnmt1""" mice
are compromised. When the genotypes of the opposite parents
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are Dmapl ™', Dnmt1""", these crosses also resulted in only
Dmapl™'~ mice (Table 1, crosses 3 and 4), indicating that the
Dmapl ™, Dnmt1” gametes from Dmapl™*'~, Dnmt1""" parents
are not equivalent to those from the Dmapl*’*, Dnmt1"""
mice in their ability to support the development of Dmapl ™',
DnmtI""" embryos. This observed transmission ratio distortion
indicates that interactions between Dmapl and Dnmtl alleles
are complex.

To further investigate the effects of Dmapl and Dnmtl in-
teractions during development, we conducted a series of
crosses in which the Dnmt1" allele was replaced by the wild-
type Dnmtl allele. In the first set of experiments, Dmapl ™'~
DnmtI"" mice were crossed with wild-type mice (Table 1,
crosses 5 and 6). These crosses yielded both Dmapl™* and
Dmapl™’~ mice in the expected ratios, suggesting that in
Dmapl1™'~, Dnmt1""" mice, both Dmapl~ and Dmapl* ga-
metes are viable and postzygotic expression of a DnmtI ™ allele
is sufficient to suppress the lethality in DmapI™*’* mice ob-
tained from Dmapl™*'~, Dnmt1""" parents. Second, we con-
ducted reciprocal crosses in which one of the parents was
Dmap1™*'~, Dnmt1"" and the other was Dmapl™'*, Dnmt1""*+
(Table 1, crosses 7 and 8). Dmapl™*’* mice were obtained
when the Dnmt1™ allele was from the mother (cross 8) but not
from the father (cross 7). When the DmapI™*’* progeny from
cross 8 were genotyped for Dnmtl alleles, there was a 1:1
distribution of both Dnmt1™* and Dnmt1" alleles. This suggests
that a zygotic Dnmt1™ allele is not required for normal devel-
opment of the Dmapl™’* progeny, and the presence of a
Dnmtl™ allele in the mother seems to be sufficient to support
development. In these mothers, both DNMT1o and DNMT1s
proteins that are expressed in the germ line are deposited in
the Dmapl™, Dnmt1" oocytes, and transmission of maternal
DNMT1s is able to fully rescue the Dmapl ™" genotype in the
offspring. In conclusion, Dmapl™’" offspring can be recovered
at the expected frequencies from a homozygous Dnmt1""" car-
rier if the offspring inherit a Dnmt1™ allele from the opposite
parent or, alternatively, if the female parent is heterozygous
Dnmt1"™.

To more precisely define the developmental requirements
for interactions between Dmapl and Dnmtl alleles, we crossed
Dmapl™*’~, Dnmt1""" mice with DmapI™*'*, Dnmt1""" mice
(Table 1, crosses 9 and 10). Unlike the previous crosses
(crosses 7 and 8), both male and female parents had the same
ability to produce Dmapl™*'* offspring at expected ratios.
Moreover, when Dmapl ™" progeny were genotyped further
for the presence of Dnmtl alleles, we observed an equal rep-
resentation of both DnmtI* and Dnmt1" alleles among the
Dmapl™'" progeny, suggesting that, as was the case in cross 8,
there was no absolute requirement for the continued presence
of a Dnmtl™ allele for the survival of Dmapl™* progeny
produced from these parents. A comparison between crosses 3
and 9 or 4 and 10 indicated that the Dmapl™, Dnmt1" gametes
from DmapI™*'~, Dnmt1¥'* parents are capable of supporting
development, whereas the gametes of the same genotype from
Dmap1™'~, Dnmt1""" parents were compromised. Taking the
results shown in Table 1 together, we observed that Dmapl ™,
Dnmt1” gametes produced from the Dmapl™'~, Dnmt1""" par-
ent were defective in supporting the development of
Dmapl™*'*, Dnmt1""" progeny. This defect can be corrected by
the presence of a Dnmtl™ allele during gametogenesis or early
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FIG. 2. Summary of genotypes of adult offspring from crosses of
Dmapl and Dnmtl parents. The data are derived from Table 1, and
crosses 1 to 10 correspond to the crosses labeled in Table 1. The
symbols correspond to different Dmapl and Dnmtl alleles (top). Sta-
tistically significant deviations from the expected number of homozy-
gous Dmapl™'* offspring are highlighted in red.

embryogenesis. This conclusion is indicated in the schematic
shown in Fig. 2.

Imprinted DNA methylation in DmapI*'*, Dnmt1""" em-
bryos. Abnormalities in the inheritance of genomic imprints
during preimplantation can lead to defects in development and
death of postimplantation embryos (12). Therefore, we exam-
ined the methylation pattern of imprinted genes in progeny of
Dmap™*'~, Dnmt1""" parents. We first compared the methyl-
ation of the endogenous H19/Igf2 DMD, which is normally
methylated on the paternal allele, in Dmapl™/~, Dnmt1""" and
Dmapl ™", Dnmt1""" blastocysts, a time before the onset of
Dmapl1™'", Dnmt1""" lethality. There was a small, but detect-
able reduction in H19/Igf2 DMD methylation in Dmapl ™™,
Dnmt1""" blastocysts compared to Dmapl™'~, Dnmt1""" blas-
tocysts (Fig. 3A).

To further evaluate the integrity of DMD methylation in
Dmapl™*'*, DnmtI1""" embryos, we compared the levels of ma-
ternal methylation of Snurf/Snrpn DMD and paternal methyl-
ation of Gtl2 DMD between Dmapl™'~, Dnmt1""" and
Dmapl™*'*, Dnmt1""V E9.5 embryos. As shown in Fig. 3B, both
DMDs in all six embryos examined showed both methylated
and unmethylated DMD alleles, with no obvious and consis-
tent differences in Snurf/Snrpn and Gtl2 methylation between
the two different embryonic genotypes. We conclude from this
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FIG. 3. Methylation of imprinted DNA sequences in Dmap™'~,
Dnmt1""" and Dmap™'*, Dnmt1""" embryos derived from Dmapl™*'~,
Dnmt1""" mice. (A) H19/Igf2 DMD methylation in two pools of blas-
tocysts. Each horizontal line is an H19/Igf2 DMD allele whose meth-
ylation was determined by bisulfite genomic sequencing (1). Filled
circles represent methylated CpG dinucleotides, and the absence of
circles indicates unmethylated CpGs. (B) COBRA of Snurf/Snrpn and
G112 DMD sequences from E9.5 embryos. Snurf/Snrpn PCR products
were digested with BstUI and G#/2 PCR products with Taql. Frag-
ments representing methylated (M) or unmethylated (U) DNA and
their sizes in nucleotides are indicated. +/—, Dmapl™'~, Dnmt1""";
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that for the DMDs tested here, allele-specific DMD methyl-
ation is largely intact.

Because the COBRA assay provides at best a semiquantita-
tive measurement of methylation on specific DNA sequences,
it is possible that significant differences in imprinted methyl-
ation between Dmapl ™'~ , Dnmt1""" and Dmap1™*'*, Dnmt1""V
embryos would not be detected. For instance, a partial loss of
methylation from the normally methylated parental allele
would not be easily detectable in the presence of the normally
unmethylated, opposite parental allele. To better assess im-
printed methylation, we examined methylation of the TR2 +
3/Igmyc transgene in E9.5 embryos. TR2 + 3/Igmyc is an im-
printed transgene in which Igf2r DMD?2 sequences were incor-
porated into the imprinted RSVIgmyc transgene (4, 24, 25).
Importantly, the parental origin of TR2 + 3/Igmyc can be
unambiguously determined in crosses between a TR2 + 3/
Igmyc hemizygous carrier and a nontransgenic mouse, and in
wild-type strain backgrounds, there are strict patterns of meth-
ylation, with the maternal TR2 + 3/Igmyc highly methylated
and the paternal TR2 + 3/Igmyc unmethylated (4). As shown in
Fig. 3C, four out of five Dmapl™'*, Dnmt1"" E9.5 embryos
from crosses between Dmapl™’'~, Dnmt1""" parents showed
deficiencies in maternal TR2 + 3/Igmyc methylation. In com-
parison, Dmapl™*'~, Dnmt1¥"V E9.5 embryos from Dmapl™'~,
DnmtI"" crosses showed complete methylation of maternal
TR2 + 3/Igmyc alleles (Fig. 3D). Paternally inherited 7R2 +
3/Igmyc alleles in both types of E9.5 embryos were unmeth-
ylated (Fig. 3E and F). The maternal TR2 + 3/Igmyc allele was
also completely methylated in a DmapI™*'*, Dnmt1""" adult
from a cross between a Dmapl™’'~, Dnmt1"’* female and a
Dmap1™'"™*, Dnmt1”"" male (Fig. 3G); there is no evidence of a
decrease in viability in Dmapl ™", Dnmt1""" offspring of this
cross (cross 9) and its reciprocal (cross 10) (Table 1). No
differences in methylation between Dmapl™/~, Dnmt1""" and
Dmapl™*'*, Dnmt1""Y E9.5 embryos were seen at intracisternal
A particle (IAP) retrotransposon loci (Fig. 3H). Collectively,
the findings indicate that there are defects in imprinted DMD
methylation in Dmapl™*’*, DnmtI"" embryos. Such defects
are reminiscent of the preimplantation imprinting defects ob-
served in embryos derived from Dnmt1*'°/*/° female mice (12)
and likely account for the lethality of Dmapl™'", Dnmt1"""
mice derived from Dmapl™*'~, Dnmt1""" parents.

DNMT1s and DNMT1o proteins physically associate with
DMAP1 with different affinities. The ability of Dmapl™,
DnmtI” gametes to support embryonic development varies

+/+, Dmapl*'"*, Dnmt1""". (C) Bisulfite sequencing of the maternal
TR2 + 3/Igmyc transgene in five different Dmapl™'*, Dnmt1""V E9.5
embryos from crosses between Dmapl™'~, Dnmt1""" parents. (D)
Methylation of the maternal TR2 + 3/Igmyc transgene in a Dmapl ™/,
Dnmt1""" embryo from a cross between Dmapl*'~, Dnmt1""" parents.
(E and F) Methylation of the paternal TR2 + 3/Igmyc transgene in a
Dmapl*'*, Dnmt1""" and a Dmap1™'~, Dnmt1""" embryo, both from a
cross between crosses between Dmapl™'~, Dnmt1""" parents. (G)
Methylation of the maternal TR2 + 3/Igmyc transgene in a Dmapl™'™,
Dnmt1""" E9.5 embryo from a cross between a Dmapl™*'~, Dnmt1"’*
female and a Dmap1™*'*, Dnmt1""" male mouse. (H) Southern blot of
Hpall-digested DNA hybridized with an IAP probe (1). DNA was
obtained from one E9.5 Dmapl™'~, Dnmt1""" embryo (D) and four
E9.5 Dmap1™’*, Dnmt1""" embryos (1 to 4 in panel C).
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FIG. 4. Physical interactions between DMAP1 and DNMT1 proteins. (A) Stable expression of DMAP1-MYC in WT R1 and Dnmt1""" ES
clones. Both endogenous DMAP1 (M,, 52.9) and the exogenous DMAP1-MYC (M,, 55.9) proteins were detected by anti-DMAP1 antibody. vc,
ES cell clone with stably integrated empty expression vector. (B) DMAP1 is present in a complex with both DNMT1 and DNMT1o. Immuno-
precipitates from clones stably expressing DMAP1-MYC were probed with UPTC21 to detect DNMT1o (M,, 165,000) and DNMT1s (M,, 190,000)
proteins (top) and with anti-DMAP1 antibody (bottom). (C) DMAP1 binds preferentially to DNMT1s. Lysates from Dnmt1""" ES cell clones stably
expressing DMAP1-MYC DNMT1s proteins were immunoprecipitated with anti-MYC, resolved on SDS-PAGE gels, and probed with UPTC21
and anti-DMAP1 antibodies. (D) Levels of DNMT1o in R1 cells after transient transfection (left panel) and stable transfection (right panel) with
DMAP1-cDNA expression plasmid. (E) Detection of DMAP1-DNMT1o complex in ES cells stably expressing DNMT1o. Immunopreciptates from
the cell types shown in panel D were probed with UPTC21 and anti-DMAP1 antibodies.

based on their parental genotypes. Gametes from Dmapl ™',
DnmtI""" parents are less capable of supporting development
than those from Dmapl™'", Dnmt1""" parents. This suggests
that DNMT1o0 might functionally interact with DMAP1 during
gametogenesis. To measure physical associations between
DMAPI1 and DNMT1 proteins, we first expressed an epitope
(MYC)-tagged version of DMAP1 in wild-type and Dnmt1"""
ES cell lines derived from Dnmt1""" blastocysts. As shown in
Fig. 4A, ES cell clones expressing exogenous DMAP1-MYC
protein were isolated. To determine if DMAP1 interacts with
DNMT1o, we immunoprecipitated DMAP1. As shown in Fig.
4B, both DNMT1s and DNMTlo formed complexes with
DMAPI-MYC. However, the amount of DNMTlo protein
associated with DMAP1 was approximately 5 times lesser than
the amount of DNMT1s protein associated with DMAPI1. To
directly compare the association of DNMT1s and DNMT1o
with DMAP1, we stably transfected a Dnmtls cDNA construct
into Dnmt1"" ES cells expressing DMAP1-MYC. As shown in
Fig. 4C, both DNMT1o and DNMT1s can be immunoprecipi-
tated with DMAP1-MYC. Although the level of expression of
DNMT1s is similar to the level of endogenous DNMT1o in
these transfected cells, the ratio of coimmunoprecipitated
DNMT1s to DNMT1o was approximately 5:1 (Fig. 4C). Col-
lectively, these findings suggest that although the strongest
physical association between DNMT1 and DMAP1 is through
the previously described 118-amino-acid DMAPI interaction
domain (26), other regions of DNMT1 enable formation of a
complex with DMAPI.

To further investigate the nature of the interaction between
DMAPI1 and DNMTlo, we compared the levels of DMAP1-

DNMTlo complexes formed in R1 ES cells expressing
DNMT1o for a short time (transiently transfected) to those in
R1 cells expressing DNMT1o for a long time (stably trans-
fected). We detected higher levels of DNMT1o in transiently
transfected cells than in stably transfected cells (Fig. 4D).
However, DMAP1-DNMT1o complexes were detected in only
the stably transfected cells (Fig. 4E). These findings are con-
sistent with the notion that physical interactions between
DMAP1 and DNMT1o proteins did not readily occur.

In addition to ES cells, we examined the relationship be-
tween DMAP1 and DNMT1 protein levels in somatic cells. As
shown in Fig. 5A, in primary mouse embryonic fibroblasts
(MEFs) obtained from wild-type and DmapI™*'~ heterozygous
embryos, the concentration of DMAPI1 protein was propor-
tional to the number of wild-type alleles, such that wild-type
MEFs have roughly twice the concentration of DMAPI as
Dmapl1™'~ MEFs. Moreover, the level of DNMTIs protein
in Dmapl™’" MEFs was approximately twice that seen in
Dmapl™'~ MEFs. The same positive correlation between
DMAP1 and DNMT1 protein levels was evident in Dnmtl /"
spleens, but not in Dnmt1""" spleens (Fig. 5B). These obser-
vations suggest that the concentration of DNMT1s depends on
the concentration of DMAPI1, possibly because DNMTls is
stabilized in the DMAPI1-DNMTI1s complexes through its
known DMAP1 interaction domain. The absence of correla-
tion between DMAP1 and DNMT 1o concentrations in spleen
cells may be due to the absence of requirement for stabilization
through the DMAP1-DNMT1o interaction or simply to an
innately stable DNMT1o protein.
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FIG. 5. Relationships between Dmapl and Dnmtl in mutant mice. (A) Immunoblots showing expression of DMAP1 and DNMT1s proteins in
three Dmap™'*, Dnmt1™'* and three Dmapl™'~, Dnmt1™* mouse embryonic fibroblast (MEF) lines. The concentration of B-actin protein was
measured to ensure that approximately equal amounts of cellular protein were loaded in each lane. (B) Immunoblots showing expression of
DMAP1 and DNMTT1s proteins in spleens from six different mice. Genotypes are indicated at the top, with Dnmt1 genotypes listed below Dmap1
genotypes. +/+, Dnmt1*'*; V/+, Dnmt1"*; VIV, Dnmt1""". The concentration of the B-actin protein was measured to normalize the amount of
protein loaded in each lane. (C) Effects of parental Dmapl and Dnmt1 genetic backgrounds on outcome of Dmap1™*'*, Dnmt1""" offspring. Three
different crosses are shown, all of which result in Dmapl*/*, Dnmt1""" embryos. Despite identical genotypes, Dmapl™'*, Dnmt1"""" embryos
derived from crosses between Dmapl™'~, Dnmt1""" mice are rarely recovered.

DISCUSSION

During our investigations into the roles of DNMT1 proteins
and their interactions with the DMAP1 protein, we identified
two Dmapl lethal genotypes, Dmapl '~ embryos from crosses
between Dmapl ™'~ heterozygous parents, and Dmapl™'™",
Dnmt1""" embryos from crosses between Dnmtl™*'~, Dnmt1"""
parents. Dmapl '~ embryos die prior to the 8-cell stage of
preimplantation development, whereas most Dmapl ™™,
Dnmt1""" embryos die around midgestation. We conclude that
the cause of embryonic death in Dmapl '~ embryos is differ-
ent from the cause of death in DmapI™*'*, Dnmt1""" embryos,
indicating two distinct and essential DMAP1-mediated pro-
cesses.

The early preimplantation lethality of Dmapl '~ embryos is
most likely due to inactivation of the TIP60-p400 complex,
which functions in DNA repair and transcriptional regulation
(28, 29). An RNA interference (RNAI) screen performed in
mouse ES cells showed that reduction of the expression of
individual components of the complex, including DMAPI,
caused a loss of characteristic ES cell morphology and activa-
tion of genes associated with cell differentiation (8). Specifi-
cally, downregulation of DMAP1 expression induced by the

stable expression of a Dmapl short hairpin RNA (shRNA)
induced a flattening of the normal ES colony morphology and
loss of expression of genes associated with ES cell pluripo-
tency. Genes encoding different components of the TIP60-
p400 complex are expressed not only in ES cells, but also in
early mouse embryos, and embryos lacking Tip60 or Trrap, two
components of the complex, die before implantation (9, 10).
We illustrated that the lack of another component of the com-
plex, Dmapl, also led to preimplantation lethality as early as
the 8-cell stage, possibly by the severe disruption to transcrip-
tional control in preimplantation stages. In contrast to
Dmapl~'~ embryos, Dmapl ™", Dnmt1""" embryos perish be-
cause of epigenetic defects, as shown by the decreased meth-
ylation of DMDs of both maternally and paternally imprinted
genes (Fig. 3 and 4). Although we cannot formally exclude a
role of the TIP60-p400 complex in DMD methylation, the lack
of DNMT1 in the purified TIP60-p400 complex (2, 7) indicates
that DMAP1 interacts with DNMT1 in a distinct complex.
Thus, DMAPI1-dependent functions of the TIP60-p400 com-
plex appear to be independent of the DMAP1 function asso-
ciated with DNMTT1 proteins.

How might maintenance methylation be disrupted in
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Dmapl™"*, DnmtI" embryos but not in Dmapl™’~,
DnmtI"" embryos derived from Dmapl™*'~, Dnmt1*"" par-
ents? Based on the genetic evidence, we propose that in the
absence of DMAPI-DNMT1s complex, a transgenerational
change in the level of DNMT1s-free DMAPI (free DMAP1) is
lethal in embryogenesis. In support of this hypothesis, we show
three crosses producing Dmapl ™", DnmtI""" embryos (Fig.
5C). The expected numbers of Dmapl ™', Dnmt1""" offspring
were recovered in two crosses—one in which the parents were
both Dmapl™'* and the other in which one of the parents
carried a wild-type Dnmt1™" allele. In the case of the Dmap™*'*
parents, there is no change in the level of free DMAPI,
whereas in the case of the cross in which one parent carries a
DnmtI™ allele, the inheritance of DMAP1-DNMT1s complex
from this parent enables the embryo to survive the transgen-
erational change in the level of free DMAPIL. In crosses be-
tween Dmapl™’~, Dnmt1"”" mice, there is no DNMTls-
DMAP1 complex and the Dmapl™™, DnmtI""" embryos
experience a sudden increase in free DMAP1 and do not
survive. A plausible mechanism whereby free DMAP1 could
lead to embryonic death is through interference with the nor-
mal preimplantation functions of DMAP1-DNMT1s and
DMAP1-DNMTlo complexes. For example, free DMAPI,
which is slow in forming a complex with DNMT o, as sug-
gested by Fig. 4, would interfere with the resident DMAP1-
DNMT 1o complex, possibly by occupying the sites of main-
tenance methylation and blocking access of preformed
DMAP1-DNMTlo complex to them. If these sites include
DMDs of imprinted genes, DMD methylation would be irre-
versibly lost, and this would show up as a loss of DMD meth-
ylation later in embryogenesis. Alternatively, free DMAP1 may
have an indirect effect on DNMT10 maintenance methyltrans-
ferase activity. In this regard, free DMAP1 might influence
TIP60-p400 activity in preimplantation, which in turn would
lead to abnormalities in chromatin and effects on DNMT1o
activity.

Associations of DMAP1 with both DNMT1s and DNMT1o
suggest the possibility that the interaction with DMAP1 is
needed for a DNMT1 protein’s enzymatic function. In addition
to the 4-fold-lower avidity of DNMT1o for DMAP1 seen in ES
cells (Fig. 4), Dnmt1""" mice have a roughly 4-fold-higher level
of DNMT1o protein compared to the level of DNMT1s in the
wild-type mouse (6). Thus, the concentrations of DMAP1-
DNMT1 complexes would be the same in wild-type and
DnmtI"™ mice and would predict that all or most DMAP1
protein is in complex with either DNMT1s or DNMT1o. Ad-
ditional support for this notion is the direct correlation be-
tween the Dmap] allelic dose or the cellular DMAP1 concen-
tration and the level of DNMT1s in MEFs and in spleens from
mice with different Dmapl and Dnmtl genotypes (Fig. 5).
Thus, neither DNMT1s nor DNMT1o would be expected to
function independently of an interaction with DMAP1 protein.
This notion could explain the observation that reduction of
DMAPI increases gene expression, possibly because of a re-
duction in DNA methylation (22, 26).

In addition to DMAPI1, what other proteins comprise a
DMAP1-DNMT1 complex, and which of these is required for
enzymatic function of DNMT1 in cells? Rountree et al. (26)
showed that the noncatalytic amino terminus of DNMT1s in-
teracts with histone deacetylase 2 (HDAC?2) as well as with
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DMAPI. They identified the interaction between DNMT1s
and DMAPI1 in a 2-hybrid screen using the first 125 amino
acids of DNMT1s as the bait protein. Their approach to iden-
tifying DMAP1 suggested that DMAPI interacts with
DNMT1s via a domain not present in the oocyte-derived
DNMT1o protein. DNMT1s and DMAP1 exist as a complex
during the entirety of S phase, whereas HDAC?2 is associated
with the DNMT1-DMAP1 complex during late S phase. In the
same study, DMAPI1 was shown to have intrinsic repressive
activity and was also associated with the corepressor TSG101
(26, 27). Subsequent reports added further support to the
notion that DMAP1 is a corepressor (13, 16, 20). Regardless of
the precise transcriptional function of DMAP], it is clear that
DMAP1 and DNMTIs directly physically interact via a
DNMT1s-specific N-terminal domain. This direct interaction
presumably accounts for the higher avidity of the DMAPI1-
DNMT1s interaction (approximately a 4-fold difference in
avidity based on the results of immunoprecipitation experi-
ments). Whether DMAP1 directly interacts with DNMT'1o or
whether the interaction is due simply to coexistence within a
complex needs to be investigated further.
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