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SUMMARY

Genomic imprinting is regulated by differential
methylation of the paternal and maternal genome.
However, it remains unknown how parental imprinting is
established during gametogenesis. In this study, we
demonstrate that Dnmt3L, a protein sharing homology
with DNA methyltransferases, Dnmt3a and Dnmt3b, but
lacking enzymatic activity, is essential for the establishment
of maternal methylation imprints and appropriate
expression of maternally imprinted genes. We also show
that Dnmt3L interacts with Dnmt3a and Dnmt3b and co-
localizes with these enzymes in the nuclei of transfected
cells, suggesting that Dnmt3L may regulate genomic

imprinting via the Dnmt3 family enzymes. Consistent with
this model, we show that Pnmt3a’~, Dnmt3b*-] mice
also fail to establish maternal methylation imprints. In
addition, both Dnmt3a and Dnmt3L are required for
spermatogenesis. Together, our findings suggest that
Dnmt3L may cooperate with Dnmt3  family
methyltransferases to carry out de novo methylation of
maternally imprinted genes in oocytes.

Key words: Dnmt3L, Dnmt3a, De novo methylation, Genomic
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INTRODUCTION reversible epigenetic process and it can be reprogrammed
during embryogenesis and gametogenesis (Reik et al., 2001).
Nuclear transfer experiments demonstrate that the materm@hrental methylation imprints are erased in the primordial germ
and paternal sets of genome are nonequivalent and both aells during embryogenesis and are re-established during
required for normal development of the mouse embryg@ametogenesis in male and female germ cells independently.
(McGrath and Solter, 1984; Surani et al., 1984; Barton et alMost imprinted genes, such &g2r, PeglandSnrpn acquire
1984). The differences between the paternal and maternddeir methylation imprints in the female germ cells (Stdger et
genome are inherited from the gametes in which parental., 1993; Lefebvre et al., 1997; Shemer et al., 1997), whereas
imprinting of the genome (or genomic imprinting) istwo imprinted genes,H19 and Rasgrfl acquire their
established. Genomic imprinting results in differentialmethylation imprints in the male germ cells (Tremblay et al.,
expression of the paternal and maternal alleles of a small sE995; Pearsall et al., 1999). Obata et al. demonstrated, by
of genes known as imprinted genes. Among the 40 or so knowransferring nuclei from immature oocytes to full-grown
imprinted genes, some, such K49, Igf2r and p5&iP2 are  oocytes, that maternal genomic imprinting is established
expressed when inherited from the mother while others sudturing oocyte growth (Obata et al., 1998). Studies of the
asSnrpn PeglandPeg3are expressed when inherited from thepaternally imprinted H19 gene, in contrast, showed that
father. The imprinted genes appear to function in a wide rang®aternal imprinting is established in male germ cells over a
of developmental processes such as regulation of embryonicuch longer period of germ cell development (Ueda et al.,
development, placenta function, fetal growth, and matern&000; Davis et al., 2000). However, it remains unknown which
behaviors, and various theories have been proposed to expl&MNA methyltransferases are required for de novo methylation
the existence and function of genomic imprinting (Moore anaf imprinted genes in the germ cells, and whether the
Haig, 1991; Barlow, 1995; Jaenisch, 1997; Tilghman, 1999).methylation imprints acquired in the germ cells are essential
DNA methylation is believed to be the epigeneticfor the establishment of genomic imprinting.
mechanism that controls genomic imprinting in mammals. The DNA methylation patterns are established and maintained
presence of differentially methylated regions (DMRs) betweenluring development by three distinctive DNA cytosine
paternal and maternal alleles in almost all imprinted genesethyltransferases (Dnmtl, 3a, and 3b) (Bird and Wolffe,
provides a molecular basis for regulation of allele-specifid999). Dnmtl is believed to function primarily as a
expression of imprinted genes (Neumann and Barlow, 1996naintenance methyltransferase that is required for stable
Ferguson-Smith and Surani, 2001). DNA methylation is anheritance of tissue-specific methylation patterns. Although
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Dnmtl can carry out de novo methylation in vitro, there is littleConstruction of myc- or GFP-tagged Dnmt3a, Dnmt3b and
evidence that it alone can initiate de novo methylation in vivobnmt3L

Inactivation of Dnmtl in mice leads to global loss of Dnmt3a, Dnmt3b and Dnmt3L were fused with EGFP or tagged with
methylation and bi-allelic expression or silence of imprinteck myc-tag at their N terminDnmt3a Dnmt3band Dnmt3L coding
genes (Li et al., 1992; Li et al., 1993; Caspary et al., 1998). liggions were amplified by PCR with primers for Dnmt3aagi-
contrast, Dnmt3a and Dnmt3b, but not Dnmt1, are essential f@paticcagcggeeceggggac-3 and  3-cacgaattcagtttgeecccatg3

de novo methylation in embryonic stem cells and earl nmt3b (3-aatgaattcagacagcagacatctggaBd 5-cgagaattccccagte-

: : tgggtaga-3, and Dnmt3L (5tcaagaattcccgggagaca-and 5-
postimplantation embryos (Oka_\no .Et al., 1999) a_md Dnmtgégg?atcgcagaagaagggt)ﬁ The( ampl%ied DI\?gg frgagments were
can carry out O!e novo methylation in transgenic flies (Lyko e, ubcloned intoEcoRI and Sadl sites of pEGFP-C1 (Clontech) or
al., 1999). This unique property of Dnmt3a and Dnmt3kcR) andxbal sites of myc-pcDNA3.1 (Chen and Richard, 1998).
predicts that these enzymes are probably also responsible for
carrying out de novo methylation of imprinted genes in theCo-transfection of COS cells and immunoprecipitations
germ cells. Myc- or GFP-tagged proteins were expressed in COS cells by

Dnmtl and Dnmt3 family methyltransferases do not appedransfection of cDNA expression vectors using LIPOFECTAMINE
to have any sequence-specificity beyond CpG dinucleotideBLUS (Invitrogen). The COS cells were lysed in the lysis buffer (1%
the prime targets for both classes of enzymes (Okano et a]fiton X-100, 150 mM NaCl, 20 mM Tris-HCI (pH 8.0), 50 mM NaF,
1998; Dodge et al., 2002). How these enzymes find their targepOHM sodium vanadate, 0.01% phenylmethylsulfonyl fluoridag1
sequences in the genes to be imprinted and methylate thaﬁrotlnm per ml and fug leupeptin per ml), and the cellular debris

and nuclei were removed by centrifugation. The cell lysates were

differently in the male and female gametes remains an eNIBMArbated with anti-GFP antibody or anti-myc antibody (Roche) at

Other proteins might be necessary to target DNAyoc for 1 hour, then 40l of 50% slurry of Protein A Sepharose CL-
methyltransferases to specific sequences in vivo or locaB (Pharmacia Biotech) were added and incubated at 4°C for 1 hour.
chromatin conformation of a gene may determine thehe beads were washed twice with lysis buffer and once with
accessibility of its DNA by various DNA methyltransferases.phosphate-buffered saline. The samples were analyzed by SDS-PAGE
While a number of proteins capable of interacting with Dnmtland transferred to PVDF membrane. The designated primary antibody
Dnmt3a or Dnmt3b, including PCNA, DMAP1, HDACI, (anti-GFP or anti-myc antibody) was used followed by goat anti-
HDAC2, pRB and RP58, have been identified (Robertson arfouse 19G antibody conjugated to horseradish peroxidase (Jackson
Wolffe, 2000; Fuks et al., 2001; Bachman et al., 2001), thefnmunoResearch).
function in modulating DNA methyltransferase activity, co-transfection of NIH3T3 cells and immunofluorescence
targeting DNA methyltransferases to specific sequences, @ficroscopy
repressing transcription in vivo has not been determined.  NIH 3T3 cells were plated 12 hours before transfection, typically at
In this study, we report thddnmt3L, a gene that shares a density of 18cells/484 mr glass coverslip. Cells were transfected
homology with Dnmt3 family methyltransferase genes, iswith DNA constructs, including GFP vector, GBRmt3a GFP-
required for the establishment of methylation imprints inDnmt3h myc vector and my®&nmt3L, using LIPOFECTAMINE
oocytes. Dnmt3L, which by itself has no detectable DNAPLUS (Invitrogen). 12 hours after transfection, the cells were fixed
methyltransferase activity, appears to regulate methylatio\ith 4% paraformaldenyde in PBS for 15 minutes and permeabilized
of imprinted genes through its interaction with DNA Y"'égbt t/g dTnf/f/)i?hX-;r?t(i) r::]nyaSLnIi%%gyml(nRuctxe:ie Thi_ {'())‘Sg) Ceaﬂs e
methyltransferases, Dnmt3a and Dnmt3b. Consistent with th i S .
hypothesis, we show that Dnmt3L binds and colocalizes Witg mperature for 1 hour and subsequently with a rhodamine-conjugated

- . ) .. goat anti-mouse secondary antibody (Jackson ImmunoResearch;
Dnmt3a and Dnmt3b in the nuclei of mammalian cells. L|ke1:300) for 30 minutes. The nuclei were stained withg3of 4,6-

Dnmt3L-~ mutants, Pnmt3a’-, Dnmt3b7] female mice also  giamidino-2-phenylindole (DAPI)/mI. The staining patterns of the
fail to establish maternal methylation imprints. Our results thugells were examined by fluorescence microscopy.

provide genetic evidence that Dnmt3 family methyltransferases ,

and a potential cofactor Dnmt3L are required for de nov&@Vary transplantation

methylation of imprinted genes in the female gametes. Ovaries were removed from 2-week dmt3a’~ or [Dnmt3a’,
Dnmt3b7-] females and transplanted into 4-week old C57BL46J

129S1/SvimJ F females (The Jackson Laboratory) as described

MATERIALS AND METHODS previously (Hogan et al., 1994).

X-gal staining and histology
Targeted disruption of the  Dnmt3L gene in ES cells and Testes and ovaries were removed and fixed with Bouin's solution
mice (Sigma) for Hematoxylin and Eosin staining or with 0.2%
To construcDnmt3Ltargeting vectors, a 9 KBadl- Ecarl fragment  paraformaldehyde for staining with X-gal followed by counter-staining
containing exon 1 and a 2.8 BanHI fragment containing exons 8, with Nuclear Fast Red as described previously (Hogan et al., 1994).
9 and part of exon 10 were inserted into pBluscript Il SK. The IRES- . o L
Bgeo cassette with the splicing accept site (Mountford et al., 1994) d¥orthern blot analysis, whole-mount in situ hybridization
a PGK-hygromycin cassette was inserted int¥h site between Total RNA prepared from ES cells, embryoid bodies, or E9.5 embryos
exons 1 and 2 in the same transcriptional orientati@nast3L (Fig. was analyzed by northern hybridization. Full lenBthmt3L cDNA
2A). The targeting vectors were transfected into ES cells and drugAF220524) was used as a probe. cDNA probe®égrl(a gift from
resistant clones were selected as described (Li et al., 1992). Positivély Surani) andSnrpn(amplified by RT-PCR) were used for northern
recombined clones were identified by Southern blot analysis. DNAnalysis. For whole-mount in situ hybridization, E7.5 and E8.5
from ES cell clones was digested wiNil, blotted and hybridized to  embryos were dissected out and fixed in 4% paraformaldehyde in PBS
an external probe. The wild-type, IRB8eo and hygromycin alleles with 0.1% Tween 20 at 4°C overnight. Antisense RNA probes were
give fragments of 6.8 kb, 17.4 kb and 12.6 kb, respectively (Fig. 2A)generated by transcription using digoxigenin UTP (Roche) with
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full length Dnmt3L cDNA as a template. Whole-mount in situ sequencing analysis of tHgf2r region 2 and théeg3 DMR was

hybridization was performed as described previously (Hogan et alperformed as described previously (Clark et al., 1994). The primer

1994). sequences and PCR conditions were kindly provided by J. Walter and
A. Paldi and are available upon requests.

DNA methylation analysis

E9.5 wild-type and mutant embryos were removed from pregnant

mothers. Yolk sac DNA was used for genotype analysis. DNA isolateRESULTS

from embryos (or ES cell lines) was digested with methylation

sensitive or methylation insensitive enzymes, and analyzed bgxpression of Dnmt3L in ES cells, placenta and

Southern hybridization as previously described (Lei et al., 1996). Tr}?ametes

probes used for methylation studies were: pMO for endogenous C- .
type retroviruses (Lei et al., 1996); thyf2r region 2 probe (Stoger N the search for the Dnmt3 family DNA methyltransferase

et al., 1993); the419 upstream region (Tremblay et al., 1992 'elated genes in the dbEST database, we identified and cloned
DMR?2 (Feil et al., 1994); 'Fegion ofXistcDNA (Sado et al., 2000); @ mouse gene (GeneBank number: AF220524) that shared

RasgrflSp-4 repeat region (Pearsall et al., 19981 (Lefebvre ~ some degree of homology willnmt3aandDnmt3b(Fig. 1A).
et al., 1997); andSnrpn DMR1 (Shemer et al., 1997). Bisulfite The human homologue, termed DNMT3-liKeNMT3L), was
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Fig. 1. Protein structure, sequence alignment and expressidnmof3L (A) Schematic diagrams of mouse Dnmt3L (421 a.a.), Dnmt3a (908
a.a.), and Dnmt3b (859 a.a.) protein structures. The red block represents the PHD-like domain. The yellow bars repredeghtye fiv
conserved cytosine methyltransferase motifs in Dnmt3a and Dnmt3b. Dnmt3L contains motifs I, 1V, VI, and part of X, but Xot mot

(B) Sequence alignment of the PHD-like domain. Conserved amino acid residues are highlighted in red while similar resghleghtee h

in gray. The PHD-like domains are highly conserved amon@®iimet3family members and the X-linkedlTRXgene. (C) Sequence alignment
of motifs I, IV, VI and IX. Note that Dnmt3L lacks the consensus amino acid residues PC in motif IV and ENV in motif Vfonrhitie
catalytic center of cytosine methyltransferases. (D) A northern blot of total RNig(Rhe) from undifferentiated ES cells (undiff) and
differentiated embryoid bodies (diff) was hybridized witBramt3Lfull-length cDNA probe. +, n, s and ¢ represent wild-type and various
Dnmtlmutant alleles (Okano et al., 1998). The blot was rehybridized @itactin probe as an RNA loading control. (E) Whole-mount in situ
hybridization of E7.5 and E8.5 embryos usingrant3LcDNA probe reveals high expression predominantly in the chorion. (F) X-gal staining
of Dnmt3L-adult mice carrying the IREBgeo marker driven by the endogen@msmt3Lpromoter show®nmt3Lexpression in the oocyte
and in male germ cells in the seminiferous tubule. Scale bam40
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Fig. 2. Targeted disruption o
Dnmt3Land analysis of DN/
methylation inDnmt3L-/~
mutant ES cells. (A) Gene
targeting at th©nmt3L
locus. The top line shows th
wild-type genomic locus. Th
vertical bars represent the
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DMR2, and thdgf2r region 2

probes. Two independent

Dnmt3L-/~lines, 80 and 196, ,
were used. No significant MMLV Igf2 DMR2 lgfzr region2

difference in DNA
methylation was detected between wild-type Bntht3L-~ lines. m, maternal allele: p, paternal allele.

previously reported (Aapola et al., 2000). The human anthdicates thaDnmt3L is transcribed in the oocytes, but the
mouse Dnmt3L proteins share ~60% of amino acid identityexpression level and localization of Dnmt3L protein in oocytes
Dnmt3L contains a PHD-like cysteine-rich domain that is mostemains to be determined. The expression pattefnait3L
closely related to that of Dnmt3a, Dnmt3b and a proteirin the ES cells, chorion, and gonads is strikingly similar to that
encoded by the X-linkedTRXgene (Fig. 1B). Its carboxy- of Dnmt3aand Dnmt3b (Okano et al., 1998; Okano et al.,
terminal domain is related to the enzyme domain of Dnmt34999), suggesting th&@nmt3Lmay play an important role in
and Dnmt3b, but it lacks the conserved PC and ENV residugsgulation ofDnmt3aandDnmt3bduring mouse development.
in motifs IV and VI, respectively (Fig. 1C), which are ) _ ) )
known to form the catalytic center of DNA cytosine Zygotic Dnmt3L is not essential for embryonic
methyltransferases (Cheng et al., 1993). Recombinant Dnmt3levelopment
protein produced using the baculovirus expression systeifo investigate the function @nmt3Lin mouse development,
failed to methylate DNA in standard methyltransferase assayse disrupted theDnmt3L gene in ES cells and mice by
(data not shown). Therefore, it seemed unlikely Diatnt3L  replacing theDnmt3L genomic DNA (exons 2-7) with a
would encode a functional DNA cytosine methyltransferase. promoterless IREBgeo cassette through gene targeting (Fig.
Northern blot analysis showed thBInmt3L was highly ~ 2A). Mice carrying Dnmt3L mutations were derived from
expressed in embryonic stem (ES) cells and was dowtwo independently derive®nmt3L*~ ES cell clones. Mice
regulated in differentiated embryoid bodies (Fig. 1D). Wholehomozygous for theDnmt3L mutation were viable and
mount in situ hybridization using Bnmt3L cDNA probe survived to adulthood without discernible morphological
showed thaDnmt3Ltranscripts were primarily detected in the abnormalities. We also generatBdmt3L="-ES cell lines by
chorion in E7.5 and E8.5 embryos (Fig. 1E)nmt3L  knocking out the remaining wild-type allele Dnmt3L*-
expression was also detected in the oocytes and differentiatiit cells with a second targeting construct containing a
spermatocytes of newborn and adult mice as shown by X-ghygromycin selection marker (Fig. 2A,B). Northern
staining of the knockout mice containing an IREg®20 hybridization using a full-length cDNA probe did not detect
cassette (see below) (Fig. 1F). The positive X-gal stainingranscripts from the IREBgeo allele, but it detected a weak
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transcript of smaller size from the hygromycin allele in ES2C-E). Analysis of DNA methylation in somatic tissues of
cells (data not shown). Since the entire PHD domain and paBnmt3L~ mice also failed to detect any change of the
of motif | were deleted in both alleles and the mutant allelenethylation patterns of several repeats and imprinted genes
was expressed at very low levels, we believe that thegeata not shown). Thus, we concluded that the zygotic function
mutations should be functionally null. Althou@inmt3Lwas  of Dnmt3Lis not essential for global methylation in ES cells
highly expressed in ES cell§nmt3L=~ ES cell lines grew and mice. However, these experiments do not exclude the
normally in culture and differentiated into various tissues irpossibility thatDnmt3Lmay play a role in regulation of DNA
teratomas (data not shown). methylation in a tissue-specific or developmental stage-specific

To determine whethédnmt3Lplayed any role in regulation manner.
of DNA methylation, we carried out DNA methylation analysis
of several repetitive elements and imprinted genes in mutafnmt3L mutation results in male sterility and a
ES cells and mice. No significant changes in DNA methylatiofinaternal effect on embryonic development
patterns of the endogenous retrovirus DNA, DMRB, and  SinceDnmt3Lexpression was detected in the germ cells (Fig.
region 2 ofigf2r were detected iBnmt3L/~ES cell lines (Fig. 1F), we investigated the function Bihmt3Lin reproduction
by breedingDnmt3L=~ mice with wild-type mice. We found
that the maleDnmt3L-~ mice were completely infertile.
Examination of testes iDnmt3L=~ mice revealed that the size
of the testis of mutant mice was normal at birth, but
significantly reduced at 8 weeks of age as compared to wild-
type mice (Fig. 3A). In the testis of wild-type mice, the
mitotically active spermatogonia reside near the periphery of
the seminiferous tubule (Fig. 3B). They migrate towards the
lumen of the tubule as they differentiate into spermatocytes and
undergo meiosis (Fig. 3C), and then further differentiate into
spermatids or spermatozoa (Fig. 3D). Testes from 1-week old
Dnmt3L-~ appeared to be normal in size and contained a
relatively normal number of spermatogonia in the seminiferous
tubules (Fig. 3E). However, the spermatogonia either failed to
differentiate into spermatocytes or in some cases differentiated
into abnormal spermatocytes (Fig. 3F). In the testes of adult
Dnmt3L=, very few differentiated spermatids or spermatozoa
were found although a small number of spermatogonia were
still present (Fig. 3F). These results suggest iamnt3L
function is probably required for the differentiation of
spermatogonia, consistent with the expression pattern of
Dnmt3Lin the testis. Whether disruption Dhmt3Lleads to
meiotic defects is under investigation.

Unlike the maleDnmt3L=~ mice, the female homozygous
mice were fertile. However, no live pups were born from
female Dnmt3L="~ mice. To determine when embryos died in
the uterus ofDnmt3L=~ mothers, we dissected embryos at
different developmental stages. We found that embryos were
grossly normal at E8.5, but were slightly smaller than normal
embryos at E9.5 and died around E10.5. The most striking
developmental defects were found in the head region with most
embryos showing mild defects in neural tube closure and some
displaying severe rostral neural tube defects (Fig. 4C). The
cardiac development appeared to be normal. The chorion-
placenta was smaller than that of a normal E9.5 embryo,
suggesting that placental defects might be the cause of
embryonic lethality (data not shown). These results
Fig. 3.Gross morphology and histology of wild-type @bamt3L-/- demonstrate that the function of maternally expreSsedt3L
testes. (A) Gross morphology of testes of wild-type (+/+) and is essential for embryonic development.

Dnmt3L* (/) mice at 1 week and 8 weeks of age. (B-G) Testes g fyrther determine whether the maternal effe@wfnt3L

from wild-type (B-D) andDnmt3L"" (E-G) mice at 1 week (BE). 4 1 1ation resided in the egg or in the uterus, we performed
weeks (C,F), and 8 weeks after birth (D,G). The number of _ b t f . ts. Wi ixed 31 blast ts f
spermatogonia in 1-week old testes was not significantly different in®Moryo trans e[ _experlmen S. Ve mixe astocysts from
wild-type and mutant mice. At 4 weeks of age, most seminiferous PrégnanDnm3L"~mothers and 26 blastocysts from wild-type
tubules inDnmt3L-- testes contained very few differentiated mothers and transferred them into the uteri of seven wild-type
spermatocytes. At 8 weeks of agh]mt3|_—/— testes contained almost females. We dissected embryos at E9.5 or E10.5 and recovered
no spermatids or spermatozoa, which are normally present in the 11 Dnm3L*~ (from Dnm3L-~ mothers mated with wild-type
lumen of wild-type seminiferous tubules. Scale bar: (190 males) and 18 wild-type embryos. While wild-type embryos
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imprinted regions such as the region 2 CpG islandfaf, the
DMR of Peg3 the DMR1 ofSnrpn and the DMR oPeglare
almost completely demethylated Bnm3LMa~ embryos, as
shown either by bisulfite sequencing or southern blot analysis,
while these regions were partially methylated in the control
embryos as expected since only the maternal alleles were
normally methylated (Fig. 5A-D) (Stbger et al., 1993; Li et al.,
2000; Shemer et al., 1997; Lefebvre et al., 1997). In contrast,
the methylation patterns of paternally imprinted genes such as
H19 andRasgrflwere unaffected in thBnm3LMa--embryos

as compared to wild-type embryos (Fig. 5E,F), consistent with
the fact that methylation imprints d¢19 and Rasgrfl are
inherited from the male germ cells (Tremblay et al., 1995;
Pearsall et al., 1999). Methylation of therégion of Xist and

the endogenous retrovirus DNA was also unaffected in
Dnm3LMa-embryos (data not shown). This is expected as de
novo methylation of these sequences occurs in blastocysts
around implantation, erasing the difference in methylation
between the paternal and maternal genome. These results
indicate thatDnmt3L is required for the establishment of

Fig. 4. Developmental defects @nmt3Lmat~~embryos from maternal methylation |mpr|nt_s. . .
Dnmt3L7-mothers. (A) A wild-type E9.5 embryo, (B)znmt3L- We then analyzed expression of several maternally imprinted

littermate, and (CPnmt3LMa~-embryos. MosDnmt3lmat-- genes, includindgf2r, p57€iP2, PeglandSnrpnin Dnm3Lmat-/~
embryos (left, 85%) show mild defects such as a smaller brain, embryos to see whether disruption of methylation imprinting in
incomplete closure of the rostral end of the neural tube (arrow), andthe oocytes lead to abnormal expression of these genes in the
smaller branchial arches. Soamt3LMa-—embryos (right, 15%) offspring. Previous studies showed that maternal methylation of
display severe developmental defects, including an open neural tubggf2r region 2 CpG island is associated with expression of the
in the midbrain region (arrow), smaller forebrain, and incomplete gene and abrogation of methylation leads to silencing of the
turning. maternal allele (Stoger et al., 1993; Li et al., 1993). Other
experiments showed that blocking maternal epigenetic
were normal, all 11 mutant embryos displayed similarmodification by transferring nuclei from the non-grown oocyte
developmental defects as conceptuses fBnmt3L=- mice.  into enucleated mature oocytes represses expression of the
These results strongly suggest that the maternal function afaternal alleles aigf2r andp57iP2 in the parthenotes (Obata
Dnmt3Lresides in the egg or preimplantation embryos ratheet al., 1998). We showed that expression of Hgf@r and
than in the uterus. p57iP2 was diminished in th®nm3LMa--embryos (Fig. 5G).
SinceDnmt3Lis expressed in early embryos, it is possibleOpposite tdgf2r andp57iP2, the paternal alleles ¢fegland
that the materndbnmt3L may compensate the loss of zygotic Snrpnare expressed and the maternal alleles are repressed by
Dnmt3Lduring early development @nmt3L="~ embryos. To methylation (Lefebvre et al., 1997; Leff et al., 1992). We
test this possibility, we crossed mabmmt3L~ mice with  showed, by northern analysis, that the expression level of both
female Dnmt3L=~ mice. If the maternaDnmt3L transcripts Pegl and Snrpnin Dnm3L™ma-~ embryos was increased to
present in preimplantation embryos are required foapproximately twice the level in wild-type embryos, as
preimplantation or early postimplantation development, weletermined by phosphoimaging (Molecular Dynamics) (Fig.
would expect to recover no viabdnmt3L/~ embryos at EQ.5 5H). Collectively, these results suggest that the failure of
or to observe more severe defect®inmt3L-"~ embryos than Dnmt3L="- female mice to establish methylation imprints leads
in Dnmt3L*- embryos. We dissected a total of 29 embryos antb aberrant expression of maternally imprinted genes.
found 13Dnmt3L-/~ embryos and 1&nmt3L*- embryos with S
indistinguishable phenotypes. Since both maternal and zygotinmt3L may regulate maternal imprinting by
Dnmt3Ltranscripts were abolished in tBamt3l=~ embryos, interacting with Dnmt3a and Dnmt3b
this result strongly suggested titatmt3Lwas not essential for Since  Dnmt3L  protein  possessed no  detectable

early development of the mouse embryo. methyltransferase activity, it would have to effect methylation
of imprinted genes through one of the known DNA

Dnmt3L ~~ females fail to establish methylation methyltransferases. Dnmt3a and Dnmt3b were favored

imprints in the oocytes candidates as both had been shown to carry out de novo

We then investigated wheth@nmt3L was required for the methylation in vivo (Okano et al., 1999; Lyko et al., 1999). We
establishment of genomic imprinting in the oocytes andirst investigated whether Dnmt3L could interact with Dnmt3a
appropriate expression of maternally imprinted genes. Wand Dnmt3b by transfecting GFP-taggBdmt3L and myc-
analyzed the methylation status of differentially methylatedaggedDnmt3aor Dnmt3bcDNA into COS cells followed by
regions (DMRs) of several imprinted genes in embryos oimmunoprecipitation. We found that GFP-Dnmt3L was co-
Dnmt3~ mothers (we designated such embryos agrecipitated with myc-Dnmt3a and myc-Dnmt3b by the anti-
Dnm3lMat-to distinguish them from embryos from wild-type myc antibody (Fig. 6A). The GFP-Dnmt3L signal was weak in
and Dnmt3L*~ mothers). We showed that the maternallymyc-Dnmt3b transfected cells because of poor expression of the
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Fig. 5. Disruption of methylation and B
expression of maternally imprinted genes in

Dnmt3LMat-~embryos. (A-D) Methylation of ""‘!_"‘__ . e - - e ++
four maternally imprinted geneky{2r, Peg3 o e e

SnrpnandPegl) were analyzed by either —S oo ——

bisulfite sequencing or southern blot -/-

hybridization with genomic DNA isolated I I e S

from E9.5 wild-type (+/+)Dnmt3L- (+/-),
Dnmt3L=~ (—/-=) andDnmt3LMat~~(mat—/-)

1M1

embryos. (A,B) Bisulfite sequencing analysis — o & 65868 ——8-E—
(methylation shown as black circles) shows mat -/-
that thelgf2r region 2 andPeg3DMR are e S 08 S Sn— o S—

almost completely unmethylated in
Dnmt3LMat-~embryos, whereas they are
partially methylated in wild-type and
Dnmt3L="~embryos. (C,D) Southern blot
analysis of th&&nrpnDMR1 and thePegl
DMR shows that the maternal alleles (m) of
both genes are methylated in wild-type and
Dnmt3L=/~embryos, but unmethylated in
Dnmt3LMa~"~embryos. (E,F) No change in
methylation of paternally imprinted genes,
RasgrflandH19, was observed in
Dnmt3Lma~~embryos. (G,H) Expression of
four maternally imprinted geneky{2r,

p57%iP2 PeglandSnrpn) in E9.5 embryos was
analyzed by either RT-PCR (G) or northern
blot hybridization (H). RT-PCR analysis of
expression ofgf2r andp57iP2in two wild-
type, twoDnmt3L="~, and fourDnmt3Lmat~/~
embryos showed that expressiorigi2r and
p57&iPZwas drastically reduced in all
Dnmt3Lma~~embryos. Northern analysis of EoRI
PeglandSnrpnexpression with total RNA = o
isolated from a pool of 5-6 E9.5 embryos for

each genotype showed an increased expressiog = " hcatag - fund |
(approximately twice the wild-type level) of - T 1. ' v
PeglandSnrpnin Dnmt3LMat~~embryos as ' T
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myc-Dnmt3b protein (Fig. 6A, lanes 3 ¢
9). Similar results were obtained wt G A y mat-/-

myc-Dnmt3L and GFP-Dnmt3a (or GF
Dnmt3b) were cotransfected (data
shown).

To further test whether Dnmt3L cot
interact with Dnmt3a or Dnmt3b in i mzas 'BNA
cells, we analyzed subcellular localizat
of Dnmt3L in the presence or absenct
Dnmt3a or Dnmt3b by immunostaining of 3T3 cells expressingndogenous Dnmt3L and Dnmt3a (or dnmt3b) colocalize in the
both myc-tagged Dnmt3L and GFP-tagged Dnmt3a obocytes.
GFP-tagged Dnmt3b. We showed that Dnmt3L localized Since disruption ofDnmt3b was embryonic lethal and
predominantly in the cytoplasm in the absence of Dnmt3a ddnmt3a’~mice were growth retarded and failed to breed before
Dnmt3b, whereas GFP-Dnmt3a or GFP-Dnmt3b aloneleath at 4-8 weeks after birth, we could not directly test the
localized predominantly to the heterochromatin foci in thefunction of Dnmt3a and Dnmt3b in establishing genomic
nucleus (data not shown). Interestingly, cotransfection of mydmprinting in the germ cells. To overcome this problem, we
Dnmt3L and GFP-Dnmt3a resulted in relocation of Dnmt3L tgperformed ovary transplantation by implanting ovaries from
the heterochromatin foci in >80% of the cells that expresseBnmt3a’~ or [Dnmt3a’~, Dnmt3l7-] female mice to wild-type
both proteins (Fig. 6B). Similar results were obtained withrecipients. We then crossed the recipient females with wild-type
myc-Dnmt3L and GFP-Dnmt3b cotransfected cells (Fig. 6Bmale mice. From one recipient female, we obtained two embryos
last line). These results suggest that Dnmt3L may bat E9.5 of gestation, which were morphologically normal.
capable of forming a complex with Dnmt3a or Dnmt3b in vivo.Genotype analysis indicated that one embryobvast3a’-and
Further studies will be necessary to determine whethehe other was nmt3a’~, Dnmt3b-]. We confirmed by

LR R R R R factin
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Southern blot analysis that the donor ovary originated from aocyte maturation and meiosis ifDrimt3a’~, Dnmt3"]
[Dnmt3a’-, Dnmt37-] female mouse. This result suggests thatfemale mice are probably normal adDinmt3L-/~ females.
We then examined the methylation status

A 1 2 3 4 s of several imprinted genes. Similar to the
T woator = Dnm3LMmat~embryos, we found that the DMRs of
myc-3a + ¥ four maternally imprinted genegif2r, Pegl Peg3
myeob . andSnrpnwere unmethylated in the two embryos
R U = derived from the transplanted ovary (Fig. 7A-D).

= - —= Fry<08 As controls, we showed that methylation of the
- = myc-3b paternally imprintedH19 gene and repetitive DNA
- - = sequences such as the endogenous provirus DNA
GFP-3L- @ R was unaffected (Fig. 7E,F). These results suggest

that Dnmt3a and/or Dnmt3b are required for
establishing maternal methylation imprints. Since
female pnmt3a’-, Dnmt3l"-] mice were normal
and fertile, we believed that Dnmt3a mutation was
- ™ E primarily responsible for the loss of methylation
L ‘u . imprints in  Pnmt3a’~, Dnmt36] oocytes.
-— Interestingly,Dnmt3a’- male mice display similar
IP with a-myc controls but less severe defects in spermatogenesis as

Dnmt3L-~. Together, our results suggest that
Dnmt3L probably cooperates with the Dnmt3

B
family de novo methyltransferases to regulate
genomic imprinting during oocyte development.
myc-3L
DISCUSSION
Genomic imprinting is a developmentally
GFP-3a regulated process that controls expression of a
small set of genes, estimated to be around a few
hundreds, in the mammalian genome in a

parent-of-origin-specific manner. Differential
DAPI

methylation of the paternal and maternal alleles
has been detected in most known imprinted genes,
and it is essential for the maintenance of
mono-allelic expression of imprinted genes in
development (Neumann and Barlow, 1996;

nuclear cytoplasmic diffused nuclear peripheral Jaenisch, 1997: TiIghman, 1999 Ferguson-Smith
+ GFP 0% 57% 43% 0% and Surani, 2001). While DNA methylation is
+ GFP-3a 87% 7% 3% 5% believed to be at least part of the imprinting
+ GFP-3b 77% 8% 1% 14% mechanism, it is largely unknown as to how

] _ _ imprinted methylation is established during
Fig. 6.Interaction between Dnmt3L and the Dnmt3 family methyltransferases. gametogenesis. In this study, we have provided

(A) COS cells transfected with GFP or GFP-3L alone (Ianes_, 6 and 7) or_al_ong with enetic evidence that Dnmt3L, a Dnmt3a/Dnmt3b
my_c-3a, myc_-3b, or myc vector (Iam_es 1-5) were lysed and immunoprecipitated W“&nﬂethyltransferase related protein, is required for
anti-myc antibody. The bound proteins were separated on a 10% SDS-PAGE gel a{h tablish t of mat | o inti
immunoblotted with anti-GFP antibodies. The expression level of myc-3a and myc-, € establishment o maternal genomic imprinting
3b in lanes 1 and 3 is shown by immunoblot using anti-myc antibody (lanes 8 and 8). the oocyte. Similar results were reported
The position of the GFP and GFP-3L is indicated. (B) NIH3T3 cells were transfectd@cently by Bourc’his et al., but it was not
with myc-3L alone (not shown) or with myc-3L and GFP, GFP-3a, or GFP-3b. Afterdetermined how Dnmt3L might regulate DNA
12 hours, the cells were fixed and immunostained with anti-c-myc antibodies methylation (Bourc’his et al., 2001). We show
followed by rhodamine-conjugated goat anti-mouse secondary antibodies. The my¢drther that Dnmt3L can interact with Dnmt3a and
3L and GFP-3a proteins in transfected cells are shown as red and green fluorescemgmt3b in mammalian cells and>fimt3a’,
respectively. The nuclei are stained with DAPI. The typical myc-3L localization DnmtSU/—] female mice also fail to establish
patterns fall into four categories: nuclear, cytoplasmic, diffused and nuclear imprinted methylation patterns in their oocytes
peripheral, and are shown in the top panels (red). In myc-3L alone or myc-3L and Figs 6 and 7). Thus, our study has identified the
GFP, only cytoplasmic and diffused patterns were observed. In cells co-transfecte e !

with myc-3L and GFP-3a or GFP-3b, myc-3L is localized predominantly in the nr_nt3 family D.NA methyltransferases_ as the
nuclei and colocalized with GFP-3a or GFP-3b. The percentage of cells expressing"@lor  enzymatic machinery responsible  for
both myc-3L and GFP-3a or myc-3L and GFP-3b in each category is shown at the €Stablishing maternal genomic imprinting.

bottom. For myc-3L alone, 30 nuclei were scored and for other cotransfection DNA methylation is believed to be the
experiments, 100-150 nuclei were scored. epigenetic marker in the gametes for genomic



imprinting. However, no evidence is available to s A Mspl Hpall B

that such methylation markers are necessary
transmission of the imprinting signal from gamete
offspring. Nuclear transfer experiments provi
compelling evidence that epigenetic modification ir
growing oocytes is necessary for establishing gen
imprinting and appropriate expression of st
imprinted genes in the offspring (Obata et al., 1¢
However, it was not clear whether DNA methylatiol
other heritable epigenetic mechanisms such as hi
modification and chromatin conformation v
responsible for the establishment of the imprin
signals. Bourc’his et al. (Bourc’his et al., 2001) repc
that several imprinted genes on chromosome 7
expressed from both paternal and maternal allele:
two other genedpl andCdknl were silent in embryc
from Dnmt3L-~ mothers. We showed here t
disruption of imprinted methylation patterns
Dnmt3L=~mice led to bi-allelic expression Begland
Snrpnand bi-allelic silence ofgf2r and p57iP2 in the
offspring. Together, these results provide compe
evidence that the methylation markers of imprii
genes established in the oocytes are essential epic
signals for the establishment and transmissiol
genomic imprinting.

Among the 40 or so imprinted genes identified ir
mouse, half are maternally expressed and the othe
are paternally expressed. However, the majority of 1
imprinted genes inherit methylation imprints from
mother, whereas only two gené$l9 andrasgrfl, are
so far known to inherit the methylation imprints fr
the father (Reik and Walter, 2001). Although
functional significance of such asymmetric inherite
of methylation imprints is unclear, this intrigui
phenomenon indicates that methylation imprints
primarily established in the oocytes. Dnmtl
previously predicted to be the enzyme responsible f
novo methylation of imprinted genes in oocytes bec
a maternal form of Dnmtl (Dnmtlo) was found tc
highly expressed in the oocytes (Mertineit et al., 1¢
However, recent experiments failed to support su
notion, as inactivation of the maternal Dnmtlo doe:
perturb the establishment of genomic imprinting in
oocytes; instead, the maintenance of impri
methylation patterns in preimplantation embryos
partially impaired in embryos lacking the matel
Dnmtlo (Howell et al.,, 2001). These results
consistent with Dnmtl being primarily responsible
the maintenance of DNA methylation patterns du
mammalian development.

Unlike Dnmtl, Dnmt3a and Dnmt3b have b
shown to be primarily responsible for de n
methylation of the mouse genome during €
embryonic development (Okano et al., 1999). Her
provide genetic evidence that the Dnmt3 fai
methyltransferases are also required for de
methylation of imprinted genes during o00c
development. The finding thabpmt3a’-, Dnmt3l7-]
female mice are fertile, butDhmt3a’~, Dnmt3b7]
oocytes are defective in establishing proper methyl
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Fig. 7. Methylation of imprinted genes in embryos derived from a
transplantedpnmt3a’—, Dnmt37-] ovary. (A-D) Methylation of four
imprinted genes§f2r, Pegl Peg3 andSnrpr) was analyzed either by
Southern blot hybridization (A,B) or bisulfite sequencing (C,D) with DNA
isolated from E9.5 wild-type (+/+pnmt3a’- (+/-), andDnmt3a’~ (—/-)
embryos, and two embryos derived from tBeaft3a’-, Dnmt3b7] oocytes
(labeled as 1, 2). In A and B, DNA was digested with designated restriction
enzymes and Southern blots were hybridized with probkeg2sfregion 2

(A) or Peg1DMR (B). Bisulfite sequencing analysis of methylation (black
circles) ofPeg3DMR andSnrpnDMRL1 in wild type and embryos 1 and 2
derived from ovary transplantation (OVT) (C,D). The maternal alleles of
Igf2r, Pegl Peg3andSnrpnwere almost completely unmethylated in the two
embryos derived from th®pmt3a’-, Dnmt3l"-] mother, but they were
methylated iDnmt3a’~andDnmt3a’~embryos fronDnmt3a’~ mothers.
(E,F) Methylation oH19 (E) and MMLV (F) remained unchanged.
Methylation of the paternally imprintedi19 gene and non-imprinted

imprints suggests that Dnmt3a probably contrib___endogenous MMLV DNA was unaffected in all embryos tested.
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more, if not entirely, to the de novo methylation of imprinteda question of great interest and will be addressed rigorously in
genes. Analysis of expression patterns of Dnmt3a and Dnmt3bture studies. It also remains to be determined whether the
during oocyte development and inactivation of individualDnmt3 family methyltransferases and Dnmt3L are required for
enzymes specifically in primordial germ cells will determineestablishing methylation imprinting ¢f19 andrasgrflin the
the function of each enzyme in establishing genomiaenale germ cells.
imprinting.

In spite of the fact that Dnmt3a and Dnmt3b can initiate de We are indebted to many colleagues for providing us with various
novo methylation in both early embryos and germ cells, the9robes for studying methylation and expression of imprinted genes

appear to have different target specificity at these two stageﬁ;d especially Lc.’ Dlrf_s J. Walter and A. Paldi fo(; sharing Iun\p;\l/Jinrs]heE
. 2 iRformation on bisulfite sequencing primers and protocols. We than
In the early embryos, Dnmt3a and Dnmt3b aCtIVeWDr S. Xie for isolating the genomic clones from a phage genomic

methylate repetitive elements, endogenous retrovirus ar]Fﬂ)rary, Dr H. Beppu for help with whole amount in situ hybridization,
retrotransposons and some unique genes sugtsabut they  5ng Zhenjuan Wang for technical assistance. This work was supported
'omlt'the sequences of DMRs in imprinted genes such that thg NIH grants (CA82389 and GM52106) to E. L. M. O. is a special
imprinted methylation patterns are preserved. In contrastellow of the Leukemia and Lymphoma Society.
Dnmt3a and Dnmt3b appear to selectively methylate the
DMRs of imprinted genes in oocytes. Such cell lineage-
specific de novo methylation is probably regulated by proteingEFERENCES
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