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ABSTRACT

We have shown previously that de novo methylation
activities persist in mouse embryonic stem (ES) cells
homozygous for a null mutationof ~ Dnmt1 that encodes
the major DNA cytosine methyltransferase. In this
study, we have cloned a putative mammalian DNA
methyltransferase gene, termed  Dnmt2, that is homo-
logous to pmtl of fission yeast. Different from  pmt1 in
which the catalytic Pro-Pro-Cys (PPC) motif is ‘mu-
tated’ to Pro-Ser-Cys, Dnmt2 contains all the con-
served methyltransferase motifs, thus likely encoding

a functional cytosine methyltransferase. However,
baculovirus-expressed Dnmt2 protein failed to methy-
late DNA in vitro . To investigate whether Dnmt2
functions as a DNA methyltransferase in vivo, we
inactivated the Dnmt2 gene by targeted deletion of the
putative catalytic PPC motif in ES cells. We showed
that endogenous virus was fully methylated in
Dnmt2-deficient mutant ES cells. Furthermore, newly
integrated retrovirus DNA was methylated  de novo in
infected mutant ES cells as efficiently as in wild-type
cells. These results indicate that Dnmt2 is not essential

for global de novo or maintenance methylation of DNA
in ES cells.

INTRODUCTION

DDBJ/EMBL/GenBank accession nos AF045888, AF045889

and tissue specific DNA methylation patterns are established
during development are poorly understood. The major obstacle
has been the lack of information about the enzymes that catalyze
de novo methylation and demethylatiorll). The enzyme
encoded byDnmtl functions primarily as a maintenance
methyltransferase which transfers methyl groups to cytosine in
hemi-methylated CpG sites after DNA replicatid8)( Although
this enzyme can also methylate unmethylated DiN#tro, no
evidence has been established so far for its roledssreovo
methyltransferasé vivo. Recently, we showed that ES cells
homozygous for a null mutation @nmtl contained residual
levels of methyl cytosine and retained the ability to methylate
provirus DNAde novd(2). This result provides the first genetic
evidence for the existence of an independently encdeledvo
DNA methyltransferase in mammalian cells.

In this study, we report the cloning of a mammalian gemat2
that shares homology with thent1gene of fission yeast 8), and
encodes a protein which contains all the conserved methyltrans-
ferase motifs. We provide genetic evidence that Dnmt2 is not
essential for maintenance methylation nordemovamethyla-
tion of viral DNA in ES cells.

MATERIALS AND METHODS
Cloning of the mammalianDnmt2 gene

A search of the dbEST database was performed with the

DNA methylation at the C-5 position of cytosine in CpGTBLASTN program {4) using bacterial cytosine methyltrans-
dinucleotides is the major form of DNA modification in ferases as queries. Two human EST clones (GenBank accessior
vertebrate animals. DNA methylation has been shown to bes N31314 and R95731) were found to matchMhdgiGl
essential for mammalian development as inactivation of Dnmtéequences. The clones were obtained from American Type
a major maintenance DNA cytosine methyltransferase, results@ulture Collection (ATCC, MD) and sequenced by the MGH

genome-wide demethylation and embryonic lethalit®)( The

sequencing core facility. The deduced amino acid sequences of

function of DNA methylation has been implicated in a divers¢he clones share a significant homology with the yaasi(13).
range of biological processes. Molecular and genetic studies haMee insert DNA of these clones were cut outHndRI/Not
demonstrated that DNA methylation plays critical roles irdigestion and used as probes for screening cDNA libraries.
regulation of parent-origin-specific expression of imprinted Nine positive clones were obtained by screening a mouse ES

genes &5) and X chromosome inactivatio,{). Recently,

cell cDNA library (Clontech, CA) and sequenced. Two of them

growing evidence also suggests that DNA methylation isontained uninterrupted ORFs corresponding to the entire ORF

involved in carcinogenesi§<10).

of pmtl, but lacked a stop codon upstream of the first ATG. The

While the function of DNA methylation has been studiechuman cDNA clones were obtained by screening a human heart
extensively, mechanisms by which DNA methylation is regulatedDNA library (Clontech, CA). Of 14 positive clones, one showed
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a continuous ORF with a stop codon upstream of the putative 1 1

T Human ~= ~HEPDRVL ELY¥S5S VJOHME HALDRESCIFA QVVAANIDVET VANEVEKYHF
Inltlatlon COdon' Houae ~==~MEPLEVL ELYS53 I00MH HALRESHIZ?A HVVAA VANEVEKHNF
Yeast MLETERLRVL ELYWSSIOGHE YALNLAKIPA DIVCAIDIEF QAMEIYNLHH

RNA preparation and northern analysis 11z w

Humat FHTQLLAKTI EGITLEEFDFE LIFDHILMSP PCQFFTRIOGR
Total RNA was prepared from ES cells, ovary and testis Using the i e oo onrieos socesimies scoorracon seo:
GTC-CsCh centrifugation method 16), fractionated on a
formaldehyde denatured 1% agarose gel by electrophoresis, ar wumar srrazLomme agrmrrezs
transferred to nylon membranes. A poly A+ RNA blot of mouse Hsuse SFLYILSILE RLGRLERIIL
H . Teast AFLNILWVLF HVHELFEYIL
tissues was obtained from Clontech, CA. All blots were

o . . vazz

hybndlzed with a random__pnmed 540 lﬁl?dm—PS“ CDNA_ Humar ILSPTSLOTP NSRLRYFLIA KLQSEPLPFQ AFOQVLMEFF KIESVHPOKY
fragment of the moudenmt2in a standard hybridization solution = euss LLsPssLorp SSRLRYSLIA KLQSEPFPFQ APOQILMEFP KIVIVEFPQKY
containing 50% formamide at 42, washed with 02 SSC, b
0.1% SDS at 68C, and exposed to X-ray film.

Humar AMDVENKIQE ENVEPNISFD .03IQGSGHD LEELET ETHRKNGQDS
Mouse AVVEESQPRV QRTOGFRICAE ERDRKHQQDS
TEABE e e s QFSEVAQKED

Construction of the gene targeting vector
A 14 kb Sma-Xhd genomic DNA fragment of thBnmt2gene Human DLSVRMLKDF [LED

was isolated from a 129/Sv genomic DNA library and SUDCIONET yease =. vistnoy corenovesy we
into the pBluescript vector. A 1 kBtu—Sna&l genomic DNA

fragment containing exons encoding the putative catalytiC suzan vosrzesras vegrasovay EssvesiTal
domain (the PPC motif) was removed and replaced by the J:io Br e i ™" o
IRES{f3geo cassette with a splicing accept ¢i®.(The resulting

gene targeting vector contains a 9.2 kb fragment UPStream and ,uan  sramtiisss eraree. ko vrgeyaroes 5oy swAR 150 vEs -
3.7 kb fragment downstream of the |RE§€O cassette (FI@) Mouse EIANLQOFRP EFGFPE.RTT VEQRYRLLSK ELNVHVWVAKL LTVLCEGFGH

ILELREFTPKR
5 MLRELRYFTPE
ALQLRYFTAR

Yeast EVARLMIFFE ELEWSKSEVT EKCHMYELLGE SINVEVWEYL ISLLLEPLNF
Generation of Dnmt2-deficient mutant ES cell lines Human e mmee e =

House ASEECHEMFL ILDENEKILE *
Transfection of J1 ES cells with linearized targeting vector DNA #e=s®  *m=mmmmmms mommmmmmss =
and subsequent G418 selection and cloning of drug-resistant
colonies were carried out as described previoudlyGenomic

rae) : i Figure 1. The comparison of the deduced amino acid sequences between the
DNA from G418-resistant clones was digested B I and ammalianDnmt2 and the yeaspmtl The identical amino acids are

analyzed by Southern blot hybridization using the probe thRg;]adowed. The conserved DNA methyltransferase motifs (-X) are marked
(Fig. 3). To generate ES cell lines homozygous for the mutationwith roman numerals. The stop codons are indicated with asterisks (*) and gaps
cells of a heterozygous clone were subject to selection in mediupwith dots (...).

containing a high concentration of G418 (0.5 mg/ml of pure form)

(7).

cDNA libraries using the EST clones as probes, and a full length
Analysis ofde novoand maintenance methylation of cDNA was constructed with overlapping cDNA fragments after
provirus DNA DNA sequencing. The deduced amino acid sequences of the

. . - . human and mouse cDNA showed 81% identity and revealed that
Infection of wild-type ancDnmt2deficient ES cells with the i genes contained all the conserved cytosine methyitransfer-

MoMuLvStR1 virus, DNA preparation from infected ES cells, 55 motifs (Figl) (18). The same gene was independently cloned
analysis ofle noveand maintenance methylation of endogenougy Yoder and Bestor, and was named Dnm. (A BLAST

or newly integrated viral DNA by Southemn analysisHpidll/ gaar0h of GenBank with human and mouse cDNA sequences
Msp digested DNA were carried out as described previo@}ly ( jyentified pmt1 of fission yeasSchizosaccharomyces porreze

the most closely related sequences, sharing 42% identity at the
RESULTS AND DISCUSSION amino acid level. The yeapmtl contains all other conserved
methyltransferase motifs except that the catalytic Pro-Pro-Cys
motif was ‘mutated’ to Pro-Ser-Cys3).

To determine whether Dnmt2 has methyltransferase activity,
One of the approaches that we took in searchdefrovaDNA  the mouse cDNA was expressedEscherichia color in insect
methyltransferase in mammalian cells was to screen the dbES@lls using the baculovirus expression system. Methyltransferase
database using the amino acid sequences of different prokarydiittivity assay was carried out using either poly(di-d@)mtage
methyltransferases as query sequentés {WVhen sequences of DNA as substrates under a standard assay condition which could
the bacterial restriction methyltransferdé¢igiGl were used as detect residual levels of enzyme activity in protein extracts
guery sequences, two EST clones of the same gene (GenBan&pared from th®nmtlnull mutant ES cells2). Despite the
accession nos N31314 and R95731) were found to giyaresence of large amounts of Dnmt2 protein in both bacterial and
significant matches. Sequencing analysis of the EST clonéssect cell extracts, no methyltransferase activities were detected
revealed that they contained three of the highly conservesb far (data not shown). At the moment, it is not clear why the
methyltransferase motifs. Multiple cDNA clones of the geneecombinant proteins have no detectable activities. The following
were isolated subsequently by screening human and mouse possibilities are considered: (i) the recombinant Dnmt2

Cloning of the mammalian homologs of the yeagmtl
gene
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He Br Sp Lu Li MuKi Te ES Ov Te Dnmt2-deficient ES cells are viable
4.4 — . . .
To investigate the role @nmt2in development, we generated a
- putative null allele obnmt2 termeddnmt2ML, by deletion of the
s - -. - exons encoding the putative catalytic PPC motif through

homologous recombination in ES cells (FigA). Of 85
G418-resistant colonies analyzed by Southern blot hybridization,
Figure 2. Dnmt2expression in organs and ES cells. A blot wiig2of poly six were positive for homologous recombination (BB). To
A+ RNA from mouse tissues (Clontech, CA) is shown on the left, and a blotgenerate ES cell lines homozygous for the mutation, cells of a
with 20 ug of total RNA from ES cells, ovary and testis is shown on the right. heterozygous ES cell line were cultured in medium containing a

He, heart; Br, brain; Sp, spleen; Lu, lung; Li, liver; Mu, skeletal muscle; Ki, .. -
kidney; Te, testis; ES, ES cells; and Ov, ovary. Note thatEhreg2transcripts high ,Concemratlon of G418 (0.5 mg/ml) for 14 days. Of 29
of sizes1.6, 2.6 and 4.0 kb were detected in mouse tissues, and the 1.6 k§0lonies analyzed, two were homozygous for the mutant allele

transcript was the most abundant one in the organs examined. (Fig. 3C). The Dnmt2 homozygous ES cells appeared to be
normal in growth and morphology after consecutive passaging
) ) o _for more than 20 generations (data not shown), suggesting that
protein may lack the natural conformation or modification, or i$nmt2 function is not essential.
very unstablein vitro; (i) Dnmt2 may require cofactors to
catalyze methylation reaction. Further studies are necessaryfig novoand maintenance methylation of provirus
investigate these possibilities. DNA in Dnmt2"YDnmt2M1ES cells

SinceDnmt2transcripts were detected in ES cells, we speculated
that Dnmt2 might be required fate novomethylation. We
Dnmt2expression in mouse ES cell lines and various organs weshowed previously that ES cells homozygous fBmant1 null
analyzed by northern hybridization using a full length cDNAmutation were able to methylate provirus D& novo We
fragment as probes. We showed that tidamt2transcripts of carried out a similar analysis@é novamethylation of integrated
1.6, 2.6 and 4.0 kb were detected in mouse tissues, and the 1.¢pkiwvirus DNA in infectednmt2mutant ES cells.

transcript was the most abundant one in most tissues examineéfirst, we examined methylation status of endogenous virus in
(Fig. 2). Dnmt2appeared to express ubiquitously but at very lovDnmt2"YDnmt2"1 ES. DNA isolated from wild-type and
levels in mouse tissues, with relatively high levels in the heanmt2"YDnmt2"1ES cells was digested with the methylation-
lung, kidney and testis (Fig). Dnmt2 expression was also sensitive restriction enzyntdpall or its isoschizomeMsp that
detected in mouse ES cells (R.suggesting thddnmt2might  cuts CCGG sequences regardless of whether CpG sites are
be responsible for the residual methyltransferase activity detectatbthylated or not, and was then subject to Southern blot
in Dnmtlnull ES cells. hybridization with a MoMuLV cDNA probe that hybridizes with

Dnmt2 expression in mouse organs and ES cells
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Figure 3. Targeted disruption of tHenmt2gene. A) The wild-typeDnmt2genomic locus (top), the targeting vector (middle), and the targeted allele (bottom). The
location of the exons (solid bars), PC motif, ENV motif and the IR cassette are shown. The 1.Xkibl-EcdRV genomic fragment was used as a probe for
Southern analysis, and the 10.6 and 9.8&bHI| fragments from wild-type and targeted alleles, respectively, are indicated as dashed liGesa, S8y BarHl;

Xh, Xhd; St,Stu; Sn,SnaBl; Rv, EcARV; SA, splicing acceptor; and pA, poly (A) sign&) Southern blot hybridization of genomic DNA from wild-type and targeted
ES cell clones. DNA was digested wighH|, blotted and hybridized to the probe shown in (&). $outhern analysis of genomic DNA from a heterozygous and
two homozygous mutant ES cell clones.
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Figure 4. Methylation of endogenous provirus DNA in bemt2null mutant - . .
ES cells. Genomic DNA was isolated from ES cells, digestedtyiil (H) IT3+Mov  ES+Mov  ES  (++4)  (#-) (/)
or Msp (M), blotted and hybridized to the MoMuLV cDNA probe (1). +/—and
—/— are Dnmt2"¥+ and DnmtZ"YDnmt2™? cells while n/n and c/c are ; 2 o ; M « 8T QT
Dnmt1YDnmt1" andDnmtlYDnmt1° ES cells, respectively (2). . = 0 T = % = =

_ 145 — -, '
endogenous provirus DNA); We showed that endogenous virus 7
DNA in Dnmt2"YDnmt2M1ES cells was methylated to the same ;4 o :
levels as in wild-type cells (Figl). This result indicates that A0

Dnmt2 is not required for the maintenance methylation o
genomic DNA.

To examine whethednmtZ"¥DnmtZ"1ES cells were able to
methylate foreign DNA such as newly integrated provirus DNA, we ) _ _
infectedDnmt2mutant ES cells with the MoMulS¥R1 retrovirus Figure 5. De novomethylation of provirus DNA ifbnmt2mutant ES cells.

d | d th thvlati tat f i int ted . (A) Schematic diagrams of the MoMu$N21 provirus genome (top), thé 3
and analyze e me_ y a 1on status o ne_Wy Integrated provirusrg region (middle), the size marker, the location offtA&l7 probe and the
DNA 24 plays after infection. DNA was digested viipnl and five Hpall/Msp sites (bottom) (2).§) Genomic DNA was isolated from
Hpall, or with Kpnl andMsg as controls, and analyzed by Southern infected 3T3 cells (lanes 1-3), infected wild-type (lanes 4-6 and 9-11),
blot hybridization using thetAN7 probe that would recognize a uninfected wild-type (lanes 7 and 8), infected heterozygous mutant (lanes 12

: ; and 13) and infected homozygous mutant (lanes 14 and 15) at day O (lane 9),
1.45kb Kprl fragment of infected viral DNA but not the day 2 (lanes 10, 12 and 14 ) and day 4 (lanes 4-6, 11, 13 and 15) post-infection.

gndogenous_ proviruses (FigA). We found that the newly pa was digested withsp/Kpni (lanes 1, 4 and 7)ipall/Kpnl (lanes 2, 5
integrated virus DNA was methylated BnmtZ"YDnmtZ"ES  and 8-15), oKpni alone (lanes 3 and 6), blotted and hybridized taki7

cells as efficiently as in wild-type cells as shown by the presence @fobe. Mov, MoMuL\V*'R1 virus infected; MMspl; H, Hpall; K, Kpnl.
anHpall-resistant 1.45 kb fragment (FigB), indicating that Dnmt2
is not an essential component of tikenovomethyltransferases.

The lack of detectable methyltransferase activitiestro and
in vivoraises interesting possibilities tizmt2might encode a
sequence-specific DNA methyltransferase which methylatesontains all the conserved methyltransferase motifs except that
only a small number of target sequences in the genome, or it matif VI has an EET sequence rather than the ENV sequence that
methylate cytosine in non-CpG sequences such as CpNpG. lissconserved in almost all the known DNA cytosine methyltrans-
also possible that Dnmt2 is simply not a functional cytosine DNAerases. The methyltransferase activitynalsclencoded proteins
methyltransferase, despite having all the conserved DNA methylas not been reported. Sequence analysis indicateadhelis
transferase motifs. Dnmt2 may be involved in cellular processefistantly related tdnmtlandDnmt2(data not shown). It remains
other than DNA methylation, such as DNA repair by binding tdo be seen whether a mammalian homologumsasiclexists, and
mismatched nucleotides as the bacterial cytosine methyltransferhether it functions as@e novaDNA methyltransferase.
ases 21-23), DNA recombination and carcinogenesis.

SinceDnmt2is not essential fode novomethylation in ES
cells, additional DNA methyltransferases that catajgeovo ACKNOWLEDGEMENTS
methylation are predicted to be present in mammalian cells. It is . . .
formally possible that both Dnmtl and Dnmt2 ae novo Ve thank Dr Austin Smith for the plasmid GT1.8Bgeo(Sal),
methyltransferases and can functionally compensate each ottd@n Yu for excellent technical assistance, and members of our
Recently, a gene known amsciwas cloned through homology- Iaboratqry for d|scussm_>n. This work was supported by grants
based screening using a PCR amplification method, and gendtigm Bristol-Myers/Squibb and NIH (GM52106 to E.L.). M.O.
analysis has revealed thatasclis involved in de novo Was a fellow of the Japanese Society for the Promotion of
methylation inAscobolus(24). The protein encoded byascl ~Science.
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