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Abstract

The methylation pattern of genomic DNA undergoes
dramatic changes during mammalian development,
with extensive de novo methylation occurring during
gametogenesis and after implantation. We identified an
alternative Dnmt1 transcript in skeletal muscle by
Northern blot analysis and cloned the corresponding
cDNA by rapid amplification of cDNA ends and reverse
transcription-PCR. Using an in vitro skeletal muscle
differentiation system, we show that this alternative
Dnmt1 isoform is specifically expressed in
differentiated myotubes, whereas the ubiquitously
expressed isoform is down-regulated during
myogenesis. Sequence analysis showed that this
skeletal Dnmt1 isoform is identical to the one present
in testis, which had been described as untranslatable.
Here we present evidence that this alternative Dnmt1
transcript present in testis and skeletal muscle is
translated despite the presence of several out-of-frame
upstream ATGs and gives rise to a shorter Dnmt1
isoform, which could play an active role in the change
of DNA methylation patterns during gametogenesis and
myogenesis.

Introduction

In vertebrates, genomic DNA is often methylated at the 5
position of cytosine to form 5mC? at the dinucleotide se-
quence CpG, and this methylation is thought to affect gene
expression (1). In mammals, levels of 5mC increase mainly
during gametogenesis and after implantation, when tissue-
specific patterns are established (2). After fertilization, the
gametic methylation patterns undergo major changes, with
an overall decrease in 5mC levels that reaches its lowest
point at the blastocyst stage (3), with the exception of im-
printed loci that retain specific methylation patterns through-

Received 4/27/00; revised 8/7/00; accepted 8/7/00.

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indi-
cate this fact.

1 Supported by grants from the Deutsche Forschungsgemeinschaft to
M. C. C. and H. L.

2 To whom requests for reprints should be addressed, at Franz Volhard
Clinic, Wiltbergstrasse 50, 13125 Berlin. Phone: (030) 9417-2341; Fax:
(030) 9417-2336; E-mail: leonhardt@fvk-berlin.de.

3 The abbreviations used are: 5mC, 5-methylcytosine; MTase, (cyto-
sine-5) methyltransferase; RACE, rapid amplification of cDNA ends; RT,
reverse transcription; MB, myoblast; MT, myotube; ES, embryonic stem;
poly(A) RNA, polyadenylated RNA; ORF, open reading frame.

out development (4, 5). During differentiation, when tissue-
specific genes begin to be expressed, the promoter regions
of many of these genes are demethylated, whereas the ones
from inactive genes are methylated (1, 6). Until now, very little
has been known about the regulation of DNA methylation
during differentiation.

The predominant DNA MTase in mammals is Dnmt1 (7),
which contains a large NH,-terminal domain with regulatory
sequences for nuclear localization targeting replication foci
during S phase (8) and cytoplasmic localization during early
development (9). ES cells carrying a null mutation in the
Dnmt1 gene lack maintenance methylation activity but retain
the ability to methylate integrated provirus DNA de novo,
suggesting the presence of at least one additional DNA
MTase in mammalian cells (10, 11). Recently, three additional
DNA MTases were cloned, Dnmt2 (12-14), Dnmt3 «, and
Dnmt3 B (15) and the latter two MTases are indeed essential
for de novo methylation and mammalian development (16).
Three alternative 5’ exons have recently been identified in the
Dnmt1 gene, one specific to the oocyte, one specific to the
pachytene spermatocyte (17), and one found in somatic cells
(18, 19). At the translational level, the Dnmt1 gene contains at
least four in-frame ATGs that could potentially produce mul-
tiple MTase isoforms. A longer isoform, whose translation
starts at ATG3 located in the first exon, is present in ES cells
and somatic tissues (20). Another shorter isoform has been
identified in oocytes and preimplantation embryos and starts
at ATG4 located in the fourth exon (17, 20). This shorter
isoform is active in vivo and can restore wild-type DNA
methylation levels as well as the differentiation capacity of
Dnmt1 null ES cells (20). The presence of several out-of-
frame ATGs in the spermatocyte-specific 5’ exon was pro-
posed to prevent translation of this mRNA (17).

Skeletal myogenesis is one of the best-characterized sys-
tems for studying the role and regulation of DNA methylation
during differentiation and in the establishment of tissue-
specific gene expression. The formation of skeletal muscle
during embryogenesis involves commitment of mesodermal
progenitors to the myogenic lineage and subsequent differ-
entiation of skeletal MBs into terminally differentiated MTs
that express muscle-specific genes (21). Treatment of
C3H10T1/2 fibroblasts with 5-azacytidine (22) as well as
expression of an antisense strand of Dnmt1 (23) was shown
to induce MT formation, suggesting that genome-wide de-
methylation might play a role in myogenic differentiation.
Indeed, demethylation activity has been detected in differ-
entiating chicken MBs (24). Although overall DNA hypo-
methylation seems to promote MB differentiation, methyla-
tion of specific loci including inactive genes takes place
concomitantly. In fact, ectopic overexpression of a shorter
Dnmt1 isoform that starts at ATG4 and corresponds to the
oocyte isoform did not lead to inhibition of myogenic differ-
entiation as predicted by the 5-azacytidine treatments but
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Fig. 1. Expression of Dnmt7 mRNA in different tissues. Northern blots
containing poly(A) RNA from different mouse tissues are shown. The blots
were hybridized with two different Dnmt1 probes derived from the NH,-
terminal (A) and COOH-terminal (B) domains, as described in “Materials
and Methods.” All blots were reprobed with a mouse B-actin probe
(bottom panels) as a loading control.

rather to an acceleration of MT formation (25). Overexpres-
sion of this shorter protein in MBs was accompanied by high
de novo methylation activity that could be positively corre-
lated with the methylation of CpG sites in the myogenic
determination factor MyoD1 gene and its increased tran-
scription (25). These results prompted us to search for the
presence of novel Dnmt1 isoforms during myogenic differ-
entiation.

Here we report the presence of a second transcript in
skeletal muscle that corresponds to the previously reported
spermatocyte-specific cDNA. This isoform is specifically ex-
pressed in differentiated skeletal muscle and was not de-
tected in proliferating MBs. Despite the presence of several
out-of-frame ATGs in this transcript, a protein starting at
ATG4 in exon 4 could be produced in transfected cells.
Furthermore, a shorter Dnmt1 protein could be detected in
extracts from MT cultures. This shorter isoform of Dnmt1
could account for the de novo methylation of specific loci
and could thus induce muscle differentiation.

Results

An Alternative Dnmt1 Transcript Is Present in Skeletal
Muscle. Because ectopic expression of a truncated Dnmt1
protein in MBs leads to changes in gene expression and
induction of myogenic differentiation (25), we speculated that
such a Dnmt1 isoform could be present in skeletal muscle.
To test this hypothesis, we probed Northern blots for the
presence of novel transcripts of the Dnmt1 gene. Poly(A)
RNA from several mouse tissues was hybridized with probes
spanning most of the COOH-terminal domain as well as a
part of the NH,-terminal domain of the Dnmt7 cDNA (Fig. 1).
A Dnmt1 mRNA transcript of 5.4 kb was found in all tissues
examined, and it was most abundant in mouse brain and
heart and less abundant in skeletal muscle. Examination of
the blot after a longer exposure showed the presence of a
slower migrating mRNA transcript of about 6.2 kb that was
present in testis and in skeletal muscle. A longer Dnmt1
mRNA generated by a testis-specific alternative transcrip-
tional start has been described previously (26). The presence
of a second longer transcript in skeletal muscle was con-
firmed using two different cDNA probes derived from the
NH,- and the COOH-terminal domain of Dnmt1 (Fig. 1) and
clearly demonstrates the existence of an alternative isoform
in this tissue.

Cloning of the Alternative Dnmt1 Isoform from Skeletal
Muscle. To clone the cDNA corresponding to the new
Dnmt1 skeletal muscle transcript, we used a combination of
RT-PCR and RACE protocols and scanned the entire cDNA
for the presence of alternatively spliced exons and/or novel
5" and 3’ ends. The Dnmt1 gene comprises 39 exons and
spans over 56 kb (27). We compared the RT-PCR products
from skeletal muscle RNA with the previously described so-
matic isoform of Dnmt1 (18) from exons 5-37 and found no
evidence for the presence of alternatively spliced exons (Fig.
2B). We next tested whether new 3’ or 5’ exons are present
in this isoform by performing RACE reactions using gene-
specific primers located in exon 37 and exon 4, respectively.
The products obtained in both reactions were cloned and
sequenced. The sequences obtained from the 3’ RACE re-
action (Fig. 2A) contained exons 37-39 from the previously
described somatic isoform of Dnmt1 and utilized the first
polyadenylation site (Fig. 2A, red box; Ref. 27), which could
not account for the longer mRNA found by Northern blot
analysis in the skeletal muscle RNA. However, two different
size products were obtained from the 5" RACE reactions, and
the respective sequences contained either exons 1-4 of the
previously described ubiquitous isoform (18) or the testis-
specific exon followed by exons 2-4 (Ref. 17; Fig. 2C). Be-
cause no longer RACE products were obtained, we per-
formed RT-PCR reactions using primers located at different
positions in the genomic region upstream of the 5’ end of the
RACE product corresponding to the testis-specific isoform
to map the beginning of this exon in the skeletal muscle
isoform. Some of the primer combinations and reaction
products are shown in Fig. 2C. The sequence of the longest
5’ extension product (GenBank accession number
AF175432) amplified from skeletal muscle RNA is shown at
the bottom of Fig. 2C. This sequence is identical to the one
previously thought to be exclusively expressed in pachytene
spermatocytes (17).

The Muscle Isoform Is Expressed Specifically in Differ-
entiated MTs. The identification of this alternative Dnmt1
isoform in skeletal muscle raises the question of when it is
expressed during myogenic differentiation. To answer this
question, we made use of a very well-characterized in vitro
differentiation system that is based on the ability of C2C12
mouse MBs to spontaneously differentiate into MTs on mi-
togen withdrawal (Fig. 3A). We isolated RNA from proliferat-
ing MBs as well as from differentiated MTs and used RT-PCR
to analyze the expression of the two Dnmt1 isoforms using
upstream primers located either in exon 1 or in the testis/
skeletal muscle-specific exon (Fig. 3B). We found that the
ubiquitously expressed isoform containing exon 1 was pres-
ent in both MBs and MTs, albeit at a lower level in differen-
tiated cells (Fig. 3C). This is in agreement with a previous
report showing a similar transcription rate but a shorter half-
life of the mRNA for Dnmt1 in differentiated mouse MTs using
a different MB cell line (28). The new isoform, however, was
not detectable in undifferentiated MBs and was only ex-
pressed in differentiated MTs (Fig. 3C). Equal amounts of
input cDNA were present in both cases, as shown by the
similar amounts of glyceraldehyde-3-phosphate dehydroge-
nase-specific PCR fragment obtained using the same cDNA
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Fig. 2. Cloning of the skeletal muscle
Dnmt1 isoform. A, 3’ RACE was used to
screen for differences at the 3’ end that
could account for the novel Dnmt1 tran-
script in skeletal muscle. A forward oli-
gonucleotide in exon 37 (371) was used
in combination with the adaptor primer
(AP). The PCR reaction was carried out in
duplicate, and the agarose gel shows the
PCR products obtained whose size cor-
responds to approximately 800 bp. The
PCR products were then cloned into pC-
RIl vector (the sequence in capital letters)
and sequenced. sk.m, the PCR product
from skeletal muscle cDNA; —, the mi-
nus cDNA control PCR. The sequence
obtained shows no new exons (from ex-
ons 37-39) and uses the first polyadenyl-
ation signal (red box; Ref. 27). B, screen-
ing for the presence of alternative exons
by comparing RT-PCR products from
skeletal muscle cDNA with a plasmid
containing the ubiquitously expressed
Dnmt1 cDNA. Skeletal muscle RNA was
reverse transcribed using random prim-
ers. Different PCR reactions were done
using oligonucleotide pairs as indicated,
spanning the known Dnmt1 cDNA from
exon 5 to exon 37. —RT, the negative
control without reverse transcriptase; —,
the negative control for the PCR reaction
without cDNA template; C, PCR product
from the plasmid; sk.m, PCR product
from skeletal muscle cDNA. C, to screen
for new 5’ end and/or alternative exons,
a combination of oligonucleotides was
used in 5" RACE and RT-PCR reactions
using skeletal muscle mRNA. The corre-
sponding location of the primers used
and the 5’ genomic structure (Ref. 27;
see also Fig. 4) of the ubiquitously ex-
pressed Dnmt1 (exons 1-9) and the tes-
tis-specific isoform (indicated in blue) are
shown. Reverse transcriptase reactions
were done both with random and with an
oligonucleotide (403) located in exon 9,
and the RACE reaction was performed
with an oligonucleotide positioned in
exon 4. —RT, the negative control with-
out reverse transcriptase, as in B; —, mi-
nus cDNA; +, positive PCR control. All of
the PCR products were cloned into pC-
RIl and sequenced. Two isoforms were
obtained multiple times from the RACE
reaction that contain either exon 1 or the
isoform described as testis specific. RT-
PCR analysis using primers at different
positions of the testis-specific exon fur-
ther confirmed the presence of this iso-
form in skeletal muscle mRNA. The se-
quence of the longest PCR product is
shown below, and the different exons
are color-coded as in the genomic struc-
ture. D, reactions were run in parallel on
testis mRNA. A first 5° RACE reaction
was done with an oligonucleotide lo-
cated in exon 4, followed by a second
internal 5° RACE reaction with an oligo-
nucleotide (348) located in the previously
reported testis-specific exon (depicted in
blue). —RT, the negative control without
reverse transcriptase, as in B. The band
obtained with the internal 5" RACE reac-
tion was sequenced, and it was found to
be identical to the skeletal muscle iso-
form (data not shown).
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Fig. 3. Dnmt1 skeletal muscle isoform is expressed specifically in terminally differentiated muscle cells. A, the images and diagram illustrate the myogenic
differentiation system. On serum deprivation, MBs fuse to form multinucleated MTs that express several muscle-specific proteins such as the basic
helix-loop-helix transcription factor myogenin. B, location of the oligonucleotides used for RT-PCR. The nomenclature of the exons is as described in the
Fig. 4 legend. C, RT-PCR products (with and without reverse transcriptase, + and —) were analyzed in agarose gels. A 343-bp fragment was obtained in
MTs but not in MBs using oligonucleotides located in the testis/skeletal muscle exon (1b) and in exon 4. For the ubiquitously expressed isoform,
oligonucleotides located in exon 1a and exon 4 were used in the RT-PCR reaction, and the expected fragment of 264 bp was obtained in MBs and at a
lower level in MTs. RT-PCR with glyceraldehyde-3-phosphate dehydrogenase-specific oligonucleotides was used as a loading control giving rise to the
463-bp product seen at equal amounts in MBs and MTs. As a control for myogenic differentiation, oligonucleotides that amplify a 450-bp fragment of the
myogenin transcription factor were used, and, as expected, a product was obtained in MTs and not in MBs.

samples (Fig. 3C). As a differentiation control, we used prim-
ers specific for mouse myogenin cDNA, a skeletal muscle-
specific transcription factor expressed only after the onset of
terminal differentiation (29). As expected, myogenin could
only be amplified from MT RNA (Fig. 3C). These results show
that this alternative Dnmt1 isoform is specifically expressed
in differentiated MTs.

Genomic Organization of the Dnmt1 Isoforms. The
most prominent Dnmt1 isoforms seem to be generated by
alternative transcriptional start sites (17, 18). We therefore
sequenced the 5’ end of the Dnmt1 gene (GenBank acces-
sion number AF175410; about 26 kb from the oocyte-
specific exon to exon 9). In Fig. 4, we show the structure of
the 5’ end of the three Dnmt1 isoforms identified thus far,
together with their genomic localization and tissue distribu-
tion. Because these three alternative exons are not ex-
pressed in single tissues and to avoid confusion with exons
identified in the future, we propose to clarify the nomencla-
ture and simply name them as follows according to the
chronological order of their identification: (a) 1a, exon 1 (18);
(b) 1b, spermatocyte (17) and skeletal muscle exon (this
work); and (c) 1c, oocyte exon (17).

To identify CpG islands in the complex 5’ end of the Dnmt1
gene, we plotted the CpG versus GpC sites (Fig. 4). The only
CpG island identified between exon 1c¢ and exon 3 is located
around exon 1a, the start of the ubiquitous isoform, and
continues until the start of tissue-specific exon 1b. In com-

parison, no CpG island could be identified around exon 3,
which had previously been described as transcriptional start
site of the ubiquitous isoform (30). Because transcriptional
start sites of housekeeping genes are typically associated
with CpG islands, these results further support a transcrip-
tional start of the ubiquitous isoform with exon 1a.

The Alternative Dnmt1 Transcript in Skeletal Muscle
Produces a Truncated Protein. Sequence analysis of the
alternative Dnmt1 transcript expressed in skeletal muscle
and in spermatocytes revealed several short ORFs (see Fig.
5). The first ATG that is in-frame with the Dnmt1 ORF is
located in exon 4 and corresponds to ATG4 of the ubiqui-
tously expressed isoform.

The presence of these short upstream ORFs has been
previously proposed to prevent translation of this isoform in
spermatocytes (17). The expression of an untranslatable
mRNA, however, could hardly play an active role in the
regulation of DNA methylation. Also, the 5’ end of the Dnmt1
transcript found in oocytes contains several short upstream
ORFs (17) but is highly expressed in vivo. Even the ubiquitous
isoform includes three ATGs in the first exon (exon 1a), and
only the third one is used in vivo (20). Therefore, we decided
to test whether the skeletal muscle and spermatocyte Dnmt1
transcript could be translated in vivo. We generated a set of
mammalian expression constructs containing the entire exon
1b as well as 5’-truncated forms that contain only some of
the short upstream ORFs. All of these constructs include
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Fig. 4. The mouse Dnmt1 gene contains at least three alternative exons at the 5’ end. The diagram depicts the genomic structure of the 5’ end of murine
Dnmt1. Three alternative 5’ exons have been identified: one is specific to the oocyte, one is specific to the testis and skeletal muscle, and one is specific
to somatic cells. The exons of Dnmt1 are represented to scale with respect to their size and relative position in the gene (GenBank accession number
AF175410). The exons present in each isoform are indicated and have been renamed as follows according to the chronological order of identification: (a)
1a, exon 1 (18); (b) 1b, spermatocyte (17) and skeletal muscle exon (this work); and (c) 1c, oocyte exon (17). CpG and GpC incidence diagrams are plotted
to scale at the bottom of the figure. The presence of a CpG island around exon 1a is a typical feature of housekeeping genes and fits well with the ubiquitous

expression of this isoform.

exons 1b—9 followed by the FLAG epitope sequence that is
in frame with the Dnmt1 ORF, and transcription is controlled
by the cytomegalovirus promoter (Fig. 5). In these con-
structs, the expression of the FLAG epitope is only possible
when translation initiation takes place at ATG4 in exon 4. As
a positive control, we generated a construct containing most
of exon 1a of the ubiquitously expressed isoform. Plasmid
DNA was prepared from these constructs and used for trans-
fection of COS-7 cells. Three days after transfection, expres-
sion of the FLAG-tagged Dnmt1 protein was analyzed by
immunofluorescence staining and Western blotting using an
anti-FLAG monoclonal antibody. All of the constructs were
able to generate tagged Dnmt1 truncated protein in COS-7
cells as indicated by the positive FLAG signal in the immu-
nofluorescence images shown in Fig. 5. The nonspecific
background fluorescence under the same conditions is
shown in the image of the stained mock-transfected COS-7
cells.

Protein extracts from transfection experiments with a con-
struct containing exon 1b and a control containing instead
exon 1a were compared by Western blot analysis with anti-
bodies against the FLAG epitope tag. Both constructs gave
rise to single bands on the Western blot (Fig. 5). ATG4 is the
only possible translation initiation site in the exon 1b con-
structs that is in frame with the FLAG epitope. These results
clearly show that transcripts starting with exon 1b are trans-
latable.

To test whether this truncated Dnmt1 isoform can be de-
tected in differentiated muscle cells, we prepared extracts
from MTs and probed them with anti-Dnmt1 antibodies. As
shown in Fig. 6, a faint but clear signal is detectable below
the ubiquitous Dnmt1 protein band (right panel). Because
MB extracts contain much higher levels of the ubiquitous
Dnmt1 isoform, we loaded lower amounts of these extracts
for comparison (middle panel). Under these comparable con-
ditions, similar amounts of the major isoform are visible, but

the shorter isoform is present only in MTs. We cannot rule out
that this shorter Dnmt1 isoform is generated by protein deg-
radation. However, these Western blot results are in good
agreement with the mRNA expression data described above.
Therefore, these results further support the conclusion that a
shorter Dnmt1 isoform is expressed during development that
could play an active role in the change of DNA methylation
patterns during oogenesis, gametogenesis, and myogen-
esis.

Discussion

DNA methylation clearly plays an important role in the reg-
ulation of gene expression and during development but very
little is known about its regulation. Conflicting data have
been published concerning the exact role of DNA methyla-
tion during differentiation. Thus, on one hand, artificially in-
duced demethylation seems to stimulate myogenic differen-
tiation (22), which is in accordance with the observation that
the ubiquitously expressed Dnmt1 isoform is down-regu-
lated during myogenesis (28). On the other hand, forced
overexpression of Dnmt1 causing de novo methylation in the
MyoD1 gene induced its expression and also stimulated
myogenesis (25).

We have identified a longer, alternative Dnmt1 transcript in
skeletal muscle (Fig. 1). We show that this mRNA (starting
with exon 1b) is specifically up-regulated during myogenesis,
whereas the shorter, ubiquitous transcript (starting with exon
1a) is down-regulated (Fig. 3). These results could reconcile
the above-mentioned contradiction in the sense that the
major Dnmt1 isoform responsible for maintenance of DNA
methylation patterns is indeed down-regulated, but an alter-
native isoform with potentially different properties is up-
regulated.

The sequence analysis of this alternative Dnmt1 isoform
from skeletal muscle (Fig. 2) showed that it is actually iden-
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Fig. 5. The skeletal muscle Dnmt1 isoform produces a protein. Different expression constructs were designed to test whether the skeletal muscle isoform
could generate a truncated Dnmt1 protein. The strategy followed to generate some of the Dnmt1 expression constructs is depicted at the top left of the
figure. In the first PCR cycle, all of the reagents necessary for a PCR reaction except the flanking oligonucleotides were included. The first cycle allows the
annealing and extension of the overlapping area between the two denatured DNAs (DNAT and DNA2). In the next cycles, the oligonucleotides were added,
and amplification of the desired area occurs. The different epitope-tagged Dnmt1 expression constructs used to transfect COS-7 cells [1a-9, 1b-9, 3-9,
1b’-9, and 1b"-9 (b’ and b"-9 correspond to nucleotides 651 and 831 to 1418, respectively, from GenBank sequence accession number AF175432)] are
shown below this scheme. The exons included in each of the constructs are indicated (see the Fig. 4 legend for definition of the exon nomenclature). The
dotted lines in exon 1b, which is found in testis and skeletal muscle cDNA, represent the areas that were deleted in the specific construct. The small flags
at the end of each construct represent the 8-amino acid FLAG coding sequence that was added to each of them. ORFs starting at ATG2 and ATG4 in exons
1a and 4, respectively, of the ubiquitously expressed Dnmt1 isoform cDNA (20) and ending in the FLAG tag are represented by thick lines, and the short
ORFs 5' of the Dnmt1 ORF are represented by thin lines. The short vertical lines correspond to ATGs in the particular reading frame, and the stars represent
stop codons. The different expression plasmids were used for transient transfection of COS-7 cells, and expression of the FLAG-tagged Dnmt1 protein (thick
lines) was analyzed by immunofluorescence staining with the anti-Flag M2 monoclonal antibody. The DNA counterstaining was performed with Hoechst
33258, and the corresponding phase-contrast (PC) images are also shown. The mock transfection is depicted at the top using similar exposure conditions.
In the Western blot at the top of the figure, the two types of Dnmt1 protein bands obtained by probing with the anti-FLAG M2 monoclonal antibody using
the Dnmt1 constructs 1a-9 and 1b”-9 are shown.

tical to the one present in testis, which was proposed to be
untranslatable (17). This transcript was nevertheless shown
in testis to be weakly associated with ribosomes (26), which
would be compatible with a low level of translation of this
isoform. Here, we show that this alternative transcript that
starts with exon 1b is indeed translatable, giving rise to a
truncated Dnmt1 isoform starting at ATG4 (Fig. 5, exon 4).
Interestingly, this translation product is identical to the one
obtained from the oocyte-specific transcript, which starts
with exon 1c located 7.2 kb further upstream and is tran-
scribed from an independent promoter (Fig. 4). Thus, the
same truncated, shorter Dnmt1 isoform could be expressed
during oogenesis, spermatogenesis, and myogenesis. The

expression of this shorter Dnmt1 isoform has clearly been
shown in mature oocytes, where it is the only form present
(17, 20). We have obtained evidence for a shorter Dnmt1
protein present in differentiated MTs, but we cannot rule out
that it is a degradation product of the ubiquitously ex-
pressed, longer Dnmt1 isoform (Fig. 6).

These results, however, still do not prove any specific role
for the shorter Dnmt1 isoform because both isoforms have
very similar biochemical properties in vitro (31). The shorter
isoform seems to be able to substitute for the longer isoform
during differentiation and to restore DNA methylation pat-
terns in Dnmt1 null ES cells (20). Thus, a specific role of the
shorter isoform would require tissue-specific, interacting fac-
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Fig. 6. A shorter Dnmt1 protein can be detected in differentiated C2C12
MTs. Whole cell extracts from MBs and MTs (see Fig. 3) were subjected
to Western blot analysis. The blot was first incubated with anti-Dnmt1
antibody (right panel). MT extracts showed a low abundance of the shorter
Dnmt1 isoform (M, 170,000) in addition to the ubiquitous Dnmt1 isoform
(M, 190,000). Because MBs express Dnmt1 at much higher levels, we
show, for comparison, a lower amount of MB extract in which this shorter
band is not detectable (middle panel). As an additional control for differ-
entiation, the blot shown in the right panel was sequentially probed with
anti-myosin heavy chain antibody, which is a late marker and a major
constituent of differentiated muscle and is therefore only visible in the MT
extract (left panel).

tors that could differentially interact with the Dnmt1 isoform
and thus generate specificity. The proof that the shorter
Dnmt1 isoform we identified in skeletal muscle can indeed
stimulate myogenic differentiation has already been provided
by serendipity. Since the complete Dnmt1 cDNA for the
ubiquitously expressed isoform became known and available
in 1996 (18, 19), a partial cDNA was used for the overex-
pression in MBs, giving rise to a truncated Dnmt1 starting at
ATG4, which is identical to the shorter isoform described
here. The forced expression of this Dnmt1 isoform in MBs
was shown to correlate with a high level of de novo methyl-
ation activity and to induce myogenic differentiation (25).
These experiments clearly show that the shorter Dnmt1 iso-
form from skeletal muscle cells can indeed induce myogenic
differentiation. However, additional experiments are neces-
sary to elucidate the exact role of Dnmt1 isoforms during
development.

Database Access. The sequences reported in this study
have been deposited in the GenBank database under acces-
sion numbers AF175432 and AF175410.

Materials and Methods
Northern Blot Hybridization Analysis. Mouse multiple tis-
sue Northern blots (Clontech) containing ~2 ug poly(A)+

RNA/lane were probed with a 377-bp fragment (nucleotides
674-1050) and a 950-bp (nucleotides 2946-3895) fragment
located in the NH,-terminal and COOH-terminal region of the
methyltransferase cDNA, respectively (GenBank accession
number AF162282; Ref. 27). The probes were labeled with
[«-*2P]dCTP and [«-*2P]dATP by random priming (Amer-
sham). The blots were washed at high stringency (twice for
20 min each with 0.1X SSC and 0.1% SDS at 65°C) and
exposed to a phosphorimager screen overnight. The blots
were stripped by boiling with SDS solution (0.5% SDS) twice
for 15 min before being rehybridized with a mouse B-actin
probe for RNA loading control.

RT-PCR and RACE Analysis. Total RNA was prepared
from skeletal muscle from the legs of C57BL6 mice. RNA was
isolated by adsorption to a silica gel-based membrane in a
high-salt buffer system according to the manufacturer’s in-
structions (Qiagen). Total RNA (~1 ng) was then subjected to
random or oligonucleotide-specific RT. PCRs were per-
formed with the appropriate oligonucleotides and cycling
conditions with respect to the melting and annealing tem-
peratures of the primers. The fresh PCR products were
cloned into pCRII vector (Invitrogen). Positive clones were
sequenced with the dye terminator method and analyzed on
an automated DNA sequencer (Applied Biosystems).

To identify potentially new 5’ or 3’ end sequences, RACE
reactions were performed using cDNA from skeletal muscle
(Marathon-Ready cDNA; Clontech). An antisense primer was
designed (347-R; located in exon 4) for 5' RACE PCR and a
sense primer (371-F; located in exon 37) was designed for 3’
RACE PCR. The products from the RACE reactions were
cloned into pCRII vector (Invitrogen) and sequenced as de-
scribed above.

Mammalian Expression Constructs. The different
Dnmt1 pCR3.1 expression plasmids are designated 1a-9,
1b-9, 1b’-9, 1b"-9 and 3-9 (numbers correspond to the ex-
ons present; see Fig. 4 for nomenclature of exons). To gen-
erate these constructs, paired fragments of double-stranded
DNA containing a common region that can be annealed after
denaturation were used (see the diagram in Fig. 5). Briefly, for
each construct, two paired PCR products of double-
stranded DNA were mixed with all of the reagents necessary
for a PCR reaction except the oligonucleotides. The oligo-
nucleotide sequence and exon localization are indicated in
Table 1. The oligonucleotide pairs were as follows: (a) 584—
582 and 583-578 for 1a-9; (b) 320-316 and 579-578 for

Table 1 Nucleotide sequences of DNA primers

Oligonucleotide (exon)

Sequences

584-F (exon 1a)
582-R (exon 3)
583-F (exon 3)
578-R (exon 9)
320-F (exon 1b)
316-R (exon 1b)
579-F (exon 1b)
581-R (exon 1b)
577-F (exon 1b)
616-R (FLAG)

5'TAGCCAGGAGGTGTGGGTGCCTCCGTTGCGC3
5'CTGTTTGCAGGAATTCATGCAGTAAGTTTAATTTCTCCS
5'GCTCAAAGACTTGGAAAGAGATGGCTTAACAGAAAAG3
5'CTTCTTGTCATCGTCGTCCTTGTAGTTGGTGTGA3
5'ATGCGCGGGGCAGCGTTT3
5'TAAAATAATAGGGCGGGGGC3
5'GCCCGGCTGTCAAGTCCTAGGACCTTTTCTCTCTCAT3
5'TTCCCCTCTTCCGACTCTTCCTTGGGTTTCCGTTTAGT3
5'GCCCCCGCCCTATTATTTTAGCCCCTGTAAACCAGT3
5'CTTCTTGTCATCGTCGTCCTTGTAGTC

2 The FLAG sequence is indicated by bold letters.
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1b-9; and (c) 579-581 and 577-578 for 1b’-9. The mixture
was then allowed to denature, anneal, and extend for one
cycle on a PCR machine (Biometra). After this initial cycle,
oligonucleotides flanking the newly formed double-
stranded DNA were added to the reaction, and the PCR
was carried out for another 30 cycles. The reverse oligo-
nucleotide used in the latter reaction was the same in all of
the cases (616-R, which contains the FLAG sequence
indicated in bold letters in Table 1). For the constructs
1b”-9 and 3-9, PCR reactions with oligonucleotides 577-
578 and 325-616, respectively, were carried out. The
resulting PCR products were placed under the control of
the cytomegalovirus promoter by cloning into the pCR3.1
mammalian expression vector (Invitrogen).

Cell Culture and Transfections. COS-7 cells were grown
in a humidified atmosphere of 5% CO, at 37°C and main-
tained at subconfluent density in DMEM supplemented with
10% fetal bovine serum. Cells were plated at 3 x 10° cells/
p100 and transfected 1 day later with the corresponding
FLAG-tagged Dnmt1 expression plasmid using the Gene-
Porter transfection reagent according to the manufacturer’s
instructions (Gene Therapy Systems, Inc.). Three days after
transfection, cells were harvested for Western blot analysis
or fixed for immunofluorescence analysis.

C2C12 cells were grown and differentiated as described
previously (32). Proliferating MBs and differentiated MTs
were harvested for Western blot analysis and RNA prepara-
tion.

Immunofluorescence. Cells were washed three times
with PBS and fixed with 3.7% formaldehyde in PBS for 10
min. Immunostaining was performed by first blocking the
sample with 0.2% fish skin gelatin for 30 min, followed by a
2-h incubation with the anti-Flag M2 mouse monoclonal
antibody (Kodak) diluted 1:2000 in 0.2% Tween 20 in PBS
and a 1-h incubation with FITC-conjugated antimouse IgG
antibody (Boehringer Mannheim) diluted 1:100 in 0.2%
Tween 20 in PBS. Nuclear DNA counterstaining was per-
formed with Hoechst 33258 at a concentration of 1 pg/ml,
and samples were mounted in Mowiol containing 2.5%
DABCO. Samples were analyzed on a Zeiss Axioplan 2 mi-
croscope equipped with phase-contrast and epifluores-
cence optics using a X20 PlanNeofluar objective, and im-
ages were acquired with a cooled charge-coupled device
camera (Sensicam; 1280 X 1024 pixels; 6.7-um pixel size)
using Axiovision software (Zeiss).

Cell Extracts and Western Blotting. Cells were har-
vested by centrifugation, and cell pellets were resuspended
in ice-cold radioimmunoprecipitation assay buffer [500 mm
Tris-HCI (pH 8), 150 mm NaCl, 1% NP40, 0.5% sodium
deoxycholate, and 0.1% SDS] with protease inhibitors (leu-
peptin, aprotinin, and pepstatin) and incubated on ice for 5
min. Whole cell extracts were recovered from the superna-
tant after centrifugation for 5 min at 4°C. Protein extracts
were then separated on a 10-20% gradient SDS-PAGE
(COS-7 cell extracts) or 6% SDS-PAGE (C2C12 cell extracts)
and transferred to polyvinylidene difluoride membranes us-
ing a semidry blotting apparatus. Transfected COS-7 cell
extracts were probed sequentially with anti-FLAG antibody
M2 (Kodak; 1:5,000), antimouse IgG-biotin (Amersham;

1:10,000), and streptavidin-horseradish peroxidase (Amer-
sham; 1:500) and washed extensively with 0.2% Tween 20 in
PBS between the different incubations. C2C12 cell extracts
were probed first with affinity-purified rabbit polyclonal anti-
Dnmt1 antibody (1:500), antirabbit IgG-biotin (Amersham;
1:10,000), and streptavidin-horseradish peroxidase (Amer-
sham; 1:500) and sequentially reprobed with anti-myosin
heavy chain mouse monoclonal antibody (Ref. 33; MF-20
hybridoma tissue culture supernatant diluted 1:2), followed
by antimouse IgG-horseradish peroxidase (Amersham;
1:10,000). The signals were detected with enhanced chemi-
luminescence (ECL) or ECL+ reagents (Amersham) and re-
corded with a luminescent image reader machine using Im-
ageReader software (Fuiji).

Acknowledgments

We are grateful to A. Hayashi and V. DiGiacco for help in the sequencing
work and to Hans-Peter Rahn and Danny Nowak for the preparation and
purification of the Dnmt1 antibodies.

References
1. Cedar, H. DNA methylation and gene activity. Cell, 53: 3-4, 1988.

2. Monk, M. Changes in DNA methylation during mouse embryonic de-
velopment in relation to X-chromosome activity and imprinting. Philos.
Trans. R. Soc. Lond. B XVII, 326: 299-312, 1990.

3. Monk, M., Boubelik, M., and Lehnert, S. Temporal and regional
changes in DNA methylation in the embryonic, extraembryonic and germ
cell lineages during mouse embryo development. Development (Camb.),
99: 371-382, 1987.

4. Olek, A., and Walter, J. The pre-implantation ontogeny of the H19
methylation imprint. Nat. Genet., 17: 275-276, 1997.

5. Tremblay, K. D., Duran, K. L., and Bartolomei, M. S. A 5’ 2-kilobase-
pair region of the imprinted mouse H19 gene exhibits exclusive paternal
methylation throughout development. Mol. Cell. Biol., 17: 4322-4329,
1997.

6. Bird, A. The essentials of DNA methylation. Cell, 70: 5-8, 1992.

7. Bestor, T. H. Cloning of a mammalian DNA methyltransferase. Gene
(Amst.), 74: 9-12, 1988.

8. Leonhardt, H., Page, A. W., Weier, H. U., and Bestor, T. H. A targeting
sequence directs DNA methyltransferase to sites of DNA replication in
mammalian nuclei. Cell, 77: 865-873, 1992.

9. Cardoso, M. C., and Leonhardt, H. DNA methyltransferase is actively
retained in the cytoplasm during early development. J. Cell Biol., 147:
25-32, 1999.

10. Lei, H., Oh, S. P., Okano, M., Juttermann, R., Goss, K. A., Jaenisch,
R., and Li, E. De novo DNA cytosine methyltransferase activities in mouse
embryonic stem cells. Development (Camb.), 122: 3195-3205, 1996.

11. Li, E., Bestor, T. H., and Jaenisch, R. Targeted mutation of the DNA
methyltransferase gene results in embryonic lethality. Cell, 69: 915-926,
1992.

12. Okano, M., Xie, S., and Li, E. Dnmt2 is not required for de novo and
maintenance methylation of viral DNA in embryonic stem cells. Nucleic
Acids Res., 26: 2536-2540, 1998.

13. Yoder, J. A., and Bestor, T. H. A candidate mammalian DNA methyl-
transferase related to pmt1p of fission yeast. Hum. Mol. Genet., 7: 279-
284, 1998.

14. Van den Wyngaert, |., Sprengel, J., Kass, S. U., and Luyten, W. H.
Cloning and analysis of a novel human putative DNA methyltransferase.
FEBS Lett., 426: 283-289, 1998.

15. Okano, M., Xie, S., and Li, E. Cloning and characterization of a family

of novel mammalian DNA (cytosine-5) methyltransferases. Nat. Genet.,
19: 219-220, 1998.



Cell Growth & Differentiation

16. Okano, M., Bell, D. W., Haber, D. A., and Li, E. DNA methyltrans-
ferases Dnmt3a and Dnmt3b are essential for de novo methylation and
mammalian development. Cell, 99: 247-257, 1999.

17. Mertineit, C., Yoder, J. A., Taketo, T., Laird, D. W., Trasler, J. M., and
Bestor, T. H. Sex-specific exons control DNA methyltransferase in mam-
malian germ cells. Development (Camb.), 725: 889-897, 1998.

18. Tucker, K. L., Talbot, D., Lee, M. A., Leonhardt, H., and Jaenisch, R.
Complementation of methylation deficiency in embryonic stem cells by a
DNA methyltransferase minigene. Proc. Natl. Acad. Sci. USA, 93: 12920-
12925, 1996.

19. Yoder, J. A, Yen, R. W. C., Vertino, P. M., Bestor, T. H., and Baylin,
S. B. New 5’ regions of the murine and human genes for DNA (cytosine-
5)-methyltransferase. J. Biol. Chem., 277: 31092-31097, 1996.

20. Gaudet, F., Talbot, D., Leonhardt, H., and Jaenisch, R. A short DNA
methyltransferase isoform restores methylation in vivo. J. Biol. Chem.,
273: 32725-32729, 1998.

21. Cardoso, M. C., and Leonhardt, H. Differentiation, development and
programmed cell death. In: G. Stein, R. Baserga, D. Denhardt, and A.
Giordano (eds.), The Molecular Basis of Cell Cycle and Growth Control,
pp. 305-347. New York: John Wiley & Sons, 1999.

22. Jones, P. A., and Taylor, S. M. Cellular differentiation, cytidine analogs
and DNA methylation. Cell, 20: 85-93, 1980.

23. Szyf, M., Rouleau, J., Theberge, J., and Bozovic, V. Induction of
myogenic differentiation by an expression vector encoding the DNA meth-
yltransferase cDNA sequence in the antisense orientation. J. Biol. Chem.,
267: 12831-12836, 1992.

24. Jost, J. P., and Jost, Y. C. Transient DNA demethylation in differen-
tiating mouse myoblasts correlates with higher activity of 5-methyldeoxy-
cytidine excision repair. J. Biol. Chem., 269: 10040-10043, 1994.

25. Takagi, H., Tajima, S., and Asano, A. Overexpression of DNA meth-
yltransferase in myoblast cells accelerates MT formation. Eur. J. Bio-
chem., 231: 282-291, 1995.

26. Trasler, J. M., Alcivar, A. A., Hake, L. E., Bestor, T., and Hecht,
N. B. DNA methyltransferase is developmentally expressed in replicat-
ing and non-replicating male germ cells. Nucleic Acids Res., 20: 2541-
2545, 1992.

27. Margot, J. B., Aguirre-Arteta, A. M., Di Giacco, B. V., Pradhan, S.,
Roberts, R. J., Cardoso, M. C., and Leonhardt, H. Structure and function
of the mouse DNA methyltransferase gene Dnmt1 shows a tripartite
structure. J. Mol. Biol., 297: 293-300, 2000.

28. Liu, Y., Sun, L., and Jost, J. P. In differentiating mouse myoblasts DNA
methyltransferase is posttranscriptionally and posttranslationally regu-
lated. Nucleic Acids Res., 24: 2718-2722, 1996.

29. Andres, V., and Walsh, K. Myogenin expression, cell cycle with-
drawal, and phenotypic differentiation are temporally separable events
that precede cell fusion upon myogenesis. J. Cell Biol., 132: 657-666,
1996.

30. Rouleau, J., Tanigawa, G., and Szyf, M. The mouse DNA methyltrans-
ferase 5'-region. A unique housekeeping gene promoter. J. Biol. Chem.,
267: 7368-7377, 1992.

31. Pradhan, S., Talbot, D., Sha, M., Benner, J., Hornstra, L., Li, E.,
Jaenisch, R., and Roberts, R. J. Baculovirus-mediated expression and
characterization of the full-length murine DNA methyltransferase. Nucleic
Acids Res., 25: 4666-4673, 1997.

32. Cardoso, M. C., Leonhardt, H., and Nadal-Ginard, B. Reversal of
terminal differentiation and control of DNA replication: cyclin A and Cdk2
specifically localize at subnuclear sites of DNA replication. Cell. 74: 979-
992, 1993.

33. Bader, D., Masaki, T., and Fischman, D. A. Imnmunochemical analysis
of myosin heavy chain during avian myogenesis in vivo and in vitro. J. Cell
Biol., 95: 763-770, 1982.

559



