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Epigenetic programming is critical for normal development of mammalian embryos. Errors cause misex-
pression of genes and aberrant development (E. Li, C. Beard, and R. Jaenisch, Nature 366:362-365, 1993).
Imprinted genes are important targets of epigenetic regulation, but little is known about how the epigenetic
patterns are established in the parental germ lines and maintained in the embryo. Paternal allele-specific
expression at the imprinted Rasgrfl locus in mice is controlled by paternal allele-specific methylation at a
differentially methylated domain (DMD). DMD methylation is in turn controlled by a direct repeat sequence
immediately downstream of the DMD which is required for establishing Rasgrfl methylation in the male germ
line (B. J. Yoon et al., Nat. Genet. 30:92-96, 2002). To determine if these repeats have a role in methylation
maintenance, we developed a conditional deletion of the repeat sequence in mice and showed that the repeats
are also required during a narrow interval to maintain paternal methylation of RasgrfI in developing embryos.
Removing the repeats upon fertilization caused a total loss of methylation by the morula stage, but by the
epiblast stage, the repeats were completely dispensable for methylation maintenance. This developmental
interval coincides with genome-wide demethylation and remethylation in mice which most imprinted genes
resist. Our data show that the Rasgrfl repeats serve at least two functions: first, to establish Rasgrfl DNA
methylation in the male germ line, and second, to resist global demethylation in the preimplantation embryo.

Studies of epigenetic programming in mammals have iden-
tified changes in epigenetic modifications during development
and loci that are targeted for these modifications. After fertil-
ization in mice, there is a wave of genome-wide demethylation
followed by remethylation ending around the blastocyst stage
(14, 22, 23, 25, 28). Imprinted loci exhibit allele-specific ex-
pression and DNA methylation, yet they resist this wave of
reprogramming (3, 33) and maintain their parent-of-origin
specific imprint marks. This has made them attractive models
for characterizing how epigenetic states are programmed. Im-
printing of RasgrfI is controlled by a binary switch located 30
kbp 5’ of the promoter. One component of the switch is a
repeated DNA element that regulates establishment of meth-
ylation at an adjacent sequence on the paternal allele. The
second component of the switch is the sequence acquiring
methylation (the differentially methylated domain [DMD]).
The unmethylated maternal DMD can bind the enhancer
blocking protein CTCF, block enhancer to promoter interac-
tions, and silence the maternal allele. On the paternal allele,
the repeats impart methylation to the DMD, ablating CTCF
binding and thus allowing enhancer to promoter interactions
and expression of the paternal allele (9, 39, 40). The establish-
ment of methylation at RasgrfI is completed in the germ line,
with mature sperm being fully methylated (21, 30).

Rasgrfl is one of the few loci at which the cis-acting DNA
sequences controlling establishment of germ line DNA meth-
ylation have been described previously. Transgenic studies
showed that sequences from Igf2r (2) and Snrpn (1, 15) may
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control establishment of maternal allele methylation. How-
ever, the role of the Igfr2 sequences in the germ line or at the
endogenous locus is unknown. Similarly, the importance of the
Snrpn sequences at the endogenous locus has not been tested.
In gene targeting experiments in which the mouse Snrpn im-
printing center was replaced by orthologous sequences from
human SNRPN, results showed that the human sequences on
the maternal mouse chromosome enabled establishment of
maternal methylation in oocytes; however, methylation was not
maintained in somatic tissue (12). This suggested that se-
quences important for methylation establishment on the ma-
ternal allele of Snrpn are conserved between mice and humans;
however, the human sequences lack features present in the
mouse that are needed for methylation maintenance. The di-
chotomy between mechanisms controlling methylation estab-
lishment and maintenance was also demonstrated at H19. Pro-
moter-proximal sequences that acquired DNA methylation in
the paternal germ line did not require all sequences within the
DMD for their establishment; however, an intact DMD was
needed for efficient maintenance of these marks (35, 36). Also,
methylation that spread from the DMD to the paternal pro-
moter in zygotes required the DMD for its maintenance in
more-differentiated tissue (35). In transgenic mice with a 100-
kbp human HI9 transgene, germ line DNA methylation was
properly established, but it was not maintained in somatic
tissue (13). A negatively acting signal that includes CTCF bind-
ing sites at the endogenous H79 locus maintains the maternal
allele in an unmethylated state (26, 29). A comparable negative
signal from Snrpn may maintain the paternal allele in the
unmethylated state (16), but its activity at the endogenous
locus is not known.

The relationship between mechanisms that establish and
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maintain DMD methylation remains unknown. Although we
showed that the Rasgrfl repeats regulate establishment of
DNA methylation in the male germ line (40), nothing is known
about their role, if any, in maintaining methylation during
somatic development. To address this question, we designed a
conditional deletion of the repeats by flanking the repeat se-
quence at Rasgrfl with LoxP sites. By crossing these mice with
various cre transgenics to delete the repeats, we identified
distinct roles for the repeats at different times during develop-
ment.

MATERIALS AND METHODS

Generation of mutant mice. The Rasgrfl'™* % targeting vector included a
2.0-kbp 5" arm extending from a BamHI site to the repeats, an 1,841-nucleotide
(nt)-repeat-containing BeceAl-to-EcoRV fragment modified to include a LoxP
site-containing oligonucleotide at the BeceAl and EcoRYV sites, an Frt-flanked
Pgk-neo cassette, and a 2.7-kbp EcoRV-to-Smal 3’ arm. Homologous recombi-
nation was verified at the 5’ end using the 1,046-nt PstI-to-BamHI probe lying
between kbp —3.0 and —2.0 5’ of the repeats as described before (9, 39, 40). At
the 3’ end homologous recombination was verified using a neo cassette-specific
primer and a primer 3’ of the 3" homologous arm, followed by sequencing of the
PCR product. We prepared RasgrfI™*"9 mice using standard embryonic stem
cell culture and blastocyst injection methods and excised the Frt-flanked neo
marker by crossing them with FLPe transgenic mice (5) to produce the
Rasgrf1'™*1Pds allele, referred to as flox-R. Zp3-cre transgenics used to pro-
duce the Rasgrfl'™*+2Pds allele, referred to as A-R, were produced by Gail
Martin (19) and provided, with her permission, by Barbara Knowles. Other cre
transgenics were from Jackson Laboratories (stock numbers 003771, 003574, and
003755). All mice were maintained on a C57BL/6 background, except for allelic
expression analysis, where F; mice from a C57BL/6 and PWK cross were used
(see Fig. 2c only). Primers for DNA analysis were P1 (ATGATTGAACAGATG
GATTGCAC), P2 (TTCGTCCAGATCATCCTGATCGAC), P3 (CTGCACCGC
TGCCGCTAAGC), P4 (CCTGCAGGTCGACATAACTTC), P5 (GCACTTCGC
TACCGTTTCGC), P6 (TTTCTGCCATCATCCCAGCC), P7 (TGTCCTCCACC
CCTCCACC), P10 (ATACTTTCTCGGCAGGAGCA), P11 (GGGTGGGCTTT
GAGTGTTTA), TimplF (GTCATAAGGGCTAAATTCATGGG), and Timp1R
(ACTCTTCACTGCGGTTCTGGGAC).

RNA analysis. We prepared RNA and carried out allele-specific reverse tran-
scription-PCR (RT-PCR) assays for RasgrfI on oligo(dT)-primed cDNA as pre-
viously described (40) and did real-time RT-PCR using cDNA made with
random primers and the Applied Biosystems predesigned Rasgrfl TaqgMan
gene expression assay (assay identification Mm00441097_m1) multiplexed
with TagMan Ribosomal Control primers (product number 4308329) ampli-
fied using the ABI 7500 Realtime PCR system. Other primers were P8
(CTTGGTGTTCATCGAGGAGG), P9 (ATATTCTCGGGGAAGCACAC),
RplI32F (CATGCACACAAGCCATCTACTCA), and Rpl32R (TGCTCACA
ATGTGTCCTCTAAGAAC).

Methylation analysis. We used proteinase K to extract genomic DNA from
tail, neonatal brain, liver, sperm, and preimplantation embryos and included
glycogen (15 pg) to precipitate the embryonic DNAs. Methylation analysis of the
DMD using restriction enzymes was as previously described (40). Primers used,
in addition to those described above, were PGKF (CTTTGCTCCTTCGCTTT
CTG) and PGKR (ACGTCCAGCTTGTCCAAAGT). Bisulfite sequencing was
carried out as described previously (10) with some modifications, using fresh
solutions. Briefly, we denatured 1.0 ug of DNA in 50 pl Tris-EDTA by adding 5
wl 3 M NaOH and incubating the mixture at 37°C for 10 min. After adding 30 pl
10 mM hydroquinone and 510 .l 3.9 M sodium bisulfite, we allowed deamination
to proceed at 55°C for 16 h. We purified treated DNA using a QIAquick gel
extraction kit according to the manufacturer’s instructions (QIAGEN) and
eluted DNA from the kit column in 50 pl elution buffer. The bisulfite reaction
was completed by adding 5 wl 3 M NaOH and incubating the mixture at room
temperature for 5 min. We purified DNA again using a QIAquick gel extraction
kit and eluted it in 30 pl. For PCR, we amplified 1 wl of DNA using primers MF
(GAGTATGTAAAGTTAGAGTT) and MR (ATAAACTACTACAACAA
CTT) for 40 cycles, gel purified all PCR products, and then cloned them using
the Topo pCR2.1 cloning kit (Invitrogen). Clones with the correct insert size
were sequenced using M13F and M13R primers. Embryonic bisulfite DNAs
were amplified with a nested PCR. First-round primers used were MF (as
above) and nMR (ACTATCCTCCACCCCTCCAC); a second round of PCR
used MF and MR.
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RESULTS

Development of a conditional allele at RasgrfI. To study the
relationship between establishment and maintenance of meth-
ylation and to identify the critical developmental interval when
maintenance of epigenetic programming occurs, we first iden-
tified the sequences that maintain Rasgrfl methylation. We
considered the possibility that the repeats which control estab-
lishment may also control maintenance. To test this, we gen-
erated mice in which the repeats were flanked by LoxP sites
(floxed). The LoxP sites facilitated deletion of the repeats by
cre recombinase transgenic mice after methylation was estab-
lished and allowed us to determine if methylation could be
maintained without the repeats. Depending on the cre trans-
genic used, we could delete the repeats at different develop-
mental times and determine if there was a developmental in-
terval during which the repeats must be present to maintain the
DNA methylation. A targeting vector with floxed repeats and
a neomycin phosphotransferase cassette flanked by FRT sites
was used to prepare mice by gene targeting in embryonic stem
cells (Fig. 1a). Homologous recombination was confirmed at
the 5’ end by Southern blot assays (Fig. 1b) and at the 3" end
by PCR. The primer pair used in the PCR assay included one
specific to the targeting vector and one beyond the 3’ boundary
of the 3’ homologous arm. Amplification of DNA from tar-
geted cells, but not wild-type cells, resulted in a band of the
predicted size (4,650 nt). It was cloned, and sequencing re-
vealed that the predicted recombination had occurred at the 3’
end (Fig. 1b and data not shown). The drug resistance marker
was removed by crossing heterozygotes with FLPe transgenic
mates (Fig. 1c) (5). We refer to the alleles as Rasgrfl™* %
prior to drug resistance marker removal and as the
Rasgrf1"™*'F% or flox-R allele afterward (Fig. 1).

Normal DNA imprinting can occur in mice with the condi-
tional allele. We tested animals with a flox-R allele transmitted
maternally or paternally, to determine if floxing the repeats
impaired normal imprinted methylation and expression. We
monitored DMD methylation status in somatic tissue by
Southern blot analysis of tail DNA digested with Pstl and the
methylation-sensitive enzyme Notl. Pstl digestion discrimi-
nated between the two alleles, with the wild-type allele pro-
ducing an 8.0-kbp band and the mutated flox-R allele produc-
ing a 3.0-kbp band. Methylation of either allele prevents
further digestion by NotI; absence of methylation permits fur-
ther digestion, producing a 2.8-kbp band. Maternal transmis-
sion of the floxed repeats (flox-R/+) did not affect normal
Rasgrfl methylation—the paternal allele remained methylated
and the maternal allele remained unmethylated (Fig. 2a).
When paternally transmitted (+/flox-R), the floxed repeats
imparted normal DMD methylation in somatic tissue of 38 out
of 42 mice tested; four mice were hypomethylated at NotI and
Hhal sites in the paternal DMD as assayed by PCR and South-
ern blotting (Fig. 2a and data not shown). Methylation was
detected in the sperm DNA of +/flox-R mice, indicating that
the floxed paternal allele underwent proper establishment of
germ line methylation and remained methylated at the point of
fertilization (Fig. 2a). We verified that the mutated paternal
allele in +/flox-R animals was methylated across the entire
DMD using bisulfite sequencing (Fig. 3c). The analysis re-
vealed that all 26 CpGs assayed were extensively methylated to
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FIG. 1. Controlled deletion of the Rasgrfl repeats. (a) Wild-type
Rasgrfl locus, RasgrfI™F% targeting vector, and RasgrfI™*"%
(flox-R) and RasgrfI™**"% (A-R) alleles. The 350-bp DMD is up-
stream of the 1.6-kb repeat sequence (white triangles). Removing the
neo cassette flanked by FRT sites (gray triangles) in FLPe transgenic
mice produced the flox-R allele with LoxP site (black triangles)-
flanked repeats. Removing the repeats in cre transgenic mice produced
the A-R allele. Restriction sites are PstI (P), BanlI (B), and NotI (N).
P1 through P9 are PCR primers. (b) Southern blot analysis of PstI-
digested DNA isolated from parental J1 embryonic stem cells (+/+)
and a RasgrfI™*"% clone (+/4) using the probe in panel a (left panel).
The probe lies 5" of the 5" homologous arm. PCR analysis across the
3’ junction used primers P10 and P11 (right). P11 lies 3’ of the 3’
homologous arm of the vector. (c) PCR analysis of DNA from progeny
of a flox-R-containing dam and a FLPe transgenic sire used primers in
panel a to detect Neo (P1 and P2), the flox-R allele (P3 and P4), or
Timpl as a control. (d) PCR of DNAs from wild-type control animals
(+/+) or pups born to flox-R sires and cre transgenic dams expressing
cre from the Zp3, Meox2, Nestin, or Albumin promoters. Primers in
panel a detected the A-R allele (PS5 and P7) or the wild-type (wt) and
flox-R alleles (P6 and P7), which generated different-sized products.
The progeny of Albumin-cre dams are mosaics. The figure is not to
scale.

levels comparable to that of the wild-type paternal allele (40).
The bisulfite data confirmed our previous studies showing that
the methylation state of the Notl site accurately predicted the
methylation of the remaining CpGs (9, 40). We next charac-
terized Rasgrfl expression using an allele-specific RT-PCR as-
say to determine if RasgrfI expression in the neonatal brain was
still exclusively from the paternal allele in mice with floxed
repeats. Also, we used real-time RT-PCR to see if floxing the
repeats affected the levels of accumulated Rasgrfl RNA. As
was true with DNA methylation, Rasgrf] expression was unaf-
fected by floxing of the repeats (Fig. 2b and c).

Methylation establishment and maintenance are controlled
by Rasgrfl repeats. Having determined that the floxed repeats
behave just as the wild-type allele does, we crossed male mice
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allele. (a) Southern blot analysis of DMD methylation at the Notl
(N) site using tail or sperm DNA digested with Pstl (P) or Pstl and
Notl (P/N). Mice were wild type (+/+) or heterozygous for a paternal
(+/flox-R) or maternal (flox-R/+) flox-R allele. Restriction site loca-
tions and probes are as in Fig. 1. The asterisk denotes nonspecific
hybridization occasionally seen when hybridization and wash strin-
gency are reduced. (b) Quantitative RT-PCR for Rasgrfl in neonatal
brains of +/+, +/flox-R, and flox-R/+ mice. The y axis shows the
fluorescence signal normalized to +/+. There were no significant dif-
ferences. (c) Allele-specific RT-PCR of RasgrfI in mice with a flox-R
allele and wild-type littermates. (d) Allele-specific RT-PCR of Rasgrfl
in mice with a A-R allele and wild-type littermates. For panels ¢ and d,
RNA was from neonatal brains of strain 129SvS4Jae (129) and PWK
mice or from progeny of PWK mothers and 129 fathers (PWKx129) or
the reciprocal cross (129xPWK). In crosses, the 129 partner was het-
erozygous for the mutated allele. Reactions included RNA (R) or
¢DNA (U and C) and primers P8 and P9 (Fig. 1) or Rpl32 as control.
Products were undigested (U) or digested with Hhal (C). An Hhal site
in the PWK RT-PCR product is absent from 129.

with a flox-R allele to females expressing cre. Recombination
by the maternal cre deletes the paternal repeats forming the
Rasgrf1™*2"% allele. For simplicity, we refer to the repeat-
deficient allele as A-R. The transgenes that we used express cre
in different tissues at different developmental times and in-
cluded Zp3-cre (oocytes [19]), Meox2-cre (embryonic ectoderm
of the day 5.5 [e5.5] epiblast [34]), Nestin-cre (ell central
nervous system [7]), and Albumin-cre (by postpartum day 1
[P1] liver [27]). To confirm that the maternal cre deleted the
paternal repeats in the progeny of these crosses, we used a
PCR assay that detected the recombination product (Fig. 1d)
and Southern blot assays that distinguished the wild-type and
mutated alleles, both recombined (A-R) and unrecombined
(flox-R) (Fig. 3). The sources of DNAs for these tests were the
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FIG. 3. The Rasgrfl repeats required for methylation maintenance after fertilization are dispensable by e5.5. (a) Southern blot analysis of
methylation at the DMD Notl site after repeat loss. DNAs were from Rasgrf] heterozygotes born to sires heterozygous for flox-R and transgenic
dams expressing cre from Zp3, Meox2, Nestin, or Albumin promoters. DNAs were from tail (+/+, Zp3, and Meox2), brain (Nestin), or liver
(Albumin). Probe and restriction enzymes BanlII (B) and Notl (N) distinguished methylated forms of +/+ (10-kbp), flox-R (7.4-kbp), and A-R
(5.6-kbp) alleles with unmethylated alleles producing a 5.4-kbp band (Fig. 1). (b) PCR analysis of methylation at the DMD Hhal sites. DNAs were
those used in panel a. Primers flanked Hhal sites in the DMD (P5 and P7), an unmethylated promoter (Pgk), or a sequence lacking Hhal sites
(Rpl32). Before amplification, templates were Hhal digested (+) or left undigested (—). (c) Bisulfite analysis of DMD methylation. DNAs were
from four +/flox-R animals (+/flox-R) or four progeny of the above cre crosses. The 26 CpGs assayed were specific to the mutated allele containing
the repeats (+/flox-R) or the recombined A-R allele in progeny from cre crosses and included three CpGs at the single NotlI site and five CpGs
at the five Hhal sites (shaded areas). Filled and open circles represent methylated and unmethylated CpGs, respectively. The numbers to the left
of each line indicate the number of clones having identical sequences. Where no number is shown, a unique sequence was obtained. (d) Real-time
RT-PCR measurements of Rasgrfl in brains of mice from panels a and b. The y axis shows expression normalized to wild-type levels. Expression

was significantly lower () in progeny of Zp3-cre mice where DMD methylation was lost.

tails of neonatal progeny of Zp3-cre and Meox2-cre females and
brain and liver, respectively, for progeny of Nestin-cre and
Albumin-cre females. Each cre transgene was able to delete the
repeats in the tissues tested with efficiencies ranging from
virtually 100% for Zp3- and Nestin-cre to approximately 90%
and 20% for Meox2-cre and Albumin-cre, respectively (Fig. 1d
and 3).

Our Southern blot assays used Notl- and BanlI-digested
DNAs. Unlike Pstl digestion, this combination allowed us to
differentiate, in mosaic animals, alleles with excised repeats
(A-R) from those that cre failed to touch (flox-R). At the same
time, this digest evaluated the methylation status of the Notl
site. BanlI digestion alone produces a 10-kbp wild-type band
and a 5.6-kbp mutant band in mice carrying the A-R allele.
Further digestion with NotI will present a 5.4-kbp band in the
absence of methylation (Fig. 1 and 3). In DNAs from progeny
of Zp3-cre dams and flox-R sires, both the 10-kbp maternal and
the 5.6-kbp paternal bands were digested to 5.4 kbp by Notl.
This indicated that the paternal allele methylation that had
been established on the flox-R allele (Fig. 2a) could not be
maintained in neonates after Zp3-cre-mediated recombination
converted it to the repeat-deficient A-R allele in the zygote
(Fig. 3a). This implicates the repeats as playing a role in meth-
ylation maintenance as well as in methylation establishment as
we previously showed (40). In sharp contrast, when maternal
cre deleted the paternal repeats at later times in the epiblast,
central nervous system, or postpartum liver as directed by the
Meox2-cre, Nestin-cre, or Albumin-cre transgenes, respectively,
the A-R allele consistently maintained a high level of methyl-
ation (Fig. 3a). This indicated that the role of the Rasgrf]
repeats in DNA methylation maintenance depends on the de-
velopmental stage of the embryo.

We extended our methylation analysis beyond the NotI site
detected by Southern blots to the Hhal sites in the DMD by
using a methylation-sensitive PCR assay. DNAs used in South-
ern blot assays shown in Fig. 3a were digested with the meth-
ylation-sensitive enzyme Hhal or left undigested and then am-
plified with primers that were specific for the A-R allele. Hhal
digestion prevented any detectable amplification when assays
were done using DNA from progeny of Zp3-cre females, but
amplification products were readily detected in DNAs from
other cre transgenic females (Fig. 3b). This was consistent with
the Southern blot results and showed that additional CpGs in
the DMD failed to maintain methylation after the repeats were
deleted in the zygote.

Finally, we confirmed the Southern and PCR results with
bisulfite sequencing (Fig. 3c). As predicted from the restriction
analysis (Fig. 3a and b), repeat-deficient DNAs from progeny
of the Zp3-cre cross had lost virtually all their DMD methyl-
ation from the paternal allele while DNAs from progeny of the
Meox2-cre and Nestin-cre crosses had maintained virtually all of
their methylation (Fig. 3c). This further confirmed our previ-
ous observations that the methylation states of the NotI and
Hhal sites accurately predict the methylation status of at least
26 CpGs in the DMD (9, 40).

Our interpretation of these data is that not only are the
Rasgrfl repeats required for establishing DNA methylation at
the paternal DMD in the male germ line as we previously
showed (40) and they are also required to maintain the estab-
lished methylation after fertilization. Furthermore, the interval
between fertilization and the epiblast stage is the critical pe-
riod when the repeats must be present in cis for maintaining
paternal allele methylation at Rasgrfl in mice. The shared
requirement for the repeats during methylation establishment
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and maintenance suggests that a common mechanism is used
for the two processes at Rasgrf1.

Loss of methylation maintenance silences Rasgrfl. To eval-
uate the effects of the cre-mediated deletions on Rasgrfl ex-
pression, we performed real-time RT-PCR using neonatal
brain cDNAs from progeny of the Zp3-, Meox2-, and Nestin-cre
crosses. Rasgrfl is not expressed in liver or in early embryos,
and so progeny of the Albumin-cre crosses and preimplantation
embryos were not analyzed. We detected wild-type levels of
Rasgrfl RNA in progeny of the Meox2- and Nestin-cre crosses
that maintained DMD methylation and markedly reduced lev-
els in Zp3-cre progeny that lost DMD methylation (Fig. 3d).
This was consistent with our previous data showing that DMD
methylation is needed for expression of Rasgrfl in neonatal
brain (9, 40). Loss of imprinted expression in neonates did not
produce overt developmental changes.

The critical interval for methylation maintenance is between
fertilization and the epiblast stage. Our methylation analysis
of the A-R allele in progeny of Zp3-cre dams and flox-R sires
was done using tissue taken from neonates. The lack of A-R
allele methylation in these mice may have been due to a
gradual loss of methylation between fertilization, the earli-
est time when the deletion could occur, and the perinatal
period, when tissues for methylation assays were taken. Al-
ternatively, there may have been a rapid loss of methylation
immediately after repeat deletion and prior to implantation,
a period when the genome undergoes extensive global
changes in the methylation state (14, 22, 23, 25, 28). These
are not mutually exclusive possibilities. To determine how
quickly methylation could be lost from the A-R allele after
being formed by zygotic cre, we examined the methylation
states of DNAs from two-cell, four-cell, morula-, and blas-
tocyst-stage embryos isolated from Zp3-cre transgenic dams
that were mated with flox-R sires. The sires had normal
methylation at their flox-R allele (not shown). We used a
restriction enzyme-based assay (Fig. 4a) and bisulfite PCR
(Fig. 4c). Both assays showed that loss of methylation could
occur on the A-R allele as soon as the two-cell stage. How-
ever, two- and four-cell embryos also provided evidence of
full methylation on the A-R allele, raising the possibility that
failure of methylation maintenance was by a passive mech-
anism. By the morula and blastocyst stages, loss of methyl-
ation from the A-R allele was nearly complete. All embry-
onic stages assayed were mosaic for the recombined A-R
and unrecombined flox-R allele, allowing us to monitor
flox-R methylation. Importantly, the unrecombined allele
remained methylated, presumably because of the mainte-
nance function provided by the still-present repeats. Meth-
ylation of the paternal flox-R allele was also present in two-
and four-cell embryos taken from wild-type female dams
(Fig. 4c). Only the A-R allele, without repeats, failed to
maintain the methylation that had been established in the
paternal germ line.

DISCUSSION

Rasgrfl imprinting is controlled by a binary switch that in-
cludes the DMD and the repeats. The DMD is a methylation-
sensitive enhancer blocker that binds CTCF on the maternal
allele, causing silencing. Methylation established on the pater-
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FIG. 4. Zygotic deletion of repeats leads to loss of methylation
maintenance. (a) Preimplantation embryos came from crosses between
flox-R homozygous sires and Zp3-cre dams. DMD methylation was
detected using the digestion PCR assay described in the Fig. 3b legend.
Primers detected A-R (P5 and P7) and flox-R (P3 and P4) present in
mosaics. Rp/32 primers amplified sequences lacking Hhal sites and
served as a positive control. The unmethylated Pgk promoter served as
a digestion control. The products of P5 and P7 amplification were
detected by Southern blot hybridization. (b) As a control for panel a,
methylation of the flox-R allele was detected in two- and four-cell
embryos from crosses between flox-R homozygous sires and wild-type
dams lacking the cre transgene. (c) Bisulfite PCR of the A-R allele in
DNAs from panel a. One preparation of pooled morulae and two
preparations of pooled blastocysts were used. Filled circles represent
methylated residues. Each line represents an independent DNA se-
quence. Filled and open circles represent methylated and unmethyl-
ated CpGs, respectively. CpGs 12, 18, 20, 23, and 26 are within the five
Hhal sites.

nal DMD by the repeats prevents CTCF binding and allows
expression of the paternal allele (39). We have previously
shown that the repeats function to establish Rasgrfl methyl-
ation in the male germ line (40), which others have shown is
complete in mature sperm (21). Here we show that the Rasgrf!
repeats also regulate methylation maintenance in the embryo
and identify the zygote-to-epiblast stage as the critical interval
when maintenance mechanisms operate. Failure of mainte-
nance in the zygote led to a rapid and nearly complete loss of
DNA methylation by the uncompacted morula state. This crit-
ical period during which the Rasgrfl repeats are needed for
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methylation maintenance coincides with drastic changes in
methylation patterns in the two parental genomes in mice.
Immediately after fertilization, the paternal genome undergoes
rapid, possibly active demethylation, followed shortly by the
maternal genome, which may be passively demethylated
through replication without remethylation (25, 28). The appar-
ently gradual loss of methylation as zygotes became two-cell
and then four-cell embryos is consistent with a passive mech-
anism of methylation loss. However, these assays may not
precisely report kinetics of methylation loss and cannot rule
out an active mechanism.

The paternal flox-R allele was detected in blastocysts taken
from Zp3-cre females, indicating that zygotic cre had not com-
pletely converted the flox-R allele to the A-R form at that
stage. But by the end of gestation, we saw no mosaicism by
PCR (Fig. 1d) or Southern blotting (Fig. 3a). We also saw no
evidence of remaining DNA methylation at the end of gesta-
tion (Fig. 3). This indicates that failure of maintenance oc-
curred if repeats were removed after the blastocyst stage. How-
ever, removing the repeats at the epiblast stage was not
sufficient to disrupt methylation.

Our results are comparable to those showing that the pater-
nal DMD at H19 is needed in the zygote for expansion of its
germ line methylation mark into the promoter region but is
dispensable in differentiated somatic tissue for maintenance
of the expanded methylation (31, 32). However, unlike the
Rasgrfl repeats, the H19 DMD is not required for establishing
methylation at the H/9 promoter (35).

How the Rasgrfl repeats regulate epigenetic programming at
the locus either during establishment in the male germ line or
during maintenance in the early embryo is unknown. The
mechanism differs from those apparently operating at other
imprinted loci because the same repeated sequences regulate
both processes at Rasgrfl. Regulation by the repeats may in-
volve small RNAs of the kind that can direct DNA methylation
in plant and mammalian systems (17, 24, 38) and histone mod-
ifications in Schizosaccharomyces pombe (8, 37). Additionally,
the repeats may attract chromatin-modifying (18) or remodel-
ing (6) factors or other unknown components that, in turn,
influence DMD methylation. None of these possibilities is mu-
tually exclusive. It is not known how well mechanisms regulat-
ing epigenetic programming at imprinted loci reflect mecha-
nisms operating at nonimprinted loci. It is clear, however, that
imprinted loci undergo reprogramming failure in animals pre-
pared by somatic cell nuclear transfer to eggs which may con-
tribute to abnormal growth phenotypes of cloned animals (11).
Understanding the mechanisms that regulate the epigenetic
state may help to minimize epigenetic perturbations in manip-
ulated embryos.
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