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The imprinted mouse H19 gene is hypermethylated on the inactive paternal allele in somatic tissues and
sperm. Previous observations from a limited analysis have suggested that methylation of a few CpG dinucle-
otides in the region upstream from the start of transcription may be the mark that confers parental identity
to the HI19 alleles. Here we exploit bisulfite mutagenesis coupled with genomic sequencing to derive the
methylation status of 68 CpGs that reside in a 4-kb region 5’ to the start of transcription. This method reveals
a 2-kb region positioned between 2 and 4 kb upstream from the start of transcription that is strikingly
differentially methylated in midgestation embryos. At least 12 of the cytosine residues in this region are
exclusively methylated on the paternal allele in blastocysts. In contrast, a 350-bp promoter-proximal region is
less differentially methylated in midgestation embryos and, like most of the genome, is largely devoid of
methylation on both alleles in blastocysts. We also demonstrate exclusive expression of the maternal H19 allele
in the embryos that exhibit paternal methylation of the upstream 2-kb region. These data suggest that the 2-kb
differentially methylated region acts as a key regulatory domain for imprinted H19 expression.

The maternal and paternal genomes are not functionally
equivalent in mammals (8, 27), and as a result, both parental
genomes are required for normal development (17, 30). This
requirement is likely due to the products of imprinted genes
that are expressed exclusively from a single parental allele. For
example, deletion of the paternal allele of the imprinted insu-
lin-like growth factor type 2 (Igf2) gene results in mice that are
smaller than their wild-type littermates, while deletion of the
maternal Igf2 allele has no phenotypic consequences (6, 7).
While it is not clear how many genes in the mammalian ge-
nome are imprinted, 18 imprinted genes have already been
defined in mice and humans (1).

The presence of imprinted genes poses a unique problem for
the mammalian embryo. The embryo must be able to distin-
guish between the maternal and paternal alleles of these genes
in order that the appropriate allele is expressed. It is widely
assumed that the parental alleles are distinguished or marked
prior to fertilization, presumably during gametogenesis, while
they are in separate compartments. It has also been proposed
that the mark must be stable throughout development and
reversible such that both alleles are appropriately reset during
gametogenesis. The best candidate for the allele-specific mark
that satisfies these criteria is the methylation of the cytosine
residue in CpG dinucleotides, which is associated with gene
repression of autosomal genes as well as those genes on the
inactive X chromosome (23, 34). Consistent with the proposed
role of DNA methylation is that all imprinted genes that have
been analyzed exhibit allele-specific methylation (21).

One widely studied imprinted gene is the maternally ex-
pressed mouse HI9 gene (3). This gene, which encodes an
RNA that is highly expressed in embryonic tissues of endoder-
mal and mesodermal origin (5, 20), is hypermethylated on the
inactive paternal allele (2, 4, 11). In somatic tissues and sperm,
the paternal allele is methylated over a 7- to 9-kb region that
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includes the structural gene and a 4-kb region 5’ to the start of
transcription (2). To provide further support for the idea that
this methylation might be the mark that assigns parental iden-
tity to the alleles of H19, we previously demonstrated that at
least two CpGs located in the 5’ portion of the upstream
domain are differentially methylated in the gametes and that
this difference is preserved during embryogenesis (32), includ-
ing the period of genome-wide demethylation that occurs dur-
ing preimplantation development (18, 24). Thus, methylation
of these cytosine residues could act as the parental-specific
imprinting mark. In contrast, CpG dinucleotides located 5’ to
the promoter and within the body of the H79 gene were not
differentially methylated in preimplantation embryos and
could not be acting to distinguish the alleles (4, 32). Although
only a few CpG dinucleotides have been assayed for methyl-
ation differences, these studies suggest that there might be a
larger imprinting domain that is located in the 5’ portion of the
upstream region.

In the present study, we have addressed this question in a
systematic fashion by determining the methylation status of the
maternal and paternal alleles in the region upstream of the
HI19 structural gene at different developmental stages. We
defined the methylation status of 68 CpG dinucleotides using a
bisulfite mutagenesis protocol and found that the region be-
tween —2 and —4 kb relative to the start of transcription
exhibits marked hypermethylation of the paternal allele. In
contrast, a 350-bp region proximal to the start of transcription
is less differentially methylated and is more likely to function in
the maintenance of the imprint. Furthermore, the 5" border of
the differentially methylated domain appears to be located
around —4 kb relative to the start of transcription because the
5" CpG dinucleotides analyzed by bisulfite mutagenesis are not
as differentially methylated as the remainder of the 2-kb up-
stream domain. Additionally, the region 5’ to this domain
exhibits a reduced number of CpG dinucleotides, and those
dinucleotides that are found within methylation-sensitive re-
striction endonuclease sites are methylated on both alleles.
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Since we also demonstrate exclusive expression of the maternal
allele in preimplantation and postimplantation embryos, we
propose that the 2-kb region located between —2 and —4 kb
relative to the transcription start site determines the imprinted
expression of the mouse H19 gene.

MATERIALS AND METHODS

Mice. C57BL/6J (B) and Mus musculus castaneus (M. m. castaneus) mice were
purchased from the Jackson Laboratory. To facilitate the isolation of F; hybrids,
a strain of mice was derived which served as the source of the M. m. castaneus
H19 allele [B6(CAST-H19)], which is designated C in this report (32). Natural
matings were used to generate timed embryos with the day after conception
considered day 0.5. Blastocysts were isolated as previously described (32). Note
that for F, hybrid embryos (e.g., B X C) the maternal parent is designated first.

DNA and RNA analysis. DNA was isolated as previously described (2). Ten
micrograms of genomic DNA was digested with the indicated restriction enzymes
and separated by electrophoresis on a 1% agarose gel. The DNA was transferred
to nitrocellulose filters (28), and the filters were hybridized to radiolabeled
probes prepared by nick translation (22). The filters were washed (33) and
exposed to Kodak XAR-5 X-ray film. RNase protection experiments were per-
formed as previously described (3).

Bisulfite modification. One to ten micrograms of embryonic DNA or DNA
from 300 to 430 B X C blastocysts was digested overnight with a restriction
enzyme which cuts outside the region of interest. The DNA was phenol:chloro-
form:isoamyl alcohol extracted (25:24:1), ethanol precipitated, and resuspended
in 100 pl of TE (Tris-EDTA) buffer (30 pl of TE for blastocysts). The DNA was
then subject to denaturation with a final concentration of 0.3 M NaOH for 20
min at 42°C. Freshly prepared 10 mM hydroquinone and 3.6 M sodium bisulfite
were added to final concentrations of 0.5 mM and 3.1 M, respectively. The
reaction mix was overlaid with mineral oil and incubated in the dark at 55°C for
16 to 20 h (10, 12). After incubation, the DNA was purified with the Geneclean
II kit (Intermountain Scientific Corporation). The purified sample was resus-
pended in 100 pl of TE (25 pl for the blastocysts) and then denatured in 0.3 M
NaOH at 37°C for 15 min. After neutralization with ammonium acetate to a
concentration of 3 M, the DNA was ethanol precipitated and resuspended in 100
wl of TE. The treated DNA was stored in the dark at —20°C. A treated sample
was used as quickly as possible and was never used for more than 1 month.

H19 bisulfite-specific PCR primers. The primers used to generate products
from bisulfite-altered DNA are specific for the top strand of mutagenized DNA.
The sequences of the primers, with the nucleotide position of the first base
indicated in parentheses (GenBank accession number U19619), are as follows:
BMsplt3, 5'-ATAGATTAGATTTGAGGGGAAGAGT-3' (763); BMsplt4, 5'-
GATTGATAAAGGTATGTTAATTTG-3' (845); BMsplt5, 5'-AATTCTTAT
ACCTCCTAAATACTC-3’ (1301); BMsplt6, 5'-CCAAAAATAAACATAATC
TCCTTAC-3" (1328); BMsp2tl, 5'-GAGTATTTAGGAGGTATAAGAATT-3'
(1278); BMsp2t2, 5'-GTAAGGAGATTATGTTTATTTTTGG-3" (1304);
BHhalt4, 5'-CCTCATTAATCCCATAACTAT-3' (1726); BHhalt3, 5'-ATCA
AAAACTAACATAAACCCCT-3' (1751); BHha2tl, 5'-ATAGTTATGGGTTT
TATGAGG-3' (1706); BHha2t2, 5'-AGGGGTTTATGTTAGTTTTTGATAA
-3’ (1729); BMsp3t, 5'-ACACCCAAAACTTAATATAAAATTCC-3' (2131);
BMsp3t2, 5'-CCTCTTCAATTAATTTTAACT-3" (2153); BMsp4tl, 5'-GGAA
TTTTATATTAAGTTTTGGGTGT-3’ (2106); BMsp4t2, 5'-AGTTAAAATTA
ATTGAAGAGG-3' (2133); BHha4t3, 5'-ATTCCAACCTCTTATAAACCAT
AT-3" (2538); BHha4t2, 5'-AACCCCCTCCAAAAACTCAAAT-3" (2560);
BHha5t2, 5" TTGTGAGTGGAAAGATTAAATTGTTTGG-3' (2355); BHhaSt,
5'-TAGAGATAGTTAAAGTTAAGGTTTGTTTATG-3’ (2415); BHha5t3, 5'-
ATACACACATCTTACCACCCCTATAAATCCC-3" (2748); BHhatt, 5'-GG
GATTTATAGGGGTGGTAAGATGTGTGTAT-3" (2778); BHha7t2, 5'-ACC
TAAAATACTCAAACTTTATCACAAC-3' (3192); BHha7t, 5'-TAAAATATC
ACAAATACCTAATCCCT-3" (3225); BMsp6t, 5'-GGTTGAGGATTTGTTA
AGGTGTTATTG-3' (4343); BMsp6t2, 5'-GAGTGGTTATGATTGGTTAGT
TTTTGAG-3' (4395); and BMsp7t, 5'-TAATAACTAATTTAAACACTCCTC
ACC-3" (4777).

PCR amplification, cloning, and sequencing. Since much of the DNA was
degraded as a result of the harsh mutagenesis conditions, two rounds of PCR
were performed with fully or partially nested primer pairs. Each 25-pl reaction
mixture contained 0.1 to 4.0 pl of bisulfite-treated DNA, 12.5 ng of each primer,
1.5 mM NaCl, 100 pM (each) deoxynucleoside triphosphate, and 0.5 U of
AmpliTag DNA polymerase (Perkin-Elmer). The primer sets used for the first
and second rounds of PCR at each region are listed in Table 1. First-round PCR
was performed under the following conditions: 4 min at 94°C, 2 min at 55°C, and
2 min at 72°C for two cycles. Thirty-five cycles of PCR were then performed for
1 min at 94°C, 2 min at 55°C, and 2 min at 72°C. For the second round of PCR,
0.01 to 1.0 pl of the first-round sample was used. The conditions for second-
round PCR were the same as those for the first round except that the first two
cycles were omitted. The PCR products were cloned with the TA Cloning kit
(Invitrogen), and double-stranded sequencing was performed on positive clones
with the Sequenase kit (U.S. Biochemical). To determine the parental origin of
the PCR products, sequence polymorphisms were identified between the paren-
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TABLE 1. Primer sets and types and locations of polymorphisms

Position
PCR round 1/round 20' Of B=C of poly-

2 pri pGs poly- :

primer set ... morphism
assayed morphism (nt)”

5'BMsp1t3-3'BMspl1t6/5'BMsp1t4-3'BMsp1t5 6 T-G 964

5'BMsp2t1-3'BHhalt3/5'BMsp2t2-3'BHhalt4 14 G—A 1566
5'BHha2t1-3'BMsp3t2/5'BHha2t2-3'BMsp3t 6 G—A 2016
5'BMsp4t1-3'BHhadt2/5' BMsp4t2-3'BHhadt3  10” A—G 2420
5'BHha5t2-3'BHha5t3/5'BHha5t-3'BHha5t3 9" A—T 2569
5'BHha6t-3'BHha7t/5'BHha6t-3'BHha7t2 18 G—A 2891
5'BMsp6t-3'BMsp7t/5'BMsp6t2-3'BMsp7t 9 C—->G 4432

“ nt, nucleotide.
? Four CpGs overlap between the two sets of primers.

tal strains (Table 1). The number of CpGs assayed by each set of primers is
indicated.

To obtain the bisulfite data, the presence of a band in the cytosine lane was
recorded as a methylated cytosine. To ensure the thoroughness of each bisulfite
treatment, a YAC clone which harbors the murine H19 locus, and is free of any
methylated cytosine residues, was treated. After each mutagenesis, several
strands were sequenced, and the mutagenesis reaction was considered complete
only if greater than 99% of the cytosines were converted to thymines. A total of
13 bisulfite mutagenesis reactions were performed on the DNA from midgesta-
tion embryos. The data obtained from each set of primers were compiled from
at least two separate mutagenesis reactions and several PCRs. No bias was
observed between the 11.75 days postcoitum (dpc) B X C and the 13.5 dpc C X
B midgestation samples. For each bar in the graphs of the midgestation embryo
and sperm samples shown in Fig. 2, 3, 5, and 6, 8 to 32 clones were sequenced.
For the blastocyst DNA, two mutagenesis reactions were performed, and 7 to 21
clones were sequenced for each allele.

RESULTS

Bisulfite mutagenesis of genomic DNA from midgestation
embryos. Using genomic DNA analysis, we previously demon-
strated that a 4- to 6-kb region located upstream of the H/9
promoter was hypermethylated on the inactive paternal allele
in adult somatic tissues and sperm (2). When this region was
tested for allelic methylation differences in oocytes and preim-
plantation embryos, it was found that three CpG dinucleotides
contained within methylation-sensitive restriction sites were
preferentially methylated on the paternal allele (32). Two of
the sites, Hhal site 1 and Hhal site 5 (Fig. 1), were methylated
exclusively in sperm and on the paternal allele in four-cell
embryos, morulae, and blastocysts. More recently, we have
determined that Hpall site 1 and Hhal site 2 are exclusively
methylated on the paternal allele in blastocysts (data not
shown). Because these sites are differentially methylated at all
times assayed thus far, they are candidates for the mark that
designates parental identity.

Interestingly, these initial analyses indicated that the distal
upstream sites exhibited more stringent methylation differ-
ences than those sites located adjacent to the promoter or
within the body of the gene (4, 32). However, because the
initial analyses utilized a PCR-based assay which requires that
CpG dinucleotides reside within recognition sequences assay-
able by methylation-sensitive restriction endonucleases (i.e.,
Hhal and Hpall), only a small percentage of the CpG dinucle-
otides in the upstream region and transcription unit were an-
alyzed (Fig. 1). To determine whether the upstream sites were
part of a larger differentially methylated region, we employed
the bisulfite mutagenesis procedure that assays the methylation
status of all CpG dinucleotides (10, 12). In this method, so-
dium bisulfite treatment of DNA converts cytosine residues to
uracil but leaves 5-methylcytosine unchanged. Following mu-
tagenesis, the DNA is PCR amplified, cloned, and sequenced.
The cytosine residues that were methylated in the original
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FIG. 1. Location of CpG dinucleotides in the upstream region of the H19 gene. A 4.6-kb region upstream of the transcription start site (arrow) is depicted on the
top line. The Hhal (Hh, vertical lines above the gene line) and Hpall (H, vertical lines through the gene line) methylation-sensitive restriction endonuclease sites are
indicated on the top line. Other restriction endonuclease sites include EcoRI (R), BamHI (B), and SacI (S). The location of the G-rich repetitive element is designated
by the shaded box. The bottom line shows the location of all CpG dinucleotides found in the upstream region, as indicated by the sequence designated GenBank no.
U19619 (32). Those CpG dinucleotides which are polymorphic in the strains used for the bisulfite mutagenesis assay (C57BL/6J and M. m. castaneus) are indicated by
the letter P. These dinucleotides were not included in the bisulfite data. The two hatched boxes correspond to the regions analyzed by bisulfite mutagenesis of sperm
and midgestation embryonic DNA (the number of CpGs is shown underneath the boxes). Due to the repetitive nature of the DNA between these hatched boxes, the
methylation status of the corresponding CpG dinucleotides could not be determined by the bisulfite mutagenesis procedure. The regions designated by the black box
(14 CpGs) and the promoter-proximal hatched box were analyzed by bisulfite mutagenesis of blastocyst DNA.

sample will appear as cytosine on the sequencing gel while
cytosines that were unmethylated in the original sample will
appear as thymine.

The bisulfite mutagenesis method provides a more informa-
tive methylation analysis for several reasons. First, as stated
above, it directly assays all CpGs within the region defined by
the PCR primers. Second, each sequence represents a single
strand of DNA that was present in the original sample and
therefore describes the methylation profile of a single chromo-
some, as demonstrated in Fig. 4. Third, unlike the PCR-based
methylation-sensitive restriction enzyme assay, this technique
is quantitative because it determines the number of DNA
strands that are methylated at a given residue. Finally, the
parental origin of each strand of DNA can be unambiguously
assigned based on sequence polymorphisms between the two
strains of mice used to generate the embryonic DNA samples.

To determine whether a methylation imprint was located 5’
to the start of transcription we analyzed two distinct regions in
sperm and midgestation F, hybrid embryos, one that is highly
likely to harbor a methylation imprint that is inherited from
sperm and preserved throughout development, and one that is
less likely to harbor such an imprint (Fig. 1). The 5’-most
region is 2.2 kb in length and contains 59 assayable CpGs, 4 of
which are potential candidates for the imprinting mark. The 3’
region is 350 bp in length and harbors nine CpGs, two of which
are not candidates for the imprinting mark. Results of the
analysis of the upstream region are presented in Fig. 2. The
maternal allele was hypomethylated relative to the paternal
allele along most of the 2.2-kb region (Fig. 2A). Of the 59 CpG
dinucleotides assayed, only 22 exhibited any cytosine methyl-
ation. With the exception of the four cytosine residues at the 5’
end of this domain, the highest percentage of maternal clones
that were methylated at any one of the cytosines was 25%.
Furthermore, methylation of one cytosine residue within a
maternally inherited clone was independent of the methylation
status of adjacent CpG residues. Conversely, the paternal al-
lele was hypermethylated at every cytosine residue within the
entire 2.2-kb region (Fig. 2B). Except for the seven CpG
dinucleotides at the 5’ end, many of the cytosines were meth-
ylated on every strand analyzed, and most were methylated on
greater than 80% of the strands. Sperm DNA was also highly
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FIG. 2. Methylation profile of 59 CpG dinucleotides as assayed by the bisul-
fite mutagenesis sequencing assay. The 2.2-kb region (indicated by the hatched
box labeled 59 CpGs in Fig. 1) is approximately 2 kb upstream from the H19
transcriptional start site. The first assayed cytosine is located at nucleotide 902,
and the last cytosine is located at nucleotide 3164 (GenBank no. U19619; the
nucleotide position of every fourth CpG is shown). Each bar along the horizontal
axis represents a CpG dinucleotide, and the numbers beneath the bars indicate
the nucleotide positions of the cytosine residues. The height of each bar indicates
the percentage of clones that were methylated. The DNA used to obtain data for
the maternal (A) and the paternal alleles (B) was derived from two reciprocally
crossed F; hybrid embryos: 11.75 dpc (B X C) F, embryos and 13.5 dpc (C X B)
F, embryos, respectively. The sperm DNA was derived from B6(CAST-HI19)
adults (C). Hpal site 1 (Hpal) is located at position 1218, Hhal is at position
1397, Hha2 is at position 1809, Hha4 is at position 2583, Hha5 is at position 2653,
and Hha7 is at position 3034.
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FIG. 3. Methylation profile of nine CpG dinucleotides as assayed by the
bisulfite mutagenesis sequencing assay. This region is 328 bp in length, spans
from position 4423 to 4751 (GenBank no. U19619), and is approximately 500 bp
5’ to the H19 transcriptional start site (Fig. 1). There are nine assayable CpG
dinucleotides in this region. The primary sequence data are shown in Fig. 4. The
methods and DNA samples used and the presentation of data are the same as
those described in the legend for Fig. 2. Hpall sites 6 and 7 are located at
positions 4446 and 4654, respectively.

methylated over the entire region and showed a very similar
methylation profile to the paternal allele derived from midges-
tation embryos (Fig. 2C). These results indicate that the pa-
ternal methylation observed for this region in the midgestation
embryos was likely to be inherited from the sperm.

Interestingly, the seven cytosine residues located at the 5’
end of the 2.2-kb region were not as differentially methylated
as the remainder of the upstream region. It is also noteworthy
that Hpall site 1 is less differentially methylated in the mid-
gestation embryos than in the blastocysts (data not shown).
Thus, it is likely that the 5" border of differential methylation
resides adjacent to the 5" EcoRI site indicated in Fig. 1.

The methylation profile of the 350-bp promoter-proximal
region is presented in Fig. 3 and 4. In contrast to the upstream
region, this region was not as differentially methylated. Al-
though the maternal allele was hypomethylated relative to the
paternal allele, each cytosine residue was methylated on a
subset of the maternal allele clones (Fig. 3A and 4). The
paternal allele was hypermethylated at each site, but only one
site was found to be methylated on all of the paternally derived
clones (Fig. 3B and 4). Similar results were observed in DNA
derived from sperm (Fig. 3C and 4). Furthermore, as demon-
strated by the methylation profiles from individual chromo-
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somes (Fig. 4), the methylation of the promoter-proximal re-
gion on both alleles varied considerably between cells. In
contrast, the upstream DNA methylation profiles of individual
chromosomes were much less variable (data not shown).

The bisulfite mutagenesis assay indicated that the most dif-
ferential region of methylation was contained within the 2-kb
region approximately 2 kb upstream from the H79 transcrip-
tional start site. Consequently, this region is the most promis-
ing for harboring the imprinting mark.

Bisulfite mutagenesis of blastocyst DNA. A comparison of
the results obtained with the PCR assay of preimplantation
embryos and the bisulfite mutagenesis of midgestation em-
bryos suggested that, in most cases, the methylation statuses of
the Hpall and Hhal sites were similar at these developmental
periods and indicated that the methylation inherited from the
sperm was largely maintained in the preimplantation embryo
and preserved throughout embryogenesis. To confirm this, we
performed the bisulfite mutagenesis on blastocysts and assayed
a subset of the sites that were analyzed in the midgestation
embryos.
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FIG. 4. Methylation status of individual strands of DNA in the promoter-
proximal region. These data are summarized in the bar graphs in Fig. 3 and 6.
The heterogeneity of the methylation states of the individual strands is evident in
this representation of the primary data. Each line corresponds to an individual
strand of DNA. Nine CpG dinucleotides are represented (shown 5’ to 3") by the
circles above the line. A filled circle corresponds to a methylated cytosine, and an
open circle corresponds to an unmethylated cytosine. Those cytosines that could
not be read on the sequencing gels are shaded. In cases where a given profile was
found multiple times, the number of times which it was found is indicated to the
left of the line. Maternal alleles are indicated on the left of the figure, and
paternal alleles and sperm are indicated on the right.
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FIG. 5. Methylation profile of 14 CpG dinucleotides as assayed by the bisul-
fite mutagenesis procedure. The location of this region is indicated by the black
box in Fig. 1. The methylation profile of DNA derived from blastocysts (A) and
the methylation profile of maternally and paternally derived clones from bisul-
fite-treated midgestation DNA (B) are shown. The data in panel B are also
shown in Fig. 2 but have been added here for ease of comparison with the data
in panel A. See Fig. 2 and 3 for details.

Two 300- to 400-bp regions (Fig. 1, 14 CpG and 9 CpG
boxes) were analyzed as described above. The most distal re-
gion assayed contains 14 CpG dinucleotides (Fig. 5). For 12 of
the 14 CpG dinucleotides, a methylated cytosine was never
found on the maternal clones. In striking contrast, the paternal
allele was hypermethylated at every cytosine residue. The ex-
clusive paternal methylation of the CpG corresponding to
Hhal site 1 (Fig. 5A, CpG position 1397) also confirms the
results obtained with the PCR assay of this same site (32).
Moreover, the differences between the maternal and paternal
alleles were slightly more pronounced than those observed in
midgestation embryos (Fig. 5B).

In contrast to the distal region, the bisulfite mutagenesis
assay revealed that the promoter-proximal region exhibited
little methylation on either allele in blastocysts (Fig. 4 and 6).
The reduced methylation of the CpG corresponding to Hpall
site 7 (Fig. 6A, CpG position 4654) is consistent with the
earlier PCR assay of blastocyst DNA (32). The bisulfite results
were not consistent, however, with the earlier PCR analysis of
Hpall site 6 (Fig. 6A, CpG position 4446) which showed that
the paternal allele was preferentially methylated in blastocysts
(32). These discrepant results may indicate that the methyl-
ation of the proximal region is labile. The CpG methylation on
the individual strands of DNA corresponding to each parental
allele shown in Fig. 4 is consistent with this proposal. Taken
together, the bisulfite and PCR assays of gamete, blastocyst,
and midgestation DNA indicate that the preferential methyl-
ation on the paternal allele in the 2-kb upstream region is
inherited from the sperm and is preserved throughout devel-
opment. Thus, this differential methylation could serve as the
signal that designates the genomic imprint. The gametic meth-
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ylation observed in the promoter-proximal region, on the other
hand, is erased during preimplantation development and is
reestablished later.

An upstream region is hypermethylated on both alleles. The
slight differential methylation of the distal CpG dinucleotides
analyzed by bisulfite mutagenesis suggests that the 5’ border of
differential methylation resides around the 5’ EcoRI sites (Fig.
1 and 2). To determine if these sites do indeed represent the 5’
border of paternal-specific methylation, an additional 6 kb of
DNA 5’ to the sequences depicted in Fig. 1 was cloned and
analyzed. Digestion with the methylation-sensitive restriction
enzymes Hhal and Hpall revealed only four Hpall sites. Pre-
liminary sequence analysis of a portion of this region also
indicated the presence of very few CpG dinucleotides. This
reduced number of CpG dinucleotides is in striking contrast to
the CpG-rich region found further downstream.

The methylation status of three of the four upstream Hpall
sites was determined. These sites are found within a 3.4-kb
BamHI-HindIIl fragment located approximately at —7 to
—10.4 kb relative to the start of transcription. To determine
the allelic methylation pattern, it was necessary to distinguish
the maternal and paternal alleles. Because no polymorphism
had been defined in this region, we took advantage of a strain
of mice that had been generated to study the function of the
mouse H79 gene (14). These mice carried a deletion mutation
spanning the structural gene and 10 kb of 5’ flanking sequence.
Through the use of animals heterozygous for the deletion, the
methylation status of the intact allele was determined. Previous
analyses indicated that the deleted allele did not affect the
methylation pattern of the undeleted allele (data not shown).

As shown in Fig. 7, the 3.4-kb BamHI-HindIIl fragment
remained largely undigested for both the paternal and the
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FIG. 6. Summary of the methylation profile of 9 CpG dinucleotides in the
promoter-proximal region obtained by using the bisulfite mutagenesis assay. The
location of this region is outlined by the hatched box (9 CpGs) in Fig. 1. The
primary data are shown in Fig. 4. The methylation profiles of blastocyst DNA (A)
and of DNA derived from midgestation embryos (B) are shown. The data in
panel B are also shown in Fig. 3 but have been added here for ease of comparison
with the data in panel A. See Fig. 2 and 3 for details.
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FIG. 7. Genomic DNA methylation analysis of the upstream 3.4-kb BamHI-
HindIII fragment. This region of the DNA is located at approximately —7 to
—10.4 kb relative to the start of transcription and contains three methylation-
sensitive Hpall sites. Mat A and Pat A refer to DNA from the spleens of
7-day-old mice that have either the maternal or the paternal H19 allele deleted,
respectively, with the result that all hybridizing fragments except the one at ap-
proximately 1.2 kb correspond to the undeleted allele (14). The 1.2-kb band is
the BamHI-HindIII fragment located 5’ to the 3.4-kb fragment which is intact on
the deletion allele. The probe is a 4.6-kb HindIIl fragment. All DNA samples
are digested with BamHI and HindIIl. The DNA in lanes 1 to 3 was additionally
digested with Hpall, and the DNA in lane 5 was additionally digested with MspI. The
3.4-kb BamHI-HindIIl fragment is largely undigested in all samples, leading to
the conclusion that both alleles are hypermethylated. M, Mspl.

maternal alleles (lanes 1 and 2, respectively), indicating that
both alleles were hypermethylated. To confirm that this lack of
digestion was not a function of the source of the DNA used in
the analysis, the methylation status of neonatal liver DNA
from CS57BL/6J mice was also tested, and no significant
amount of product corresponding to unmethylated DNA was
detected (Fig. 7, lane 3). While we cannot distinguish the
parental alleles of H19 in this sample, the lack of digestion
strongly indicates that both alleles of H19 are not differentially
methylated in a tissue where the gene is exclusively expressed
from the maternal allele (3) and that this region is not likely to
be important for the imprinted expression of H19. Based on
this and the bisulfite experiments, we conclude that the 5’ end
of the differentially methylated region resides around —4 kb.

Expression analysis in midgestation embryos. To establish
that the differentially methylated 2-kb upstream region is the
mark that confers the parental imprint to the H9 gene, it is
necessary to show that H19 is exclusively expressed from the
maternal allele in tissues in which the differential methylation
of the upstream 2-kb region was detected. Since we previously
demonstrated that the HI9 gene was exclusively expressed
from the maternal allele in blastocysts and 7.5-day embryos
(32), it was also necessary to determine if H79 was monoalleli-
cally expressed in the midgestation embryos that were sub-
jected to the bisulfite mutagenesis. As shown in Fig. 8 (lanes 4
to 7), exclusive expression of the maternal allele was detected

METHYLATION AND HI9 GENE IMPRINTING 4327

in embryos from 9.75 to 16.5 days. Furthermore, placenta and
yolk sac from 11.75-day embryos also exhibited this same ex-
pression pattern (Fig. 8, lanes 8 and 9, respectively). Thus, the
blastocyst and midgestation embryos that we have used to
investigate the methylation status of the parental alleles display
imprinted expression. These results strengthen the hypothe-
sized causative relationship between paternal methylation of
the 2-kb upstream region and repression of the paternal allele.

DISCUSSION

The mechanism by which the parental alleles of imprinted
genes are distinguished so that their appropriate pattern of
expression is established and maintained in the developing
embryo is poorly understood. Recent evidence suggests that
the methylation of the cytosine residue in CpG dinucleotides is
involved in the imprinting process and considerable effort has
focused on understanding the extent to which methylation
determines the imprinted expression of the H19 gene. The
inactive, paternal allele of H19 is hypermethylated in both mice
and humans (2, 4, 11, 13, 35). In the mouse, the paternal allele
is hypermethylated in somatic tissues and sperm over a 7- to
9-kb region that includes 4 kb of 5’ flanking sequence and the
structural gene (2). Although this differential methylation is
quite striking, in order for methylation to be acting as the mark
that distinguishes the parental alleles, it is still necessary to
show that the differential methylation present in the somatic
tissues is inherited from the gametes and is preserved through-
out embryogenesis. Using a PCR-based assay, we identified
four CpGs that are differentially methylated in gametes and
preimplantation embryos (reference 32 and data not shown),
supporting our assertion that differential methylation could
serve as the mark that assigns parental identity to the alleles of
the H19 gene.

Interestingly, the CpG dinucleotides that exhibit exclusive
methylation of the paternal allele are located in the distal
portion of the upstream region. While it is possible that this
could be a sampling artifact, it is also possible that these
dinucleotides are pointing to an imprinting control region. To
test these possibilities, a technique was utilized which assayed
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FIG. 8. Exclusive expression of the maternal allele of H/9 in midgestation
embryos. The results of an RNase protection assay of total RNA from C57BL/6J
(B), M. m. castaneus (C), and F; hybrid embryos are shown. Molecular size
markers are indicated at the left and the locations of the B and C products are
indicated at the right of the figure. Neonatal muscle RNA from the parental
strains is assayed in lanes 1 and 2. Other RNA samples include 8-month-old
muscle RNA from B X C mice (lane 3), RNA from the bodies of embryonic day
9.75 and day 11.75 B X C and day 13.5 C X B mice (lanes 4 to 6, respectively),
liver RNA from embryonic day 16.5 mice (lane 7), and placenta and yolk sac
RNA from embryonic day 11.75 mice (lanes 8 and 9, respectively). Three mi-
crograms of RNA was assayed for all samples except yolk sac, for which 1 pg of
RNA was assayed.
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all CpG dinucleotides. The bisulfite mutagenesis and sequenc-
ing assay defined a 2-kb region located from —2 kb to —4 kb
relative to the start of transcription that is highly differentially
methylated in midgestation embryos as well as in blastocysts,
strengthening the hypothesis that paternal methylation in this
region is inherited from the sperm and maintained throughout
development. Therefore, it is plausible that this 2-kb region
could serve as an imprinting control region.

Transgenic experiments support a role for this upstream
2-kb differentially methylated region in the imprinting of H19.
A 14-kb transgene consisting of the 4-kb upstream region, a
2-kb internally deleted HI9 structural gene, and an 8-kb 3’
flanking region, where the endodermal-specific enhancers are
located, is imprinted similarly to the endogenous H19 gene (2).
That is, the transgene is hypomethylated and expressed when
maternally transmitted, and it is hypermethylated and re-
pressed when inherited from the father. These experiments
suggest that the signals necessary to confer both parental-
specific expression and methylation at an exogenous locus are
present in this transgene. When the 2-kb region corresponding
to the sequences exhibiting the most striking pattern of differ-
ential methylation at the endogenous locus are deleted, the
transgene is expressed and hypomethylated regardless of pa-
rental origin (9). Although this experiment does not prove that
the differential methylation is essential to imprinting, it does
confirm that a signal necessary to silence the paternal allele is
located in the 2-kb region.

While we did not subject all of the sequences adjacent to the
2.2-kb upstream region to the bisulfite mutagenesis assay, it is
not likely that the highly differentially methylated domain ex-
tends much beyond this region. The distal seven cytosine res-
idues analyzed in the upstream region were only slightly more
methylated on the paternal allele than on the maternal allele in
midgestation embryos. Attempts to examine CpG dinucleo-
tides located 5" to this region by using genomic DNA and
sequencing analysis revealed a striking absence of CpG
dinucleotides. Furthermore, those few dinucleotides that are
contained within methylation-sensitive restriction endonucle-
ase sites are methylated on both alleles. The region that is
adjacent to the 3’ end of the 2.2-kb domain harbors a G-rich
repetitive element that has not been amenable to PCR and
bisulfite mutagenesis analysis. While the repetitive elements
may be crucial to determining the imprinted pattern of many
genes (19), we cannot determine if the few CpGs located in this
region are differentially methylated. Immediately 3’ of the
repetitive element, however, lies the 350-bp promoter-proxi-
mal region that was tested in the bisulfite mutagenesis assay.
This region is hypomethylated on both alleles in blastocyst
DNA but hypermethylated on the paternal allele during mid-
gestation, indicating that the paternal methylation is acquired
after implantation. Thus, the promoter-proximal region prob-
ably does not harbor elements that are key to conferring the
parental imprint during early development. More likely, as
with those sites assayed in the gene body (4), the reacquisition
of methylation serves later to help silence the paternal allele
when the transcription of H19 is highest. This late methylation
is analogous to that observed for the maternally expressed
insulin-like growth factor type 2/cation-independent mannose-
6-phosphate receptor gene (29). In this case the promoter is
methylated on the inactive paternal allele after fertilization
and coincides with the exclusive expression of the maternal
allele.

Razin and colleagues have observed dynamic alterations in
allelic methylation patterns in the promoter and body of the
HI19 gene during preimplantation development (4, 26). As
stated above, we too have found that the methylation of the
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promoter-proximal region is labile. These results are consistent
with the hypothesis that methylation of the downstream region
is not important for the initial imprint. In contrast, the paternal
methylation in the upstream 2-kb region is inherited from the
sperm and maintained during preimplantation and postim-
plantation development. Thus, the methylation in this region is
stably propagated during development.

If the upstream 2-kb differentially methylated region acts as
the primary imprint, H/9 must be monoallelically expressed
from the maternal allele during all times in which the paternal
methylation is observed. In fact, such is the case since we
observe exclusive expression of the maternal allele when blas-
tocysts and 7.5-day embryos are analyzed using a reverse tran-
scription-PCR assay (32) and when embryos from 9.75 to 16.5
days are analyzed using an RNase protection assay (Fig. 8).
Curiously, others have observed significant expression from the
paternal allele (25, 31). This difference in expression could be
attributed either to genotypic differences in the embryos or,
alternatively, to the conditions under which these embryos
were generated. All embryos used in the experiments de-
scribed in this report were derived by natural matings and in
vivo development while a variable amount of culturing was
employed in the generation of embryos used by others (25, 31).
Thus, culture may result in expression of the paternal allele. In
fact, Sasaki and colleagues observed biallelic H19 expression in
embryos that were cultured until the late blastocyst stage but
observed monoallelic expression in embryos that were derived
by in vitro fertilization followed by embryo transfer at the
two-cell stage (25). Indeed, under certain conditions, we too
have observed biallelic expression in embryos that have been
cultured from the two-cell to the blastocyst stage (32a). There-
fore, culturing embryos may result either in the loss of the
specific imprint or the failure of the embryo to recognize the
imprint.

The characterization of H19 gene methylation in the embryo
adds credence to the hypothesis that methylation is the mark
that specifies the allelic imprint. Other evidence implicating
methylation as a key element for monoallelic H79 expression
comes from a strain of mice that are deficient for DNA meth-
yltransferase, the hemimethylase responsible for the mainte-
nance methylation activity present in the embryo (16). Consis-
tent with a role for DNA methylation in regulating maternal
monoallelic H19 expression is the finding that the H19 gene is
unmethylated and biallelically expressed in embryos deficient
in DNA methyltransferase activity (15). While these experi-
ments cannot distinguish between a role for methylation in
setting versus maintaining the imprint, they do establish that
methylation is essential to monoallelic expression of H19.

In conclusion, we have described a 2-kb domain which is 2
kb 5’ to the transcription start site and which is methylated in
sperm and on the paternal allele in blastocysts and midgesta-
tion embryos. We propose that this domain is crucial to estab-
lishing the molecular imprint of the H19 gene in the early
embryo. Since the early expression of H19 is exclusively ma-
ternal in origin, the modifications present at this time are
sufficient to confer imprinted expression. Following implanta-
tion, the H19 gene is transcribed at a higher level (20) and the
differentially methylated domain extends downstream to in-
clude the promoter-proximal region and the transcription unit
(2,4, 11). As suggested by the biallelic H19 expression in DNA
methyltransferase mutant embryos, we believe that the wide-
spread methylation of the paternal allele that occurs later in
development helps to silence this allele during the periods of
maximal transcription. Thus, activation of the maternal allele
and repression of the paternal allele appear to involve multiple
elements that are invoked at different times. To test the hy-
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pothesis that the 2-kb region is a key domain for establishing
the H19 imprint, we are currently deleting this region from the
endogenous locus using gene targeting in ES cells. Absence of
the region should result in mice that are unable to silence the
paternal allele of the H19 gene.
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