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Genomic imprinting results in parent-specific monoallelic expression of a small number of genes in mam-
mals. The identity of imprints is unknown, but much evidence points to a role for DNA methylation. The
maternal alleles of the imprinted H19 gene are active and hypomethylated; the paternal alleles are inactive and
hypermethylated. Roles for other epigenetic modifications are suggested by allele-specific differences in nu-
clease hypersensitivity at particular sites. To further analyze the possible epigenetic mechanisms determining
monoallelic expression of H19, we have conducted in vivo dimethylsulfate and DNase I footprinting of regions
upstream of the coding sequence in parthenogenetic and androgenetic embryonic stem cells. These cells carry
only maternally and paternally derived alleles, respectively. We observed the presence of maternal-allele-
specific dimethylsulfate and DNase I footprints at the promoter indicative of protein-DNA interactions at a
CCAAT box and at binding sites for transcription factors Spl and AP-2. Also, at the boundary of a region
further upstream for which existent differential methylation has been suggested to constitute an imprint, we
observed a number of strand-specific dimethylsulfate reactivity differences specific to the maternal allele, along
with an unusual chromatin structure in that both strands of maternally derived DNA were strongly hyper-
sensitive to DNase I cutting over a distance of 100 nucleotides. We therefore reveal the existence of novel
parent-specific epigenetic modifications, which in addition to DNA methylation, could constitute imprints or

maintain monoallelic expression of H19.

Imprinted genes are expressed from only one parental allele
(6). While imprints are laid down in the germ line, for some
imprinted genes additional modifications appear to be re-
quired after fertilization for the induction of monoallelic ex-
pression (21, 42). The epigenetic modifications that constitute
imprints and which regulate monoallelic expression are yet to
be determined, but there is much evidence that DNA methyl-
ation plays a role in at least maintaining monoallelic expression
(23). Also, at least one model proposes a role for transcription
factor DNA binding. It has been suggested that such factors
could be imprint “readers” in that their imprint-dependent bind-
ing constitutes an additional epigenetic modification which is
necessary for monoallelic expression, or protein factor-DNA
binding could constitute the imprint itself (12). However, dif-
ferential allele-specific transcription factor binding has not
been described for any autosomal imprinted gene.

One of the best-studied imprinted genes is H19, which is
expressed from only the maternal allele in somatic cells. Two
lines of evidence suggest that a 4-kb domain upstream of the
coding sequence is important in conferring imprinting on this
gene. First, a number of CpGs, between kb —2 and —4 in this
domain, are methylated in sperm but not in oocytes. This
methylation persists paternally throughout preimplantation
development; and thereby could constitute an imprint which
leads to monoallelic expression (45). Second, in transgenic
mice, a DNA fragment comprised of this domain, the H19
coding sequence, and two downstream enhancers is expressed
like the endogenous gene, that is, only when inherited mater-
nally, although this occurs only when multiple copies are inte-
grated (3, 13, 36). Also consistent with the possibility that this
domain determines H19 imprinting is that in H/9 knockout
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mice, imprinting of a neomycin selection cassette is not con-
ferred when the coding sequence is deleted along with 10 kb of
upstream sequence (22) but is conferred when only the coding
sequence is deleted (38). In differentiated tissues, it is of in-
terest that the promoter contains nuclease-hypersensitive sites
when maternally inherited (3, 16). Also, additional CpGs in the
paternally inherited domain are methylated (3, 44), and this
pronounced difference in parent-specific methylation in differ-
entiated tissues is also observed at other sites, including the
promoter region (3, 15). While the differential methylation at
the promoter is imparted after fertilization and therefore does
not constitute the imprint, it is not known when in develop-
ment the parent-specific differences in nuclease hypersensitiv-
ity are conferred, and it remains possible that they are already
present in the gametes. In addition, it has been noted that sim-
ple sequence repeats are often associated with regions of im-
printed genes that exhibit differential DNA methylation, and
these repeats may facilitate the inactivation of one of the pa-
rental alleles (30). For the mouse H19 gene, one such repeat is
located at kb —1.3 to —1.7 from the transcription start site
(45).

To shed further light on the possible epigenetic mechanisms
determining monoallelic expression of H19, we have used a liga-
tion-mediated PCR (LMPCR) genomic sequencing technique
(29, 35) to conduct footprinting and methylation analyses of
various regions upstream of the coding sequence, including the
putative imprinting region, in parthenogenetic (PG) and an-
drogenetic (AG) embryonic stem (ES) cells. These cells were
used because they (i) are diploid and contain only maternally
and paternally derived genomes, respectively, (ii) retain im-
prints as assessed by the developmental potential of chimeras
(4, 25-27), (iii) are representative of an early undifferentiated
stage of mouse development, being derived from, and similar
in developmental potency to, the primitive ectoderm of peri-
implantation-stage blastocysts (5, 10), (iv) exhibit parent-spe-
cific differential methylation of at least some sites upstream of
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the HI19 coding region that are differentially methylated in
differentiated tissues, while retaining a relatively very low level
of expression of H19 as exists in the primitive ectoderm (1, 41,
42), and (v) can be obtained in sufficient quantity for conduct-
ing LMPCR.

The analyses reveal significant differences in binding of tran-
scription factors, chromatin structure, and methylation be-
tween the maternally and paternally derived upstream regions
of the H19 gene that have not been previously described and
implicate these epigenetic modifications in imprinting and reg-
ulation of monoallelic expression of H19.

MATERIALS AND METHODS

ES cells. The type, name, and passage number at DNA collection of the ES
cell lines used were as follows: PG (two maternal genomes), LG.1, passage 13;
wild-type, WT (one maternal and one paternal genome), W9.5, passage 11; and
AG (two paternal genomes), LB.4, passage 10. The derivation and culture con-
ditions for these cell lines have been previously described (26, 41). For each type
of cell line, the methylation and expression of imprinted genes were found to be
consistent between independently derived cell lines (41).

Treatment of ES cells with reagents for in vivo footprinting. In preparing ES
cells for treatment, STO feeder cells were removed from trypsinized cell suspen-
sions by differential adherence to tissue culture plates. This results in an ES
purity of at least 97% by cell number (41). The following descriptions are for a
washed ES cell pellet of ~15 X 10° cells obtained from one semiconfluent
10-cm-diameter dish. Treatments and isolation of DNA were performed as
previously described (33), with the following modifications.

(i) DMS treatment. The ES cell pellet was resuspended in 6 ml of serum-free
medium containing 0.2% dimethylsulfate (DMS) and was incubated for 5 min at
room temperature (RT). The action of DMS was stopped by adding ice-cold
Dulbecco’s phosphate-buffered saline with calcium and magnesium (DPBS) to a
volume of 50 ml, followed by centrifugation at 250 X g for 3 min to pellet the
cells. After two washes with 20 ml of ice-cold DPBS, the pellet was dissolved in
10 ml of buffer A containing 1% Nonidet P-40 (33), and then the DNA was
isolated. As a control, genomic DNA was isolated from untreated ES cells (33),
and then 80 to 100 wg was treated with DMS (28).

(ii) DNase I treatment. The ES cell pellet was resuspended in 5 ml of ice-cold
solution I containing lysolecithin (0.25 mg/ml) to permeabilize cells (32). The
cells were immediately pelleted, then resuspended in solution II containing
DNase I (1 pg/ml; Boehringer Mannheim catalog no. 104132), and incubated for
1 to 6 min at RT to obtain an optimal nicking frequency of one nick every 200
to 800 nucleotides, as assessed by alkaline gel electrophoresis after DNA puri-
fication and before LMPCR. Cells were pelleted and resuspended in 2 ml of
buffer C containing proteinase K (600 pg/ml), then 2 ml of buffer B was added,
and the sample was incubated at 37°C overnight (33). As a control, 40 pg of
genomic DNA isolated from untreated ES cells as described above was mixed
with 10 pg of DNase I per ml in a 200-ul reaction volume and incubated at RT
for 5 min.

(iii) KMnO, treatment. The ES cell pellet was resuspended in 2 ml of PBS
containing 20 mM KMnO,. After 2 min at RT, the reaction was stopped by
addition of 50 ml of ice-cold DPBS. The cells were pelleted and resuspended in
10 ml of buffer B containing 1.0 M B-mercaptoethanol, then 10 ml of buffer C
containing proteinase K (600 pg/ml) was added, and the sample was incubated
at 37°C for 3 h (33). As an in vitro control, KMnO, treatment of 20 ug of DNA
was performed in the presence of fresh 20 mM KMnO, for 2 min at RT in a
reaction volume of 100 wl. The reaction was stopped by adding 2-mercaptoetha-
nol to a concentration of 1 M. After ethanol precipitation, 1 M piperidine was
used to cleave the DNA at sites of KMnO, modifications, and the samples were
used in LMPCR.

Other treatments. For methylation analysis at C residues, genomic DNA was
isolated from ES cells as described above, and 80 to 100 pg was treated with
hydrazine in the presence of NaCl (28). As a control, a reaction was performed
with 0.5 pg of H19 lambda clone DNA mixed with 80 wg of tRNA. The amount
of lambda DNA was adjusted before LMPCR to match the copy number of H19
sequences in genomic DNA. For analysis of C+T and G+ A modifications, 80 to
100 pg of DNA was treated with hydrazine and formic acid, respectively (28).

LMPCR. LMPCRs were performed as previously described (33), with the
following modifications. The Sequenase reaction with the first primer was carried
out at 49°C for 15 min. To increase reaction specificity, DNase I-treated samples
were isolated on paramagnetic beads by using biotinylated primers before
LMPCR (43). The PCR in which the second primer was included was carried out
at 95, 65, and 74°C for 23 cycles. Following a booster step with an additional
aliquot of Taq polymerase, the reaction was extracted with phenol-chloroform,
and then the PCR product was precipitated. The product was run on a denatur-
ing 8% polyacrylamide gel, then electroblotted to a nylon membrane, and hy-
bridized at 65°C overnight with a runoff probe made on an isolated PCR frag-
ment by using the third primer.

The primers (the first primer in each series was biotinylated) and their se-
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FIG. 1. Map of the 4-kb region upstream of the H19 gene. The A, B, C, and
D segments have been analyzed by in vivo footprinting. Approximate locations of
LMPCR primer sets K, L, M, N, O, Q, TY, Z, I, and J are indicated by horizontal
arrows. The scale underneath shows the distances from the transcription start
site. R, EcoRI sites.

quences (in parentheses; 5'-3") were K1 (GGGGGTTAGCCACTCGTAG), K2
(CCACTCGTAGGCTGTTCATACTCCG), K3 (GTATGAGACCCATGCCC
TCAAATTCC), L1 (CCACCTCCACCCTGTATCG), L2 (CCCTGTATCGTT
CCAGCGCACGTT), L3 (GCCTCACCCCACACCCGCA), M1 (TCTAAGGG
ATTCCAAAGTGG), M2 (TGTGGTGAGGCTGTCTTTGGAGAATT), M3
(TTTGGAGAATTTCAGGACGGGTGCG), N1 (CCAGACTCCAGATGCC
GA), N2 (GGTGCTCCTCGGACCCCACG), N3 (ACCCCACGACTCTCCTC
CAGCTCTC), I1 (TGCCTACAGTTCCCGAATC), 12 (CGAATCACCACAA
GGAAAGAAAAAGG), 13 (GAAAGAAAAAGGTTGGTGAGAAAAATAG
AG), J1 (GTGACCCCCCTGAGGTACT), J2 (TGAGGTACTGAACTTGGG
TGACCCAC), J3 (GTGACCCACAGCATTGCCATTTG), O1 (GCTCTCCC
ATCTTCCCCA), O2 (TCCCATCTTCCCCGGTTTCCCCG), O3 (CCCCCCA
CCCCCCTCCCACA), Q1 (GTGGTGGCAGTTGGTCTCT), Q2 (TGTCTCC
CATCACCCCCCACAT), Q3 (CCCACATCACCCTTGCTATACTCCC), TY1
(GCTGACACCCAAGGCTTG), TY2 (GACACCCAAGGCTTGATGTAGG
ATTC), TY3 (CTATCCGAAGCTGGCAGCTGAGC), Z1 (CGGCTCAGGG
CTGCAA), Z2 (GCTGCAAACAATTCTGAAACTGCATTC), and Z3 (GCA
TTCTCTCTCAATGGGGCTCAGC).

RESULTS

Chromatin and methylation analysis. Intact ES cells were
treated with two agents that are sensitive to chromatin struc-
ture and protein-DNA interactions. DNase I nicks DNA inside
permeabilized cells with a specificity similar to that in isolated
DNA, but this nicking is inhibited at positions where protein
factors are bound (32). DMS reacts with protein-bound DNA
with either a lower or higher rate of N-7 methylation of G
residues (14). After DNA isolation, piperidine was used to
cleave DNA at the modified G bases. LMPCR was then used
to amplify gene-specific sequences and visualize, at single-nu-
cleotide resolution, cuts made by DNase I or derived from
DMS modification (29, 35). DNase I footprints usually appear
as areas of protection on sequencing gels, while DMS foot-
prints are stronger or weaker single-G bands compared to
isolated DNA controls. Methylation of C bases in the whole
population of chromosomes was also investigated at single-
nucleotide resolution. DNA was isolated from PG ES cells and
AG ES cells, modified with hydrazine in the presence of so-
dium chloride, and cleaved with piperidine. Methylation inhib-
its modification; therefore, bands corresponding to methylated
cytosines are missing from the sequencing gels while unmeth-
ylated cytosines are present.

Analysis of the HI9 promoter. An approximately 350-bp-
long region containing the H/9 promoter (segment A [Fig. 1])
was analyzed by using five primer sets, K, L, M, N, and O. The
proximal promoter fragment contains several CpG dinucleo-
tides. Compared to unmethylated cloned DNA, AG ES cells
show heavy methylation at all of these sites, while PG ES cells
show bands at these positions, suggesting no or partial meth-
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FIG. 2. In vivo footprinting of the proximal H19 promoter in PG ES cells, WT ES cells, and AG ES cells. Methylation (Meth.), genomic DNase I footprinting
(DNA-se I), and in vivo DMS footprinting (DMS) analyses were conducted. The N primer set was used for LMPCR analysis of the upper strand. Pg, PG ES cells; Wt,
WT ES cells; Ag, AG ES cells. Open and filled circles indicate unmethylated and fully methylated CpGs, respectively, representing PG ES cells on the left and AG
ES cells on the right; grey bars indicate partial DNase I footprints in PG ES cells; black bars indicate complete protection; black and open squares indicate increases
and decreases, respectively, in DMS reactivity; A, AG ES cells; P, PG ES cells; brackets on the right side show consensus binding sites for transcription factors.

ylation (Fig. 2 and 3). Using Southern blot analysis (41), we
obtained similar data for one of these sites with the methyla-
tion-sensitive restriction enzyme Smal. The data obtained by
the genomic sequencing method indicate that this differential
methylation extends to all CpG sites in the promoter region
that we examined.

DNase I footprinting revealed binding of protein factors in
the HI19 promoter at three Spl sites, one CCAAT box se-
quence, and one AP-2 site in PG ES cells (Fig. 2 and 3). The
second Spl1 site (nucleotides [nt] —49 to —44) exhibited com-
plete protection by the factor, while all other sites were par-
tially protected. DMS footprinting results supported occupa-
tion of two Spl sites and the AP-2 consensus site by protein
factors. In AG ES cells, there was a weak protection near the
first Sp1-like site and the CCAAT box. LMPCR performed on
the lower strand of the proximal promoter region showed sim-

ilar methylation differences and confirmed the footprints (data
not shown and Fig. 3).

The more distal promoter region had a similar hypomethy-
lation of CpGs in PG ES cells and methylation in AG ES cells
(Fig. 3 to 5). A C/EBP consensus site near bp —180 was par-
tially protected from DNase I cleavage (Fig. 3 and 4). Binding
of two additional protein factors in PG ES cells is suggested by
in the vivo DMS footprinting data (Fig. 3A and 5).

The WT ES cells showed an intermediate protection/reac-
tivity in the methylation analysis and the DNase I or DMS
footprinting compared to PG ES cells and AG ES cells. This is
the expected result in cells containing both maternal and pa-
ternal chromosomes (Fig. 2 and 5).

Analysis of the G-rich repetitive region. Analysis of the
upper strand of segment B (Fig. 1), which carries the short
tandem repeat sequence [(G)GGGGTATA],, (45), is shown



6770 SZABO ET AL.

A

GTAAAGGGCA
CATTTCCCGT

|
GGGGCTATAT
CCCCGATATA

AGTGGGAGTT
TCACCCTCAA

@) O
GCGCTGGAAC

CGCGACCTTG

Oom

©

GCTTCAGTGT GGCAGGGTGC CTGGGGCACC ACCGTTCTAT

CGAAGTCACA

GTTCTCGACA
CAAGAGCTGT
©

GTGGTGAGGC
CACCACTCCG

GATACAGGGT
CTATGTCCCA

Sp1 ]

GTCTCA CCC CGCCC TAAG \ACCCGCCT

CAGAGT GGG GCGG RATTC
]

ACCGGGTGTG
TGGCCCACAC

B

GTAAAGGGCA
CATTTCCCGT

GGGGCTATAT
CCCCGATATA

AGTGGGAGTT
TCACCCTCAA

o ®
GCGCTGGAAC

CGCGACCTTG
®

Ermd W
CAGAGTAGGG
GTCTCATCCC

3

ACCGGGTGTG

GGAGGGGGGT
CCTCCCCCCA

GCTTCAGTGT
CGAAGTCACA

o
GTTCTCGACA
CAAGAGCTGT

®

GTGGTGAGGC
CACCACTCCG Al

GATACAGGGT

CTATGTCCCA
®

®
GCGGGAATTC
CGCCCTTAAG
®

GGAGGGGGGT

CCGTCCCACG GACCCCGTGG

TCAAGGGAGA TATCTGGGGA
AGTTCCCTCT ATAGACCCCT

C/EBP

THICTTTGGA GAATTI'CAGG
ACAGAAACCT CTTAARGTCC

M

GGAGGTGGGC CCTCCGGGGG

TGGCAAGATA

CAATGCCAGG
GTTACGGTCC

©
ACGGGTGCGG
TGCCCACGCC

l
GAAGGGCTTC
CTTCCCGAAG

CCCTGTCTAA
GGGACAGATT

GTGTGGGGTG
CACACCCCAC

] AP-2

AL L

CCTCCACCCG GGAGGCCCCC GGUAGCCGCCC CIGTACATGA

O
Spt (A
TGGGCGGAQG

Sp1-er

TT

GGGGGGTGGG GGTGGGGGGT
CCCCCCACCC CCACCCccCcA

GGCAGGGTGC CTGGGGCACC
CCGTCCCACG GACCCCGTGG

TCAAGGGAGA TATCTGGGGA
AGTTCCCTCT ATAGACCCCT

C/EBP

THTCTTTGGA GAATTIICAGG
AGAAACCT CTTAARGTCC

L]
GGAGGTGGGC CCTCCGGGGG
CCTCCACCCG GGAGGgCCCC

Sp1-like

TGGGCGGA! CACTCCAGTT
ACCCG%CTC GTGAGGTCAA

CCQCGGCGGG CATGTACT

A A LSS AT A EEA S,

O 0
AGAAAAAGCC

TCTTTTTCGG

ATCGGGGAAA
TAGCCCCTTT

ACCGTTCTAT
TGGCAAGATA
]

CAATGCCAGG
GTTACGGTCC

®
ACGGGTGCGG
TGCCCACGCC

CCCCGGCGGG
GGGGCCGCCC
o0

AGAAAAAGCC
TCTTTTTCGG

©

CGGGCTAGAG
GCCCGATCTC

CTGGGGAAGA
GACCCCTTCT

GAAGGGCTTC
CTTCCCGAAG

CCCTGTCTAA
GGGACAGATT

GTGTGGGGTG
CACACCCCAC

AGCAGGCTAC
TCGTCCGATG

GGGATTCCAA
CCCTAAGGTT

O O
AGGCGAACGT
TCCGCTTGCA

CAATT box

€]
GGCCCGAAGC

CCGGGCTTCG
©

TGGGAGAGCT
ACCCTCTCGA

AGCAGGCTAC
TCGTCCGATG

GGGATTCCAA
CCCTAAGGTT

®
AGGCGAACGT
TCCGCTTGCA

CAATT-box

GCCATGTACT
CGGTACATGA

CGGGCTAGAG
GCCCGATCTC
®

GGGGGGTGGG GGTGGGGEGT ATCGGGGAAA CTGGGGAAGA
CCCCCCACCC CCACCCCCCA TAGCCCCTTT GACCCCTTCT

Ga QTTGA
(] JAACT

) J
GGCCCGAAGC
CCGGGCTTCG

e

TGGGAGAGCT
ACCCTCTCGA

MoL. CELL. BIOL.

-281

-211

-141

+7¢C

-281

=211

-141

-71

+70

TGGCCCACAC CCTCCCCCCA

FIG. 3. Summary of the promoter footprinting data. Primary data were taken from experiments with the K, L, M, N, and O primer sets. (A) Maternal chromosome,
PG ES cells; (B) paternal chromosome, AG ES cells. Circles around the DNA sequences indicate consensus sequences for transcription factors. Striped bars indicate
partial DNase I footprints; black bars indicate complete protection; arrows pointing up or down indicate increased DNase I sensitivity of the in vivo-treated versus the
in vitro-treated samples; filled or open squares indicate increases or decreases, respectively, in DMS reactivity; open or closed circles stand for hypomethylated or
hypermethylated CpGs, respectively; grey circles stand for partially methylated sites.
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FIG. 4. In vivo footprinting of the H19 promoter in PG ES cells and AG ES
cells. The upper strand of the region between nt —129 and —225 was analyzed.
The O primer set was used in LMPCR. The bracket on the right indicates the
C/EBP recognition sequence, and the black rectangle indicates the protection at
this site by a protein factor in PG, AG, and WT ES cells. For other details, see
the legend to Fig. 2.

in Fig. 6A. This area does not contain CpG dinucleotides,
which is reflected in the identical hydrazine modification pat-
tern of C’s between the cell lines. A very similar modification
pattern was obtained with DMS. DNase I generated a pattern
in vivo which was different from the in vitro cleavage pattern
but identical between all three cell lines. The T and A nucle-
otides at the 5’ ends of the repeats usually have decreased
DNase I cleavage intensities in vivo compared to the rest of the
sequence (Fig. 6B).

Analysis of the far upstream paternally methylated region.
We analyzed a portion of the ~2-kb upstream paternally meth-
ylated region with primer sets TY and Z (segment C [Fig. 1]).
One of the CpG’s in this area is Hhal site 3 (44), which is
methylated in AG ES cells and unmethylated in PG ES cells
(Fig. 7). Some CpG sites showed differential methylation; oth-
ers were methylated on both alleles. The in vivo DNase I
patterns were different from the in vitro patterns but identical
between cell lines with the exception of a hypersensitive site
mapping to a C/EBP recognition sequence. The same recog-
nition sequence had increased DMS modification in PG ES
cells. C/EBP is a liver- and adipocyte-specific transcription
factor (11, 17). Differences in DMS and DNase I reactivity at
two C/EBP consensus sites (Fig. 3A, 4, and 7) may indicate that
these sites are somehow marked for liver-specific expression of
H19 (15). We observed similar methylation differences on the
lower strand with primer set Z but found no differences in
DMS or DNase I patterns between cell lines (data not shown).

Analysis of the boundary of the methylated region. We an-
alyzed a 200-bp sequence at the 5’ boundary of the 2-kb up-
stream paternally methylated region with primer sets I and J
(segment D [Fig. 1]). Analysis of the upper strand is shown in
Fig. 8A. At a CpG site designated Hhal-1 (45), there is com-
plete methylation in AG ES cells, while a very strong band
present in PG ES cells indicates that the site is fully unmeth-
ylated in these cells. All other CpG sites are completely meth-
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FIG. 5. In vivo footprinting of the distal H19 promoter in PG ES cells and
AG ES cells. The lower strand of the region between nt —202 and —347 was
analyzed. The K primer set was used in the LMPCR. Open squares indicate
protection from DMS modification in PG ES cells. For other details, see the
legend to Fig. 2.

-347

ylated in AG ES cells and either unmethylated or only partially
methylated in PG ES cells. The DNase I and DMS modifica-
tion patterns for this region differ between PG ES cells and
AG ES cells. The maternal chromosomes of the H19 gene
have a series of DNase I-hypersensitive sites (from nt —3962
to —3843) that are much weaker or missing from the pater-
nal chromosomes. Several bands have reduced intensity in the
DMS ladder in PG ES cells, which could indicate binding of
protein factors at these sites. On the opposite strand (Fig. 8B),
an area of increased DNase I reactivity is seen between nt
—3956 and —3848. The DMS modification patterns on the
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—1.4. (A) Autoradiogram. The Q primer set was used for LMPCR. Filled bars
on the right show perfect repeats; open bars show partially homologous repeats.
For other details, see legend to Fig. 2. (B) Summary of the analysis. Arrows
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vivo-treated versus the in vitro-treated samples. No major differences in DNase
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FIG. 7. Footprinting of the differentially methylated region. The upper
strand is shown. The TY primer set was used. The C/EBP site is indicated on the
right. For other details, see the legend to Fig. 2.

lower strand were similar between naked DNA and AG ES
cells treated with DMS in vivo (Fig. 8B). However, some G’s
on this strand were hyperreactive in PG ES cells compared to
naked DNA or AG ES cells, which suggests protein binding at
several positions in the area. However, DNase I hypersensitiv-
ity at the same sequences contradicts this possibility and in-
stead suggests an altered DNA structure at these sites. WT
DNA always exhibited intermediate intensities. A summary of
DNase I and DMS footprinting experiments of the area be-
tween nt —4034 and —3840 is shown in Fig. 9. The DNase I
hyperreactivity spanning 40 nt (between nt —3948 and —3908)
on both strands suggested an unusual chromatin or DNA struc-
ture. To determine if this structure would consist of melted
DNA, we analyzed the same region with the oxidative agent
KMNO,. KMNO, oxidizes pyrimidine bases, mostly T’s, pref-
erentially in single-stranded or melted DNA (39). Reactivities
of in vivo- and in vitro-treated samples were equal for all of the
three cell lines (data not shown); therefore, we can exclude
stable melting of these sequences.

DISCUSSION

Previous observations of parent-specific methylation and ex-
periments with transgenic mice have strongly suggested an
important role for regions upstream of the HI19 coding se-
quence in conferring monoallelic expression on this gene. Here
we have examined some specific upstream sequences to deter-
mine if there exist additional parent-specific differences in
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chromatin structure that might also be involved in H79 im-
printing.

Previous studies of H19 methylation were performed with
methylation-sensitive restriction enzymes, which allow detec-
tion of the methylation status at a limited number of CpGs (3,
15, 16, 41). In addition, sodium bisulfite genomic sequencing
revealed the methylation status at single-nucleotide resolution
on individual maternal and paternal chromosomes (31, 44).
Using a different sequencing method, we extend these previous
analyses, showing the mean methylation level of the whole
population of chromosomes at single-nucleotide resolution.
This analysis has essentially confirmed the previous findings of
hypo- and hypermethylation of maternally and paternally de-
rived sequences, respectively, upstream of H19. It is significant
that much of the paternal chromosome-specific methylation in
AG ES cells must be laid down quickly during their derivation
and early passage, as it has been shown that the CpGs in the
H19 promoter are not paternally methylated in blastocysts (9,
44). This rapid de novo methylation occurs before the high-
expression phase of H19, while its expression level is very low
in all three types of ES cell. Thus, it is conceivable that this
methylation is a response to the intrinsic state of paternal
chromatin structure and may be prevented by transcription
factor binding to the maternal chromosome.

Aside from differential methylation, we now describe the
presence of a number of other differential epigenetic modifi-
cations at various regions upstream of the HI19 coding se-
quence. The in vivo footprints were observed almost exclu-
sively in PG ES cells or on maternally derived alleles of H19.
When footprints were observed in AG ES cells, they were
always weaker than the corresponding PG footprints. Partial
footprints in AG ES cells at the CCAAT box and one Sp1 site
perhaps may be explained by a lack of fully methylated CpGs
near these sequences (Fig. 3B) and/or by the methylation in-
dependence of Spl binding (18).

The G-rich repetitive region at kb —1.3 (45) did not appear
different in respect to the two parental chromosomes by DMS
and DNase I footprinting. While these observations suggest
that this repeat may not play a role in maintaining monoallelic
expression of the H19 gene, they do not preclude the possibility
that it has some role in initiation. Repeat elements are typically
associated with imprinted genes (30), and it has been suggested
that possible differences in their chromatin structure in the
female and male germ lines may lead to different levels of
methylation, which in turn leads to differential allelic expres-
sion (7).

In contrast to the negative observations for the repeat ele-
ment, at the boundary of a far upstream region thought to
harbor H19 imprints, we observed a localized region of DNase
I hypersensitivity specific to maternally derived alleles and
present on both strands of the DNA. This is most likely indic-
ative of the presence of an unusual chromatin structure at this
site. While further work is required to determine the precise
nature of this structure, its presence raises the question of
whether it might function after fertilization to inhibit methyl-
ation nearby, for example, in the putative imprinting region,
and ultimately at more distant sites such as the promoter.

We provide the first evidence that transcription factors
preferentially interact with the maternal allele of HI19. The
footprints within an approximately 100-bp region at the HI19
promoter coincided with five transcription factor binding con-
sensus sequences: two Spl, one Spl-like, one AP-2, and one
CAATT box. These data suggest that binding at these sites is
a requirement for maternal H19 expression and are consistent
with the results of previous H19 promoter mapping studies in
which a 127-bp fragment containing all five binding elements
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FIG. 8. Footprinting of the far upstream boundary of the differentially methylated sequences. (A) Upper strand, the J primer set used for LMPCR; (B) lower strand,
the I primer set used. Filled and open squares indicate increases and decreases, respectively, in DMS reactivity in PG ES cells; dashed lines indicate the regions with

the highest DNase I sensitivity. For other details, see the legend to Fig. 2.

resulted in the highest level of reporter gene expression in
hepatoma cells (46). Of interest are the similarities between
these findings for the autosomal H19 gene and those for X-
linked genes which exhibit monoallelic but random expression
in XX somatic cells. The active allele of the human phospho-
glycerate kinase-1 gene promoter is unmethylated and exhibits
protein binding at a CCAAT sequence, an NF-1-like binding
sequence, and at two GC boxes, each of which contains two
Spl binding sequences. On the other hand, the inactive allele
shows the opposite configuration: it is methylated and exhibits
no protein binding at any of these sites (32, 34). Similar results
were obtained for the human X-linked hypoxanthine guanine
phosphoribosyltransferase gene (19) and the mouse inactive
X-specific transcript gene (20).

While differences in parent-specific methylation and the

additional differences in chromatin structure that we have de-
scribed in this study might be involved in maintaining parent-
specific expression of H19, challenges remaining are to deter-
mine if one of these epigenetic modifications determines the
others and to establish their relationship to the primary deter-
minant of monoallelic expression, the imprint, as imparted
in the germ line. For example, it is possible that the unusual
chromatin structure in the far upstream region of the H79 ma-
ternal allele is specific to oogenesis and somehow inhibits any
potential for methylation in its vicinity before and after fertil-
ization. Its absence in spermatogenesis and from the paternal
allele after fertilization could then allow a gradual methylation
at these sites by default.

The maternal allele-specific binding of transcription factors
we have observed in upstream region of the H79 gene is con-
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sistent with the suggestion that protein factor-DNA binding
could serve as an imprint (12) and could result from maternal
germ line-specific expression of the relevant factors. Models
such as this need not be considered unlikely on the basis that
protein factor-DNA binding might be unstable throughout cell
division (12). Female germ cells are arrested in meiosis I in the
early fetus until just prior to ovulation in the adult, while male
germ cells are arrested in mitosis in the early fetus until the
early neonatal stage. This arrest could render differential tran-
scription factor binding very stable in the germ line over long
periods of developmental time and therefore able to inhibit the
laying down of secondary or downstream epigenetic modifica-
tions which might ultimately be responsible for maintaining
or stabilizing monoallelic expression in somatic cells. On this
point, it has been suggested that transcription factors bound to
promoter elements could outcompete nucleosomes and DNA
methyltransferase and thereby inhibit methylation (2, 34). In-
deed, Sp1 binding functions in a chromatin-dependent manner
to augment human a-globin promoter activity (37) to protect
the CpG island of the mouse adenine phosphoribosyltransfer-
ase gene and its human homolog in transgenes from methyl-
ation and to cause demethylation of artificially methylat-
ed sequences (8, 24). Also, it is worth pointing out that the

differential methylation in gametes that is suggested to consti-
tute imprints (40) would almost certainly be laid down during
the time that at least the female germ line is arrested in cell
division.

Elucidation of these various possibilities may become possi-
ble by extending the analyses we have performed here for PG
and AG ES cells to the female and male germ lines of mice.
This is a challenging prospect given the small amounts of
material that can be recovered in respect to these cell lineages.
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