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Letter

Comparative Genomic Sequencing Identifies Novel
Tissue-Specific Enhancers and Sequence Elements
for Methylation-Sensitive Factors Implicated

in Igf2/HI9 Imprinting

Ko Ishihara,'#? Naoya Hatano,*” Hiroyasu Furuumi,'-? Reiko Kato,'-*® Toru Iwaki,*
Kiyonori Miura,>? Yoshihiro Jinno,>® and Hiroyuki Sasaki'-231°

"Division of Human Genetics, Department of Integrated Genetics, National Institute of Genetics and ?Department

of Genetics, Graduate University for Advanced Studies, Mishima, Shizuoka 411-8540, Japan; 3Division of Disease Genes,
Institute of Genetic Information, and *Department of Neuropathology, Neurological Institute, Faculty of Medicine, Kyushu
University, Fukuoka 812-8582, Japan; *Department of Human Genetics, Nagasaki University School of Medicine, Nagasaki
852-8523, Japan; ®Department of Molecular Biology, Ryukyu University School of Medicine, Nishihara,

Okinawa 903-0215, Japan

A differentially methylated region (DMR) and endoderm-specific enhancers, located upstream and downstream
of the mouse HI9 gene, respectively, are known to be essential for the reciprocal imprinting of Igf2 and HI9. To
explain the same imprinting patterns in non-endodermal tissues, additional enhancers have been hypothesized.
We determined and compared the sequences of human and mouse HI? over 40 kb and identified 10
evolutionarily conserved downstream segments, 2 of which were coincident with the known enhancers. Reporter
assays in transgenic mice showed that 5 of the other 8 segments functioned as enhancers in specific mesodermal
and/or ectodermal tissues. We also identified a conserved 39-bp element that appeared repeatedly within the
DMR and formed complexes with specific nuclear factors. Binding of one of the factors was inhibited when the
target sequence contained methylated CpGs. These complexes may contribute to the presumed boundary
function of the unmethylated DMR, which is proposed to insulate maternal Igf2 from the enhancers. Our results
demonstrate that comparative genomic sequencing is highly efficient in identifying regulatory elements.

[The sequence data described in this paper have been submitted to GenBank under accession nos. AFO87017 and

AF049091.]

The mouse Igf2 and HI19 genes lie 70 kb apart (Fig. 1A)
within a large imprinted domain on distal chromo-
some 7 (Kato et al. 1999). These two genes are recipro-
cally imprinted, with Igf2 being paternally expressed
and H19 being maternally expressed. The mechanisms
of the reciprocal imprinting of the two genes have
been studied extensively by introducing germ-line mu-
tations into this imprinted domain. The first such
study by Leighton et al. (1995a) showed that a 13-kb
deletion of the H19 region caused disruption of the
imprinted expression of Igf2 (and Ins2) indicating that
Igf2 imprinting is dependent on the H19 region. This
deletion contained the entire H19 transcription unit of
3 kb and its upstream region of 10 kb. The result was
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consistent with the enhancer competition model (Bar-
tolomei and Tilghman 1992; Sasaki et al. 1992), in
which the imprinting of the two genes is explained by
their competition for common enhancers.
Subsequent studies in mice revealed that two regu-
latory regions are essential for the imprinting of Igf2
and HI9. First, two endoderm-specific enhancers lo-
cated 5-7 kb downstream of H19 (Yoo-Warren et al.
1988; Fig. 1A,B) were indispensable for the expression
and imprinting of both genes in endodermal tissues
(Leighton et al. 1995b). Second, a 2-kb differentially
methylated region (DMR) located 2-kb upstream of
H19 was essential for the imprinting of an HI19 trans-
gene (Elson and Bartolomei 1997) or both endogenous
Igf2 and H19 (Thorvaldsen et al. 1998). This DMR is
unmethylated when maternally derived and methyl-
ated when paternally derived. Several lines of evidence
from independent experiments suggested that the
DMR plays dual roles in imprinting: A methylated
DMR on the paternal chromosome appears to act as an
inactivation center that methylates and silences the
neighboring H19 whereas an unmethylated DMR on
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H19 Enhancers and DMR Elements
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10kb in many mesodermal tissues, only en-
doderm-specific enhancers have been

L23mmp (Rp23)  identified. Therefore, we first looked

H19 endoderm-specific

e

-

for the hypothetical nonendodermal
enhancers. Then, we attempted to
identify sequence elements within
the DMR that are conserved through
evolution and bound by nuclear fac-
tors. Our results showed that com-

DMR ﬁl enﬁan‘cers

parative sequencing is a highly effi-
10 cient approach to identify potential
regulatory elements located several

kilobases to several tens of kilobases
away from genes.

RESULTS

To look for hypothetical enhancers of
the imprinted domain and functional
elements within the DMR, we de-
cided to take a comparative sequenc-
ing approach. Previous studies with

transgenic mice carrying a YAC trans-
gene suggested that the hypothetical
nonendodermal enhancers are lo-
cated within a 130-kb region extend-
ing from promoter 1 of Igf2 to 35 kb
downstream of H19 (Ainscough et al.
1997). A more recent study showed
that the location of the enhancers is
essential for the imprinting of both
Igf2 and H19 (Webber et al. 1998),
suggesting that the additional en-
hancers may be located downstream

\/,) o of H19. Therefore, we cloned and se-

quenced a 41-kb human genomic re-
gion extending from 8 kb upstream

to 30 kb downstream of H19. The ob-
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Figure 1 Comparison of the human and mouse H19 region sequences. (A) Map of the
Igf2/H19 region. The region analyzed is indicated by a horizontal line below the map. (B)
Dot matrix alignment. (Top) Lower magnification of the H19 region. The homology plot
program DNASIS v3.0 (Hitachi Software Engineering) was used to align the mouse (x axis)
and human (y axis) H19 sequences with a criterion of 22 matching bases in a window of
30. Brackets with arrows in the matrix and bars between the map and matrix indicate
conserved segments (CS1-CS10). (Inset) Higher magnification of the CS1-CS4 region.
The GenBank sequences used are as follows: mouse, AF049091 (bases 1-41680); human,
AF087017 (bases 1-40558) and AC004556 (bases 82896-88682).

the maternal chromosome may serve as a boundary
element or a chromatin insulator that blocks the inter-
action between Igf2 and the downstream enhancers
(Thorvaldsen et al. 1998; Webber et al. 1998; Schmidt
et al. 1999).

In the present study, we attempted to identify new
regulatory sequences involved in the imprinting of the
two genes by comparative genomic sequencing. Al-
though both Igf2 and H19 are expressed and imprinted

tained sequence (GenBank accession
no. AF087017) plus an additional
6-kb sequence from a human PAC
clone (GenBank accession no.
AC004556) was compared with the
corresponding mouse sequence,
which we had reported previously
(GenBank accession no. AF049091;
Ishihara et al. 1998).

41680 bp

Evolutionarily Conserved Downstream Segments

A homology plot analysis of the human and mouse
sequences using DNASIS software (v3.0, Hitachi Soft-
ware Engineering) revealed that a 28-kb region down-
stream of the H19 gene contained a number of con-
served stretches at homologous positions (Fig. 1B).
Higher magnification analyses (e.g., see Fig. 1B, inset)
identified 10 discrete conserved segments (Fig. 1B,
CS1-CS10) spaced with gap regions consisting of non-

Genome Research 665
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

Ishihara et al.

homologous sequences. The conserved segments were
200-500 bp in size and their sequence identity be-
tween human and mouse ranged from 68% to 85%, on
the basis of maximum matching alignments by DNA-
SIS (Table 1). Unlike protein coding regions, these seg-
ments lacked the third base wobble and contained
many deletions and insertions. Notably, this analysis
identified the two known enhancers as CS3 and CS4,
raising the possiblity that the other conserved seg-
ments may also be enhancers.

Enhancer Assay in Transgenic Mice

To test whether the newly identified conserved seg-
ments can function as enhancers in transgenic mice,
mouse DNA fragments (0.47-1.54 kb in size) contain-
ing the respective segments were linked to a lacZ re-
porter gene (Fig. 2A; Hatano et al. 1998) and intro-
duced into fertilized eggs. Embryos that developed
from the injected zygotes were recovered at 12-12.5
days postcoitum (dpc) and examined for lacZ expres-
sion. No embryo was allowed to develop to term to
give a transgenic line. Thus, in this assay, DNA frag-
ments directing a consistent tissue-specific expression
pattern in multiple independent embryos were judged
as possessing enhancer activity.

We first examined whether CS3 and CS4, corre-
sponding to the known enhancers, function as en-
hancers in endodermal tissues. Four of the five em-
bryos carrying CS3 transgenes were stained for lacZ ac-
tivity in the sclerotome (a mesodermal tissue) while
the last one showed an ectopic expression pattern (Fig.
2B; Table 1). This result is consistent with the recent
observation that transgenes containing both CS3 and

CS4 were expressed in the sclerotome (Hatano et al.
1998; Brenton et al. 1999). However, little, if any, en-
hancer activity was detectable in endodermal tissues
such as the liver or gut. Two embryos carrying CS4
transgenes showed specific staining in the liver and gut
although three others were stained in various patterns
(Fig. 2B; Table 1). This result suggested that the endo-
derm-specific enhancer activity of CS4 was easily in-
fluenced by chromosomal environment.

Then, we examined the eight newly identified seg-
ments in embryos and found that five (CS1, CS5-CS7
and CS9) exhibited enhancer activity in nonendoder-
mal tissues (Fig. 2B; Table 1). For example, CS1 trans-
genes reproducibly stained the ganglionic placodes of
the facial nerve and the maxillary prominences (ecto-
derm origin). CSS5 directed lacZ expression in the ecto-
derm of the limb buds and in the neural tube floor
plate (Fig. 2B), and CS6 and CS9 showed almost iden-
tical staining patterns in the myotome and primordia
of ribs (mesoderm origin, Fig. 2B). Also, CS7 transgenes
were expressed in masses of mesenchymal (mesoderm)
cells. (For details, see Fig. 2 legend and Table 1.) No
enhancer activity was detected for CS2, CS8, and CS10
at this stage of development because they did not drive
expression of lacZ (CS10) or only gave position-
dependent variable expression (CS2 and CS8; Table 1).
Thus at least seven tissue-specific enhancers (CS1, CS3-
CS7, and CS89), including the two previously known
ones, form a large regulatory region reminiscent of the
locus control region of the B-globin gene cluster (Li et
al. 1999).

Conserved Upstream Elements
Previous studies in mice showed that a 2-kb DMR lo-

Table 1. Evolutionarily Conserved Segments Downstream of H19 and the Summary of Transgenesis Experiments

No. of embryo
Sequence Tissue-specific
Size® identity® with with enhancer
Segment Position? (bp) (%) integration expression Maijor sites of expression activity
Cs1 10344-10571 228 78 15 5 ganglionic placode of cranial nerves +
Cs2 11605-12076 472 78 9 5 various =
CS3 12846-13089 244 72 9 4 (+1)¢ sclerotome +
Cs4 14280-14664 385 68 16 2 (+3)° liver, gut +
CS5 18151-18535 385 70 4 3 ectoderm of limb buds, neural tube +
floor plate
CSé6 21142-21501 360 68 6 5 myotome, rib primordia, intercostal +
muscles
CS7 23733-23963 231 74 10 7 mesenchymal condensation of limb +
buds
CS8 24834-25111 278 85 11 4 various
CS9 32288-32773 486 71 8 6 myotome, rib primordia, intercostal +
muscles
CS10 35463-35748 286 79 9 0 — =

“Nucleotide position and segment size are given according to the mouse sequence (GenBank accession no. AF049091).
PNucleotide sequence identity between the human and mouse sequences is shown.
“Number of embryos that showed ectopic expression only is indicated in parentheses.
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Figure 2 Expression of the lacZ reporter gene driven by the conserved downstream
segments in transgenic mice. (A) Structure of the reporter construct. Each transgene
construct was made by insertion of one of the conserved segments into plasmid plZ
(Hatano et al. 1998). (B) Representative patterns of /acZ staining in 12- to 12.5-dpc
embryos. CS1 transgenes reproducibly stained the ganglionic placodes of the facial nerve
(near the first branchial groove) and the inferior edge of the maxillary prominences. CS3
transgenes were expressed in the sclerotome, and CS4 transgenes in the liver and the
epithelial layer of the gut. CS5 directed lacZ expression in the neural tube floor plate as
well as in the ectoderm of the limb buds. Both CS6 and CS9 transgenes expressed lacZ
in the myotome and the rib primordia. CS7 transgenes were expressed in the mesen-
chyme condensations at the bases of the limb buds. The expression patterns were con-
firmed by histological examinations.

cated upstream of HI19 (Figs. 1B and
3B) is essential not only for the meth-
ylation and silencing of paternal H19
but also for the prevention of the use
of the downstream enhancers by ma-
ternal Igf2 (Thorvaldsen et al. 1998).
This DMR is located just upstream of
a 461-bp G-rich repeat region con-
taining 32 copies of a consensus se-
quence (G)GGGGTATA (Tremblay et
al. 1995; Fig. 3B). Although human
H19 also has an upstream DMR, its
structure is completely different from
that of the mouse DMR (Jinno et al.
1996). For example, the G-rich repeat
found adjacent to the mouse DMR is
not present in human HI19 (Fig. 3B).
Furthermore, the human DMR con-
tains a duplication of a region con-
taining a 400-bp sequence and three
copies of another 400-bp sequence
with one duplication unit lacking a
small part of the other (Jinno et al.
1996; Frevel et al. 1999a; Fig. 3B).
These 400-bp sequences are not pre-
sent in the mouse genome or in any
other part of the human genome
(Jinno et al. 1996).

Although no cross-species ho-
mology was revealed initially (Jinno
et al. 1996), our closer examination
of the DMR by homology plot analy-
sis identified a 39-bp sequence that
had a high degree of similarity be-
tween human, mouse, and rat (Fig.
3A). This sequence element was re-
peated six times in human (as part of
a 400-bp direct repeat, Jinno et al.
1996; Frevel et al. 1999a) and five
times in mouse and rat (Fig. 3B). Two
recent papers pointed out the pres-
ence of some, but not all, of these el-
ements (mcsl, mcs2, mcs3, and
mcsS, Stadnick et al. 1999; mcs2,
Frevel et al. 1999b). Interestingly, the
highly conserved 15-bp core region
of the consensus sequence contains
four methylatable CpG sites (Fig. 3A).
Moreover, four (mcsl-mcs3 and
mcs5) of the five mouse elements
were associated respectively with a
major maternal-specific DNase I hy-
persensitive site (Hark and Tilghman
1998; Khosla et al. 1999), suggesting
that they might bind a regulatory
protein(s).
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A

mes1 GGAGTTGCCGCGTAGTGGC AGCARAATC - GAT - TG-CGC. (1610-1645)
MCS2 AGGETTGCCGCACGEUBE= AGTGAAGTCICGTACATCGC (1854-1892)
IMOUSE | MCS3 GATECTACCGCGCEETGRC - AGCATACTCCTATATATCGT (2880-2918)
mcsd GAAGTTGCCGAGCAGCGACCAGTGCAGTCCCACATACTT (3101-3140)
mcs5 GACGATGECGCGTGGTGGC - AGTACAATACTACATATTGC (3336-3373)
rcs1 GAAGTTGCCGCGTGGTGGCAGCARBRAATC - ACTTG-CGC (3012-3048)
1cS?2 AGGCCTGCOGCGTGGOGGE=AGTGAAGTCGCGTACATCGC (3263-3301)
rat | res3 GATGTTACCGCGCGETGGC-AGCATACTCCTATATATCOT (4200-4328)

resd GAAATTGCCGAGCGATGACCAGTTCAATCCCACATACTTT (4510-4559)
rosh ARATATGCCGCGTGGTGGC - AGTACAACCCTACGTATTGC (4732-4770)
hcsi GRAGTGGCCGCGCGGCGEC AGTGCAGGCTCACACATCAC (3131-3169)
hcs? “GAAGTGGCCGCGCGECEET - AGTGCAGGCTCCCACATCAC (3536-3574)
hcs3 AAAGTGGCCGCGEGECEEC - AGTGCAGGCTCACACATCAC (3937-3975)
human | pios earercccceeaTecreae-AGTGEAGGCTCACACATCAC (5370-5408)
hcs5 GAGGTGGCTGCGCGGCGEC -AGTGCAGGCTCACACATCAC (5776-5814)
hcs6 GAAGTGGCCECGEGCGAC - AGTGCAGGCTCACACATCAC (6182-6220)

GAAGITGCULUGLEEOGGC - AGTGUAGTCCCACATALCGC

-— DM, H19
mouse T 'F B R;
JAWAY JAWAYYAY
mesi 2 345

rat T F

hest 2 4
CS 3 5 6 1kb

Figure 3 Evolutionarily conserved 39-bp sequence elements in
the upstream DMR of HT9. (A) Sequence alignment of the ele-
ments conserved in human (hcs1-hcs6), mouse (mcs1-mcs5)
and rat (rcs1-rcs5). The bases identical to the consensus se-
quence (bottom) are shaded. The highly conserved core of the
consensus sequence is underlined. Nucleotide positions (in pa-
rentheses) follow numbering schemes for AF087017 (human),
AF049091 (mouse), and AF043428 (rat). (B) Map of the up-
stream DMR of human, mouse, and rat H19. (Stippled boxes)
G-rich repeat region found in rodents; (hatched boxes) two types
of the human 400-bp repeat sequences; (open arrowheads) lo-
cations of the conserved 39-bp sequences. B, BamHI; R, EcoRI.

Electrophoretic Mobility Shift Assay

To examine whether the conserved mouse elements
mcsl-mcs5 form complexes with specific nuclear fac-
tors, electrophoretic mobility shift assays (EMSAs) were
carried out with duplexed oligonucleotides containing
the core regions. Nuclear extracts from 12.5-dpc mouse
embryos and ES cells contained several factors that
formed complexes with the duplexes (Fig. 4A). The ma-
jor complex formed with mcsl, mcs3, and mcsS
showed very similar, if not identical, mobilities (Fig.
4A), suggesting that identical or very similar factors
were bound. This suggestion was confirmed by cross
competition assays in which excess unlabeled mcsl,
for example, competed with the mcs3 or mcs5 du-
plexes for formation of the complexes (data not
shown). Similarly, mcs2 and mcs4 appeared to form
multiple complexes with identical or similar proteins
as determined by their electrophoretic mobilities (Fig.
4A) and cross competition (data not shown). The mcs1

668 Genome Research
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duplex was also capable of binding these multiple fac-
tors with low efficiency (Fig. 4A). Lack of cross compe-
tition between mcsl and mcs4 indicates that the fac-
tors binding to the two sequence categories are differ-
ent (Fig. 4B).

Two transcription factors, SP1 and AP2, are known
to bind to CpG-containing sequences. However, excess
unlabeled SP1 or AP2 duplexes gave no competition
with the mcs1 and mcs4 duplexes (Fig. 4B). This result
indicates that these factors do not contribute to the
complexes and suggests that the factors binding to the
conserved elements are novel.

Finally, we examined the effect of CpG methyl-
ation of the target sequences by adding excess in vitro
methylated duplexes as competitors. The results
showed that methylated mcs1 was a less effective com-
petitor for complex formation than unmethylated
mcs] (Fig. 4C). This result indicates that the binding
affinity of the factor(s) to the target is greatly reduced
by CpG methylation. In contrast, the factors binding
to mcs4 appeared insensitive to methylation (Fig. 4C).

DISCUSSION

We have used a comparative genomic sequencing ap-
proach combined with functional assays such as a re-
porter assay in transgenic mice and EMSA to look for
regulatory sequences in the imprinted mouse Igf2/H19
domain. We identified five novel tissue-specific en-
hancers and five novel nuclear factor binding elements
in a 40-kb HI19 region. This success clearly demon-
strates the effectiveness of the approach. The identified
sequences are likely to be involved in the reciprocal
imprinting of Igf2 and H19 although the formal proof
for this awaits germ-line deletion experiments in mice.

The expression pattern of the lacZ transgene
driven by each enhancer was in most cases consistent
with that of a 130-kb YAC transgene containing a lacZ
reporter at the Igf2 locus (Ainscough et al. 1997) and
that of endogenous Igf2 (Stylianopoulou et al. 1988;
Lee et al. 1990). However, we observed some minor
differences, and the full expression pattern of endog-
enous Igf2 could not be obtained even if all patterns
were put together. For example, none of the enhancer
segments showed strong expression in the limb mes-
enchyme, where the YAC transgene and endogenous
Igf2 are highly expressed. It is possible that there exists
an unidentified enhancer, or a specific enhancer set
may produce this pattern as a combinatorial effect. Be-
cause we examined only 12- to 12.5-dpc embryos, it is
also possible that there are additional enhancers that
act at other developmental stages. In fact, three con-
served downstream segments did not show enhancer
activity in 12- t0o12.5-dpc embryos. However, an alter-
native explanation may be that these segments encode
other regulatory functions such as a chromatin insula-
tor or a silencer.
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Figure 4 Formation of complexes between the conserved upstream elements and nuclear factors revealed by EMSA. (A) The five mouse
elements, mcs1-mcs5, form complexes with specific nuclear proteins in embryos and ES cells. Nuclear extracts prepared from 12.5-dpc
mouse embryos and ES cells were incubated with 32P-labeled mcs1-mcs5 oligonucleotide duplexes. The affinity between the factors and
elements differed greatly. The patterns obtained with the two different extracts appeared identical except that the ES cell extracts gave
one or two additional faint bands with higher mobilities. (B) Lack of cross-competition between mcs1, mcs4, SP1, and AP2 duplexes. (C)
Methylation of CpG in mcs1 reduces complex formation. Effects of methylation were not evident for mcs4.

The discovery of a 28-kb regulatory region con-
taining a cluster of at least seven enhancers is reminis-
cent of the B-globin LCR, which contains five DNase
I-hypersensitive sites in a 16-kb region upstream of the
B-globin gene cluster (Li et al. 1999). Among the five
hypersensitive sites, three are known to be erythroid-

specific enhancers. Unlike the B-globin LCR, however,
most of the enhancers of the H19 downstream region
have distinctive tissue-specificity and those of only
CS6 and CS9 overlap. In general, LCRs are defined as
DNA regions that confer high level, tissue-specific, site-
of-integration-independent, copy number-dependent
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expression on linked genes in ectopic chromatin sites
(Li et al. 1999). It will be interesting to test whether the
identified region has these properties.

The identification of the binding sites for methyl-
ation-sensitive nuclear factors within the DMR has im-
plications for mechanistic models of the Igf2/H19 im-
printing. The original enhancer competition model
predicted that the DMR works as an inactivation center
when methylated (on the paternal chromosome), but
does not play any positive role when unmethylated
(on the maternal chromosome). However, on the basis
of observations made with mutated mice, a modified
version of the model was proposed. In this model, the
maternally derived unmethylated DMR works as a
chromatin boundary or insulator element that blocks
the engagement of the downstream enhancers to ma-
ternal Igf2 (Thorvaldsen et al. 1998; Webber et al. 1998;
Schmidt et al. 1999). It is conceivable that the com-
plexes formed on the conserved elements, especially
those containing the methylation-sensitive factors, are
part of the methylation-regulated insulator complex.
In this regard, it is interesting that the first example of
vertebrate insulator protein was recently identified
(Bell et al. 1999), although its binding sequences did
not show significant homology to our elements.

It is well known that important regulatory se-
quences are highly conserved through evolution. With
the progress of the Human Genome Project, large-scale
comparative sequencing has become a practical means
to look for potential regulatory regions. A number of
recent works described the presence of conserved non-
coding sequences at orthologous loci from different
species such as humans, rodents, Fugu (pufferfish), and
nematodes. Some studies provided further functional
evidence that the identified sequences were indeed
regulatory elements (e.g., Oeltjen et al. 1997; Thacker
etal. 1999). In the present study, we demonstrated that
large-scale comparative sequencing is extremely effi-
cient in identifying elements such as tissue-specific
enhancers and nuclear factor binding sites when com-
bined with appropriate functional assays. This ap-
proach appears especially useful in studying organiza-
tion and regulation of large chromatin domains such
as imprinted domains.

METHODS
Cosmid Cloning and DNA Sequencing

A human fetal brain genomic library carried by the SuperCos
1 cosmid vector (Stratagene) was screened with a mixture of
two PCR-amplified genomic fragments from the human H19
region by colony hybridization. One probe fragment was
from the exon 1 region (sense primer H19-h1, 5'-cacttttggtt-
acaggacgtggc-3’; antisense primer H19-h2, 5’-atacagcgtcacc-
aagtccactg-3') and the other was from a region 13 kb down-
stream from HI19 (sense primer H19-E1, 5'-tctggaatgtggggag-
gcaaaca-3'; anti-sense primer H19-E2, 5'-ctggcgaaagcatgag-
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gcaagat-3'). The primers were designed on the basis of pub-
lished sequence information (Brannan et al. 1990) and our
partial sequence data obtained from a phage clone (K. Miura
and Y. Jinno, unpubl.). Ten positive cosmid clones were
picked up, and seven of them were verified to contain H19 by
Southern blotting. Two overlapping clones cHH1 and cHH6
were used to produce a detailed restriction map. Restriction
fragments from the two cosmids were subcloned into pBlue-
script plasmids and sequenced by use of the Dye Primer Cycle
Sequencing Kit and an ABI PRISM 377 Sequencer (Perkin
Elmer). The obtained sequences were analyzed by use of DNA-
SIS software (v3.0; Hitachi Software Engineering).

Transgenic Mice

Plasmids containing the transgenes were constructed by in-
sertion of DNA fragments to be assayed into the pIZ vector
(previously called pIZ-A, Hatano et al. 1998). Transgene frag-
ments were liberated by restriction digestion, fractionated in
agarose gels, and recovered by electroelution. Manipulation
of mouse embryos, genotyping by PCR, and staining for lacZ
activity were done as described previously (Hatano et al.
1998), except that the staining reaction was done at 30°C to
reduce background signals. Histological sections were pre-
pared and observed by standard procedures.

EMSA

Cell nuclei from 12.5-dpc mouse embryos were isolated as
described (Sasaki et al. 1992). Nuclei from ES cells were pre-
pared as follows. ES cells were suspended in five packed cell
volumes of buffer A [10 mm HEPES-KOH (pH 7.6), 10 mm KCl,
0.5 mm EDTA, 1 mwm dithiothreitol (DTT), 0.2 mm phenyl-
methylsulfonyl fluoride (PMSF), 2 pug/ml aprotinin, 2 pug/ml
pepstatin A, 2 pg/ml leupeptin], homogenized with an all-
glass Dounce homogenizer (20 strokes) and layered over an
equal volume of buffer B (buffer A containing 0.5 M sucrose).
Nuclei were then pelleted at 5,000 rpm for 15 min in a Beck-
man SW41Ti rotor. Nuclei from both embryos and ES cells
were suspended in an equal volume of buffer C [10 mm
HEPES-KOH (pH 7.6), 0.4 M KCI, 0.1 mMm EDTA, 3 mm MgCl,,
1 mM DTT, 0.2 mm PMSF, 2 pug/ml aprotinin, 2 pg/ml pep-
statin A, 2 pg/ml leupeptin], mixed gently for 30 min, and
centrifuged for 30 min at 15,0008. The supernatant was dia-
lyzed overnight against buffer D [20 mm HEPES-KOH (pH 7.6),
100 mMm KCl, 0.2 mm EDTA, 0.5 mm DTT, 20% glycerol, 0.2
mmMm PMSF, 2 pg/ml aprotinin, 2 pg/ml pepstatin A] and cen-
trifuged for 10 min at 15,000g. The supernatant, designated
the nuclear extract, was frozen as aliquots and stored at
—80°C. EMSA was carried out using the Gel Shift Assay Core
System (Promega) according to the manufacturer’s protocol.
Oligonucleotide duplexes used were: mcs1, 5'-ggagttgccgegt-
ggtggcagcaa-3'; mcs2, 5'-agggttgccgeacggeggeagtga-3’; mces3,
5'- gatgctaccgcgeggtggeagcat-3'; mes4, S'-gaagttgccgagcagce-
gaccagtge-3'; mcsS, 5'-gacgatgccgegtggtggeagtac-3'; SP1, 5'-
attcgatcggggcggggcgage-3'; AP2, 5'-gatcgaactgaccgcccgcggc-
ccgt-3’. Methylation of duplexes was carried out by use of SssI
methylase (New England Biolabs) according to the supplier’s
instructions. The methylation reaction was monitored by di-
gestion of the duplex with the methylation-sensitive restric-
tion enzyme Acil (CCGC), whose recognition site was present
in all duplexes but mcs4.
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