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Epigenetic Regulation of Igf2/H19 Imprinting at
CTCF Insulator Binding Sites
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Abstract The mouse insulin-like growth factor II (Igf2) and H19 genes are located adjacent to each other on
chromosome 7q11-13 and are reciprocally imprinted. It is believed that the allelic expression of these two genes is
regulated by the binding of CTCF insulators to four parent-specific DNAmethylation sites in an imprinting control center
(ICR) located between these two genes. Although monoallelically expressed in peripheral tissues, Igf2 is biallelically
transcribed in the CNS. In this study, we examined the allelic DNA methylation and CTCF binding in the Igf2/H19
imprinting center in CNS, hypothesizing that the aberrant CTCF binding as one of the mechanisms leads to biallelic
expression of Igf2 in CNS. Using hybrid F1 mice (M. spretus males�C57BL/6 females), we showed that in CNS, CTCF
binding sites in the ICR were methylated exclusively on the paternal allele, and CTCF bound only to the unmethylated
maternal allele, showing nodifferences from the imprintedperipheral tissues. Among three other epigeneticmodifications
examined, histone H3 lysine 9 methylation correlated well with Igf2 allelic expression in CNS. These results suggest that
CTCF binding to the ICR alone is not sufficient to insulate the Igf2maternal promoter and to regulate the allelic expression
of the gene in the CNS, thus challenging the aberrant CTCF binding as a commonmechanism for lack of Igf2 imprinting in
CNS. Further studies should be focused on the identification of factors that are involved in histonemethylation and CTCF-
associated factors that may be needed to coordinate Igf2 imprinting. J. Cell. Biochem. 90: 1038–1055, 2003.
� 2003 Wiley-Liss, Inc.
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The mouse insulin-like growth factor II (Igf2)
and H19 genes are clustered in an imprinting
domain of chromosome 7, and are reciprocally
imprinted such that Igf2 is expressed exclu-
sively from the paternal allele [DeChiara et al.,
1990; Hu et al., 1995] and H19 only from the
maternal allele [Bartolomei et al., 1991]. These
two genes are also coordinately expressed in
many tissues, leading to the hypothesis that
they are regulated by a common ‘‘enhancer
competition’’ mechanism [Bartolomei and
Tilghman, 1992; Zemel et al., 1992]. Several
regulatory components have been identified in
this imprinting domain, including two enhan-
cers located downstream of H19 [Bartolomei
and Tilghman, 1992; Ferguson-Smith et al.,
1993; Leighton et al., 1995b], an upstream re-
gion of Igf2 [Constancia et al., 2000; Eden et al.,
2001] that shows differential DNA methylation
between the two parental alleles (DMR1)
[Brandeis et al., 1993], a region in the last exon
of Igf2 (DMR2) [Murrell et al., 2001], the H19
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promoter [Ripoche et al., 1997; Vu et al., 2000],
and a 2–4 kb upstream region of the H19 that
contains parent-specific DNA methylation [Bar-
tolomei et al., 1993; Tremblay et al., 1995;
Khosla et al., 1999; Vu et al., 2000].

A recent breakthrough in our understanding
Igf2/H19 imprinting is derived from the finding
of CTCF protein insulation in an imprinting
control region (ICR) (or barrier region) up-
stream of the H19 promoter [Bell and Felsen-
feld, 2000; Hark et al., 2000]. The insulating
effect of the zinc-finger protein CTCF is depen-
dent upon the status of DNA methylation of four
conserved CTCF binding sites in this barrier
region [Bell and Felsenfeld, 2000; Hark et al.,
2000]. The CTCF protein binds specifically to
the unmethylated maternal allele, and thus
insulates the maternal promoters of Igf2 to
utilize two enhancers downstream of H19. This
insulation leads to the silencing of Igf2 from its
maternal allele, but leaves the enhancers able
to access the maternal H19 promoter. The in-
sulator protein, however, cannot bind to the
methylated paternal allele and thus fails to
insulate the paternal Igf2 promoters from ac-
cessing the enhancers. As a result, Igf2 is mono-
allelically expressed from the paternal allele
and H19 is expressed from the maternal allele
(Fig. 1).

Previously, we [Hu et al., 1995] and others
[DeChiara et al., 1991; Ohlsson et al., 1994
#306; Pedone et al., 1994] have demonstrated
that murine Igf2 is monoallelically expressed in
many tissues as previously reported [DeChiara
et al., 1990], but is biallelically transcribed in
CNS, sharing the same phenotype as commonly
observed in human tumors [Feinberg, 1993;
Ogawa et al., 1993; Rainier et al., 1993]. Later,
we demonstrated that the human IGF2was also
biallelically expressed in fetal brains [Pham
et al., 1998]. In addition, by using a most sensi-
tive PCR method we showed that Igf2 imprint-
ing was absent not only in leptomeninges
and choroid plexus as reported by DeChiara
et al. [1991], but also in other parts of the
brain, including cerebrum, cerebellum, pons,
and medulla [Hu et al., 1995]. Using PCR,
Albrecht et al. [1996] also demonstrated the loss
of IGF2 imprinting in human fetal cerebellum.
Hemberger et al. [1998] also showed that the
mouse Igf2 was biallelically expressed in cells
derived from ventral midline region of both
the hindbrain and spinal cord, where complete
absence of Igf2 transcription was previously

described [DeChiara et al., 1991]. Taken toge-
ther, the tissue-specific imprinting in CNS has
provided a natural model to study the mechan-
isms underlying the loss of Igf2 imprinting.

It is still not clear why Igf2 is biallelically
expressed in CNS. In peripheral tissues, the
three promoters of the mouse Igf2 gene are
monoallelically expressed from the paternal
allele. In the CNS, however, all three promoters
drive Igf2 expression from both parental alleles
[Hu et al., 1995]. Similarly, in Wilms’ tumors
with loss of IGF2 imprinting, all three upstream
promoters (hP2-hP4) are also biallelically
expressed [Vu and Hoffman, 1996]. In addition,
we have found that the mouse H19 gene is still
imprinted in mouse CNS [Hu et al., 1995].
Uncoupling of IGF2/H19 imprinting has also
been observed in human tumors [Rainier et al.,
1993, 1995; Ulaner et al., 2003]. Finally, aber-
rant DNA methylation in the DMR regions
occurs in both CNS and in tumors with the LOI
[Feil et al., 1994; Frevel et al., 1999; Cui et al.,
2001, 2002; Nakagawa et al., 2001].

In this communication, we examined whether
the lack of Igf2 imprinting in CNS is a result of
aberrant CTCF insulation in the Igf2/H19 ICR.
According to the CTCF insulator model [Bell
and Felsenfeld, 2000; Hark et al., 2000], the two
parental alleles at the Igf2/H19 imprinting
center should be hypermethylated in CNS,
where the two parental alleles of Igf2 are ex-
pressed. As a result, CTCF insulators should
not bind to the methylated CTCF sites in CNS,
allowing access of the Igf2 promoters to the
enhancers downstream of H19. Addressing this
mechanism in CNS will help us understand the
regulatory control of Igf2 imprinting in periph-
eral tissues as well and may guide our further
research examining aberrant control of IGF2
in human tumors.

MATERIALS AND METHODS

Animals

F1 generation mice, derived from breeding
C57BL/6 female mice withM. spretusmale mice
(purchased from Jackson Laboratories, Maine),
were used for this study. We focused on two
peripheral tissues (liver and kidney) that show
the monoallelic expression of Igf2, and brain
that shows the biallelic expression of Igf2.

The animal experiments were approved by
the Animal Care and Use Committee of the VA
Medical Center and were conducted in accord
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with the procedures in ‘‘Guidelines for Care and
Use of Experimental Animals.’’

DNA and cDNA Preparation

Total RNA was extracted from tissues by TRI-
REAGENT (Sigma, St. Louis, MO), according to
the manufacturer’s guide. To eliminate DNA
contamination in cDNA synthesis, RNA sam-
ples were first treated with DNase I, and cDNA
was synthesized with RNA reverse transcrip-
tase [Hu et al., 1995, 1996; Vu and Hoffman,
1996]. Briefly, in a typical reaction mixture,
aliquots of 2.0 ml RNA (200 mg/ml) under the
evaporation barrier of 12 ml of liquid wax (MJ
Research, Inc., Boston, MA) were treated with
1.0ml of 0.4 U DNase I (Stratagene, La Jolla, CA)
in 25 mM Tris (pH¼ 8.0), 25 mM NaCl, 5 mM
MgCl2, and 0.15 U RNase inhibitor (50Prime-
30Prime, Boulder, CO) at 378C for 15 min, fol-
lowed by enzyme denaturing at 758C for 10 min.
After DNA digestion, RNAs were reverse-
transcribed into cDNAs with murine leukemia
reverse transcriptase (Invitrogen, Carlsbad,
CA) in the presence of random hexamers at
378C for 25 min, followed by five cycles (508C,
20 s and 378C, 5 min) [Vu and Hoffman, 1994;
Hu et al., 1995].

Allelic Expression of Igf2 and H19

Allelic expression of Igf2 and H19 was exa-
mined by PCR in cDNA samples as previously
described. cDNA samples were amplified in a
3.0 ml reaction mixture in the presence of 50 mM
dNTP, 1 nM primer, 0.125 U KT1 DNA poly-
merase [Hu et al., 1997b; Yao et al., 2003]. The
cDNAs and primers were heated to 958C for
2 min, then amplified by 35 cycles at 958C for
20 s, 658C for 40 s, and 728C for 30 s.

As previously described [Hu et al., 1997a,
1998a], PCR primers used for Igf2 included
#MII84 (50-primer): CTT GTG CTG GAT CGC
TGC TTA CGG and #MII219 (30-primer): CTG
CGA CGG TTG GCA CGG CTT GA. The 30-
primer (MII219) was end-labeled with g-[32P]-
ATP (Amersham Life Science, Arlington
Heights, IL). PCR products were diluted and
digested with 1 U DpnII (Biolab) in a 6 ml reac-
tion and were electrophoresed on 5% polyacry-
lamide–urea gel. To examine allelic expression
of H19 in F1 mice, cDNA samples were ampli-
fied with PCR primer set: #4025 (50-primer):
TAA GTC GAT TGC ACT GGT TTG GAG T and
#4026 (30-primer): TGA TGG AAC TGC TTC
CAG ACT AG. PCR products were digested

with 1 U FokI, which specifically cuts the M.
musculus allele. After electrophoresis, the gel
was scanned by PhosphoImage Scanner (Mole-
cular Dynamics, Sunnyvale, CA).

Allelic DNA Methylation of CTCF Sites
in Igf2/H19 Imprinting Center

To find a suitable polymorphism to study
allelic DNA methylation, we first cloned and
sequenced the CTCF binding region in M.
spretus mice. Genomic DNA was extracted from
the M. spretus liver and genomic DNA covering
CTCF binding sites was amplified by PCR.
Primers used to amplify the sequence contain-
ing CTCF site 1 and 2 were: #1428 (50-primer):
CCGAGAAAATAGCCATTGCCTACAGT and
#1431 (3-primer): CGTTTTATCAAGGACTAG-
CATGAA; CTCF sites 3 and 4 were #1351 (5-
primer): AGGTTGGAACACTTGTGTTTCTG-
GAG and #1354 (3-primer): GTCACAGCG-
GACCCCAACCTATG. PCR DNA products
were cloned into TA vector (Invitrogen) and
sequenced. Three polymorphisms were found
within or near CTCF binding sites 1, 2, and 3
compared with the M. musculus DNA sequence
available in Genebank (Fig. 2A). No polymorph-
isms are present within or near CTCF binding
site 4.

The status of DNA methylation at CTCF sites
was then measured by the sodium bisulfite
method as described by Frommer et al. [1992]
with some modifications [Hu et al., 1998b; Li
et al., 2002]. In brief, purified genomic DNAs
(2 mg/17 ml) were denatured by adding 3 ml of 2 M
NaOH at 378C for 20 min. DNA samples were
then overlaid with 60 ml of liquid wax (MJ
Research) and treated with 220 ml of freshly
prepared 3.5 M NaHSO3 containing 1 mM
hydroquinone (pH 5.0) on ice overnight in the
dark. To ensure a complete treatment with
sodium bisulfite, the reaction was further
incubated at 508C for 8 h. Modified DNA was
diluted with 250 ml of water and then purified
with QIAEX DNA purification kit (QIAEX II kit,
QIAGEN, Inc., Chatsworth, CA). DNA samples
were treated with 5 ml of 2 M NaOH at room
temperature for 15 min and further neutralized
with 5 ml of 2 M HCl. After desalting by passing
through a DNA purification column (Princeton
Separations, Inc., Adelphia, NJ), DNA samples
were diluted to 60 ml with sterile distilled water.
Aliquots of 1 ml of modified DNA were used for
PCR amplification using the conditions as
described above.
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Allele-specific primers were used to amplify
bisulfite-modified DNA at CTCF sites 1, 2, and
3 based on three polymorphisms identified be-
tween M. spretus and M. musculus. The pater-
nal allele at CTCF site 3A was amplified by the
allele-specific 50-primer #1444: TTG TGT TTT
TGG AGG GGG TTT TTT GGT TT and a
common 30-primer #1443: AAA CCA CRA TAT
ATA AAA ATA TAC TAC CAC. The maternalM.
musculus allele was amplified by the allelic 50-
primer #1445: TTG TGT TTT TGG AGG GGG
TTT TTT GGT TA and the 30-primer #1443. For
a second CpG site (3B) located at 156 bp up-
stream of CTCF site 3, the paternal allele was
amplified by a common 50-primer #1446: GGT
TTG TTT ATG ATA ATG TTT AAG GGT TA and
aM. spretus-specific 30-primer #1447: AAA CCA
CAC TAA CTA ATT TTT AAA ATT CAA A. The
maternal allele at CTCF site 3B was amplified
by #1446 (5-primer) and a M. musculus-specific
30-primer #1448: AAA CCA CAC TAA CTA ATT
TTT AAA ATT CAA T. Allele-specific primers

were end-labeled with g-[32P]-ATP in PCR
amplification.

After sodium bisulfite treatment, unmethy-
lated cytosine residues are converted to uracils,
which will be amplified as T in PCR reac-
tion. The methylated cytosine residues in CpG
islands, however, will not be modified and will
be amplified as C in the PCR reaction [Hu et al.,
1997a; Yao et al., 2003]. The CTCF site 3A PCR
products were digested by restriction enzyme
BstUI which recognize a cutting sequence locat-
ed on the third CTCF binding site to separate
methylated and unmethylated DNA. For CTCF
site 3B that is located at the 156 bp upstream
of CTCF site 3, PCR products were digested
with TaqI to separate the methylated and the
unmethylated alleles.

Allelic CTCF Binding in Igf2/H19
Imprinting Center

Chromatin immunoprecipitation (ChIP) was
used to assess the binding of CTCF to the Igf2/

Fig. 2. Differential allelic expression of Igf2 (A) and H19 (B) in
F1 mice (M. spretus males�C57BL/6 females). Brain and
peripheral tissues (liver and kidney) were collected from three
F1 mice (1 month, 1 year, and 2 years old, respectively). Total
RNA was extracted and converted into cDNA for allelic

expression of Igf2 and H19 as described in Materials and
Methods. A DpnII polymorphic restriction site was used to
separate two parental alleles for Igf2 and FokI forH19. Note Igf2
is biallelically expressed in all three brains but monoallelically
expressed in liver and kidney.
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H19 imprinting control center. The ChIP assay
kit was purchased from Upstate Biotechnology
(Waltham, MA). The ChIP assay was carried out
according to the protocol provided by the
manufacturer with some modifications.

Frozen liver tissue (120 mg each), kidney
tissue (180 mg each) and whole brain (360 mg
each) were soaped in 30 ml PBS solution
containing 1% formaldehyde and were chopped
into small pieces with a razor blade in a ven-
tilation hood. Tissues were homogenized and
incubated at room temperature for 10–15 min
and the crosslinking reaction was stopped by
adding glycine to a final concentration of
0.125 M. After washing twice with PBS at 48C,
the crosslinked tissue was lysed in 5 ml SDS
lysis buffer and sonicated to shear DNA to
lengths between 200 and 1,000 bp by a Branson
Sonifier 250 (Sonic Power Company, Danbury,
CT) with the setting at 30–40% output, 90%
duty cycle, 10 pulse for 18 cycles. The cell lysate
was chilled on dry ice, spun-down briefly, and
then kept in the ice-bath between each sonica-
tion. CTCF-bound chromatin fragments were
immunoprecipitated with antiserum against
CTCF (cat. #06–917, Upstate Biotechnology).
After precipitation, the DNA was purified
with MinElute PCR Purification Kit (Qiagen,
Inc., #28004). DNA was eluted in 100 ml 2.5 mM
Tris-CI (pH 8.0) and analyzed with PCR primers
specific for CTCF binding sites. PCR conditions
were the same as described above. PCR band
density reflects the allelic binding of CTCF.

Primers used to quantitate CTCF binding at
CTCF site 1 were #1428 (50-primer): CCG AGA
AAA TAG CCA TTG CCT ACA GT and #1429
(30-primer): CAT GTT CCT TTG AGT CCT GGG
TGT AT. This pair of primers amplified a DNA
fragment that was 95 bp upstream of CTCF
site 1. The sequences covering CTCF site 2 were
amplified by primers #1430 (50primer): CGGC
AGTGAAGTCT CGTACATCGC and #1431
(30primer): CGT TTT ATC AAG GAC TAG
CAT GAA. CTCF site 3 was amplified with
primers #1351 (5-primer): AGGTTGGAACAC-
TTGTGTTTCTGGAG and #1415 (30-primer):
TGG GCC ACG ATA TAT AGG AGT ATG CT.

After PCR amplification, the two parental
alleles at CTCF sites 1, 2, and 3 were separated,
respectively, by the digestion of three poly-
morphic restriction enzymes: HpaII, NlaIII,
and BsmA1. After restriction enzyme digestion,
PCR products were run on 5% polyacrylamide–
urea gel and were scanned by Phosphoimage

Scanner (Molecular Dynamics) to quantitate
allelic CTCF binding.

Allelic Histone Methylation
at CTCF Binding Sites

Chromatin immunoprecipitation (ChIP) was
used to assess the methylation status of his-
tones at CTCF binding sites in Igf2/H19 im-
printing center. The specific protocol was the
same as that described above for CTCF binding,
except the dimethylated histone-associated
chromatin fragments were immunoprecipitated
with anti-dimethylated H3-K4 (cat. #07–030)
and anti-dimethylated H3-K9 (cat. #07–212)
antisera (Upstate Biotech). As described in the
CTCF binding section above, the immunopreci-
pitated chromatin DNA was amplified with
PCR primers covering the CTCF site 3 (#1351
and #1415, Fig. 4A). PCR products were subject
to the digestion of the polymorphic restriction
enzymeBsmA1 to separate two parental alleles.

Allelic Histone Acetylation
at CTCF Binding Sites

The status of histone acetylation at CTCF
sites was examined by the ChIP method as
described above. Antibodies specific for acety-
lated histone H3 (acetylated lysines 9, 14 cat.
#06–599) and acetylated histone H4 (acetylated
lysines 5, 8, 12, 16, cat. #06–866) were pur-
chased from Upstate Biotech. Acetylated his-
tone-associated DNA was amplified with
primers covering the CTCF site 3 (#1351 and
#1415) and digested with the polymorphic re-
striction enzymes BsmA1 to quantitate the
allelic histone acetylation.

RESULTS

Biallelic Expression of Igf2 but Monoallelic
Expression of H19 in CNS

Using two polymorphisms between M. spre-
tus and M. musculus, we examined the allelic
expression of Igf2 and H19 in F1 mice aged
1 month, 1 year, and 2 years. Igf2 cDNA was
amplified by PCR primers #MII84 and #MII219
that cross the mouse Igf2 intron 4; this elim-
inates possible genomic DNA contamination.
PCR products were then cut by DpnII to
separate parental alleles.

As previously described [Hu et al., 1995], Igf2
is always monoallelically transcribed in liver
and kidney (Fig. 2A, lanes 1–12), with mRNA
transcripts detected only from the paternal
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allele detected. In CNS, however, both parental
alleles were active, transcribing mRNA pro-
ducts (Fig. 2A, lanes 13–18). The presence of
both Igf2 transcripts was observed in all F1
mice.

By using the in situ hybridization method,
DeChiara et al. [1991] detected the expression of
the maternally transmitted Igf2 primarily in
choroid plexus and leptomeninges. However,
when a most sensitive PCR method was used, it
was found that Igf2 was also biallelically ex-
pressed in every part of CNS in addition to these
two tissues [Hu et al., 1995; Albrecht et al.,
1996; Hemberger et al., 1998]. Thus, the tissue-
specific lack of Igf2 imprinting detected in whole
brain represents a unique regulation of imprint-
ing in CNS, rather than from choroid plexus and
leptomeninges alone.

The mouse H19 gene, which is usually reci-
procally imprinted and coordinately expressed
with Igf2, was monoallelically expressed in CNS
(Fig. 2B, lanes 15–20), showing no differences
from the uniparental expression pattern in liver
and kidney (Fig. 2B, lanes 3–14). This differ-
ential imprinting of Igf2 between CNS and peri-
pheral tissues in the same animal thus provides
an ideal model to study the mechanism under-
lying genomic imprinting.

Allelic DNA Methylation in CTCF Binding
Sites in Igf2/H19 Imprinting Center

As a first step to study this mechanism, we
examined the status of DNA methylation at
CTCF binding sites in the Igf2/H19 ICR, hypo-
thesizing that an aberrant epigenetic modifica-
tion in the imprinting center would contribute
to the lack of the allelic expression of Igf2 in
CNS.

To distinguish the two parental alleles, we
used PCR to amplify M. spretus genomic DNA
covering all four CTCF sites in the imprinting
center. After comparing this sequence with the
sequence of M. musculus in Genbank, we found
three polymorphic sites located at or near CTCF
binding sites 1–3. These polymorphisms were
then used to separate allelic PCR products
(Fig. 3A). No polymorphisms were found near
CTCF binding site 4. Thus, we cannot distin-
guish potential allelic epigenetic differences at
CTCF site 4.

Genomic DNA extracted from CNS and
peripheral tissues was treated by sodium bisul-
fite and the genomic DNA covering the CTCF
binding sites was amplified by two sets of allelic

PCR primers designed specifically for the A/T
polymorphism near CTCF site 3 (Fig. 3A). These
PCR products covered two CpG sites that were
located, respectively, upstream (site 3B) and
downstream (site 3A) of the A/T polymorphism.
Parent-specific PCR products were then digest-
ed by restriction enzymes (BstU1 for site 3A and
Tag1 for site 3B) to distinguish the unmethy-
lated and methylated CpG as described in a
COBRA method [Xiong and Laird, 1997]).

In liver and kidney, where Igf2 is monoalle-
lically expressed, the expressed M. spretus
paternal allele was completely methylated
(Fig. 3B, lanes 1–12) and the imprinted M.
musculus maternal allele was unmethylated at
CTCF site 3 (Fig. 3B,C, lanes 1–12), in agree-
ment with the CTCF insulator theory [Bell and
Felsenfeld, 2000; Hark et al., 2000]. Surpris-
ingly, we found that in CNS, where Igf2 was
biallelically expressed, we could not find a cor-
relation with Igf2 allelic expression as predicted
from the CTCF insulation model. In CNS, the
two parental alleles were also differentially
methylated (Fig. 3B,C, lanes 13–18), showing
the same pattern as seen in peripheral tissues
(Fig. 3B,C, lanes 1–12).

Similarly, by using a G/T polymorphism near
CTCF site 1 and a G/A polymorphism near
CFCT site 2, we also demonstrated that genomic
DNA at these two CTCF sites was also methy-
lated in the expressed paternal allele and
unmethylated in the imprinted maternal allele.
There were no differences in CTCF site methy-
lation between the non-imprinted CNS and the
imprinted peripheral tissues (data not shown).
Thus, the allelic DNA methylation at these
CTCF binding sites are not sufficient to account
for the lack of allele-specific silencing at the
Igf2/H19 locus.

Allelic CTCF Binding in Igf2/H19
Imprinting Center

It has been proposed that CTCF insulators
bind to CTCF sites at the unmethylated mater-
nal allele and thus insulate the Igf2 promoters
from accessing two enhancers that are shared
with H19, leading to the monoallelic expression
of Igf2. Because these CTCF sites were also
differentially methylated in CNS as in liver and
kidney, we were interested in whether CTCF
binding in CNS would differ from that seen in
the periphery.

CTCF-bound chromatin fragments were
immunoprecipitated with anti-CTCF antisera
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and the associated genomic DNA was amplified
by PCR. With the aid of polymorphic restriction
enzymes, we were able to accurately quantitate
the CTCF binding at the two parental alleles
(Fig. 4A). Using aHapII polymorphism at CTCF
site 1, we found that CTCF bound only to the
maternal allele in liver and kidney (Fig. 4B, top
panel, lanes 5–10). Interestingly, in CNS where
Igf2 is not imprinted, CTCF factors also bound
only to the maternal allele (Fig. 4B, top panel,
lanes 11–16). No CTCF insulator binding was
found in the paternal allele. Thus, in agreement
with the allele-specific DNA methylation shown
above, there was no differential CTCF binding
between the non-imprinted CNS and the
imprinted peripheral tissues.

To confirm the above findings, we also
used another two polymorphisms (NlaIII and
BsmA1) to examine the CTCF binding for
CTCF sites 2 and 3 (Fig. 4B, middle and bottom
panel). Similarly, in both CNS (lanes 11–16)
and peripheral tissues (lanes 5–10), CTCF
insulators bound only to the unmethylated
maternal allele, but not to the methylated
paternal allele. Thus, binding of CTCF insula-
tors at these CTCF sites in ICR cannot com-
pletely account for the lack of Igf2 imprinting in
CNS.

It has been reported that a repressive domain
created by the recruitment of the Sin3-Rpd3
histone deacetylase complex can be highly loca-
lized over a limited range of one to two nucleo-

Fig. 3. (Continued )
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somes [Kadosh and Struhl, 1998]. CTCF sties 1
and 2 are clustered together within a short
distance in ICR (Fig. 4A). It is thus very hard to
distinguish CTCF binding at these two sites by
our ChIP method, which usually shears DNA
into the size of 200–1,000 bp. However, CTCF
sites 1 and 3, which are 1,287 bp apart from each
other, still showed the same binding pattern
(Fig. 4B). Thus, these four CTCF sites may act
coordinately to mediate the allelic insulation of
Igf2 as previously reported [Bell and Felsenfeld,
2000; Hark et al., 2000].

Histone Acetylation at CTCF Binding Sites

Core histones are epigenetically modified by
acetylation, generating dynamic transitions
between transcriptionally active or silent chro-
matin states. Differential allelic histone acet-
ylation occurs frequently in several imprinted
genes, in which histone hyperacetylation is
always associated with the expressed allele.

We thus examined the status of histone
acetylation of CTCF binding sites in F1 mice,
hypothesizing that histone acetylation at these
sites might contribute to differential Igf2 im-
printing in CNS. With chromatin immunopre-
cipitation, we found that at the third CTCF
binding site, histones H3 and H4 were acety-
lated predominantly but not exclusively at the
maternal allele (Fig. 5A,B). However, we did not
find any differences in the histone acetylation
pattern between the imprinted liver and kidney
and the non-imprinted CNS. We also obtained
similar results at CTCF site 1 when immuno-
precipitated DNA was amplified with the pri-
mer set of #1428 and #1429 (data not shown).
These data thus suggest that this particular
epigenetic modification at CTCF binding sites,
although related to gene activity, may not be the
primary mechanism underlying the lack of Igf2
imprinting in CNS.

Histone Methylation at CTCF Binding Sites

Core histones are also modified by methyla-
tion at lysines 4 and 9 of histone 3 (H3-K4 and
H3-K9). These two epigenetic modifications also

serve as a mechanism to regulate gene expres-
sion. We were thus interested to learn whether
these histone modifications at CTCF sites might
also serve as epigenetic marks to regulate the
allelic expression of Igf2 and H19 between CNS
and peripheral tissues.

Chromatin fragments containing methylat-
ed H3-K4 histones were immunoprecipitated
with specific antisera. Genomic DNA at CTCF
binding sites in the immunoprecipitates was
amplified by PCR and digested with poly-
morphic restriction enzymes to distinguish the
two parental alleles. As seen in Figure 6A, the
methylated H3-K4 was predominantly asso-
ciated with the maternal allele at CTCF site 3.
However, there were no significant differences
in allelic H3-K4 methylation between the im-
printed peripheral tissues and non-imprinted
CNS. Similar results were also obtained at
CTCF site 1 when immunoprecipitated DNA
was amplified with the primer set of #1428 and
#1429 (data not shown).

We then examined the status of H3-K9
methylation at CTCF site 3 (Fig. 6B). In liver
and kidney, H3-K9 at CTCF site 3 was pre-
dominantly methylated at the paternal allele
(paternal/maternal enrichment ratio of 3.9–
6.7). In CNS, however, H3-K9 at CTCF site 3
was equally methylated at both of the parental
alleles (paternal/maternal enrichment ratio of
0.9–1.1). The allelic methylation of H3-K9 is
in concord with the pattern of Igf2 allelic
expression. However, methylated H3-K9 is
usually linked with the suppressed chromatin
structure. It is thus not clear whether and
how this biallelic H3-K9 methylation in CNS
can be mechanically linked to the loss of Igf2
imprinting.

DISCUSSION

The current model suggests that the allelic
expression of the two reciprocally imprinted
genes Igf2/H19 is regulated by a common
‘‘enhancer competition’’ mechanism [Bartolo-
mei et al., 1993]. DNA methylation at the 50-end

Fig. 4. CTCF insulator binding in the Igf2/H19 ICR. A:
Schematic presentation of four CTCF sites in the ICR and PCR
primers used to amplify CTCF DNA sequences. Three poly-
morphic restriction enzymes are shown near three CTCF sites as
in A.B: Allele-specific binding of CTCF at sites 1–3. As described
in Materials andMethods, chromatin DNAwas crosslinked with
1% formaldehyde and was sheared with sonicator. CTCF-bound
chromatin fragments were immunoprecipitated with anti-CTCF

antisera. The precipitated DNAwas amplified with PCR primers
covering CTCF sites 1–3 andwas digestedwithHpaII orNlaIII or
BsmA1 polymorphic restriction enzymes to separate two paren-
tal alleles. Note CTCF insulator bound only to thematernal allele
in both CNS and peripheral tissues. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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of H19, established in the male gamete in a
paternal allele-specific manner [Bartolomei
et al., 1993; Brandeis et al., 1993; Ferguson-
Smith et al., 1993], serves as an imprinting
signal or imprinting center [Brandeis et al.,
1993]. The methylated paternal imprint func-
tions to block the interaction of the paternalH19
promoter with the enhancers, which are then
accessible to the paternal Igf2 gene. As a result,

Igf2 is expressed and H19 is suppressed on the
paternal chromosome. On the maternal chro-
mosome, in contrast, unmethylated H19 com-
petes with Igf2 for expression due to its access to
the downstream enhancers. Deletion of the
H19 enhancers alone [Leighton et al., 1995b]
or theH19 gene plus enhancers [Leighton et al.,
1995a] changes allelic expression of both genes,
indicating that H19 and Igf2 utilize the same

Fig. 5. Status of histone acetylation of CTCF binding sites
in Igf2/H19 imprinting center (duplicate for each sample).
A: HistoneH3acetylation; (B) histoneH4acetylation.Chromatin
fragments carrying acetylated histones were immunoprecipi-
tatedwith anti-acetylated histonesH3andH4antisera.Genomic

DNA in the imprinting center was amplified with PCR. Two
parental alleles were separated with a polymorphic BsmA1
restriction enzyme in M. spretus mice and scanned by Phos-
phoImager Scanner (Molecular Dynamics, Sunnyvale, CA).

Fig. 6. Allelic methylation of histone-3 lysines 4 (A) and 9 (B)
in Igf2/H19 imprinting center (duplicate for each sample). The
methodwas similar to that described in the figure, but chromatin
fragments carrying methylated histones were immunoprecipi-

tated anti-methylated histone-3 lysines 4 (H3-K4) and 9 (H3-K9)
antisera and anti-methylated lysines 9 (K9) and 4 (K4) antisera,
respectively. Note the differential histone methylation at H-K9
site between brain and peripheral tissues.
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endoderm enhancers, but on different parental
chromosomes.

The recent finding of the ‘‘boundary insula-
tor’’ [Bell and Felsenfeld, 2000; Hark et al.,
2000] between H19 and Igf2 has greatly ex-
tended the above enhancer competition theory.
The insulator marks the boundary (ICR) be-
tween the H19 enhancer and the Igf2 promoter,
and is differentially methylated on two paren-
tal alleles. A ubiquitous DNA binding factor,
CTCF, can insulate the Igf2 promoter from the
influence of a remote enhancer downstream of
H19. The maternally derived copy of Igf2 is
silenced by the binding in cis of CTCF to the
ICR. Allelic methylation of the paternal ICR,
however, abrogates the binding of CTCF, and
thus allows the expression of H19 from the
maternal allele and Igf2 from paternal allele
(see reviews [Mann et al., 2000; Wolffe, 2000;
Bell et al., 2001; West et al., 2002]). When the
ICR is deleted in mice, the normally silent
maternal allele of Igf2 is expressed [Thorvald-
sen et al., 1998; Kaffer et al., 2000]. Biallelic
hypermethylation of these CTCF sites in the
human gene is correlated with the loss of IGF2
imprinting in colorectal cancers [Nakagawa
et al., 2001]. A recent study by Tilghman’s
group [Schoenherr et al., 2003] has suggested
that binding of CTCF is necessary to maintain,
but not establish the imprint in the ICR.

CTCF insulators may also set the boundary
effect on X-inactivation in mammals. X-inacti-
vation silences one of two female X chromo-
somes and depends upon two overlapped yet
oppositely transcribed genes (the sense Xist
and the antisense Tsix) identified within the
X-inactivation center (Xic). Xist, the gene that
initiates the inactivation process, is only tran-
scribed from the inactive X chromosome. The
antisense Tsix, however, is transcribed only
from the active X chromosome. CTCF binds to
Tsix and coordinates the epigenetic switch for
X-inactivation [Chao et al., 2002].

We [Hu et al., 1995; Pham et al., 1998] and
others [Ohlsson et al., 1994; Pedone et al., 1994;
Albrecht et al., 1996; Hemberger et al., 1998]
have previously demonstrated that in both
mouse and human, the Igf2 gene is biallelically
expressed in CNS. In this tissue-specific loss of
imprinting, all three mouse Igf2 promoters
drive Igf2 expression from both parental alleles
[Hu et al., 1995], showing a similar pattern
as that observed in Wilms’ tumors [Vu and
Hoffman, 1996]. This finding would suggest

that the aberrant regulation in the CTCF
barrier region may be one of the mechanisms
accounting for the loss of Igf2 imprinting in
CNS. We hypothesized that in the CNS, the cis
CTCF binding elements in the ICR would be
epigenetically modified by DNA methylation
differentially from those in peripheral tissues.
According to the CTCF insulating model [Bell
and Felsenfeld, 2000; Hark et al., 2000], we
predicted that both parental alleles of this cis
element would be hypermethylated (Fig. 1). As a
result, the highly conserved zinc finger DNA
binding protein CTCF would not bind to the four
CTCF binding sites in the ICR and thus it
would fail to insulate the utilization of common
enhancers by Igf2 promoters, leading to the
biallelic expression of Igf2 in CNS.

We were surprised to find that CTCF sites
were not biallelically methylated in CNS as
expected. After sodium bisulfite treatment, we
found CTCF sites in the ICR were only methy-
lated in the paternal allele, showing no differ-
ences from those in liver and kidney (Fig. 3). To
confirm this finding, we also examined the in
vivo binding of CTCF to the insulating element.
In agreement with above finding, we found that
CTCF proteins bound only to the unmethylated
maternal allele in CNS (Fig. 4B). Again, we
found no differences in CTCF protein binding in
the ICR between the CNS and peripheral tis-
sues. These data strongly suggest that, at least
in CNS, the epigenetic regulation of Igf2/H19
imprinting may not be explained by CTCF in-
sulation as simply as previously proposed.
CTCF protein binding alone may not be suffi-
cient to insulate the Igf2 promoters and to
control the allelic expression of Igf2. We have
also confirmed this finding in the human IGF2/
H19 ICR (Ulaner et al, unpublished data). In
addition, we found that in CNS where Igf2 was
biallelically expressed, H19 was still monoalle-
lically transcribed as in peripheral tissues
(Fig. 2). Loss of the coordinated imprinting of
Igf2 and H19 in CNS is also difficult to explain
using the CTCF insulating model. Thus, lack of
Igf2 imprinting can occur in CNS in a manner
that is independent of H19 allelic expression
and CTCF epigenetic modification.

Our finding has been supported by the report
from Ishizaki et al. [2002], who recently dis-
covered that the loss of Igf2 imprinting in tumor
cells was not necessarily linked to abnormal
DNA methylation. They isolated four cell clones
from mouse hepatic tumors showing loss of Igf2
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imprinting and found H19 imprinting was well
maintained. Interestingly, these cell lines still
maintained normal differential DNA methyla-
tion at the Igf2 DMRs and at H19 and Kvlqt1
DMRs as well. Similarly, Feinberg et al. [Cui
et al., 2001, 2002] also found that methylation
of the CTCF core consensus site was not suf-
ficient to account for the LOI of IGF2 in Wilms’
tumors and colorectal cancers. They found that
tumors with normal IGF2 imprinting were also
biallelically hypermethylated or hypomethy-
lated at CTCF sites. Interestingly, some tumors
with loss of IGF2 imprinting showed a normal
semi-methylated pattern as those in normal
tissues.

The explanation for these exceptions to the
CTCF insulation model is unknown. One factor
might be that binding of CTCF insulators to the
ICR is not sufficient to insulate the Igf2 pro-
moters. Other factors, such as putative CTCF-
associated proteins may be needed to coordinate
the Igf2 insulation. A recent report by Lutz et al.
[2000] has shown that one of the zinc-finger
clusters of the CTCF protein binds directly to
the co-repressor Sin3A, suggesting that CTCF-
driven gene repression may be mediated partly
by the recruited histone deacetylase activity.
Another possible explanation may be that CTCF
may interact with factors that bind to a region
close to Igf2 promoters and thus it may prevent
the enhancers from activating Igf2 promoters.
Differential loss of these CTCF-associated fac-
tors may be the real cause accounting for the
biallelic expression of Igf2 in CNS and in
tumors.

To test this possibility, we thus used a gel-
retardation assay to examine other putative
factors that may be involved in Igf2 imprinting.
We prepared the probe containing CTCF bind-
ing site 3 and incubated with nucleic proteins
extracted from tissues that showed differential
Igf2 imprinting, hypothesizing we might see
different CTCF binding patterns between these
tissues due to the presence of CTCF-associated
proteins. We amplified a 159 bp fragment cover-
ing the third CTCF site with a g-[32P]-ATP
labeled primer. After purification, the g-[32P]-
ATP labeled probe was incubated with nuclear
proteins extracted form both CNS and peri-
pheral tissues. The interaction of the CTCF-
associated protein with CTCF would lead to
the retardation of the probe. If these putative
CTCF-associated factors are differentially ex-
pressed, we should be able to see a differential

retardation pattern between the imprinted
peripheral tissues and the non-imprinted CNS.

However, data from the gel retardation as-
say did not support this hypothesis (data not
shown). We found that a single shifted band that
represents CTCF binding was observed in
peripheral tissues (data not shown) in complete
agreement with previous reports [Bell and
Felsenfeld, 2000; Hark et al., 2000]. In CNS,
we also found that there was a single band that
shifted to the same level as that in peripheral
tissues (data not shown). These results thus
provide no evidence for the presence of CTCF-
associated proteins that account for the lack
of genomic imprinting in CNS, although we
cannot completely eliminate the possibility of
the interaction of small proteins that cannot be
detected by the assay.

Another possibility is that CTCF binding in
ICR is just one of many key components of the
Igf2 imprinting regulatory machinery. After
binding to ICR, CTCF insulators may directly
interact with other DNA regions (e.g., DMR).
Differential binding at those DMR regions may
be the underlying mechanism for the lack of
Igf2 imprinting in CNS. It could be also pos-
sible that Igf2/H19 ICR as the primary imprint,
although being critical for the establishment
of Igf2 imprinting as previously demonstrated
[Thorvaldsen et al., 1998; Kaffer et al., 2000;
Schoenherr et al., 2003], may actually not be
essential for the maintenance of Igf2 imprint-
ing. Mechanisms other than aberrant CTCF
binding, which maintains Igf2 imprinting, may
contribute to the lack of Igf2 imprinting in CNS
and in some human tumors. This hypothesis has
been supported by the data provided by Fein-
berg and his colleagues [Cui et al., 2002], who
failed to link enhancer competition directly to
the LOI of IGF2 in colorectal cancers. Instead,
they found a strong correlation of IGF2 LOI
with the methylation status in IGF2 DMR0 a
region that is methylated specifically on the
maternal allele in both human [Sullivan et al.,
1999]and mouse [Moore et al., 1997]. Loss of
allele-specific DNA methylation at DMR0 is
related to the LOI of IGF2 in Wilm’s tumors
[Sullivan et al., 1999]. Genomic deletion cover-
ing the DMR0 region leads to the activation of
the suppressed maternal allele [Hu et al.,
1997b; Constancia et al., 2000]. A brain-specific
enhancer at the 50 of the ICR is also important
for the allelic expression of Igf2 [Jones et al.,
2001].
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Histones are also modified by methylation at
lysines 4 and 9 of histone 3 (H3-K4 and H3-K9).
These two epigenetic modifications also serve as
a mechanism to regulate gene expression. The
methylated H3-K9 interacts with heterochro-
matin-associated regions [Bannister et al.,
2001; Nakayama et al., 2001; Noma et al.,
2001; Nielsen et al., 2002] and correlates with
gene silencing [Bannister et al., 2001; Nielsen
et al., 2001] and X chromosome inactivation
[Heard et al., 2001; Boggs et al., 2002].
In contrast, H3 methylation at lysine 4 (H3-
K4) is specific to the surrounding euchromatic
regions [Noma et al., 2001] and is associated
with gene expression. We were thus interested
in whether this epigenetic mark is related to the
differential imprinting of Igf2between CNS and
peripheral tissues.

Using a chromatin-immunoprecipitation
assay, we found histone methylation at H3-K9,
but not H3-K4 at CTCF binding sites was closely
related to the allelic expression of Igf2. In liver
and kidney where Igf2 is mono-allelically ex-
pressed, H3-K9 was methylated primarily at
the paternal allele (Fig. 6B), showing a similar
methylation pattern as its interacting DNA
(Fig. 3). In CNS where Igf2 is biallelically ex-
pressed, H3-K9 was equally methylated at both
parental alleles in all samples tested (Fig. 6B).
The methylated H3-K9 usually correlates with
gene silencing. However, whether and how this
histone epigenetic modification at these CTCF
sites plays an important role in regulating the
allelic expression of the distant Igf2 is not clear.
It would be interesting to test whether such a
single epigenetic modification at H3-K9 alters
the local chromatin structure at CTCF binding
sites and thus overrides the insulating effect of
CTCF proteins on Igf2 expression.

The methylated H3-K9 is usually associated
with the suppressed gene. However, we found
that the expressed b-actin was associated with
H3-K9 methylation (Fig. 6B). We also observed
the same pattern for b-actin in a separate study
with the imprinted Igf2r (Yang et al, unpub-
lished data). Similarly, Igf2 is biallelically ex-
pressed in CNS but is also linked with H3-K9
biallelic methylation (Figs. 2 and 6B). It would
be expected that H3-K9 should be biallelical-
ly unmethylated while H3-K4 be biallelically
methylated in CNS, where Igf2 is biallelically
expressed. Thus, H3-K9 methylation may also
be associated with the expressed gene depend-
ing upon the local chromatin structure.

Histones can be modified by lysine mono-, di-,
or tri-methylation. There is a concern that anti-
bodies raised against the dimethylated H3 tail
may share little cross-reactivity with antibodies
raised against the equivalent trimethylated
H3, and vice versa [Orlando and Jones, 2002].
In this communication, we used an antibody
directed against dimethylated H3 in the ChIP
assay. It is not clear whether antibodies against
tri-methylated H3 will give the same results. In
a separate study of two DMR regions in Igf2r,
however, we found that there were no differ-
ences in histone methylation when antibodies
against mono-, di-, or tri-methylated H3-K4 and
H3-K9 were used with the ChIP method (Yang
et al, unpublished data).

Nucleosome core histones are dynamically
modified by acetylation, which in turn dictate
dynamic transitions between transcriptional-
ly active or silent chromatin states. Proteins
that specifically bind to methylated DNA, like
MeCP2, MBD2, and MBD3, are associated with
complexes that include histone deacetylases
(HDACs). Recent studies have focused on the
role of histone hypoacetylation in the mainte-
nance of centromeric structure, X-inactivation,
and genomic imprinting. Differential allelic
histone acetylation occurs frequently in several
imprinted genes, including H19 and Igf2 [Ped-
one et al., 1999; Grandjean et al., 2001], Igf2r
[Hu et al., 2000; Fournier et al., 2002], SNRPN
[Saitoh and Wada, 2000; Fournier et al., 2002],
and Xist [Keohane et al., 1999; O’Neill et al.,
1999]. However, we did not demonstrate a
significant alteration of histone acetylation at
these CTCF sites between the imprinted and
non-imprinted tissues (Fig. 6). Thus, histone H3
and H4 acetylation at these CTCF binding sites,
although correlated with the transcriptional
activity of parental promoters of Igf2, is not a
major determinant accounting for the loss of
Igf2 imprinting in CNS.

It is also interesting to examine H3-K9
methylation and acetylation in the brain. As
seen in Figure 5, the maternal imprinting
center in brain is predominantly associated
with acetylated H3. The antibodies against
methylated H3-K9 used in the ChIP assay also
co-immunoprecipitated with the maternal ICR
(Fig. 6B). Recently, we (Yang et al, unpublished
data) and others [Fournier et al., 2002] have
observed similar results for the Igf2r DMR
regions. Thus, these two types of epigenetic
modification may not necessarily function
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antagonistically but rather occur on nearby H3
molecules in nucleosomes associated with the
maternal ICR, as observed by Maison et al.
[2002] in pericentric heterochromatin. How-
ever, whether the co-existence of histone methy-
lation and acetylation at H3-K9 is mechanically
linked to the regulation of genomic imprinting
awaits further investigation.

In summary, our data suggest that allele-
specific DNA methylation and binding of CTCF
insulators in the ICR may not be the sole factor
to determine the imprinting status of Igf2.
Instead, factors that are involved in histone
epigenetic modifications as well as CTCF-
associated proteins may be equally important
in the regulation of genomic imprinting. Deter-
mining what histone modifications (‘‘histone
code’’) are allele-specific in all examples will
bring us closer to an understanding of the reg-
ulation of the imprinting process.

REFERENCES

Albrecht S, Waha A, Koch A, Kraus JA, Goodyer CG,
Pietsch T. 1996. Variable imprinting of H19 and IGF2
in fetal cerebellum and medulloblastoma. J Neuropathol
Exp Neurol 55:1270–1276.

Bannister AJ, Zegerman P, Partridge JF, Miska EA,
Thomas JO, Allshire RC, Kouzarides T. 2001. Selective
recognition of methylated lysine 9 on histone H3 by the
HP1 chromo domain. Nature 410:120–124.

Bartolomei MS, Tilghman SM. 1992. Parental imprinting
of mouse chromosome 7. Semin Dev Biol 3:107–117.

Bartolomei MS, Zemel S, Tilghman SM. 1991. Parental
imprinting of the mouse H19 gene. Nature 351:153–
155.

Bartolomei MS, Webber AL, Brunkow ME, Tilghman SM.
1993. Epigenetic mechanisms underlying the imprinting
of the mouse H19 gene. Genes Dev 7:1663–1673.

Bell AC, Felsenfeld G. 2000. Methylation of a CTCF-
dependent boundary controls imprinted expression of the
Igf2 gene. Nature 405:482–485.

Bell AC, West AG, Felsenfeld G. 2001. Insulators and
boundaries: Versatile regulatory elements in the eukar-
yotic. Science 291:447–450.

Boggs BA, Cheung P, Heard E, Spector DL, Chinault AC,
Allis CD. 2002. Differentially methylated forms of his-
tone H3 show unique association patterns with inactive
human X chromosomes. Nat Genet 30:73–76.

Brandeis M, Kafri T, Ariel M, Chaillet JR, McCarrey J,
Rasin A, Ceder H. 1993. The ontogeny of allele-specific
methylation associated with imprinted genes in the
mouse. EMBO J 12:3669–3677.

Chao W, Huynh KD, Spencer RJ, Davidow LS, Lee JT.
2002. CTCF, a candidate transacting factor for X-
inactivation choice. Science 295:345–347.

Constancia M, Dean W, Lopes S, Moore T, Kelsey G, Reik
W. 2000. Deletion of a silencer element in Igf2 results in
loss of imprinting independent of H19. Nat Genet 26:
203–206.

Cui H, Niemitz EL, Ravenel JD, Onyango P, Brandenburg
SA, Lobanenkov VV, Feinberg AP. 2001. Loss of imprint-
ing of insulin-like growth factor-II in Wilms’ tumor
commonly involves altered methylation but not muta-
tions of CTCF or its binding site. Cancer Res 61:4947–
4950.

Cui H, Onyango P, Brandenburg S, Wu Y, Hsieh CL,
Feinberg AP. 2002. Loss of imprinting in colorectal
cancer linked to hypomethylation of H19 and IGF2.
Cancer Res 62:6442–6446.

DeChiara TM, Efstratiadis A, Robertson EJ. 1990. A
growth-deficiency phenotype in heterozygous mice carry-
ing an insulin-like growth factor II gene disrupted by
targeting. Nature 345:78–80.

DeChiara TM, Robertson EJ, Efstratiadis A. 1991. Parental
imprinting of the mouse insulin-like growth factor II
gene. Cell 64:849–859.

Eden S, Constancia M, Hashimshony T, Dean W, Goldstein
B, Johnson AC, Keshet I, Reik W, Cedar H. 2001. An
upstream repressor element plays a role in Igf2 imprint-
ing. Embo J 20:3518–3525.

Feil R, Walter J, Allen ND, Reik W. 1994. Developmental
control of allelic methylation in the imprinted mouse Igf2
and H19 genes. Development 120:2933–2943.

Feinberg AP. 1993. Genomic imprinting and gene activa-
tion in cancer. Nat Genet 4:110–113.

Ferguson-Smith AC, Sasaki H, Cattanach BM, Surani MA.
1993. Parental-origin-specific epigenetic modification of
the mouse H19 gene. Nature 362:751–755.

Fournier C, Goto Y, Ballestar E, Delaval K, Hever AM,
Esteller M, Feil R. 2002. Allele-specific histone lysine
methylation marks regulatory regions at imprinted
mouse genes. Embo J 21:6560–6570.

Frevel MA, Sowerby SJ, Petersen GB, Reeve AE. 1999.
Methylation sequencing analysis refines the region of
H19 epimutation in Wilms tumor. J Biol Chem 274:
29331–29340.

Frommer M, McDonald LE, Millar DS, Collis CM, Watt F,
Grigg GW, Molloy PL, Paul CL. 1992. A genomic sequenc-
ing protocol that yields a positive display of 5-methylcy-
tosine residues in individual DNA strands. Proc Natl
Acad Sci USA 89:1827–1831.

Grandjean V, O’Neill L, Sado T, Turner B, Ferguson-Smith
A. 2001. Relationship between DNA methylation, histone
H4 acetylation, and gene expression in the mouse im-
printed Igf2–H19 domain. PG-165-9. FEBS Lett 488:
165–169.

Hark AT, Schoenherr CJ, Katz DJ, Ingram RS, Levorse JM,
Tilghman SM. 2000. CTCF mediates methylation-sensi-
tive enhancer-blocking activity at the H19/Igf2 locus [see
comments]. Nature 405:486–489.

Heard E, Rougeulle C, Arnaud D, Avner P, Allis CD,
Spector DL. 2001. Methylation of histone H3 at Lys-9 is
an early mark on the X chromosome during X inactiva-
tion. Cell 107:727–738.

Hemberger M, Redies C, Krause R, Oswald J, Walter
J, Fundele RH. 1998. H19 and Igf2 are expressed
and differentially imprinted in neuroectoderm-derived
cells in the mouse brain. Dev Genes Evol 208:393–
402.

Hu J, Vu T, Hoffman A. 1995. Differential biallelic activa-
tion of three insulin-like growth factor II promoters in the
mouse central nervous system. Mol Endocrinol 9:628–
636.

Epigenetic Regulation of Igf2/H19 Imprinting 1053



Hu JF, Vu TH, Hoffman AR. 1996. Promoter-specific mod-
ulation of insulin-like growth factor II genomic imprint-
ing by inhibitors of DNA methylation. J Biol Chem 271:
18253–18262.

Hu JF, Nguyen PH, Pham NV, Vu TH, Hoffman AR. 1997a.
Modulation of Igf2 genomic imprinting in mice induced
by 5-azacytidine, an inhibitor of DNA methylation. Mol
Endocrinol 11:1891–1898.

Hu JF, Vu TH, Hoffman AR. 1997b. Genomic deletion of an
imprint maintenance element abolishes imprinting of
both insulin-like growth factor II and H19. J Biol Chem
272:20715–20720.

Hu JF, Oruganti H, Vu TH, Hoffman AR. 1998a. The role
of histone acetylation in the allelic expression of the
imprinted human insulin-like growth factor II gene.
Biochem Biophys Res Commun 251:403–408.

Hu JF, Oruganti H, Vu TH, Hoffman AR. 1998b. Tissue-
specific imprinting of the mouse insulin-like growth
factor II receptor gene correlates with differential
allele-specific DNA methylation. Mol Endocrinol 12:
220–232.

Hu JF, Pham J, Dey I, Li T, Vu TH, Hoffman AR. 2000.
Allele-specific histone acetylation accompanies genomic
imprinting of the insulin-like growth factor II receptor
gene. Endocrinology 141:4428–4435.

Ishizaki T, Yoshie M, Yaginuma Y, Tanaka T, Ogawa K.
2002. Loss of Igf2 imprinting in monoclonal mouse
hepatic tumor cells is not associated with abnormal
methylation patterns for the H19, Igf2, and Kv1qt1
differentially-methylated regions. J Biol Chem 278:
6222–6228.

Jones BK, Levorse J, Tilghman SM. 2001. Deletion of a
nuclease-sensitive region between the Igf2 and H19
genes leads to Igf2 misregulation and increased adipos-
ity. Hum Mol Genet 10:807–814.

Kadosh D, Struhl K. 1998. Targeted recruitment of the
Sin3–Rpd3 histone deacetylase complex generates a
highly localized domain of repressed chromatin in vivo.
Mol Cell Biol 18:5121–5127.

Kaffer CR, Srivastava M, Park KY, Ives E, Hsieh S, Batlle
J, Grinberg A, Huang SP, Pfeifer K. 2000. A transcrip-
tional insulator at the imprinted H19/Igf2 locus. Genes
Dev 14:1908–1919.

Keohane AM, Barlow AL, Waters J, Bourn D, Turner BM.
1999. H4 acetylation, XIST RNA, and replication timing
are coincident and define x;autosome boundaries in two
abnormal X chromosomes. PG-377-83. Hum Mol Genet
8:377–383.

Khosla S, Aitchison A, Gregory R, Allen ND, Feil R. 1999.
Parental allele-specific chromatin configuration in a
boundary-imprinting-control element upstream of the
mouse H19 gene. Mol Cell Biol 19:2556–2566.

Leighton PA, Ingram RS, Eggenschwiler J, Efstratiadis A,
Tilghman SM. 1995a. Disruption of imprinting caused
by deletion of the H19 gene region in mice. Nature 375:
34–39.

Leighton PA, Saam JR, Ingram RS, Stewart CL, Tilghman
SM. 1995b. An enhancer deletion affects both H19 and
Igf2 expression. Genes Dev 9:2079–2089.

Li T, Vu TH, Lee KO, Yang Y, Nguyen CV, Bui HQ, Zeng
ZL, Nguyen BT, Hu JF, Murphy SK, Jirtle RL, Hoffman
AR. 2002. An imprinted PEG1/MEST antisense expres-
sed predominantly in human testis and in mature sper-
matozoa. J Biol Chem 277:13518–13527.

Lutz M, Burke LJ, Barreto G, Goeman F, Greb H, Arnold R,
Schultheiss H, Brehm A, Kouzarides T, Lobanenkov V,
Renkawitz R. 2000. Transcriptional repression by the
insulator protein CTCF involves histone deacetylases.
Nucleic Acids Res 28:1707–1713.

Maison C, Bailly D, Peters AH, Quivy JP, Roche D, Taddei
A, Lachner M, Jenuwein T, Almouzni G. 2002. Higher-
order structure in pericentric heterochromatin involves
a distinct pattern of histone modification and an RNA
component. Nat Genet 30:329–334.

Mann JR, Szabo PE, Reed MR, Singer-Sam J. 2000.
Methylated DNA sequences in genomic imprinting. Crit
Rev Eukaryot Gene Exp 10:241–257.

Moore T, Constancia M, Zubair M, Bailleul B, Feil R,
Sasaki H, Reik W. 1997. Multiple imprinted sense and
antisense transcripts, differential methylation, and tan-
dem repeats in a putative imprinting control region
upstream of mouse Igf2. Proc Natl Acad Sci USA 94:
12509–12514.

Murrell A, Heeson S, Bowden L, Constancia M, Dean W,
Kelsey G, Reik W. 2001. An intragenic methylated region
in the imprinted Igf2 gene augments transcription.
EMBO Rep 2:1101–1106.

Nakagawa H, Chadwick RB, Peltomaki P, Plass C,
Nakamura Y, de La Chapelle A. 2001. Loss of imprinting
of the insulin-like growth factor II gene occurs by biallelic
methylation in a core region of H19-associated CTCF-
binding sites in colorectal cancer. Proc Natl Acad Sci USA
98:591–596.

Nakayama J, Rice JC, Strahl BD, Allis CD, Grewal SI.
2001. Role of histone H3 lysine 9 methylation in epi-
genetic control of heterochromatin assembly. Science
292:110–113.

Nielsen SJ, Schneider R, Bauer UM, Bannister AJ,
Morrison A, O’Carroll D, Firestein R, Cleary M, Jenu-
wein T, Herrera RE, Kouzarides T. 2001. Rb targets
histone H3 methylation and HP1 to promoters. Nature
412:561–565.

Nielsen PR, Nietlispach D, Mott HR, Callaghan J,
Bannister A, Kouzarides T, Murzin AG, Murzina NV,
Laue ED. 2002. Structure of the HP1 chromodomain
bound to histone H3 methylated at lysine 9. Nature
416:103–107.

Noma K, Allis CD, Grewal SI. 2001. Transitions in distinct
histone H3 methylation patterns at the heterochromatin
domain boundaries. Science 293:1150–1155.

O’Neill LP, Keohane AM, Lavender JS, McCabe V, Heard E,
Avner P, Brockdorff N, Turner BM. 1999. A develop-
mental switch in H4 acetylation upstream of Xist plays a
role in X chromosome inactivation. Embo J 18:2897–2907.

Ogawa O, Eccles MR, Szeto J, McNoe LA, Yun K, Maw MA,
Smith PJ, Reeve AE. 1993. Relaxation of insulin-like
growth factor II gene imprinting implicated in Wilms’
tumour. Nature 362:749–751.

Ohlsson R, Hedborg F, Holmgren L, Walsh C, Ekstrom TJ.
1994. Overlapping patterns of IGF2 and H19 expression
during human development: Biallelic IGF2 expression
correlates with a lack of H19 expression. Development
120:361–368.

Orlando V, Jones KA. 2002. Wild chromatin: Regulation of
eukaryotic genes in their natural chromatin context.
Genes Dev 16:2039–2044.

Pedone PV, Cosma MP, Ungaro P, Colantuoni V, Bruni CB,
Zarrilli R, Riccio A. 1994. Parental imprinting of rat

1054 Yang et al.



insulin-like growth factor II gene promoters is coordi-
nately regulated. J Biol Chem 269:23970–23975.

Pedone PV, Pikaart MJ, Cerrato F, Vernucci M, Ungaro P,
Bruni CB, Riccio A. 1999. Role of histone acetylation and
DNA methylation in the maintenance of the imprinted
expression of the H19 and Igf2 genes. FEBS Lett 458:
45–50.

Pham NV, Nguyen MT, Hu JF, Vu TH, Hoffman AR. 1998.
Dissociation of IGF2 and H19 imprinting in human
brain. Brain Res 810:1–8.

Rainier S, Johnson LA, Dobry CJ, Ping AJ, Grundy PE,
Feinberg AP. 1993. Relaxation of imprinted genes in
human cancer. Nature 362:747–749.

Rainier S, Dobry CJ, Feinberg AP. 1995. Loss of imprinting
in hepatoblastoma. Cancer Res 55:1836–1838.

Ripoche MA, Kress C, Poirier F, Dandolo L. 1997. Deletion
of the H19 transcription unit reveals the existence of
a putative imprinting control element. Genes Dev 11:
1596–1604.

Saitoh S, Wada T. 2000. Parent-of-origin specific histone
acetylation and reactivation of a key imprinted gene
locus in Prader–Willi syndrome. PG-1958-62. Am J Hum
Genet 66:1958–1962.

Schoenherr CJ, Levorse JM, Tilghman SM. 2003. CTCF
maintains differential methylation at the Igf2/H19 locus.
Nat Genet 33:66–69.

Sullivan MJ, Taniguchi T, Jhee A, Kerr N, Reeve AE. 1999.
Relaxation of IGF2 imprinting in Wilms tumours
associated with specific changes in IGF2 methylation.
Oncogene 18:7527–7534.

Thorvaldsen JL, Duran KL, Bartolomei MS. 1998. Deletion
of the H19 differentially methylated domain results in
loss of imprinted expression of H19 and Igf2. Genes Dev
12:3693–3702.

Tremblay KD, Saam JR, Ingram RS, Tilghman SM,
Bartolomei MS. 1995. A paternal-specific methylation
imprint marks the alleles of the mouse H19 gene. Nat
Genet 9:407–413.

Ulaner GA, Vu TH, Li T, Hu JF, Yao XM, Yang Y, Gorlick
R, Meyers P, Healey J, Ladanyi M, Hoffman AR. 2003.
Loss of imprinting of Igf2 and H19 in osteosarcoma is
accompanied by reciprocal methylation changes of a
CTCF-binding site. Hum Mol Genet 12:535–549.

Vu TH, Hoffman AR. 1994. Promoter-specific imprinting of
the human insulin-like growth factor-II gene. Nature
371:714–717.

Vu TH, Hoffman A. 1996. Alterations in the promoter-
specific imprinting of the insulin-like growth factor-II
gene in Wilms’ tumor. J Biol Chem 271:9014–9023.

Vu TH, Li T, Nguyen D, Nguyen BT, Yao XM, Hu JF,
Hoffman AR. 2000. Symmetric and asymmetric DNA
methylation in the human IGF2-H19 imprinted region.
Genomics 64:132–143.

West AG, Gaszner M, Felsenfeld G. 2002. Insulators: Many
functions, many mechanisms. Genes Dev 16:271–288.

Wolffe AP. 2000. Transcriptional control: Imprinting in-
sulation. Curr Biol 10:R463–R465.

Xiong Z, Laird PW. 1997. COBRA: A sensitive and
quantitative DNA methylation assay. Nucleic Acids Res
25:2532–2534.

Yao XM, Hu JF, Daniels M, Shiran H, Zhou XJ, Yien HF,
Lu HQ, Zeng ZL, Wang QX, Li T, Hoffman AR. 2003. A
methylated oligonucleotide inhibits IGF2 expression and
enhances survival in a model of hepatocellular carci-
noma. J Clin Invest 111:265–273.

Zemel S, Bartolomei MS, Tilghman SM. 1992. Physical
linkage of two mammalian imprinted genes, H19, and
insulin-like growth factor 2. Nat Genet 2:61–65.

Epigenetic Regulation of Igf2/H19 Imprinting 1055


