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Parent-of-origin-specific expression of the mouse insulin-like growth factor 2 gene (Igf2) and the closely
linked H19 gene located on distal chromosome 7 is regulated by a 2.4-kb imprinting control region (ICR)
located upstream of the H19 gene. In somatic cells, the maternally and paternally derived ICRs are hypo- and
hypermethylated, respectively, with the former binding the insulator protein CCCTC-binding factor (CTCF)
and acting to block access of enhancers to the Igf2 promoter. Here we report on a detailed in vivo footprinting
analysis—using ligation-mediated PCR combined with in vivo dimethyl sulfate, DNase I, or UV treatment—of
ICR sequences located outside of the CTCF binding domains. In mouse primary embryo fibroblasts carrying
only maternal or paternal copies of distal chromosome 7, we have identified five prominent footprints specific
to the maternal ICR. Each of the five footprinted areas contains at least two nuclear hormone receptor hexad
binding sites arranged with irregular spacing. When combined with fibroblast nuclear extracts, these se-
quences interact with complexes containing retinoic X receptor alpha and estrogen receptor beta. More
significantly, the footprint sequences bind nuclear hormone receptor complexes in male, but not female, germ
cell extracts purified from fetuses at a developmental stage corresponding to the time of establishment of
differential ICR methylation. These data are consistent with the possibility that nuclear hormone receptor
complexes participate in the establishment of differential ICR methylation imprinting in the germ line.

Imprinted genes are a small subset of genes that are ex-
pressed from only one of the two alleles, according to parental
origin. The two alleles of imprinted genes exhibit differential
epigenetic states in the same cell such that one is silenced and
the other is active. Most imprinted genes are associated with
differentially methylated DNA regions (DMRs) (20). Disrup-
tion of DNA methylation by gene targeting of DNA methyl-
transferases results in loss of monoallelic expression (16). Pri-
mary DMRs are those DMRs inherited from the gametes, and
their methylation may constitute the epigenetic mark that
transmits imprinting information from the gamete to the em-
bryo (23, 29, 30, 43, 44). It is important to identify these DMRs
and to understand how the methylation marks are erased and
established differentially in the germ lines.

Perhaps the best-studied ICR is found next to the imprinted
genes insulin-like growth factor 2 (Igf2), an embryonic mito-
gen, and H19, which produces an untranslated RNA of un-
known function. In the mouse, these genes are located 80 kb
apart on distal chromosome 7. They are coordinately expressed
in tissues of mesoderm and endoderm origin due to the sharing
of enhancers located downstream (3�) of the H19 gene (2, 15,
48). The parent-of-origin-specific expression of the two genes
is regulated by an imprinting control region (ICR) located at
kb �2 to �4.4 relative to the transcription start site of the H19
gene (14, 26, 41). It has been established that the ICR acts as
a chromatin insulator on the maternal chromosome through
the binding of the zinc finger protein CCCTC-binding factor
(CTCF) (3, 4, 8, 11, 32, 34). Binding of CTCF prevents acti-
vation of the maternal Igf2 promoter by the enhancers located
downstream of H19.

On the paternal chromosome, the ICR sequence is highly
methylated at CpG sequences, is not associated with CTCF,
and lacks insulator activity. The paternal Igf2 promoter is
therefore able to access the enhancers and is active. The hy-
permethylated paternal ICR, while lacking insulator activity,
inactivates the H19 promoter in cis during early development
(32, 41). As this epigenetic information is inherited from
sperm, it is likely that this function is dependent on the meth-
ylation in the ICR.

The germ line-specific processes that determine differential
ICR methylation, which could be viewed as equivalent to the
imprinting mechanisms per se, are unknown. It appears that
these processes are entirely separate from the later somatic
ICR functions of chromatin insulation and H19 promoter si-
lencing. When the CTCF sites were inactivated by site-directed
mutagenesis in the mouse, the mutant ICR lacked enhancer-
blocking activity and the expression of Igf2 was activated on the
mutant maternal chromosome (24, 27, 39a). However, the mu-
tant ICRs were not methylated in ovulated oocytes and blas-
tocysts after subtle mutagenesis of the CTCF binding sites (27)
or in oogonia and oocytes after more drastic mutagenesis of
the same sites (39a), indicating that binding of CTCF is not
required to establish an unmethylated ICR during oogenesis.
Upon paternal transmission, the mutant ICR becomes meth-
ylated as usual, indicating also that CTCF is not required for
de novo methylation of the ICR in the paternal germ line. In
addition to its independence of CTCF, the acquisition of dif-
ferential ICR methylation is a function autonomous to this
region, at least when the ICR is moved to another location
within the Igf2/H19 domain (10).

The sequences responsible for differential DNA methylation
of the ICR occurring in the male and female germ lines are
unknown. A major hurdle is in the limited amount of cellular
material that can be obtained from these lineages. To gain
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insight into the mechanisms involved, therefore, we have car-
ried out maternal- and paternal-chromosome-specific in vivo
footprinting studies over the 2.4-kb ICR in somatic cells and
used extracts prepared from purified male or female fetal germ
cells to test whether these new footprint sequences bind to
protein factors. In addition to the four CTCF binding sites
previously identified (34), we discovered five prominent in vivo
footprints on the maternal chromosome. Further, we show that
the footprint sequences interact with nuclear hormone recep-
tors (NHRs) in the male, but not in the female, germ line.

MATERIALS AND METHODS

In vivo footprinting. Mouse primary embryo fibroblasts (PEFs) were derived
by a standard method (9) from euploid 13.5-day-postcoitum (13.5-dpc) mouse
fetuses which possessed two maternal or paternal copies (or duplication) of distal
chromosome 7 (MatDup.d7 or PatDup.d7, respectively). They are derived from
an intercross of mice heterozygous for the reciprocal translocation T(7;15)9H
and are identified by homozygosity for the albino mutation (Tyrc) (28). Cells were
grown in cultures in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, 10�4 M �-mercaptoethanol, and nonessential amino
acids, L-glutamine, and antibiotics at standard concentrations. Confluent 15-cm-
diameter plates provide about 15 to 35 million PEFs. Early passages (up to
passage 4) were used in this study.

DNase I treatment was done essentially as described before (25). The cells
were rinsed with Dulbecco’s phosphate-buffered saline (DPBS) without calcium
and magnesium (DPBS�) and permeabilized with 0.05 mg of lysolecithin/ml in
10 ml of solution I (150 mM sucrose, 80 mM KCl, 35 mM HEPES [pH 7.4], 5 mM
K2HPO4, 5 mM MgCl2, 0.5 mM CaCl2) for 2 min. The cells were washed with
solution I, and then solution II (150 mM sucrose, 80 mM KCl, 35 mM HEPES
[pH 7.4], 5 mM K2HPO4, 5 mM MgCl2, 2 mM CaCl2) containing 10 �g of DNase
I (catalog no. 104132; Boehringer Mannheim)/ml was added. The cells were then
incubated for 5 min at room temperature to obtain an optimal nicking frequency
of one nick every 200 to 800 nucleotides (25). This was assessed by alkaline gel
electrophoresis after DNA purification and before ligation-mediated PCR
(LMPCR). Cells were trypsinized, washed with DPBS�, pelleted, and resus-
pended in 2.5 ml of buffer B (150 mM NaCl, 5 mM EDTA, pH 7.8). Then, 2.5
ml of buffer C (20 mM Tris HCl [pH 8], 20 mM NaCl, 20 mM EDTA, 1% sodium
dodecyl sulfate) containing 1.2 mg of proteinase K/ml was added and the sample
was incubated for 1 h at 37°C. The DNA was phenol-chloroform extracted and
ethanol precipitated. As a control, 40 �g of genomic DNA isolated from un-
treated PEFs as described above was mixed with 0.3 �g of DNase I/ml in a 400-�l
reaction volume and incubated at room temperature for 5 min in 40 mM Tris-Cl
(pH 7.7)–10 mM NaCl–6 mM MgCl2.

Dimethyl sulfate (DMS) treatment was done as described previously (38). The
medium was changed to serum-free medium containing 0.2% DMS, and cells
were incubated for 5 min at room temperature. The action of DMS was stopped
by washing the cells twice with 40 ml of ice-cold DPBS�. The cells were
trypsinized and washed with DPBS� followed by centrifugation at 250 � g for 3
min to pellet the cells. The cell pellet was suspended in 2.5 ml of buffer B. Then,
2.5 ml of buffer C containing 1.2 mg of proteinase K/ml was added and incubated
at 37°C for 3 h and the DNA was isolated by phenol-chloroform extraction and
ethanol precipitation. As a control, genomic DNA was isolated from untreated
PEFs. DNA (50 �g) was treated with 0.2% DMS in 200 �l of DMS buffer (50
mM Na-cacodylate, 1 mM EDTA, pH 8) for 5 min at room temperature. The
reaction was stopped with 50 �l of 1.5 M sodium acetate (pH 7)–1 M �-mer-
captoethanol. The DNA was precipitated with 750 �l of ethanol, dissolved,
precipitated again, and dissolved in 50 �l of Tris-EDTA (TE) buffer.

For AlkA digestion, 10 �g of DMS-modified DNA was incubated in a 100-�l
reaction volume in AlkA buffer (70 mM HEPES, pH 7.5, 0.5 mM EDTA, 10 mM
�-mercaptoethanol, 5% glycerol) with 10 �g of AlkA enzyme for 30 min at 37°C.
Then 100 �l of 2 M piperidine was added, and the DNA was incubated at 37°C
for 15 min to produce strand breaks with 5�-terminal phosphates at the resulting
abasic sites. After precipitation, the DNA was washed two times with 80%
ethanol, resuspended in 100 �l of water, and vacuum dried overnight in a
Speed-vac concentrator (Savant Instruments). The pellet was resuspended in 10
�l of TE buffer.

For piperidine treatment, 50 �g of DMS-modified DNA was dissolved in 100
�l of 1 M piperidine and incubated at 88°C for 30 min. After transference into
a new tube, the DNA was precipitated, washed two times with 80% ethanol,
resuspended in 100 �l of water, and vacuum dried overnight in a Speed-vac

concentrator (Savant Instruments). The pellet was resuspended in 50 �l of TE
buffer.

For UV treatment (42), plates were washed with DPBS with calcium and
magnesium (DPBS�). The DPBS� was removed, leaving a 1-mm-thick layer,
and the cells were irradiated with 2,400 J of UV light/m2 in a UV Stratalinker
2400 apparatus (Stratagene). Cells were trypsinized, and DNA was extracted as
described for the DMS protocol. As a control, genomic DNA was extracted from
untreated PEFs, dissolved at a 0.5 �g/�l concentration in TE buffer, and irradi-
ated with 4,800 J of UV light/m2 in 10-�l drops on parafilm.

For enzymatic treatment of UV-irradiated DNA, 10 �g of DNA was incubated
in a 100-�l reaction volume with T4 endonuclease V in 50 mM Tris-HCl (pH
7.6)–50 mM NaCl–1 mM EDTA–10 mM dithiothreitol (DTT)–100 �g of bovine
serum albumin/ml for 1 h at 37°C. Photolyase (Pharmingen) (5 �g) was added
under yellow light, and the DNA was incubated for 1 h at room temperature
under black lights (42). The DNA was phenol extracted and ethanol precipitated.

Maxam-Gilbert sequencing (21) was done to serve as a position marker.
For alkaline gel electrophoresis, the size of DNA fragments generated by

cleavage reactions was checked on an alkaline gel before LMPCR. A 2% agarose
gel was made with 100 ml of 50 mM NaCl and a 1 mM EDTA solution presoaked
overnight in the running buffer (50 mM NaOH and 1 mM EDTA). DNA (1 �g)
was incubated in a 10-�l volume at room temperature for 15 min after the
addition of 2 �l of 6� loading buffer (0.15% bromocresol green, 50% glycerol,
300 mM NaOH) and loaded on the gel. The gel was run in fresh running buffer
at 50 V until the dye reached two-thirds of the gel length. The gel was neutralized
for 30 min in 1 M Tris-HCl (pH 7.6)–1.5 M NaCl, stained for 30 min with 5 �g
of ethidium bromide/ml, destained for 30 min with water, and photographed.

LMPCR was done as previously described (37) except that 21 cycles of PCR
were used. Briefly, the starting material for LMPCR was total genomic DNA that
had undergone a specific modification or cleavage procedure that produces
single-strand breaks. In chromatin-probing experiments, these reactions are car-
ried out inside the cell. After the cells had been subjected to the specific foot-
printing protocol, DNA was purified by standard methods. In the LMPCR
reaction, the genomic DNA was heat denatured and a gene-specific oligonucle-
otide (primer 1) was annealed and used in a primer extension reaction with
modified T7 DNA polymerase (Sequenase; United States Biochemicals) to cre-
ate blunt ends. After the primer extension step, the double-stranded linker
oligonucleotide was ligated to the blunt ends to introduce a common sequence at
the 5� ends of all sequence ladder fragments. After ligation, exponential PCR
with the longer oligonucleotide of the linker (linker-primer) and a second, nested
gene-specific primer (primer 2) generated a ladder of gene-specific PCR prod-
ucts. The length of these PCR products is determined by the initial positions of
the DNA breaks in the genomic template relative to that of the gene-specific
PCR primer. After PCR, the DNA fragments were separated on a sequencing
gel, electroblotted onto a nylon membrane, and hybridized with a gene-specific
probe to visualize the sequence ladders. Single-stranded hybridization probes
were made from a premade PCR product with primer 3 by multiple runoff
polymerizations with Taq polymerase.

The LMPCR primers were as follows: for the footprint 1 (FP1) lower strand,
primers II1 (5�-CCAGGACTCAAAGGAACATG-3�), II2 (5�-TCAAAGGAAC
ATGCTACATTCACACGA-3�), II3 (5�-CGAGCATCCAGGAGGCATAAGA
A-3�), and JJ3 (5�-CCACGAGGTACCAGCCTAGAAAATG-3�); for the FP2
upper strand, DZS1 (5�-TGAGAACGTTTTATCAAGGACTAG-3�), DZS2
(5�-ACGTTTTATCAAGGACTAGCATGAACC-3�), DZS3 (5�-ACTAGCAT
GAACCCCTGGCCTC-3�), and DZ3 (5�-GTCACAAATGCCACTAGGGGG
G-3�); for the FP3 lower strand, X1 (5�-CCAAAGTTCGGGTTCGC-3�), X2
(5�-CACAGCAATGTCCGAAGCCGC-3�), X3, 5�-AGCCGCTATGCCTCAG
TGGTCG-3�, and Y3 (5�-CTTACCACCCCTATGAATCCCTATTTGG-3�); for
the FP4 lower strand, LY1 (5�-ACTGAACCAGAGAACTTGACTCA-3�), LY2
(5�-TTGACTCATTCCCTACACAGCCCGA-3�), and LY3 (5�-CCCTACACA
GCCCGAGATCGTCAG-3�); for the FP4 upper strand, NY1 (5�-CCACCACG
CGGCATC-3�), NY2 (5�-GCGGCATCGTCTGTCCATTTAGCT-3�), and NY3
(5�-AATCTGCACAGCGTGGAGAGTGAAC-3�); for the FP5 lower strand,
CS1 (5�-CAGGCATAGCATTCAATGATT-3�), CS2 (5�-TTCAATGATTCAT
AAGGGTCATGGGGT-3�), and CS3 (5�-TAAGGGTCATGGGGTGGTACA
ACACA-3�); and for the FP5 upper strand, GY1 (5�-CCCGCCTATAACCGA
TTCT-3�), GY2 (5�-GCCTATAACCGATTCTGTATTGAGTTTGGAT-3�),
and GY3 (5�-TTTGGATTGAACAGATCTGGCTAGCTTG-3�).

The first primers were biotinylated.
EMSA. Whole-cell extract for the binding assays was made from confluent

plates of 13.5-dpc normal PEFs as previously described (46), with minor modi-
fications. Cells were trypsinized and washed with cold DPBS�. Aliquots of 107

cells were suspended in 565 �l of extraction buffer (50 mM Tris HCl [pH 8.0], 500
mM KCl, 0.5 mM EDTA [pH 8.0], 0.5 mM EGTA [pH 8.9], 1% Nonidet P-40,
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2 mM DTT, 1� protease inhibitor cocktail [P2714; Sigma]) and incubated on ice
for 30 min. After centrifugation at 13,000 rpm with a MicroCentaur (MSE)
microcentrifuge for 5 min, the supernatant was placed into a new tube and gently
mixed with 10% ice-cold glycerol and small aliquots were snap frozen on dry ice.
The aliquots were kept at �80°C. To prepare the probe for an electrophoretic
mobility shift assay (EMSA), 10 pmol of one strand of the oligonucleotide probe
was end labeled and annealed to 20 pmol of the other strand and then diluted to
10 fmol/�l (�30,000 to 60,000 cpm/�l). For the binding reaction, 2 �l of PEF
extract was mixed with 2 �l of antibody (Santa Cruz Biotechnology) or 1 �l of
500 fmol/�l of competitor in 1� binding buffer (20 mM HEPES [pH 7.6], 2 mM
MgCl2, 5% glycerol, 1 mM DTT, 1% Nonidet P-40) and incubated on ice for 20
min in the presence of 0.25 �g of sheared herring sperm DNA and 0.2 �g of
poly(dI-dC) (Sigma) in a 20-�l reaction volume. A total of 1 �l (10 fmol) of
probe was added, the incubation was continued for another 20 min at room
temperature, and the bound and unbound fractions were separated on a prerun
4% polyacrylamide gel containing 5% glycerol in 25 mM Tris-borate-EDTA for
3 h at 200 V in a cold room. After drying at 80°C, the gel was analyzed on a
PhosphorImager (Molecular Dynamics).

For collection of germ cells for EMSA and reverse transcription-PCR (RT-
PCR), male mice of the homozygous transgenic line B6;CBA-Tg(Pou5f1-
EGFP)2Mnn (stock no. 004654; Jackson Laboratory, Bar Harbor, Maine), which
express the enhanced green fluorescent protein (EGFP) reporter gene specifi-
cally in germ cells (35), were mated to wild-type CF1 females (Charles River,
Wilmington, Mass.). A MoFlo flow cytometer (Cytomation, Fort Collins, Colo.)
was used for flow cytometry to purify germ cells from the resulting female and
male 15.5- and 18.5-dpc fetuses as previously described (35). Spermatogonia
were purified from newborns by the same method, while pachytene spermato-
cytes of adult testes were sorted by flow cytometry on the basis of physical
characteristics (the “R2” subpopulation) (19). Germ cell extracts were prepared
from purified germ cells in similarity to PEF treatment except that the volumes
were scaled down to have the same number of cells per volume (20,000 cells/�l)
for germ cells as was used for PEFs.

For Rxr��/� PEF extracts, Rxr��/� mice (33) were intercrossed to obtain
Rxr��/� embryos, which were identified at dpc 13.5 by the small size of their
livers. The corresponding placentas were typed by PCR. Cell extract was pre-
pared from 2 million cells in a procedure similar to that used for normal PEFs.

The oligonucleotides used were as follows (upper strands are shown; lowercase
characters signify point mutations introduced): FP1U (5�-ATTCACAAATGGC
AATGCTGTGGGTCACCCAAGTTCAGTACCTCAGGGGGGTCACA
AATG CCACTAGGGG-3�), FP1m (5�-ATTCACAAATGGCAATGCTGTGG
aTCcCCCAAGTTCAGTACCTCAGGGaGcTCACAAATGCCACTAGGGG-
3�), FP2U (5�-CTATCACCATCTATGATCCCATAGTCATGGGCTTCATGA
GGCCAGGGGTTCATGCTAGTCCTTGATAAAACGTTCTCAAGAGCTA
TCTCAGGTATCTGACTTATAGGGTT-3), FP2m (5�-CTATCACCATCTAG
ATCCCATAGTCcATGGGCTTCATGAGGCCAGGGGTgCATGCTAGTCC
TTGATAAAACGTTCTCAAGAGCTATCTCAGGTAgTCGACTTATAGGG
TT-3�), FP3 (5�-CTTGGGGGGAGCGATTCATTCCCAGCAATATCCCAGG
GTCACCCAAATAG
GGATTCATAGGGGTGGTAAGATGTGTGCACCTCTGGAATGGTTCCC
TTACACACTGAACCAGAGAACTTGACTCATTCCCTACAC-3�), FP3m
(5�-CTTGGGGGGAGCGATgCATTCCCAGCAATATCCCAGGGTACCcC
AAATAGGGATTaATAGGGGTGGTAAGATGTGTGCACCTCTGGAATG
GTTCCCTTACACACTtAAgCAGAGAgCTcGACgTCTTCCCTACAC-3),
FP4 (5�-GGTGACCAAAATTGCGGTTCACCTATGGCAAACTCATGGGT
CACTCAGGC ATAGCATTCAATGATTCATAAGGGTCATGGGGTGGT
ACAACACACATTTC TTGGGTAGCT-3�), FP4m (5�-GGTGACCAAAATT
GCGGaTCcCCTATGGCAAACTCATGGGTacCTCAGGCATAGCATTCA
AgaATTCATAAGctTCATGGGGTGGTACAACACACATTTCTTGGGTAG
CT-3�), FP5 (5�-AAGCTTTGAGTACCCCAGGTTCAACAAAGGGATCAG
GCATTTGTGCACTTAGG-3�), and FP5del (5�-AAGCTTTGAGTACCCCA
GGccTGTGCACTTACGG-3�).

The following NHR consensus competitors were purchased from Santa Cruz
Biotechnology: RAR (DR-5) (catalog no. sc-2559); RARm (DR-5) (sc-2560);
RXR (DR-1) (sc-2547); RXRm (DR-1) (sc-2548); TR (DR-4) (sc-2563); TRm
(DR-4) (sc-2564); ER (sc-2585); and ERm (sc-2586). The following antibodies
were purchased from Santa Cruz Biotechnology: RAR� (C-20) (catalog no.
sc-551); RAR� (C-19) (sc-552); RAR	 (C19) (sc-550); RXR� (D-20) (sc-553);
RXR� (C-20) (sc-831); RXR	 (Y-20) (sc-555); ER� (MC-20) (sc-542); ER�
(H-150) (sc-8974); TR�1 (FL-408) (sc-772); and TR�1 (J51) (sc-737).

ICR targeting vector. The same gene targeting vector as previously described
(39) was used except that the ICR (defined as a 2.4-kb BglII fragment) was
mutagenized. A total of 57 and 107 bases were deleted from FP1 and FP4
binding sites, respectively. Before insertion into the targeting construct, the

2.4-kb BglII fragment was subcloned into the BglII site of pSL1180. Site-directed
mutagenesis was done using the Transformer site-directed mutagenesis kit
(Clontech). The FP1 deletion created a new EcoRV site and destroyed an EcoRI
site. The FP2 deletion created a new SacI site and destroyed a BstEII restriction
site. Mutagenic primers were FP1del (5�-CCCCTGGTATTGGATATCCACTA
GGGGGGCAGG-3�) and FP4del (5�-GTCCCACATACTTTATCATAGAGCT
CCTTCAGTCTTGCG-3�) (boldface characters indicate newly created restric-
tion sites in place of the deleted footprint sequences).

The selection oligonucleotide was SalI-HpaI (5�-CACTATAGGGCGTGCTC
TAGATCTAGCTC-3�). Mutant clones were identified by their EcoRI, EcoRV,
and SacI digestion patterns. DNA sequence analysis of the entire 2.4-kb BglII
fragment confirmed that no bases other than the ones at the FP1 and FP4 sites
had been altered.

Production of mice carrying the ICR FP1 and FP4 site mutations. Gene
targeting in mouse embryonic stem cells was performed using a replacement
vector containing a neomycin and diphtheria toxin A-chain-positive and -nega-
tive selection cassette, respectively. The vector was identical to that previously
described (39) except for presence of the mutant 2.4-kb BglII ICR. Homologous
recombination was detected by PCR amplification across the short arm of the
vector to yield a 1.3-kb band with the following primers: upper primer (in the
genomic sequence just outside the end of the short arm), 5�-CCTATGCCCAT
GCCCCATACAAATGACACC-3�; lower primer (in the polyadenylation se-
quence of the neomycin selection cassette), 5�-GCTGGGGCTCGACTAGAGC
TTGCGGAAC-3�. Recombinant clones identified in this PCR assay were
examined further by Southern blotting for conservative recombination of the
short and long arms as previously described (39) and for retention of FP1 and
FP2 deletions. Excision of the neo cassette was achieved by mating male chimeras
with females heterozygous for a X-linked Cre recombinase gene—FVB/NJ.129/
SvImJ(N7)-Hprtcre/0; eggs of these females excise floxed sequences without mo-
saicism and regardless of Cre inheritance (40).

Breeding of fetuses carrying the mutation for analysis. Female mice heterozy-
gous for the mutation and negative for the Cre allele that were obtained from
mating male chimeras with Cre/0 females (see above) were mated with males
homozygous for the Mus musculus castaneus form of distal chromosome 7 de-
rived from strain CAST/Ei (CS) (The Jackson Laboratory); these males were of
strain FVB/NJ.CAST/Ei(N7). The use of this mating and of its reciprocal al-
lowed for allele-specific analysis of expression. The wild-type allele (�) was
derived from strain CS, while the mutant allele (�) was derived from strain
129SI/ImJ (129). Hereafter, heterozygous fetuses maternally and paternally in-
heriting the mutation are designated �(M)/� and �/�(P), respectively.

Gene expression. Transcription levels of Rxr� and Er� were assessed by RT-
PCR (36). RNA was prepared from 200,000 purified germ cells or somatic cells
of 15.5-dpc female or male gonads with the RNeasy-Micro kit (Qiagen). RT was
done on total RNA equivalent to that of 30,000 cells. The subsequent PCR was
divided into equal aliquots, and the aliquots were subjected to increasing num-
bers of PCR cycles in the linear range of amplification as indicated (see Fig. 7).
Oligonucleotides were Er�U (5�-TTCCTCCTATGTAGAGAGCCGTCACG-
3�), Er�L (5�-CCCTCTTGGCGCTTGGACTAGTAA-3�), Rxr�U (5�-TCCAAC
GGGTCGAGGCTCCA-3�), and Rxr�L (5�-AGGAACCTTGAGGACGCCAT
TGAG-3�).

Allele-specific expression was determined using RT-PCR single-nucleotide
primer extension assays as previously described (36, 39). Each assay relies on a
single known sequence difference between allelic RNAs. Each sample represents
an individual embryo.

RESULTS

In vivo footprints at the H19-Igf2 ICR. In vivo genomic
footprinting by LMPCR was performed to analyze the chro-
matin structure of the Igf2 and H19 ICR in mouse PEFs that
carry only maternally or paternally inherited copies of the
distal chromosome 7 region on which these genes reside—
MatDup.d7 or PatDup.d7 fibroblasts, respectively. In
MatDup.d7 fibroblasts, on each of the two distal chromosome
7 regions Igf2 is silent whereas H19 is active; in PatDup.d7
embryos, the opposite is true (22). The modification of DNA
by DNase I, DMS, or UV light is sensitive to bound protein,
and areas of protein-DNA interaction appear as footprints
(protection or enhancements) in LMPCR genomic sequencing
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ladders. LMPCR analysis of naked DNA from PEFs treated
with these reagents in vitro served as a control.

Using these in vivo treatments previously, we revealed the
occupation of the four CTCF binding sites on the maternally
derived chromosomes (34). In the present LMPCR experi-
ments we obtained evidence for additional protein binding
next to all four CTCF sites on maternally derived ICR se-
quences. Following DNase I treatment, MatDup.d7 PEFs dis-
played a prominent DNase I-protected area spanning about 70
bp and located about 45 bp 3� to the CTCF site most distal
relative to the H19 promoter (Fig. 1). By contrast, PatDup.d7
PEFs did not show areas of such strong protection. Instead,
they displayed periodically spaced strong DNase I hyperreac-
tive sites in the same region indicative of nucleosomes that
occupy preferred rotational positions. Following DMS treat-
ment, MatDup.d7 PEFs displayed a G residue of lower relative
intensity within the DNase I-protected area (Fig. 1; compare
lanes 7 and 8) whereas no footprints were observed for
PatDup.d7 PEFs (compare lanes 9 and 10). DMS treatment

also indicated the presence of a string of protected G residues
between the FP1 and CTCF footprints (Fig. 1, lanes 7 and 8).
Following treatment with UV light, MatDup.d7 PEFs showed
a number of C and T bands of a much higher or lower relative
intensity level within the FP1 footprint area (for 6-4 photo-
products, compare lanes 11 and 12; for cyclobutane pyrimidine
dimers, compare lanes 15 and 16).

We detected an additional area of strong DNase I protec-
tion—FP4. Figure 2 shows the upper and lower stands of this
area analyzed by DNase I, DMS, and UV photofootprinting.
DNase I protection over an area of 110 bp was observed on
both strands on the maternally derived chromosomes. By con-
trast, paternal chromosomes displayed periodically spaced

FIG. 1. In vivo genomic footprinting of CTCF site 1 and surround-
ing sequences in the H19-Igf2 ICR. Fibroblasts from 13.5-dpc
Matdupd7 (Mat) and Patdupd7 (Pat) embryos were treated with the
footprinting agent DNase I or DMS or with 254-nm-wavelength UV
light. The DMS-modified DNA bases were converted into strand
breaks with the AlkA DNA glycosylase. The UV-induced DNA mod-
ifications were converted into strand breaks by heating in 1 M piper-
idine at 95°C to reveal 6-4 photoproducts (UV 6-4) or by using T4
endonuclease V to reveal cyclobutane pyrimidine dimers (UV dimer).
The positions of the resulting strand breaks in the H19-Igf2 ICR were
mapped by LMPCR. For controls, DNAs from maternal or paternal
duplication fibroblasts were treated with the same agents in vitro and
the in vitro patterns (t) were compared with the in vivo patterns (v).
The AG and C lanes show position markers obtained by chemical
DNA sequencing. The DNase I in vivo footprints produced by binding
of CTCF (site 1) and the adjacent footprint (FP1) on the maternal
chromosomes are indicated by boxes. The alternating DNase I hypo-
reactivity and hyperreactivity (horizontal arrows) are characteristic of
positioned nucleosomes on the paternal allele. Sites that are hyperre-
active in vivo on the maternal chromosomes for DMS treatment, UV
6-4 photoproducts, and UV dimers are indicated by closed squares,
circles, and triangles, respectively. Open symbols mark nucleotide po-
sitions that are hyporeactive in vivo. Each CpG site at which the
formation of a 6-4 photoproduct is inhibited by CpG methylation on
the paternal chromosomes is indicated by an M.

FIG. 2. In vivo genomic footprinting of sequences in the H19-Igf2
ICR. (A) Upper strand; (B) lower strand. The footprinted area des-
ignated FP4 is adjacent to a degenerate CTCF site which does not bind
CTCF. The gray boxes indicate the positions of the areas that show in
vivo footprints on the maternal chromosomes. Arrows next to the
DNase I lane derived from the paternal chromosome point to in vivo
periodic DNase I hyperreactive sites, suggesting the existence of po-
sitioned nucleosomes. The symbols indicate in vitro versus in vivo
reactivity differences on the maternally derived chromosomes and are
the same as those described for Fig. 1.
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DNase I hyperreactive sites. On the upper strand there was a
strong periodicity of 10 to 11 bp, suggesting the presence of
rotationally positioned nucleosomes. The DMS and UV foot-
printing data showed several hyperreactive and hyporeactive
nucleotides within the DNase I-protected area on the maternal
chromosome only, supporting the notion that the maternal
sequences are associated with a sequence-specific DNA bind-
ing protein.

Using the technologies described for Fig. 1 and 2, we found
three additional in vivo footprints in the 2.4-kb ICR. Strikingly,
FP1, FP2, FP3, and FP5 were all localized 30 to 45 bp 3� to
each in vivo CTCF binding site. FP4 was located in the prox-
imity of another, degenerated CTCF site that no longer can
bind CTCF (8). The ICR therefore consists of a five-unit re-
peat structure. The arrangement of all identified in vivo foot-
prints along the 2.4-kb ICR sequence is shown in Fig. 3.

In vitro binding assays. We next analyzed the sequences
showing the novel in vivo footprints adjacent to CTCF binding
sites to identify putative transcription factor binding elements.
Each of the footprinted areas contained at least two NHR half
sites (most commonly GGGTCA or GGTTCA). The identity
of these sequences is shown in Fig. 3. To characterize the
protein complexes interacting with these sequences, we carried
out gel mobility shift experiments using the FP1 footprinted
sequence as the labeled probe and nuclear extracts from wild-
type PEFs. A single mobility shift band was specifically de-
tected on the FP1 sequence (Fig. 4B). This complex was com-
peted by an excess of wild-type oligonucleotide but not by an
FP1 oligonucleotide in which the GGGTCA sequences had
been mutated to either GGATCC or AGCTCA (Fig. 4A). The
FP1 gel shift band was also competed by different oligonucle-
otides containing recognition sites for thyroid hormone recep-
tor (TR), retinoic acid X receptor (RXR), retinoic acid recep-
tor (RAR), or estrogen receptor (ER). Mutant forms of these
NHR-binding sites did not compete or competed inefficiently
(Fig. 4B). To clarify the identity of the gel shift complexes
binding at the FP1 sequence, antibodies directed against TR
alpha (TR�) and TR�, RXR alpha (RXR�), RXR�, and
RXR	, RAR alpha (RAR�), RAR�, and RAR	, and ER

alpha (ER�) and ER� were used in gel mobility supershift
assays. Antibodies directed against RXR� and ER� produced
clear supershifts. An antibody against RXR� reduced the in-
tensity of the FP1 gel shift band but did not produce a super-
shift. Antibodies directed against other NHR proteins did not
produce significant supershifts and did not eliminate the FP1
band (Fig. 4C). We found that the same antibodies, RXR� and
ER�, supershifted the FP5 oligonucleotide (Fig. 4D).

We attempted to carry out chromatin immunoprecipitation
analysis of the ICR sequences in embryo fibroblasts. This ap-
proach was not successful due to the limited affinity of the
RXR� and ER� antibodies available to us. To strengthen the
connection of RXR� binding to the ICR hexad sites, we ex-
amined in vitro binding of FP1 oligonucleotide with PEF ex-
tract lacking RXR�. Rxr��/� (33) PEF extract did not produce
a gel shift at the FP1 sequence (Fig. 4E).

We then established the relationship between FP1-interact-
ing proteins and the proteins binding at sites FP2 to FP5. Gel
shift competition assays were conducted (Fig. 5). When the
FP1 sequence was used as a probe, sequences from FP2, FP3,
FP4, and FP5 all competed with the complexes forming on the
FP1 oligonucleotide. Their respective mutants, in which the
NHR half sites had been altered, did not compete or were
much-less-efficient competitors. Similarly, when the FP5 se-
quence was used as a labeled probe sequences from FP1, FP2,
FP3, and FP4 all competed efficiently with the complexes form-
ing on the FP5 oligonucleotide. Mutants in which the NHR
half sites had been altered did not compete or were much-less-
efficient competitors (Fig. 5).

Binding of NHR complexes is insensitive to CpG methyl-
ation. The binding of CTCF to its recognition sequences has
been shown to be dependent on the unmethylated state of the
target site (3, 8, 11, 34). We have used nuclear extracts from
mouse embryo fibroblasts to verify the methylation depen-
dence of CTCF binding (Fig. 6). It was of interest to determine
whether the NHR complexes binding at the FP1 to FP5 se-
quences are also sensitive to CpG methylation. The FP2-to-
FP5 oligonucleotide sequences were methylated at all CpG
sites when SssI DNA methylase was used. FP1 did not contain

FIG. 3. Schematic representation of the location of in vivo footprints across the 2.4-kb H19-Igf2 ICR sequence. In vivo footprints identified by
LMPCR analysis of the ICR sequence are indicated by boxes. Black boxes mark the location of the four in vivo CTCF footprints (34). Gray-shaded
boxes indicate the positions of the newly identified NHR-like footprints (FP1, FP2, FP3, FP4, and FP5) found 30 to 45 bases 3� to each CTCF
footprint. The open box next to FP4 delineates the position of a degenerate CTCF site. NHR half sites found within the DNase I footprinted areas
are shown below each respective footprint. PuGGTCA or PuGTTCA sites are shown with black characters; less-stringent half binding sites are
shown in light-grey characters. Vertical lines mark the positions of CpG dinucleotides along the ICR.
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a CpG sequence and was not used in these assays. The data
(Fig. 6) clearly show that binding of the NHR complexes,
unlike CTCF binding, is not sensitive to CpG methylation.

Binding assays using germ cell extracts. Genomic footprint-
ing strongly suggested maternal allele-specific binding of both
CTCF (34) and NHR complexes (Fig. 1 to 3) in somatic cells.
However, genomic imprints are set in the germ line; thus, it
becomes important to characterize protein binding at the ICR
sequences in this lineage. We were particularly interested in
determining whether there are differences between male and
female germ cells in NHR complexes binding to ICR se-
quences. In the female germ line, the ICR sequences remain
unmethylated; it is conceivable that de novo methylation of the
ICR is prevented by bound protein complexes. Conversely, the
ICR undergoes de novo methylation in the male germ line in
germ cells from 14.5 to 18.5 dpc (6, 44), and this process could
be facilitated by protein factors binding to the ICR in the male
germ line. CTCF or other proteins that specifically bind to
CTCF consensus sequences do not qualify for either of these
activities, since the ICR still remains unmethylated in the ma-
ternal germ line and becomes methylated in the paternal germ
line of mice in which all four CTCF sites have been dramati-
cally mutated (39a).

Genomic footprint or chromatin immunoprecipitation anal-
ysis is not possible or is technically challenging in germ cells
due to the limited material that can be obtained. However, in
vitro binding assays with nuclear extracts are feasible. We have
developed a transgenic mouse line expressing the EGFP re-
porter gene under control of the germ cell-specific Pou5f1
promoter which allows for purification of germ cells by cell
sorting (35) (Fig. 7). Using flow cytometry, we isolated germ
cells from 15.5- and 18.5-dpc embryos. Also, spermatogonia
were purified from newborns and pachytene spermatocytes
were purified from adult testes. The latter were sorted by flow
cytometry on the basis of physical characteristics (19). We
performed semiquantitative RT-PCR to assess the relative lev-
els of abundance of Er� and Rxr� transcripts in male and
female germ cells. We found that both NHRs were expressed
at much higher levels in male than in female germ cells of
15.5-dpc embryos (Fig. 7B). A protein complex binding to the

FIG. 4. Gel mobility shift assays to identify protein binding at the in
vivo footprinted sequences. (A) Schematic representation of NHR half
sites within the FP1 sequence. The base changes in the FP1 mutant
(FP1m) sequence are shown. (B) The FP1 footprint sequence was used
as the labeled probe. As competitors, FP1, mutant (m) FP1, or oligo-
nucleotides containing NHR consensus binding sites as well as their
mutant forms were used. The FP1 gel shift band was competed by
NHR oligonucleotides but not by their consensus site mutant forms.
(C) Antibody supershift assays to identify components of the FP1
complex. Antibodies directed against TR�, TR�, RXR�, RXR�,
RXR	, RAR�, RAR�, RAR	, ER�, and ER� were used in gel mo-
bility shift assays. Antibodies against RXR� and ER� produced su-
pershift bands. (D) Antibody supershift assays to identify components
of the FP5 complex. The FP5 oligonucleotide was used as the labeled
probe. Antibodies against RXR� and ER� produced supershifted
bands. (E) Rxr��/� mice lack gel shift at the FP1 sequence. The FP1
oligonucleotide was used as probe and was incubated with either nor-
mal or Rxr��/� PEF extracts. FP1 and FP1m competitors or antibodies
against RXR� and ER� were included with both extracts but are
shown only for normal PEF. wt, wild type.
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FP4 sequence was present in male, but not female, germ cells
at 15.5 dpc (Fig. 7C). A complex having a level of mobility
identical to that seen in PEFs was detected at FP1 sequences
in male germ cells, i.e., in 15.5- and 18.5-dpc germ cells and
spermatogonia (Fig. 7D). This complex was supershifted with
antibodies against ER� and RXR� (Fig. 7D). The specific gel
shift was not present in pachytene spermatocytes, which rep-
resent a stage past the time when methylation imprints are
established for the ICR. More importantly, however, this com-
plex was completely absent in 15.5- and 18.5-dpc female germ
cells (Fig. 7D). These data are consistent with the possibility
that the NHR complexes play a specific role in the male germ
line. Their presence in male germ cells at the stage at which de
novo methylation of the ICR occurs is consistent with the
possibility that these complexes facilitate methylation of the
ICR in male germ cells.

The NHR binding sites in the H19-Igf2 ICR are conserved.
The biological significance of the hormone receptor binding
sites in the ICR would be strengthened if these sites were
conserved in different mammalian species. We have aligned

the ICR sequences obtained from humans, mice, rats, and
sheep. The alignments show the conservation of the CTCF
sites (Fig. 8A) and also the NHR binding sites in all four
species. NHR hexad sites are much less abundant in the body
of the H19 gene, and their numbers are not biased towards the
upper strand (Fig. 8B). NHR sites are less abundant on the
chicken �-globin insulator and are located at a great distance
from the CTCF site (Fig. 8C). Conservation of abundance of
NHR sites in the ICR and their strand bias and proximity to
CTCF binding sites in different species are consistent with
these binding sites and their associated NHR complexes having
functional significance.

Functional analysis of the NHR footprints by gene targeting.
We deleted FP1 and FP4 by homologous recombination in
mice. Gene targeting was done as described before (39). On
paternal or maternal inheritance, the mutant ICR had no effect
on the normal allele-specific expression pattern of Igf2 and
H19. Both genes were expressed monoallelically in the liver
and kidney of 17.5-dpc �/�(P) and �(M)/� fetuses (Fig. 9).
Thus, the mutant ICR, lacking protein binding at FP1 and FP4,
successfully substituted for the insulator and imprinting func-
tions of the normal ICR. This result is consistent with the
possibility that the nuclear hormone binding sites in the ICR
act redundantly, and inactivation of all the five footprints may
be necessary to reveal their function in somatic cells and in the
germ line.

DISCUSSION

The mechanistic basis for the phenomenon of parental im-
printing has remained unclear. Many imprinted gene clusters
contain one or more differentially methylated regions. In some
cases, these DMRs are directly associated with a CpG island
spanning the promoter of an imprinted gene. However, the
DMRs are often located at a distance from the promoter. For
Igf2 and H19, the best-studied pair of imprinted genes, the
DMR is 80 kb distant from the Igf2 promoter and yet methyl-
ation of the ICR determines whether Igf2 is expressed or not.

FIG. 5. Gel mobility shift assays to characterize protein binding at
the in vivo footprinted sequences. (A) Protein binding to the labeled
FP1 sequence through the use of nuclear extracts from mouse embryo
fibroblasts. Specificity was demonstrated by competition with the wild-
type and mutant FP1 sequences. Excess unlabeled oligonucleotides
representing the FP2, FP3, FP4, and FP5 sequences as well as their
mutant forms were used in competition assays. The FP1 complexes
were competed by all other FP oligonucleotides but less efficiently by
their mutant forms. (B) The FP5 sequence was used as the labeled
probe. The FP5-DNA protein complex was inhibited by unlabeled
FP1, FP2, FP3, and FP4 sequences but not by their mutant forms. �,
no competitor.

FIG. 6. Binding of NHR complexes at the ICR is independent of
CpG methylation. The FP2, FP3, FP4, and FP5 oligonucleotides were
methylated at all CpG sites through the use of SssI DNA methylase.
FP1 does not contain a CpG site. The methylated and mock-methyl-
ated oligonucleotides were used in gel mobility shift assays with nu-
clear extracts from embryo fibroblasts. Binding was independent of
CpG methylation. As a control, an oligonucleotide containing CTCF
site 2 was methylated. Binding of CTCF was completely inhibited by
CpG methylation.
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For the H19-Igf2 ICR, it has been demonstrated that the Igf2
promoter is regulated by an insulator function residing in the
ICR. This chromatin insulation function, which shields the Igf2
promoter from an enhancer located 3� to the H19 gene, is
carried out by the zinc finger protein CTCF (3, 4, 8, 11, 32, 34).
Despite the clear role that CTCF plays in chromatin insulation
at the H19-Igf2 ICR and its role in protecting the ICR from
methylation in somatic cells (27), it has remained unclear what
function of the ICR is responsible for the differential methyl-
ation set up in the germ line. The ICR still remains unmeth-
ylated in the female germ line in which all four CTCF sites
have been drastically mutated, and this mutant ICR becomes
methylated de novo in the male germ line (39a). In addition,
when the ICR sequence was replaced with the chicken �-glo-
bin insulator (39), these sequences did not undergo de novo
methylation in the male germ line. Again, this indicates that
CTCF is not involved in the de novo methylation process and
that the chicken insulator does not carry sequences signaling
de novo methylation in the germ line.

In this study, we identified five NHR binding sites at 30 to 50
bp adjacent to each CTCF site and one such site adjacent to a
degenerate CTCF site. These binding sites do not conform to
standard NHR binding sites in which two half sites are sepa-
rated by one to eight nucleotides. Rather, the GGGTCA and
GGTTCA hexad sites are scattered through larger areas.
Nonetheless, these sites are functional in protein binding in
vivo and interact specifically with complexes containing RXR�
and ER� in vitro. It has been shown that widely spaced half-
palindromic ER sites can function synergistically (13), and
widely spaced, directly repeated PuGGTCA elements were
shown to act as promiscuous response elements for different
NHRs (12). Both hormone receptors are able to form het-
erodimers with other receptors. Heterodimer formation be-
tween RXR� and ER� is not unprecedented. A ligand-inde-
pendent direct interaction between RXR� and ER� has been
demonstrated by the yeast two-hybrid test and glutathione
S-transferase pulldown assays (31).

An association between CTCF and NHR sites has been
observed before. CTCF binding sites are often flanked at a
distance of 10 to 13 bp by thyroid hormone response elements
(TRE), for example, at the chicken lysozyme upstream silencer
and the human c-myc gene, and these CTCF-hormone re-
sponse element composite elements are regulated by thyroid
hormone (1, 18). The spacing of hexad binding sites in the

FIG. 7. Protein binding at the FP sequences in germ cell extracts.
(A) Germ cells from male (�) and female (�) 15.5-dpc fetuses were
obtained by flow sorting of EGFP-expressing germ cells. The populations
shown higher in the graphs are comprised of germ cells, while the lower
populations are comprised of gonadal somatic cells. SSC, side scatter.

(B) Assessment by semiquantitative RT-PCR of relative Rxr� and Er�
transcript levels in germ cells. RNA prepared from equal numbers of
purified germ cells (GC) or somatic cells (som) of 15.5-dpc female or
male gonads was subjected to RT. Aliquots of the PCR were subjected
to increasing number of cycles in the linear amplification range. A
representative experiment is shown. (C) Male germ cell-specific com-
plex at the FP4 sequence. (D) Protein-DNA complexes of identical
levels of mobility are present in nuclear extracts from PEF and in
extracts from 15.5-dpc male germ cells. Female germ cells from the
same stage of development do not contain this DNA binding activity.
The complex is also present in 18.5-dpc male germ cells and in sper-
matogonia (SG) but not in pachytene spermatocytes (PS). Arrowheads
point to the specific gel shifts. Antibody supershift assays indicate the
presence of RXR� and ER� in the complex in male germ cells (indi-
cated by asterisks).
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H19-Igf2 ICR is very different from the spacing of the typical
TR binding sites found in the lysozyme and c-myc genes, and
we did not identify TR as a component of the complexes
binding to these sites in PEFs or germ cells. Instead, EMSAs
suggest that RXR� and ER� may be components of the ICR
complexes. These NHR footprints are in close proximity to
CTCF sites; therefore, these complexes might modulate the
efficiency of the insulator in the maternally transmitted chro-
mosome in somatic cells in a tissue-specific manner.

We found in vivo protein binding to these sequences in PEFs
exclusively in the maternal chromosome (Fig. 1 and 2). NHRs
can have activating or repressing transcriptional activity de-
pending on association with their ligand and with coactivators
or corepressors (47). Maternal allele-specific binding of RXR�
and ER� and their coactivators might support CTCF in keep-
ing the maternal chromosome unmethylated in somatic cells.
In vitro binding to these sequences does not depend on meth-

ylation (Fig. 6); therefore, the paternal chromosome most
likely has a higher-order chromatin structure that is not acces-
sible to NHR binding. Alternatively, an unidentified protein
complex much less abundant in cell extracts than the NHRs
may bind to the ICR sequences in vivo in a methylation-
sensitive fashion.

Intriguingly, Rxr� and Er� transcripts were much more
abundant in male than in female germ cells and their protein
complexes were present in male, but not female, germ cells at
a stage at which de novo methylation of the male-germ-line
ICR sequences occurs (Fig. 7). This temporal and parent-of-
origin-specific correlation is consistent with the possibility that
the NHR complexes are involved in de novo methylation. Due
to the absence of the NHR complexes in female germ cells at
the same stage of development, this de novo methylation
would not occur on maternal chromosomes. Since some core-
pressor complexes are associated with histone deacetylase or

FIG. 8. H19-Igf2 ICR hexad nuclear receptor binding sites in different species. (A) Mouse, rat, human, and sheep ICR sequences were analyzed
for the presence of G/AGG/TTCA sites (arrows) on top and bottom strands. Note the higher frequency of sites in the upper strand. CTCF sites
are indicated with black boxes. (B) As a control sequence, the mH19 gene was analyzed from kb �2 to �4.4. (C) Occurrence of G/AGG/TTCA
sequences in the 1.2-kb chicken �-globin insulator. Numbers indicate locations of the analyzed sequences relative to the transcriptional start site
in kilobases.
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histone methylase activities (5, 17, 47), it is possible that his-
tone modification at the ICR induces de novo DNA methyl-
ation, although more direct connections between NHRs and
the DNA methylation machinery could be imagined (7). Inter-
estingly, ER� was shown to bind N-CoR in the presence of
estrogen agonists in vivo and in vitro (45).

Prior to the identification of all five in vivo FP sequences, we
generated a mouse line from which the entire FP1 and FP4
sequences, including six NHR hexad binding sites, were de-
leted by gene targeting. In these mice, imprinting of Igf2 and
H19 loci was correctly maintained (Fig. 9). Due to the exis-
tence of a multitude of such binding sites (no fewer than 15),
however, this initial result could be explained by functional
redundancy of the hexad binding sites. We are therefore cur-
rently producing a mouse line in which all 15 hexad sites in FP1
to FP5 are mutated. In addition, to shed light on a general role
of NHR binding in imprinting we are examining the methyl-
ation status of germ cells in Rxr��/�fetuses, which die at ap-
proximately 15.5 dpc (33).
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