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ABSTRACT

Genomic imprinting at the mouse Igf2/H19 locus
is controlled by the H19 ICR, within which paternal
allele-specific DNA methylation originating in sperm
is maintained throughout development in offspring.
We previously found that a 2.9 kb transgenic H19ICR
fragment in mice can be methylated de novo after
fertilization only when paternally inherited, despite
its unmethylated state in sperm. When the 118 bp
sequence responsible for this methylation in trans-
genic mice was deleted from the endogenous H719
ICR, the methylation level of its paternal allele was
significantly reduced after fertilization, suggesting
the activity involving this 118 bp sequence is re-
quired for methylation maintenance at the endoge-
nous locus. Here, we determined protein binding to
the 118 bp sequence using an in vitro binding assay
and inferred the binding motif to be RCTG by using a
series of mutant competitors. Furthermore, we gen-
erated H19 ICR transgenic mice with a 5-bp substi-
tution mutation that disrupts the RCTG motifs within
the 118 bp sequence, and observed loss of methy-
lation from the paternally inherited transgene. These
results indicate that imprinted methylation of the H19
ICR established de novo during the post-fertilization
period involves binding of specific factors to distinct
sequence motifs within the 118 bp sequence.
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INTRODUCTION

Genomic imprinting is an epigenetic phenomenon in mam-
mals, in which a subset of genes is expressed from only
one of two alleles, depending on parental origin. Since the
first imprinted genes were discovered in mice (1-3), approx-
imately 150 genes have been identified. Of these 150, many
are conserved among mammalian species and essential for
both fetal and placental growth and for development (4,5).
Their misexpression can therefore cause epigenetic disor-
ders in mammals, including humans. Hence, a complete un-
derstanding of the molecular mechanisms underlying this
mono-allelic gene expression mechanism is crucial (6).
Imprinted gene expression is regulated by chemical mod-
ifications of chromatin. The best known modification is
DNA methylation. In many cases, imprinted genes cluster
to form imprinted loci that are frequently accompanied by
a cis-regulatory sequence called the Imprinting Control Re-
gion (ICR) (6,7). The ICR is subject to allele-specific DNA
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methylation to regulate imprinting throughout the locus.
Since such imprinted methylation is acquired in the oocyte
or sperm, the ICRs are also called germline differentially
methylated regions (gDMRs). In the canonical form of im-
printing that is regulated by DNA methylation, most ICRs
are methylated in the oocyte and coincide with the promoter
CpG islands of the imprinted genes. In contrast, three ICRs,
including the H/9 ICR at the Igf2/H19 locus, are DNA-
methylated in sperm, at the intergenic region (8.9).

A non-canonical imprinting mechanism was recently re-
ported. Genomic loci that undergo this type of imprint-
ing show parental bias in gene expression after fertilization
even though they do not show DNA methylation bias in the
germline. Moreover, histone modification by H3K27me3
in the oocyte is reportedly the underlying mechanism (10).
Gene expression from the allele of maternal origin carry-
ing this modification is suppressed in the pre-implantation
embryo. While this modification is gradually lost in the
embryo, it is converted to DNA methylation modification
in the placenta to ensure genomic imprinting thereafter
(11,12).

The HI19 ICR of the Igf2/HI19 gene locus has been shown
to undergo canonical imprinting. The H7/9 ICR DNA is
methylated in sperm. After fertilization, only the paternal
allele remains methylated throughout development (13-16).
Allele-specific methylation of the H/9 ICR regulates mono-
allelic gene expression of both Igf2 and HI9 through mul-
tiple mechanisms. Transcription factor CTCF (CCCTC-
Binding Factor) binds to the unmethylated H/9 ICR on
the maternally inherited allele to form an insulator that
blocks Igf2 gene activation by the 3’ enhancer shared by
both genes (17-20). Unmethylated H79 ICR is also respon-
sible for full activation of H/9 gene in a direction-dependent
manner (21). On the other hand, CTCF cannot bind to the
methylated H79 ICR in the paternal allele, so the insulator
does not form and /gf2 expression is fully activated. At the
same time, the methylated H/9 ICR induces methylation of
the downstream H19 promoter and represses its expression
(21-23).

In order to elucidate the mechanism underlying im-
printed DNA methylation of the H/9 ICR, we previously
tested the activity of the 2.9 kb H7/9 ICR sequence in vivo
(24). We inserted this DNA fragment at the human B-
globin gene locus, which normally does not undergo ge-
nomic imprinting, on a yeast artificial chromosome (YAC).
We generated transgenic mice (TgM) using this construct
and found that in somatic cells, the transgenic H/9 ICR
sequence was DNA-methylated only when paternally in-
herited, indicating that the H/9 ICR has intrinsic activ-
ity for establishing imprinted DNA methylation. Surpris-
ingly, however, the H/9 ICR transgene was unmethylated in
sperm. Instead, this transgene acquired DNA methylation
in the early embryo after fertilization in a paternal-allele
specific manner (25). In other words, the H/9 ICR trans-
gene should have inherited epigenetic modification bias,
other than DNA methylation, from the germlines. Based on
this bias, the alleles must be distinguished immediately af-
ter fertilization and de novo DNA-methylated in a paternal
allele-specific manner. This result also suggests that the H19
ICR, which is widely believed to undergo canonical imprint-
ing, may also possess characteristics similar to those of se-
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quences that undergo non-canonical imprinting. However,
unlike the non-canonical imprinting example described ear-
lier, the germline-derived epigenetic signature is apparently
converted to DNA methylation during the pre-implantation
period at the transgenic H/9 ICR (25).

We next investigated cis-regulatory sequences involved
in post-fertilization imprinted methylation of the H/9 ICR
(25-27). We found that a 118 bp sequence at the 5" end of
the 2.9 kb HI19 ICR is required for imprinting of trans-
genic H19 ICR (28). While deleting the same sequence from
the endogenous H79 ICR did not affect its DNA methyla-
tion level in sperm, it reduced the DNA methylation level
of the paternally inherited H/9 ICR immediately after fer-
tilization and caused loss of imprinted expression of both
Igf2 and H19 in embryos (25,27). Thus, in pre-implantation
embryos, the 118 bp sequence may function in distinguish-
ing the H19 ICR from other genomic sequences and recog-
nizing its parental origin, to introduce allele-specific DNA
methylation, thereby protecting the sequence against non-
allele specific demethylation activity. Recently, a subset of
mouse genomic sites in the promoter region of the pater-
nal allele was found to acquire DNA methylation in pre-
implantation embryos, suggesting that allele-specific, post-
fertilization methylation is not restricted to imprinted gene
loci (29). Subsequently, we demonstrated that the 118 bp se-
quence is sufficient to confer paternal allele-specific DNA
methylation to a lambda phage DNA-based artificial se-
quence during the post-fertilization period (28).

Within the 118 bp sequence, a cis-regulatory DNA mo-
tif or motifs are quite likely recognized by a specific trans-
acting factor(s) that functions in either discriminating be-
tween the alleles, recruiting DNA methyltransferase, or
both. The trans-acting factors Zfp57 and Zfp445 are report-
edly involved in maintaining paternal allele-specific DNA
methylation of the H/9 ICR as well as other ICRs. Zfp57
and Zfp445 are thought to bind to consensus recognition
sequences within the ICRs (TGCCGC; six such sites are
present in the mouse H/9 ICR) and recruit Trim28 (Kapl)
and DNA methyltransferases (30-32). Although CpG mo-
tifs in the recognition sequence must be methylated for these
factors to bind, neither consensus binding sequences nor
CpG motifs are present within the 118 bp sequence (28).
Moreover, the binding of such factors was not observed in
our in vitro binding assay (27). Therefore, we predict that
another regulatory factor(s) operates within the 118 bp se-
quence of the H/9 ICR and induces DNA methylation.

In the work described here, we sought to investigate the
molecular mechanisms of DNA methylation that involve
the 118 bp sequence. We searched for protein-binding se-
quence motifs using in vitro binding assays and identified
five RCTG motifs as candidate binding sites for regulatory
protein(s). In addition, we found that TR2/4 proteins bind
direct repeat (DR) sequences present at the 3’ end of the 118
bp sequence. We proceeded to generate two kinds of mutant
HI9 ICR (2.9 kb) fragments by introducing either a five-
nucleotide substitution (AS5) or a 38 bp deletion (LCb8&0) to
disrupt the five RCTG motifs and the DR sequence within
the 118 bp sequence, respectively. We used the mutant con-
structs to generate TgM. We found that imprinted DNA
methylation was no longer established after fertilization in
A5 TgM, while it was partially impaired on the paternally
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inherited allele in LCb80 TgM. These results indicate that
specific cis sequences and their binding factors are involved
in post-fertilization imprinted methylation of the H79 ICR.

MATERIALS AND METHODS

Cell culture, protein ablation by small interfering (si) RNAs,
and western blot analysis

P19 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, 08456-36; nacalai tesque) containing
10% fetal bovine serum (FBS) and penicillin-streptomycin.

The siRNA duplexes (ON-TARGETp/us SMART pools)
were purchased from Horizon Discovery and transfected
into P19 cells using Lipofectamine RNAIMAX (Invitro-
gen). The sequences of the siRNA pools were as follows:
non-targeting pool, UGGUUUACAUGUCGACUAA,
UGGUUUACAUGUUGUGUGA, UGGUUUACAU-
GUUUUCUGA, and UGGUUUACAUGUUUUCCUA;
mouse Nr2cl (TR2) siRNA pool, GGUGCAGAGCU-
UACGCAAU, GGAUCCAAAGACUGCGUUA,
CCGGAAAGGAGGAAGUCGU, and UCAAUAAG-
CACCACCGAAA; mouse Nr2c2 (TR4) siRNA pool,
GAUCCUGGCUUCUCCGGAA, AUUUGACACCU-
UAGCGAAA, GAGAAGAUCUAUAUCCGGA, and
CUGUACAGAGUGAACGGAA.

Nuclear extracts were separated by 10% SDS-PAGE.
Separated proteins were transferred to a polyvinylidene di-
fluoride membrane (Millipore) and blotted with antibodies
against TR2 (M-85; cat. no. sc-9087; Santa Cruz Biotech-
nology), TR4 (M-76; cat. no. sc-9086; Santa Cruz Biotech-
nology), and PCNA (cat. no. 610665, BD Transduction
Laboratories).

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared from mouse P19 cells, ES
cells, or mouse testes of adult males by using Nuclear Ex-
tract Kit (Active Motif) according to the manufacturer’s in-
structions. Testes were homogenized in the ice-cold sucrose
buffer [0.25 M sucrose, | mM EDTA, 3 mM imidazole,
0.1% (v/v) ethanol and Protease Inhibitor Cocktail (nacalai
tesque), pH 7.2] and cells were pelleted by centrifugation
(700g, 10 min, 4°C) and subjected to nuclear extraction. Nu-
clear extracts (7 pg, unless otherwise stated) were preincu-
bated in the reaction mixture [PBS with 5 mM MgCl,, 0.1
mM ZnSOy4, ] mM DTT, 0.1% NP40, 10% glycerol and 1 pg
of poly(dI-dC)] for 10 min at RT, with or without 20-200-
fold molar excess of a specific double-stranded competitor
DNA. For super-shift assays, 1 pg of above mentioned anti-
bodies specific for either TR2 or TR4 (Santa Cruz Biotech-
nology) was included in the reaction mixture. Radiolabeled
DNA probe (15000 cpm) was added and the incubation was
continued for 25 min at RT. The incubation mixture was
loaded on a 3.5 or 4% non-denaturing polyacrylamide gel
in 0.5x TBE buffer, and electrophoresed at 4°C. The gels
were dried and exposed to X-ray film. Probe and competi-
tor sequences are indicated in the figures.

Generation of genetically modified mice

Preparation of the LCb 80 fragment.
fragments were PCR-generated using

Two DNA
either the

murine H/9 ICR DNA as a template and a
set of primers: 5del fr-3A8G + B + X, 5-
GGATCTAGAGATCTGGATCCAAGCTTTC
CTGCTCACTG-3  (Xbal, Bglll, BamHI and
HindIIl sites underlined) and ICRcore-80-3A, 5'-
CTGAATTCTGGTCACAGCACTGCTATGT-%
(EcoRI), or the A DNA as a template and a set of
primers: Lambda-5S2, 5-CTGAATTCtcgagcttaatattctat-
3’ (EcoRI; N sequences in lower case letters) and LSS, 5'-
TATTCTCGAGACGCGTTTTGCTGCCACCACGCGG
CAACtaggtgttttaactegtg-3' (Xhol, MIul and CTCF bind-
ing sites are underlined; \ sequences in lower case letters).
Resultant fragments were digested with Bg/lI/EcoRI and
EcoR1/Mlul, respectively, linked together at their EcoRI
ends to generate 5'-end of the LCb80 fragment. Preparation
of A+CTCF + b (LCb) sequence was described elsewhere
(33). The LCb fragment, released by BamHI digestion was
blunt-ended and ligated with Bg/II linker (p CAGATCTG).
3’ segment of this fragment, carrying CTCF sites 2 to 4,
was recovered by Mlul/Bglll digestion and ligated with
the 5-end of the LCb80 fragment (Bg/II-Mlul fragments,
described above) at their MIul ends. The LCb80 fragment
was released by Bg/II digestion.

Preparation of the HI19 ICR A5 fragment. In or-
der to introduce five point-mutations (AS5) into the
HI9 ICR sequences, mutant fragment was PCR-
generated by using following set of primers: A5-5S, 5'-
TTTAGCCTGACCAAGGAAGCTTTCCTGCTCA4TG
TCCATTCAATGCAfTCAAAAGTGaTGTGACTATA
CAGGAGGAACATAGCATGaTGTGACCATAC-

3" (EcoNI site is underlined and mutated nu-
cleotides are bold-italicized) and ORI-5S81, 5'-
TACCAGCCTAGAAAATGCATGTGT-3". After
EcoNI1/Bsu36l digestion, the fragment was replaced
with the corresponding portion of the H/9 ICR [nu-
cleotides 1175-1727 (AF049091.1; GenBank)]. The HI9
ICR A5 fragment was released by BamHI digestion.

Yeast targeting vectors and homologous recombination
in yeast. The co-placement target vector, pHS1/loxP-
5171-B-2272-5171-G-2272 (pCopSB25G?2), carrying a hu-
man B-globin HS1 fragment [nucleotides 13299-14250
(HUMHBB; GenBank)], in which 5-loxP5171-BamHI-
loxP2272-10xP5171-BgllI-1oxP2272-3" sequences are intro-
duced into the HindIIl site [at nucleotide 13769 in
HUMHBB], was described elsewhere (33).

The AS was inserted into BamHI site of pCop5SB25G2
to generate pCopS5[A5]25G2. The resultant plasmid was
digested (partially, in the case of pCop5[AS]25G2) with
Bglll and ligated with another fragment LCb80 to gener-
ate pCop5[AS5]25[LCb80]2. In each cloning step, the cor-
rectness of DNA construction was confirmed by DNA se-
quencing.

The targeting vector was linearized with Spel [at nu-
cleotide 13670 in HUMHBB] and used to mutagenize the
human B-globin YAC (A201F4.3) (34). Successful homol-
ogous recombination in yeast was confirmed by Southern
blot analyses with several combinations of restriction en-
zymes and probes.



Generation of YAC-TgM. Purified YAC DNA was mi-
croinjected into fertilized mouse eggs from C57BL/6J
(Charles River) mice. Tail DNA from founder offspring was
screened first by PCR, followed by Southern blotting. Struc-
tural analysis of the YAC transgene was performed as de-
scribed elsewhere (34,35). Zp3-cre gene TgM (Jackson Lab-
oratory) (36) were mated with parental YAC-TgM lines to
generate sublines (i.e. each carrying one of the test frag-
ments). Successful cre-loxP recombination was confirmed
by Southern blotting.

Animal experiments were performed in a humane man-
ner and approved by the Institutional Animal Experiment
Commit- tee of the University of Tsukuba. Experiments
were conducted in accordance with the Regulation of Ani-
mal Experiments of the University of Tsukuba and the Fun-
damental Guidelines for Proper Conduct of Animal Exper-
iments and Related Activities in Academic Research Insti-
tutions under the jurisdiction of the Ministry of Education,
Culture, Sports, Science and Technology (MEXT), Japan.

Deletion of 36-bp sequence by genome-editing in mouse.
Two sets of oligonucleotides were annealed and inserted at
the Bbsl site of the pX330 (plasmid #42230; Addgene) (37)
to generate Cas9/sgRNA expression vectors. For the
border: 5'-caccGTAGCAGTGCTGTGACCATAC-3" and
5'-aaacGTATGGTCACAGCACTGCTAC-3'; and for the
3" border: 5-caccGAACACACTTACATGGCACCA-3¥
and 5-aaacTGGTGCCATGTAAGTGTGTTC-3' (over-
hanging nucleotides are shown in lowercase letters). The
plasmids were microinjected into the pronuclei of fertilized
eggs of ICR/B-globin TgM (24). Tail DNA from founder
offspring was screened by PCR and sequencing for desired
recombination event. The founders were then crossed
with wild-type mice to establish TgM lines, in which the
transgenic H/9 ICR was mutated, while the endogenous
H19 ICR was intact.

Preparation of embryos

Female mice were super-ovulated via injection of pregnant
mare serum gonadotropin, followed by human chorionic
gonadotropin (hCG) (4748 h interval). Fertilized one-cell
zygotes were collected from oviducts of mated females 24
h after hCG injection, and cumulus cells were removed
by hyaluronidase treatment. Two-cell embryos were flushed
from oviducts at 44h after hCG injection.

DNA methylation analysis by southern blotting

Genomic DNA extracted from tail tips of ~1-week-old an-
imals or testes of adult males was first digested by BamHI,
and then subjected to the methylation-sensitive enzyme
BstUI or Hhal. Following size separation in agarose gels,
Southern blots were hybridized with a-**P-labeled probes
and subjected to X-ray film autoradiography.

DNA methylation analysis by bisulfite sequencing

Pre-implantation embryos were embedded in agarose beads
and treated with sodium bisulfite as described previously
(38). Genomic DNA extracted from tail tips or adult male
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Table 1.  Primer sets for bisulfite sequencing analysis
Regions PCR
analyzed Allele round 5’ primer 3’ primer
I Tg-AS Ist LCR-MA-5S1 ICR-MA-3A15
Tg-A36 2nd ICR-MA-584 ICR-MA-3A14
11 Tg-WT Ist ICR-MA-5S13 BGLB-MA-3A2
Tg-AS5 2nd ICR-MA-5813 ICR-MA-3A26
1 Tg-A36 Ist ICR-MA-5S13 BGLB-MA-3A2
2nd ICR-MA-5813 ICR-MA-3A26
111 Tg-LCb80 Ist lambda-MA-5S4 lambda-MA-3A2
2nd lambda-MA-5S1 lambda-MA-3A3
v Tg-LCb80 Ist lambda-MA-5S5 lambda-MA-3A7
2nd lambda-MA-5S6 lambda-MA-3A8
A% Tg-LCb80 Ist lambda-MA-5S7 BGLB-MA-3A6
2nd lambda-MA-5S8 BGLB-MA-3A2
Table 2.  Primer sequences for bisulfite sequencing analysis
name Sequences
5 primer LCR-MA-5S1 5'- TATAGATGTTTTAGTTTTAATAAG -3’
ICR-MA-554 5'- GAATTTGGGGTATTTAAAGTTTTG -3’
ICR-MA-5S13 5'- GGTGATTTATAGTATTGTTATTTG -3’
lambda-MA-5S1 5'- ATTAGTAAGAAGATAGTAGTGATG -3’
lambda-MA-5S4 5- TTAAGTTTTGTGTGTTATTTATTA -3’
lambda-MA-5S5 5'- GTTAAAAAGAAGAAGTAAGTATTT -3’
lambda-MA-5S6 5'- GTGAAAGTATTGATTATTATGTTA -3’
lambda-MA-5S7 5'- GAGGTTTATTTGTATTTATTTTTGTT -3’
lambda-MA-5S8 5'- TATTTTTTAGTAGTATTGTAAGAGGT -3’
3’ primer ICR-MA-3A14 5'- AAAACATAAAAACTATTATATACA -3’
ICR-MA-3A1S5 5'- ACCAACCAATATAACTCACTATAA -3’
ICR-MA-3A26 5'- CAAATTAACAAAAACATACCTAACT -3’
BGLB-MA-3A2 5'- TTCTAACCCCACAAAAATTTATTC -3
BGLB-MA-3A6 5'- CCAAACCCCCTCTATTTTATATCA -3’
lambda-MA-3A2 5'- ATACCTTATTTTTTTCTACTACAA -3’
lambda-MA-3A3 5'- CTAAACTCCAACATATAATAACCC -3’
lambda-MA-3A7 5'- AACCAAAATTATCTTTTTCTATCT -3’
lambda-MA-3A8 5'- ACAACATTCTTAAATCCAATATTA -3’

sperm was treated with sodium bisulfite using the EZ DNA
Methylation Kit (Zymo Research). Tail tip and sperm DNA
was digested with Xbal prior to the treatment. Subregions
of the transgenes were amplified by nested PCR. The PCR
products were subcloned into the pGEM-T Easy vector
(Promega) for sequencing analyses. PCR primers are listed
in Tables 1 and 2.

RT-qPCR

Total RNA was recovered from phenylhydrazine treated
anemic adult spleens (1-2 months old) of A5 YAC TgM us-
ing ISOGEN (Nippon Gene) and converted to cDNA using
ReverTra Ace qPCR RT Master Mix with gDNA Remover
(TOYOBO). Quantitative amplification of cDNA was per-
formed with the Thermal Cycler Dice (TaKaRa Bio) using
TB Green Premix EX Taqll (TaKaRa Bio). PCR primers
were reported previously (27).

RESULTS

Search for proteins that bind to the 118 bp sequence within
the H19 ICR

By generating a series of TgM lines that each carry the
5’-deletion mutant of the mouse H/9 ICR sequence, we
previously demonstrated that a 118 bp sequence that is
located between 5'-ends of the del-6 and del-8 sequences
(Figure 1A and B) is essential, both for acquiring post-
fertilization methylation and for maintaining its paternally
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Figure 1. Search for protein binding activity to the 118 bp sequence. (A) Schematic representation of the mouse Igf2/H19 locus. Monoallelic expression
of paternal Igf2 and maternal H19 genes depends on the shared 3’ enhancer and methylation state of the H19 ICR; the paternal allele is methylated (solid
circle) while the maternal allele is unmethylated (open circle). The H/9 ICR, which contains CTCF binding sites 1-4 (dots), is located approximately 2-4
kb upstream of the H19 transcription start site. A 118-bp sequence corresponding to the region of difference between del-6 and del-8 transgene is required
for post-fertilization imprinted methylation of the H/9 ICR (28). (B) The 118 bp sequence and its subregions (open rectangles) used in the EMSA. Position
of transgene fragment ends (thick vertical lines; del-6-8) and direct repeat sequence (thick gray arrows) is shown. (C) EMSA with nuclear extract (N.E.: 0,
2 and 7 pg) from mouse ES cells, and CE or CD probes (left panel). Non-labeled DNA fragments were used as competitors (20 and 100-fold molar excess)
in the EMSA with 7 pg of nuclear extract (right panel). (D) EMSA with nuclear extracts from mouse ES, P19 embryonal carcinoma, and testis cells, and
various portions of the 118 bp sequence (probes A-F and CD). (E-H) EMSA with nuclear extracts from P19 or testis cells, and probes CE (E), A (F), B
(G) and E (H). One hundred-fold molar excess of competitors (A-M and CE) were used.

inherited hypermethylated state at the endogenous gene lo-
cus during the pre-implantation period (28). In order to
identify candidate trans-acting factors responsible for the
activity, we conducted electrophoretic mobility shift assays
(EMSA). We first generated six overlapping probes (A-—
F) that cover the entire 118-bp sequence (Figure 1B). Be-
cause an obvious direct repeat was observed at the 5'-end
of the del-7 sequence, which was partially methylated post-
fertilization in TgM (28), we also generated a CE probe that

covers this entire repeat sequence. Mouse embryonic stem
(ES) cell nuclear extracts were incubated with radiolabeled
CE probe and we detected several complexes. We named
the major complex the CE complex (Figure 1C, left). This
same complex also formed when the shorter CD probe was
used (CD complex; Figure 1C, left), which we verified with
a competition assay (Figure 1C, right), indicating that the
entire direct repeat sequence is not required for the CD com-
plex to form.



Next, A-F, along with CD probes, were individually incu-
bated with nuclear extracts prepared from either mouse ES
cells, P19 mouse embryonal carcinoma cells, or mouse testis
cells (Figure 1D). Various complexes with different mobil-
ities were observed with each probe, but cell type-specific
differences were not pronounced. Additionally, neither the
C, D, nor E fragment generated an apparent CD (i.e. CE)
complex, at least when used as a probe, suggesting that ei-
ther a long DNA motif or more than one DNA motif is
being recognized for robust complex formation.

To determine if CD (CE) factor binds to other parts of the
118 bp sequence, we conducted a competition assay against
the interaction between the CE probe and nuclear extracts
(P19 and testis). Although less efficient than the CE frag-
ment, the addition of either of the fragments A-D inter-
fered with complex formation (Figure 1E), suggesting that
the CD complex also forms on these sequences. To verify
this result, we conducted a competition assay using frag-
ments A (Figure 1F), B (Figure 1G), and E (negative con-
trol; Figure 1H) as probes and obtained essentially the same
results as we did with the probe CE. These results suggest
that the protein(s) that bound tightly to the A and CD (CE)
probes and moderately to the B, C and D probes are iden-
tical, and hereafter referred to as the CD factor. Again, as
the CD factor did not bind efficiently to any of the shorter
fragments G-M (Figure 1E-G), its binding motif is likely
to be longer or consists of multiple motifs. The other com-
plexes, such as A’, A” (in Figure 1F) and E (in Figure 1H),
were not analyzed further in this study.

Identification of a protein binding motif within the 118 bp
sequence

We determined the binding motif for the CD factor in frag-
ment A by using P19 nuclear extracts. Transversion muta-
tions (one to three nucleotides) were introduced into frag-
ment A (m1-14, m31-33; Figure 2A) and the resulting con-
structs used as competitors in EMSA. As shown in Figure
2B and C, mutations in either one of two RCTG (R = A or
G) motifs facing the opposite direction in fragment A sig-
nificantly compromised its binding to CD ( = A) factor. In
other words, CD factor seems to recognize a set of RCTG
motifs for strong binding, although a single motif can still
be recognized, albeit with only moderate affinity (ex. m31
or m32 compared to m33 in Figure 2C).

To precisely determine the binding motif at single nu-
cleotide resolution, we next used the shorter version of frag-
ment A (m15) and its mutant derivatives (m16-40) as com-
petitors in EMSA. We found that CD complex formation
was efficiently outcompeted by including fragment A (m15)
(Figure 2B-E) as this fragment harbors two RCTG motifs.
Moreover, in addition to each nucleotide in the RCTG mo-
tif, the C nucleotide neighboring its 5 end was important
for recognition by CD factor (Figure 2D), which we also
confirmed by using A (m40) competitor (Figure 2D) and
CD probes (Figure 2E). These results suggested that a set
of CRCTG is an optimal binding motif for the CD factor.

We searched for the RCTG motif within the entire 118
bp sequence and found five of them termed the motifs [-V
(Figure 3A). Among these, motifs [ and I'V contain the op-
timal CRCTG sequence. The distribution of the motifs was

Nucleic Acids Research, 2023, Vol. 51, No. 14 7241

consistent with the EMSA results shown in Figure 1E and
F, in which CD factor bound to fragments A-D each con-
tain more than one RCTG motif (Figure 3B). In contrast,
fragments G-I probably did not exhibit significant bind-
ing affinity to CD factor because they each contain a single
RCTG motif (H contains two but one of them is found at
the end; Figure 1E and F).

To test this prediction, we replaced the C at the second
nucleotide of the RCTG motif with A in each fragment
[A(A2), B(A2), C(A2), E(A2) and CD(A3) in Figure 3B]
and used them as competitors in EMSA, because such a
transversion mutation most efficiently reduced their affin-
ity for CD factor (Figure 2).

A major complex generated by probe A and nuclear ex-
tracts from P19 and ES cells in EMSA (labelled as A in Fig-
ure 3C) was outcompeted by including the A (WT), but not
the mutant A(A2), fragment in the reaction. One of the sev-
eral complexes generated with probe B (Figure 3C) exhib-
ited similar mobility as that of the complex A and was out-
competed by the WT but not the mutant B(A2), fragment.
Probe C generated several complexes (Figure 3D), among
which only a minor band (labelled ‘C’) disappeared when
the WT fragment, but not the C(A2), was used as a competi-
tor. We therefore assumed that complexes B and C contain
the CD factor, and that their weak affinity to the probes was
likely due to a lack of an optimal CRCTG sequence in both
fragments. In addition, motif IV in fragment C may not be
fully functional because it is located at the very end of the
fragment (Figure 3B; this issue will be discussed later). As
we did not observe a significant difference between WT E
and mutant E(A2) fragments in the competition reaction
(Figure 3E), CD factor does not seem to bind to the frag-
ment E. Because fragment D contains the same motifs (IV
and V) as fragment E (Figure 3B), which could bind the CD
factor (Figure 1E and F), the location of the motifs within
the fragment may also be important for binding affinity.

Next, we performed EMSA with the CD probe and used
the fragments A—C and their mutants as competitors (Fig-
ure 3F). While complex CD was disrupted by including the
WT fragments (A-C and CD) as competitors in the reac-
tion, these fragments with mutations at RCTG motifs failed
to do so, indicating that CD factor binds all these fragments
through the RCTG motifs.

Determination of protein binding properties to multiple
RCTG motifs

The CD probe binds the CD factor most efficiently (Figure
3F) and contains three RCTG motifs (III-V; Figure 4A),
among which the motif IV in the middle matches the opti-
mal CRCTG sequence. To further clarify the mode of DNA
recognition by the CD factor, we introduced distinct muta-
tions (one to three nucleotide substitution) into the frag-
ment CD and used them as competitors in EMSA with
P19 nuclear extracts (Figure 4B). The competitive ability
of each fragment summarized to the right of Figure 4A in-
dicates that the fragment is capable of binding to the fac-
tor if at least two motifs remain intact. Additionally, mo-
tif IV appears to make the most significant contribution to
the affinity. We also found that even when they contain two
motifs, the competitor works less efficiently if it has insuffi-
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Figure 2. Search for binding motifs for CD (= A) factor in the fragment A. (A) Nucleotide sequence of fragment A and its mutant derivatives. Mutagenized
nucleotides are inverted in black-and-white. The binding affinity of each sequence to the CD (= A) factor, which was estimated by visual-examination of
the EMSA results by three individuals, is indicated by ++ (strong), + (moderate) and — (weak) to the right of each sequence. Sequences important for
binding are highlighted in gray, and consensus motif is shown below the list. (B-D) EMSA with nuclear extracts from P19 or testis cells and probe A.
One hundred-fold molar excess of competitors (mutants of A sequence) were used. (E) EMSA with nuclear extract from P19 cells and probe A. Fifty- and
150-fold molar excess of competitors (mutants of A sequence) were used. +: 50-fold molar excess.

ciently long flanking sequences (Figure 4A and C). Finally,
the nucleotides of the CD sequence, except for the RCTG
motif, were shuffled and used as competitors for EMSA
(Figure 4D and E). While the scrambled oligo (scrambled-
CD) bound to the CD factor with comparable affinity, the
oligo with three nucleotide mutations in the RCTG motifs
(scrambled-CD(A3)) failed to do so, indicating that RCTG
is the bona fide binding motif for the CD factor.

Nuclear receptor proteins bind a direct repeat in the 118 bp
sequence

We next analyzed protein factors that bind to a fragment F
by EMSA (Figure 4F). When the F probe was incubated
with nuclear extracts from either P19 or testis cells, two
and four shifted bands were observed, respectively. Among
these bands, the one with the highest mobility shift seemed

to be specific binding since they were subjected to self-
competition (Figure 4G). The factor was bound by frag-
ment L, but not by fragment K, indicating that its binding
site is located at 3’ portion of fragment F. In fragment L, we
found a direct repeat of the aggc(t/c)a-like sequences that is
a putative binding sites for nuclear receptor-type transcrip-
tion factors. Among them, TR (testicular receptor) 2/4,
RXR, and COUP-TF transcription factors are known to
bind direct repeats of DNA Response element (AGGTCA)
with one nucleotide spacing (DR1) (39-41). We therefore
employed DNA fragments containing the binding sites for
these factors (Epsi and RARE; (35)) and found efficient
competition by EMSA (Figure 4H). We proceeded to con-
ducted super-shift assay with antibodies against TR2 and
TR4 because these DR 1-binding factors are expressed in
the testis (Figure 4H). Since the shifted bands either disap-
peared or were even further retarded, the complex appears
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Figure 3. Search for binding motifs for CD (= A) factor in the 118 bp fragment. (A) The 118 bp sequence and its subregions (open rectangles) used in
the EMSA. Positions of (C)RCTG motifs are shown as horizontal thick arrows (I-V). (B) Sequences of fragments A-E and CD, as well as their mutant
derivatives [A(A2)-E(A2) and CD(A3)]. The (C)RCTG motifs in each fragment are inverted in black-and-white, in which mutated bases are shown in black
letters on a white background. (C-F) EMSA with nuclear extracts from P19 or ES cells, and probes A and B (C), C (D), E (E) and CD (F). Twenty-fold (C)
or increasing amount (100-200-500-1000-fold in (D), 20-50-100-200-fold in (E) and 20-100-fold in (F) molar excess of oligos were used as competitors.

to include TR2/4. Furthermore, we conducted EMSA with
nuclear extracts from P19 cells in which either TR2, TR4 or
both proteins were knocked down with siRNA. We found
that the complex F formation efficiency was reduced in
all these samples, which suggests that the TR2/4 complex
binds the DR1 sequence in probe F in vitro (Figure 41).

In vivo test for the function of RCTG and direct repeat se-
quences in YAC TgM

We subsequently determined the in vivo function of the five
RCTG motifs, as well as of the DR1 sequence, within the
118 bp sequence of the H/9 ICR in TgM (Figure 5A). To
generate a H19 ICR A5 construct, we introduced a single-
nucleotide mutation into each of the five RCTG motifs in
the 118 bp sequence to interfere with their binding to the
CD factor (AS; Figure 5B and C). As we have previously
shown that the transgenic LCb118 sequence, within which
the 118 bp sequence from the H79 ICR is linked to the
LCb (\+CTCF+b; A DNA harboring the CTCF and Sox-
Oct motifs) sequence (28), acquired DNA methylation dur-

ing post-fertilization period only when it was paternally in-
herited, we decided to employ this experimental setup to
analyze the activity of DR1. To generate the LCb80 se-
quence, a 38 bp sequence, containing the DR1, was deleted
from the 118 bp sequence. The resulting 80 bp sequence
(underlined in Figure 5B) was linked to the LCb sequence
(LCb80; Figure 5C and (33)). To employ transgene coplace-
ment strategy, these two fragments (A5 and LCb80) were in-
dependently floxed by a set of hetero-specific lox P sequence,
linked in tandem and introduced into human B-globin yeast
artificial chromosome (AS5-LCb80 YAC; Figure 5C).

Two TgM lines, each carrying a single-copy YAC, were
generated by injecting the YAC DNA into fertilized mouse
embryos. Southern blot analysis of high molecular weight
thymic DNA of the TgM revealed that one of the two lines
(line 723) lacks the adjacent region 3’ to the 3-globin gene,
while the other (line 753) carries an intact copy (Figure
5C and D). These mice were crossed with Cre recombinase
TgM to induce Cre-loxP recombination in oocytes, result-
ing in TgM sub-lines carrying either the AS or LCb80 se-
quences (Figure 5E). The occurrence of the desired recom-
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Figure 4. Search for binding motifs for CD (= A) factor in the fragment CD. (A) Sequences of fragment CD and its mutant derivatives. The (C)RCTG
motifs in each fragment are inverted in black-and-white, in which the mutated bases are reverted. The binding affinity of each sequence to the CD (=
A) factor, which was estimated by visual-examination of the EMSA results by three individuals, is indicated by ++ (strong), + (moderate) and — (weak)
to the right of each sequence. (B, C) EMSA with nuclear extract from P19 cells and probe CD. Forty- and 200-fold molar excess of oligos were used as
competitors. (D) Sequences of fragment CD and its scrambled mutants. Sequence composition (i.e. the number of each nucleotides) is maintained even after
shuffling the sequence. (E) EMSA with P19 cell nuclear extract and probe CD. Twenty- and eighty-fold molar excess of oligos were used as competitors.
(F) Putative binding site for nuclear receptor-type transcription factors (i.e. direct repeat sequence) is indicated by a pair of arrows. (G-I) EMSA with
nuclear extracts from P19 or testis cells and probe F. One hundred-fold molar excess of oligos were used as competitors. Nucleotide sequences of ‘Epsi’ and
‘RARE’ oligos each carrying binding motifs for TR2/TR4 are as follows: Epsi, 5-CTGAGGACACAGGTCAGCCTTGACCAATGACTTTTA-3" and
RARE, 5-TTGCTGTGACCTCTGCCCTTCTAGCCTCT-3’ (only the sequence of one strand is shown and binding motifs are underlined). In Figure
4H, the super-shift bands observed in the presence of antibodies against either TR2 or TR4 are indicated by an open triangle. In Figure 41, nuclear extracts
were prepared from P19 cells transfected with siRNA duplexes against TR2, TR4, or both. The decrease in protein levels in these cells was verified by
western blotting. NC; non-targeting control siRNA.
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Figure 5. Generation of YAC TgM. (A) Structure of the mouse Igf2/H19 locus. The H19 ICR is contained within a 2.9-kb Sacl (Sa)-BamHI (B) fragment,
in which CTCF binding sites and the ‘b’ region (33) are indicated by dots (1-4) and a filled box, respectively. (B) The 118 bp sequence in the H/9 ICR.
(C)RCTG motifs are highlighted with their mutated sequences in the A5 mutant underneath. The sequences included in the LCb80 are underlined and
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as black and open boxes, respectively. Each of the H7/9 ICR A5 (open rectangle; 2.9 kb) and LCb80 (gray; 2.4 kb) fragment was floxed by a pair of
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with Kpnl and analyzed by Southern blotting using the probe shown in (E).
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bination event was verified by Southern blot analysis of tail
somatic DNA from sub-line animals (Figure 5E and F).

Five-nucleotide mutation in RCTG motifs abolishes im-
printed DNA methylation of the H19 ICR

We first analyzed the methylation state of the transgenic
H19 ICR fragment with a A5 mutation (Tg-A5) by South-
ern blotting (Figure 6A). While the maternally inherited
mutant H/9 ICR sequence was correctly hypomethylated
in tail somatic cells as expected, the same sequence became
hypomethylated even after paternal transmission in most
cases (14/14 and 16/18 in lines 723 and 753, respectively;
Figure 6B-E). Similar to the case of WT H/9 ICR in TgM,
the A5 mutant sequence was devoid of methylation in the
testis of TgM (Figure 6F and G). Therefore, the A5 muta-
tion is likely to hinder post-fertilization methylation of the
HI9ICR.

Next, we pooled tail somatic cell DNA from animals car-
rying hypomethylated (as judged by Southern blot analysis)
paternal and maternal A5-Tg, separately. The pooled DNA
was analyzed by bisulfite sequencing (Figure 6H). Consis-
tent with our Southern blotting results, paternally inherited
Tg DNA in tail somatic cells were hypomethylated (top) and
indistinguishable from the maternally inherited transgene
in terms of methylation pattern (middle). The Tg sequence
close to the A5 mutation was moderately methylated after
either paternal or maternal transmission, which we also ob-
served for the WT HI19 ICR Tg (Figure 6I) because this
region lies outside the DMR. In addition, because the se-
quence was not methylated in either sperm, one-cell em-
bryos, or two-cell stage embryos (Figure 6H), DNA methy-
lation at this region was likely acquired after the implanta-
tion stage by non-allele specific de novo DNA methylation
activity.

Expression of human B-globin genes is activated by the
LCR enhancer and is not normally subject to genomic im-
printing. We have previously demonstrated that introduc-
ing the wild-type mouse H/9 ICR fragment between the
LCR and the B-globin genes (in the same position as A5
in this study) of a transgenic human B-globin locus YAC
recapitulated its imprinted expression in DNA methylation-
dependent fashion. We found that the paternally inherited
transgenic 3-globin gene was highly expressed, whereas the
maternally inherited copy was repressed as CTCF proteins
bound to the hypomethylated maternal H79 ICR insulate
the gene from the LCR’s enhancer activity (Figure 6J, WT,
(24)). As decreased methylation of the paternal H/9 ICR
in A5 TgM was expected to allow its binding to CTCF and
insulator formation, we analyzed the transgene’s expression
state in A5 TgM (Figure 6J, AS), and observed low expres-
sion of the B-globin gene regardless of its parental origin,
demonstrating that the five nucleotides are essential for ge-
nomic imprinting of the transgene.

A direct repeat may regulate imprinted DNA methylation of
the H19 ICR in concert with RCTG motifs

We went on to determine the methylation state of the trans-
genic LCb80 fragment by Southern blotting (Figure 7A).
As shown in Figure 7B-E, the maternally inherited LCb80

transgene in tail somatic cells of TgM was hypomethylated,
as we anticipated. On the other hand, paternally inherited
Tg-LCb80 sequence in some of the animals was either par-
tially or fully hypomethylated (4 and 4, respectively, out of
16 in line 723; and 1 and 9, respectively, out of 19 in line
753). We have previously shown that the paternally inher-
ited transgenic LCb118 sequence is DNA-methylated dur-
ing the post-fertilization period in almost all the cases (28).
In addition, the Tg-LCb80 sequence was hypomethylated in
the testis (Figure 7F and G), as was the LCb118 sequence
in TgM. These findings indicate that post-fertilization DNA
methylation of LCb118 was affected by removing the 38 bp
sequence. They also suggest that the 38 bp sequence may
function in concert with the rest of the 118 bp sequence.

To test the above predictions, we deleted the DRI-
containing sequence from the WT Tg H/9 ICR in YAC
TgM by genome editing (H19 ICR Tg-A36; Figure 8A), and
generated two YAC TgM lines (lines 53 and 55) that harbor
the same 36 bp deletion (dotted lines in Figure 8§B). Due
to limitations caused by the PAM sequence availability, we
could only design a set of guide RNAs (underlined in Fig-
ure 8B) that would eliminate a 36-bp, instead of 38-bp (=
118 minus 80), sequence. We analyzed the methylation state
of the mutant Tg sequence by Southern blotting following
either paternal or maternal inheritance (Figure 8C and D).
Although some degree of heterogeneity was noted between
the two lines, both showed loss of methylation in the pa-
ternally inherited mutant Tg (severe and moderate in lines
53 and 55, respectively; Figure 8C and D). Hypomethylated
paternal (pat., top panel in Figure 8E) and hypermethylated
paternal (pat., middle in Figure 8E) samples, whose methy-
lation state was determined by Southern blotting, were fur-
ther analyzed by bisulfite sequencing to verify their methy-
lation state. Both Southern blotting and bisulfite sequenc-
ing revealed that the maternally inherited mutant H/9 ICR
fragment was hypomethylated (Figure 8C-E).

The RCTG motif is present in the IG-DMR of the mouse
DIklI-Dio3 gene locus

We recently reported that the rat H/9 ICR, orthologous
to the mouse H/9 ICR, did not acquire post-fertilization
methylation in its TgM following paternal transmission
(42). As shown in Figure 9A, the number and location of
RCTG motifs within the 118 bp sequence (113 bp in rat)
are not highly conserved between mouse and rat. In addi-
tion, no distinct direct repeat motif was found in the rat se-
quence. To test if the rat 113 bp sequence binds CD and
TR2/4 in vitro, we performed EMSA with a rat-AC probe
that contains the three RCTG motifs, and rat-DR probe,
corresponding to the mouse L probe covering the TR2/4
binding motif (Figure 9A). The rat-AC sequence competed
less efficiently than the CD(WT) sequence for binding to
CD factor in P19 nuclear extract, suggesting that the rat
sequence has moderate affinity for the CD factor (Figure
9B). On the other hand, the rat-DR, as well as the rat-AC
sequences, did not compete with the mouse F probe to bind
to TR2/4, which suggests that the rat DR sequence can-
not bind to TR2/4 (Figure 9C). Post-fertilization imprinted
methylation may not have been reproduced in the transgenic
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Figure 7. DNA methylation state of the LCb80 transgene. (A) A partial restriction enzyme map of the LCb80 fragment in the B-globin YAC transgene.
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E-G) is shown as a filled rectangle. (B,D) Pedigree of LCb80 TgM lines 723 and 753 those were analyzed in (C, F) and (E, G, H), respectively. Male and
female individuals are represented as rectangles and circles, respectively. Filled, gray, or open symbols indicate hyper-, partially-, or hypo-methylated state
of LCb80 fragment in each TgM, which was determined by visual examination of the Southern blot results in (C, E) by three individuals. Testis samples
in (F, G) were obtained from male individuals marked by stars. Tail DNA from underlined individuals were pooled according to the transgene’s parental
origin and their methylation levels estimated from Southern blot results, and was analyzed by bisulfite sequencing in (H). (C, E-G) Southern blot results
showing DNA methylation state of the LCb80 fragment in tail somatic cells (C, E) and testis (F, G) of YAC-TgM. ID numbers of individuals inheriting
the transgene maternally and paternally are highlighted in gray and black, respectively, in (C, E). Tg; transgene. (H) DNA methylation state of the LCb80
fragment in tail somatic cells of TgM that inherited the transgene either paternally (pat) or maternally (mat) was analyzed by bisulfite sequencing. Regions
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Figure 8. DNA methylation state of the A36 H79 ICR transgene. (A) Structure and partial restriction enzyme maps of the 3-globin YAC transgene carrying
the WT or mutant H/9 ICR fragments (2.9 kb), in which the 36-bp sequence was internally deleted by CRISPR /Cas9 genome editing (H/9 ICR Tg-A36),
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rat H19 ICR due to moderate binding affinity to the CD
factor, an absence of TR2/4 binding motifs, or both.

The IG (intergenic) -DMR sequence (Supple. Figure 1A)
is one of three paternally methylated DMRs. In the above
report, we also found that the mouse IG-DMR fragment ex-
hibits post-fertilization imprinting, as was observed in the
mouse H/9 ICR in TgM (42). Since removing the repeat se-
quence, comprising seven repeats of a 24 bp unit, from the
endogenous mouse IG-DMR results in loss of DNA methy-
lation on the paternally inherited allele without changing
its methylation in sperm (43), the repeat sequence may be
responsible for acquisition of post-fertilization imprinting.

As the repeat sequence contains four consensus Zfp57 bind-
ing and five (C)RCTG motifs (Supple. Figure 1A, bot-
tom), we conducted EMSA with probes containing either
Zfp57 plus RCTG motifs (mIG-DMR-rep23: Figure 9D;
R2 + R3 sequences in Supple. Figure 1A) or only Zfp57 mo-
tifs (rep67: Figure 9D; R6 + R7 sequences in Supple. Figure
1A). Recombinant GST-Zfp57 fusion protein expressed in
bacteria bound to the methylated rep67 probe, as expected
(Supple. Figure 1B). We found that Zfp57 protein present
in the P19 nuclear extract also bound the methylated but
not the unmethylated rep67 probes (Supplementary Fig-
ure 1D). We verified the binding activity of the Zfp57 from



P19 nuclear extract using a competitive binding experiment
with CD(Zfp57) sequence in which Zfp57-binding con-
sensus motifs were generated by mutating Zfp57-binding
consensus-like motifs in CD(WT) (Figure 9D and Supple.
Figure 1C; (27)). As shown in Figure 9B and E, CD factor
bound to the H/9 ICR-CD(WT) probe was outcompeted
by the mIG-DMR-rep23 sequence but not by the rep67 se-
quence, suggesting that the RCTG motifs found within the
repeat sequence of the mIG-DMR may help confer post-
fertilization imprinted methylation.

DISCUSSION

In this study, we investigated candidate 118-bp binding fac-
tors and identified one activity that recognize RCTG mo-
tifs, five of which are present in the 118-bp region. A five-
nucleotide mutation (AS5) that disrupts the factor’s binding
to the 118-bp sequence in vitro caused loss-of-methylation
of the paternally inherited H/9 ICR in vivo,i.e.in TgM (Fig-
ure 6). Consequently, the expression of the paternally inher-
ited B-globin transgene in cis was suppressed, just as with
the maternally inherited allele (Figure 6J). Therefore, the
binding activity identified in this study seems to be involved
in the regulation of H/9 ICR methylation and genomic im-
printing via the 118 bp sequence; however, some of the five
mutated nucleotides may form part of the distinct recogni-
tion motif for other unidentified factors, in which case inhi-
bition of this factor’s binding to the 118-bp sequence causes
loss of genomic imprinting.

The CD factor was more tightly bound when multiple
RCTG motifs were present (Figure 2 and Figure 4A-C)
as well as when a C is located immediately upstream of
the RCTG motif (Figure 2D, E). Of the five RCTG motifs
in the 118 bp sequence, two (one of them is the CRCTG)
are located within the del-7 transgene that exhibited partial
methylation activity upon paternal transmission in our ear-
lier study (28). Therefore, the difference in imprinted methy-
lation activity, i.e. partial in the del-7 and robust in the del-8
transgenes, may be explained by the number of (C)RCTG
motifs they carry.

We previously found that the IG-DMR sequence of the
mouse DIkI-Dio3 locus can acquire paternal-allele-specific
methylation in TgM after fertilization (42). Because a num-
ber of consensus Zfp57-binding motifs are present in the
repeat sequence (Supplementary Figure 1A) and are bound
by Zfp57/445 in vivo (32), these factors may be responsi-
ble for the observed activity. However, while the involve-
ment of these factors in maintaining post-implantation
methylation has been established, their function during the
pre-implantation period is not fully understood. Addition-
ally, we detected CD factor binding to the repeat sequence
(rep23) by EMSA (Figure 9B, E) in this study. Therefore, it
is possible that five (C)RCTG motifs in the repeat sequence
(Supplementary Figure 1A) and the CD factor may control
post-fertilization de novo methylation also at the IG-DMR
via the same mechanism in the H79 ICR.

The gametic acquisition of DNA methylation within the
Rasgrfl DMR, another paternally methylated DMR, is
thought to involve a piRNA pathway entailing transcrip-
tion of a long terminal repeat (LTR)-type retrotranspo-
son sequence found within the DMR (44). Deletion of a
nearby repeat sequence (45), which is a predicted transcrip-
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tion regulatory element, results in loss of DNA methyla-
tion in sperm (46). Moreover, when the repeat sequence was
conditionally removed soon after fertilization, the methyla-
tion level of the paternal allele, previously established in the
sperm, declined (47). Therefore, the repeated sequence may
also be required to maintain DNA methylation of the pater-
nal allele during the post-fertilization period via its de novo
methylation activity. In accordance with this notion, several
(C)RCTG motifs are found within and around the repeat
sequence (Supple Figure 1E). When tested in EMSA, they
work as strong competitors, as did the CD(WT) sequences
(Figure 9E).

Thus, the mechanism underlying methylation induction
through CD factor binding to (C)RCTG motifs in pre-
implantation embryos may be conserved among three pa-
ternally methylated imprinted mouse loci. Nevertheless, al-
though the H79 ICR lacking the 118-bp sequence (116-bp
to be exact) lost post-fertilization imprinted methylation ac-
tivity in vivo (28), there are still many RCTG (62 sites) and
CRCTG motifs (15 sites) in the remaining part of the se-
quence. Therefore, it is unlikely that imprinted methylation
of the H19 ICR is regulated solely by the presence of these
sequences (this issue is further discussed below).

Disrupting the five RCTG motifs in the transgenic H19
ICR (A5) resulted in its near-complete loss of methylation
in the paternal allele (Figure 6), indicating that these motifs
are essential for post-fertilization methylation imprinting.
However, unlike the LCb118, which is accompanied by full
imprinted methylation activity (28), the LCb80, in which an
80 bp sequence containing all the five RCTGs was linked
to an LCb fragment, was only partially imprinted (Figure
7). Therefore, the 80 bp sequence (i.e. the five RCTG mo-
tifs) alone is insufficient for efficient DNA methylation, and
may function in concert with the remaining 38 bp sequence.
A short direct repeat motif bound by the TR2 (Nr2cl) and
TR4 (Nr2c2) (48) was found within a 38 bp sequence (Fig-
ure 4F, H and I). Since TR2/TR4 has been reported to inter-
act with Trim28 (49), which is involved in keeping the H19
ICR methylated (31), the TR2/TR4 may recruit Trim28 and
DNA methyltransferases in the pre-implantation embryo in
concert with the CD factor. Our finding in the A36 TgM
that methylation level of the H/9 ICR transgene with a
36 bp deletion was partially reduced after paternal inheri-
tance is also consistent with our hypothesis that action of
the direct repeat sequence and the five RCTG motifs are co-
operative (Figure 8).

As noted earlier, even though numerous RCTG motifs are
present in other regions of the H/9 ICR, mutation of only
five motifs within the 118 bp sequence completely disrupted
post-fertilization imprinted methylation. Thus, either the
frequency of the RCTG motifs, their position and polarity,
their relative arrangement with other elements such as di-
rect repeat, or all of the above factors may be important
for their stable binding to regulatory factors required for
methylation. The lack of post-fertilization methylation im-
printing in the TgM of the rat H/9 ICR sequence is consis-
tent with this notion, as only three RCTG and no TR2/TR4
motifs are found within the rat 113 bp region. Whether
these motifs are commonly conserved and functional in the
ICRs of other imprinted loci, such as the mouse DlkI-Dio3
and RasgrfI loci, as well as the human H79 ICR sequence
(8.8 kb, (42)), remains to be determined.



7252 Nucleic Acids Research, 2023, Vol. 51, No. 14

The results of our combination of in vitro and in
vivo experiments strongly suggest that allele-specific DNA
methylation of the H/9 ICR after fertilization requires
specific DNA motifs and protein factors that recognize
them. One possible function of these factors in the post-
fertilization imprinted methylation mechanism is to recruit
DNA methyltransferases specifically to the H/9 ICR in
early embryos immediately after fertilization. Since post-
fertilization DNA methylation of the H/9 ICR occurs even
without DNA methylation in the sperm, these factors may
also be responsible for depositing epigenetic signatures in
the germline used to distinguish parental alleles after fer-
tilization. It was recently reported that in germ cells and
pre-implantation embryos, H3K9me3 modification is en-
riched in DNA-methylated ICRs, including the H19 ICR.
Moreover, experimental depletion of this histone modifi-
cation in early embryos reportedly reduces DNA methyla-
tion levels in the ICRs (50). If this histone modification (or
other unidentified modifications) is used to distinguish the
parental alleles and guide imprinted DNA methylation after
fertilization, the CD factor may recruit histone-modifying
enzymes to the H79 ICR in the germline via a 118 bp se-
quence. Future work is needed to determine the identity of
the CD factor present in P19, testis and ES cell extracts, and
if they, CD and TR2/4 factors, are the bona fide regulator in
mouse. This will provide clues to the mechanism underlying
maintenance of ICR methylation in the pre-implantation
embryo, which is crucial to the execution of genomic im-
printing.
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