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ABSTRACT

The DIk1-Dio3 imprinted domain is controlled by an
imprinting control region (ICR) called IG-DMR that
is hypomethylated on the maternal allele and hyper-
methylated on the paternal allele. Although several
genetic mutation experiments have shown that 1G-
DMR is essential for imprinting control of the do-
main, how DNA methylation itself functions has not
been elucidated. Here, we performed both gain and
loss of DNA methylation experiments targeting 1G-
DMR by transiently introducing CRISPR/Cas9 based-
targeted DNA methylation editing tools along with
one guide RNA into mouse ES cells. Altered DNA
methylation, particularly at IG-DMR-Rep, which is a
tandem repeat containing ZFP57 methylated DNA-
binding protein binding motifs, affected the imprint-
ing state of the whole domain, including DNA methy-
lation, imprinted gene expression, and histone mod-
ifications. Moreover, the altered imprinting states
were persistent through neuronal differentiation. Our
results suggest that the DNA methylation state at IG-
DMR-Rep, but not other sites in IG-DMR, is a master
element to determine whether the allele behaves as
the intrinsic maternal or paternal allele. Meanwhile,
this study provides a robust strategy and methodol-
ogy to study core DNA methylation in cis-regulatory
elements, such as ICRs and enhancers.

INTRODUCTION

Genomic imprinting is a phenomenon unique to placen-
tal mammals among vertebrates, in which maternal and

paternal genomes are functionally different. This differ-
ence arises from parent-of-origin-specific allelic expression
of imprinted genes (1). In most cases, multiple imprinted
genes form a cluster on a chromosome, and monoallelic
expression of each gene throughout a cluster is regulated
by a cis-regulatory element called the imprinting control
region (ICR). ICRs exhibit differential DNA methylation
and histone modifications between alleles, and such dif-
ferential epigenetic modifications are thought to be crit-
ical for monoallelic expression of imprinted genes. Dif-
ferential DNA methylation at ICRs is established during
gametogenesis, and some, but not all, ICRs contain tan-
dem repeat arrays that are important regulators of DNA
methylation (2-4). A critical feature of ICRs is that al-
though the most of DNA methylation is erased across the
genome after fertilisation in a process called epigenetic
reprogramming, that of ICRs persists through this pro-
cess. Kriippel-associated box (KRAB)-containing zinc fin-
ger protein (KRAB-ZFP)-TRIM28 (also known as KAP1
or TIF1B) complex, which contains a methylated DNA-
binding protein such as ZFP57, ZFP445 or ZNF202, binds
to methylated ICRs to maintain DNA methylation during
epigenetic reprogramming after fertilisation (5-7). There-
fore, circumstantial evidence suggests that DNA methyla-
tion at ICRs is important for maintenance of the imprinting
state.

The Dlki-Dio3 imprinted domain contains three pa-
ternally expressed protein-coding genes, DIkl, Rtll (also
known as Pegll) and Dio3, along with several maternally
expressed non-coding transcripts, such as Meg3, Rtllas,
Meg8 (also known as Rian) and Mirg, and has an impor-
tant role in the normal development of both humans and
mice (8-13). The intergenic differentially methylated region
(IG-DMR), which resides in the intergenic region between
DIkl and Meg3, is hypermethylated on the paternal allele
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(methylated during spermatogenesis), and hypomethylated
on the maternal allele, in somatic cells, preimplantation em-
bryonic cells, and embryonic stem cells (ESCs) (14). Knock-
out mice lacking the entire IG-DMR demonstrated its crit-
ical role in imprinting regulation of the whole DIkI-Dio3
domain; in other words, IG-DMR functions as the ICR of
the domain (15). Several recent studies have shown that IG-
DMR is a bipartite element that consists of 5’ IGCS! (CGI:
CpG island) and 3’ IGTRE (TRE: transcriptional regulatory
element) (4,16,17). IGS! contains a 216-bp tandem repeat
called IG-DMR-Rep, and its deletion in mice revealed an
essential role of IG-DMR-Rep in the maintenance of DNA
hypermethylation on the paternal allele after fertilisation
(4,18). On the other hand, unmethylated IGTRE of the ma-
ternal allele functions as an enhancer of Meg3 (16,19-21).
Meg3-DMR, which is located in the Meg3 promoter, ac-
quires DNA methylation on the paternal allele at the post-
implantation stage, whereas the maternal allele remains hy-
pomethylated (22). In addition to in vivo and ex vivo genetic
experiments, human cases associated with Kagami-Ogata
and Temple syndromes (KOS and TS, respectively) show
DNA methylation abnormalities (i.e. epimutations) at 1G-
DMR (9,23,24). These observations strongly suggest that
DNA methylation at IG-DMR is the pivotal element for im-
printing regulation of the domain. However, there is a lack
of experimental evidence of a causative role of abnormal
DNA methylation at IG-DMR rather than other epigenetic
modifications in altered imprinted gene expression or phe-
notypes associated with the domain. Additionally, it is not
clear whether IG-DMR-Rep functions in the maintenance
of hypomethylation on the maternal allele. This is because
of a lack of experimental strategies for manipulating DNA
methylation in a site-specific manner.

Recently, several epigenome editing tools based on
genome editing technologies have been developed (25).
These tools make it possible to edit epigenetic modifi-
cations in a site-specific manner by utilizing epigenetic
modifier proteins fused with the guide RNA (gRNA)-
dependent targeted DNA-binding protein of the bacte-
rial clustered regularly interspaced short palindromic re-
peat (CRISPR)/Cas9 system. Although several epigenome-
editing tools have been proposed, there is still no gold
standard. Particularly, direct fusion of catalytically inactive
Cas9 (dCas9) and epigenetic modifiers may show limited ef-
fects on epigenome editing, probably because they function
in a context-dependent manner, such as targeted genomic
regions or cell types (26-28). Among such tools, systems
combining the CRISPR /Cas9 system and the SunTag-scFv
system, together with DNA demethylation factor TET1
or DNA methyltransferase 3A (DNMT3A), can efficiently
demethylate or methylate target genomic DNA, respectively
(27,28). In these systems, dCas9 fused with GCN4 peptide
is recruited to gRNA-dependent target genomic sites, and
the GCN4 peptide-recognising single-chain variable frag-
ment (scFvGCN4) antibody fused with the TET1 or the
DNMT3A catalytic domain (TET1CD or DNMT3A) is
also recruited to the target sites. When TET1CD is used, it
oxidizes methylcytosine into hydroxymethylcytosine at tar-
get sites to trigger the DNA demethylation process (27). By
contrast, when DNMT3A is used, it methylates the target
DNA (28).
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In this study, to focus on the role of DNA methylation
per se rather than DNA sequence or other epigenetic modi-
fications at IG- and Meg3-DMRs, we applied these systems
to induce hypo- or hypermethylation at the targeted DMRs
in mouse ESCs by transient expression of DNA methyla-
tion editing proteins. Both loss and gain of DNA methyla-
tion at IG-DMR-Rep, but not other sites in IG- or Meg3-
DMRs, affected the whole of the DIkI-Dio3 imprinted do-
main in terms of imprinted gene expression and histone
modifications, even after induction of neuronal differentia-
tion. These results provide direct evidence for DNA methy-
lation at IG-DMR-Rep as a pivotal element in regulation
of the domain.

MATERIALS AND METHODS

ESC establishment and culture conditions

The BJ ESC line was established from a male blastocyst
of F1 hybrid between female C57BL/6 and male JF1 mice
without using two inhibitors (CHIR99021 for GSK-3 and
PD0325901 for MEK) because they affect DNA methy-
lation level in ESCs (29,30). The F1 hybrid blastocysts
were produced by an in vitro fertilisation (IVF) method.
After about 4 days of culture using KSOM medium, ex-
panded blastocysts were plated into gelatin-coated dishes
with monolayers of mouse embryonic fibroblasts (MEFs).
The medium used was ES cell derivation medium consisting
of KnockOut DMEM (Thermo Fisher) supplemented with
20% fetal calf serum (BioWest), 0.1 mM nonessential amino
acids, 1 mM sodium pyruvate, 0.1 mM 2-mercaptoethanol,
0.5 mg/ml penicillin-streptomycin—glutamine solution (all
from Invitrogen), and 3000 U/ml mouse leukemia in-
hibitory factor (LIF) (Millipore). Four to seven days after
plating, inner cell mass outgrowths were transferred into 20
wl 0.25% trypsin-EDTA (Invitrogen), dissociated by pipet-
ting and plated on MEFs. Undifferentiated ES cell colonies
were expanded to establish ES cell lines, and used for fur-
ther analysis. The established BJ ESCs were maintained on
gelatinised tissue culture dishes without feeder MEFs under
serum/LIF conditions, i.e. DMEM-high glucose (Nacalai
Tesque) supplemented with 10% FCS (Japan Bio Serum),
100 U/ml LIF (made in-house), 0.1 mM 2-mercaptoethanol
(Sigma-Aldrich), penicillin/streptomycin (Nacalai Tesque),
2 mM L-glutamine (Nacalai Tesque) and 1x nonessential
amino acids (Nacalai Tesque).

Neuronal differentiation

BJ ESCs transfected with DNA methylation editing com-
ponents at D7 or later were cultured in SFEB condition
followed by adhesive condition based on the method de-
scribed previously with some modifications (31). Briefly,
1.6 x 10° BJ ESCs were cultured floatingly for 7 days
on non-treated 60-mm dishes in the neuron differentiation
medium; G-MEM L-glutamine (Nacalai Tesque), supple-
mented with 10% KnockOut Serum Replacement (Thermo
Fisher), 2 mM glutamine (Nacalai Tesque), 1| mM sodium
pyruvate (Nacalai Tesque), 0.1 mM 2-mercaptoethanol
(Sigma-Aldrich) and 1 x nonessential amino acids (Nacalai
Tesque). Then, the formed spheroids were transferred onto
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poly-D-lysin- and laminin-coated six-well plates for adhe-
sive culture for 7 days in the N2 medium; G-MEM L-
glutamine (Nacalai Tesque), supplemented with 1x N-2
Supplement (Thermo Fisher), 2 mM glutamine (Nacalai
Tesque), 1 mM sodium pyruvate (Nacalai Tesque), 0.1 mM
2-mercaptoethanol (Sigma-Aldrich) and 1x nonessential
amino acids (Nacalai Tesque). Totally 14 days after start-
ing the floating culture, cells were scraped, collected into
tubes, snap-frozen in liquid nitrogen and stored at —80°C
until DNA and RNA extractions. Three independent dif-
ferentiation experiments with duplicate for each (i.e. total
n = 6) were performed, and the average of the gene expres-
sion and DNA methylation of the cells transfected with the
scr gRNA of each experiment were set to 1. The relative
levels of the cells transfected with gR2 and NTF cells were
calculated.

Mice

C57BL/6 mice were purchased from Japan SLC. JF1 mice
were bred in the laboratory. All animal care and experi-
ments were carried out in accordance with the Guidelines
for Animal Experiments of Kitasato University, and were
approved by Institutional Animal Care and Use Commit-
tee of Kitasato University (SAS2104-Animal Experiment
Committee, Kitasato University School of Science).

Plasmid construction

For a backbone to construct pX330-dCas9GCN4-P2A-
Puro, pX330 (Addgene plasmid #42230) was double di-
gested with EcoRI and Agel to excise Cas9. dCas9-GCN4
without the stop codon was amplified from Addgene plas-
mid #82560 by PCR. The three DNA fragments, i.e. the
backbone, dCas9-GCN4, and P2A-Puro®, amplified by
PCR (with a synonymous mutation at the Bbsl site) were
fused by In-Fusion Cloning Enzyme according to the man-
ufacturer’s protocol (Takara). See Supplementary Table S2
for PCR primer sequences.

To clone guide RNA, pX330-dCas9GCN4-P2A-Puro
was digested with Bbsl, and then double-stranded oligo
DNA was ligated as described previously (32). See Supple-
mentary Table S3 for gRNA sequences.

Transfection

For reverse-transfection, 1.6 x 10° BJ ESCs were plated
in each gelatinised well of a 6-well plate on the day
of transfection (D0), and then transfected with 0.7 pg
of pX330-dCas9GCN4-P2A-Puro and 1.1 pg of pCAG-
scFvGCN4sfGFPTET1CD for the loss of DNA methy-
lation experiment or 0.7 wg of pEF1a-NLS-scFvGCN4-
DNMT?3A for the gain of DNA methylation experiment
using Lipofectamine 3000 (Thermo Fisher), in accordance
with the manufacturer’s instructions. From 24 h posttrans-
fection, transfected cells were selected with 1.0 pg/ml
puromycin-containing medium for 30 h (D1-D2), and com-
plete selection for each experiment was confirmed by ob-
serving the disappearance of nontransfected cells that were
seeded and cultured under the same conditions as the trans-
fected cells. Each combination of plasmids was transfected

into three wells, and cultured and sampled independently
for experimental triplicates. Cells were sampled on D3 and
D7 by trypsinisation and the cell pellets were snap-frozen in
liquid nitrogen. The pellets were stored at —80°C until DNA
and RNA extraction.

Bisulfite-PCR /amplicon-seq

DNA was extracted by lysing cell pellets with ProK/Lysis
buffer (2 mg/ml proteinase K, 50 mM Tris—HCI, pH 8.0, 0.1
M NacCl, 20 mM EDTA, 1% SDS) at 55°C overnight. The
lysate was applied to the bisulfite reaction and subsequent
PCR, sequencing by Illumina-Miseq, and quantification of
methylation as described previously (33). The primers used
for bisulfite PCR are listed in Supplementary Table S2. The
number of sequenced reads and methylation level of each
sample are shown in Supplementary Data S1.

Quantitative RT-PCR (RT-qPCR) and RT-PCR/amplicon-
seq

Total RNA was isolated from cells using an RNeasy Mini
Kit (QIAGEN) according to the manufacturer’s instruc-
tions. Reverse transcription (RT) was performed using the
ThermoScript RT-PCR System (Invitrogen) and an oligo
(dT) + adaptor primer under conditions of 50°C for 50 min
and 85°C for 5 min (22).

RT-gPCR was performed using a real time PCR sys-
tem (CFX384; Bio-Rad), and expression levels of genes ex-
cept for R#/1 were measured using THUNDERBIRD Next
SYBR qPCR Mix (Toyobo) by PCR with an initial denatu-
ration step at 95°C for 30 s followed by 40 cycles of 95°C for
5sand 60°C for 30 s. As Rt/ is transcribed from the same
genomic region as R¢/las in the opposite direction (34), to
amplify Rt/] specifically, we performed RT-qPCR by adapt-
ing 3’-RACE as described previously with some modifica-
tions (22). Briefly, 3'-RACE RT-qPCR was performed in a
10 wl PCR mixture including 1 x buffer for KOD -Multi
& Epi- (Toyobo), 0.83 x SYBR Green I (Takara), 0.5 pM
each of primer (adaptor, and R¢//-specific primer), and 20
mU KOD -Multi & Epi- polymerase (Toyobo) by PCR with
an initial denaturation step at 94°C for 2 min followed by
40 PCR cycles of 98°C for 10 s, 70°C for 5 s, and 74°C for
30 s (CFX384; Bio-Rad). We performed absolute quantifi-
cation by drawing standard curves using genomic DNA as
templates for the genes except Rt/l, and a plasmid cloned
from the PCR amplicon of 3'-RACE for Rtll. Arbp (ri-
bosomal protein, large, PO) was used as an internal con-
trol. The RT and PCR primers are listed in Supplementary
Table S2.

For RT-PCR /amplicon-seq, conventional RT-PCR was
first performed using KOD -Multi & Epi- (Toyobo) using
specific primers containing an Illumina sequence adaptor
with an initial denaturation step at 94°C for 2 min followed
by 33-35 cycles of 98°C for 10's, 55 or 58°C for 30 s and 68°C
for 30 s. See Supplementary Table S2 for primer sequences
and annealing temperatures. The first PCR products were
cleaned up with NucleoMag NGS Clean-up and Size Se-
lect (Takara), and the adaptor for sequencing was applied
to the resulting PCR products using a Nextra XT index kit



(Illumina) by five cycles of second PCR. The second PCR
products were cleaned up with NucleoMag NGS Clean-up
and Size Select (Takara) and sequenced with an Illumina
Miseq system using Miseq Reagent Nano Kit v2 (500 Cy-
cles) (Illumina). Sequence reads were analyzed for allelic ex-
pression by counting the number of reads containing SNPs
of C57BL/6 or JF1. The number of sequenced reads and al-
lelic ratio of each sample are shown in Supplementary Data
S2.

ChIP-qPCR and ChIP-PCR/amplicon-seq

Chromatin immunoprecipitation (ChIP) was performed
based on the procedure described previously with modifi-
cations (35). Briefly, 1 x 10° trypsinised ESCs on D7 were
sampled and suspended in culture medium, fixed with 1%
paraformaldehyde (PFA) for 10 min at room temperature,
exposed to 125 mM glycine to terminate crosslinking, and
then washed twice with ice-cold PBS. To isolate nuclei, the
cells were incubated for 10 min on ice in cell lysis buffer
(CLB; 10 mM Tris—HCI, pH 8.0, 1 mM EDTA, 0.5% NP-
40, 1x protease inhibitor cocktail), and then chromatin
was isolated by incubating nuclei in nuclear lysis buffer
(NLB; 10 mM Tris-HCI, pH 8.0, 1 mM EDTA, 0.5 M
NacCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.5%
lauroylsarcosine, 1x protease inhibitor cocktail) on ice for
10 min followed by washing with ice-cold PBS. The chro-
matin was resuspended in 150 wl modified lysis buffer 3
(MLB3; 10 mM Tris-HCI, pH 8.0, ] mM EDTA, 0.5 mM
EGTA, 150 mM NacCl, 0.1% sodium deoxycholate, 0.1%
SDS, 1x protease inhibitor cocktail), and then fragmented
by sonication using a Bioruptor (energy High, 25 cycles of
ON for 30 s and OFF for 30 s by keeping the water of
the sonicator bath cold). Subsequently, 1.2 ml ChIP dilu-
tion buffer (16.7 mM Tris-HCI, pH 8.0, 167 mM NacCl, 1.2
mM EDTA, 0.01% SDS, 1% Triton X-100) was added to the
fragmented chromatin, and the supernatant after centrifu-
gation was collected for incubation with antibodies. The
chromatin—antibody complex was precipitated using Pro-
tein G Sepharose 4 Fast Flow (Merck) and the chromatin
was washed in a step-by-step manner using wash buffers
in accordance with the standard ChIP procedure. After de-
crosslinking and RNase and proteinase K treatment, DNA
was purified using a Cica Geneus PCR & Gel Prep Kit
(Kanto Chemical) according to the manufacturer’s proto-
col.

For qPCR, we used THUNDERBIRD Next SYBR
qPCR Mix (Toyobo) with an initial denaturation step at
95°C for 30 s followed by 40 cycles of 95°C for 5 s and
60°C 30 s. For ChIP-PCR /amplicon-seq, see the Quantita-
tive RT-PCR (RT-gPCR) and RT-PCR /amplicon-seq sec-
tion. The primer sequences used in the assay are listed in
Supplementary Table S2. Antibodies are as follows, Rabbit
polyclonal anti-Histone H3 (Abcam, Cat# ab1791), Rab-
bit IgG (Upstate, Cat# PP64B), Rabbit polyclonal anti-
H3K4me3 (Active Motif, Cat# 39915), Rabbit polyclonal
anti-H3K27ac (Active Motif, Cat# 39133), Rabbit poly-
clonal anti-H3K9me3 (Abcam, Cat# ab8898), and Rabbit
polyclonal anti-ZFP57 (Abcam, Cat# ab45341). The num-
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ber of sequenced reads and allelic ratio of each sample are
shown in Supplementary Data S3.

Statistical analysis

To evaluate the effects of DNA-methylation editing on
DNA methylation, gene expression and chromatin state in
undifferentiated ESCs, each combination of plasmids was
transfected into cells in three wells of six-well plates, which
were cultured and sampled independently for experimental
triplicates. For neuronal differentiation experiments, each
combination of plasmids was transfected into cells in two
wells of six-well plates, which were cultured and differen-
tiated into neural precursors in three independent experi-
ments to confirm reproducibility of differentiation. Statis-
tical analyses of DNA methylation, RT-qPCR and ChlIP-
gqPCR results were performed using the unpaired Student’s
t test. Data are shown as means with error bars representing
the standard deviation.

RESULTS

Experimental scheme and design of guide RNAs for targeted
DNA methylation editing at IG- and Meg3-DMRs

We used mouse ESCs established from F1 hybrids be-
tween female CS57BL/6 (B6) (Mus musculus musculus)
and males of its subspecies JF1 (Mus musculus molossi-
nus), called BJ ESCs. The BJ ESCs enabled us to quan-
tify allelic DNA methylation, gene expression, and his-
tone modifications based on single-nucleotide polymor-
phisms (SNPs) between B6 (maternal) and JF1 (pater-
nal) alleles. For site-specific DNA methylation editing, we
used pCAG-scFvGCN4sfGFPTET1CD (Addgene plasmid
#82561) (27) for DNA demethylation (loss of DNA methy-
lation experiment) or pEF1a-NLS-scFvGCN4-DNMT3A
(Addgene plasmid #100941) (28) for DNA methylation
(gain of DNA methylation experiment) (Figure 1A). To
express the dCas9-GCN4 fusion protein and a single
gRNA from the same plasmid, we constructed pX330-
dCas9GCN4-P2A-Puro, a plasmid carrying dCas9-GCN4
fusion protein (adapted from Addgene plasmid #82560)
and a gRNA under the control of the U6 promoter, as
well as a Puro® cassette connected to the 3’ end of dCas9-
GCN4 through the P2A peptide. We transiently transfected
BJ ESCs with the two plasmids by lipofection and selected
transfected cells with puromycin for 30 h from day 1 post-
transfection (D1) (Figure 1B). Cells were sampled on D3 or
D7 for further analysis (Figure 1B). Each gRNA-expressing
plasmid was transduced into cells on three wells of six-well
plates, and each was cultured and sampled independently.
We designed six gRNAs (gR1-5 and gR7) corresponding
to sequences within the IG-DMR and a gRNA correspond-
ing to a sequence within Meg3-DMR (gR6) (Figure 1C).
IG-DMR can be divided into two subdomains, i.e. IGCC!
and IG™E comprising the 5- and 3'-halves of IG-DMR,
respectively (16) (Figure 1D). Two gRNAs (gR1 and gR2)
corresponded to sequences in IGSC! in which histone H3-
K4 trimethylation (H3K4me3) is enriched. Notably, gR2
corresponded to a sequence within IG-DMR-Rep. Another
three gRNAs (gR4, gRS5 and gR7) were designed within
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Figure 1. Experimental scheme and design of guide RNAs for targeted DNA-methylation editing at IG- and Meg3-DMRs. (A) DNA methylation editing
tools used in targeted loss and gain of DNA methylation experiments. (B) Experimental scheme. (C) Genomic structure of mouse D/k/-Dio3 imprinted
domain in normal cells. Red and blue boxes represent maternally and paternally expressed genes, respectively. Gray boxes represent repressed genes. Filled
and open circles represent hyper- and hypomethylated differentially methylated regions (DMRs), respectively. (D) Guide RNA (gRNA) targeting sites
(yellow triangles) and bisulfite- and ChIP-(q)PCR sites (black bars) at IG- and Meg3-DMRs. IG-DMR-Rep is shaded in light blue. Chromatin features

(H3K4me3, H3K27ac and H3K9me3) and ZFP57 binding state in ESCs were adapted from the ChIP-Atlas (57).



IG™E in which H3-K27 acetylation (H3K27ac), the active
enhancer mark, is enriched. gR3 was designed correspond-
ing to the border of the subdomains.

Targeted DNA demethylation at IG-DMR-Rep by one
gRNA leads to persistent and outspread DNA hypomethyla-
tion to IG- and Meg3-DMRs

Before performing targeted DNA demethylation, we in-
vestigated the DNA methylation states at IG- and Meg3-
DMRs of the BJ ESCs without transfection (non-
transfected cells, NTF cells) and cells transfected with
scrambled (scr) gRNA that does not have any tar-
gets in the mouse genome, dCas9GCN4-P2A-Puro, and
scFvGCN4sfGFPTETICD (the demethylation tool). We
quantified DNA methylation by bisulfite-PCR followed by
amplicon sequencing by Miseq instead of conventional TA-
cloning followed by Sanger sequencing. Six bisulfite-PCR
primer sets were designed to amplify 260-480 bp DNA each
of which included one of the targets of the gRNAs (Bil—
Bi6) (Figure 1D). Sequenced bisulfite-PCR amplicons were
computationally divided into maternal or paternal alleles
depending on SNPs except for the Bi4 amplicon that did
not contain any informative SNPs. Analysis of NTF cells
revealed all bisulfite PCR sites except Bi4 were hypomethy-
lated on the maternal allele and hypermethylated on the pa-
ternal allele, and about 50% methylated at the Bi4 site, indi-
cating that the DNA methylation states at IG- and Meg3-
DMRs of the BJ ESCs used in this study were the same as in
normal somatic cells in vivo (14,36) (Figure 2A and Supple-
mentary Figure S1A). Moreover, DNA methylation in cells
transfected with scr gRNA on D3 and D7 showed no signif-
icant differences compared to NTF cells, indicating that the
DNA demethylation tool used here does not have nonspe-
cific (i.e. gRNA-independent) DNA demethylation activity
(Figure 2A and Supplementary Figure S1A).

Next, we investigated DNA methylation of cells trans-
fected with one of the gRNAs (gR1-gR6). On D3, DNA
methylation at each target site, e.g. Bil site in cells trans-
fected with gR1, was significantly reduced to 45-80% com-
pared to cells transfected with scr gRNA (Figure 2B, up-
per panel and Supplementary Figure S1B), indicating that
the gRNAs designed here functionally recruited the DNA
demethylation components. On D7, cells with gR2 target-
ing IG-DMR-Rep showed 40-60% hypomethylation at all
sites in IG- and Meg3-DMRs compared to cells transfected
with scr gRNA (Figure 2B, lower panel and Supplemen-
tary Figure S1C). The methylation level of cells transfected
with gR1 and gR3 remained lower, whereas cells transfected
with gR4 or gR5 targeting IGTRE relapsed to similar levels
to cells transfected with scr gRNA. Cells transfected with
gR6 remained hypomethylated at Meg3-DMR on D7, but
it did not affect IG-DMR methylation. On the other hand,
DNA methylation was unaffected when transfected with the
DNA demethylation tool in which TET1 is catalytically in-
active along with gR2, indicating that the DNA methyla-
tion changes observed here were dependent on the hydrox-
ymethylation activity of the exogenous TET1CD. More-
over, it was suggested that the hypomethylation induced by
gR2 was not due to steric hindrance brought about by the
DNA demethylation components against endogenous pro-
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teins that intrinsically bind to the gR2-targeting site (Figure
2B and Supplementary Figure S1D).

IG-DMR-Rep contains a tandem repeated array se-
quence with five ZFP57 binding motifs. ZFP57 binds to
the motif when its DNA is methylated. Consistent with
the decreased DNA methylation level, ChIP-qPCR using
the Ch2 primer set on D7 showed significant reduction of
ZFP57 binding to IG-DMR-Rep in cells transfected with
gR2 compared to those transfected with scr gRNA (Figure
2C). Pank4 and Gapdh genomic loci were used as positive
and negative controls, respectively (37) (Figure 2C). These
results indicate that induced DNA hypomethylation at IG-
DMR-Rep is persistent for at least 7 days, and outspreads to
the entire IG-DMR and Meg3-DMR, which is 8.5 kb away
from IG-DMR, as well as inhibiting ZFP57 binding.

Loss of DNA methylation at IG-DMR-Rep disrupts monoal-
lelic maternal expression of Meg3 and Mirg, and allele-
specific histone modifications

We investigated expression levels and alleles of Meg3 and
Mirg on D7. We performed two types of RT-PCR using
each cDNA, both of which amplified the same or overlap-
ping regions, including SNPs between B6 and JF1 (Fig-
ure 2D). One was conventional RT-qPCR, and the other
was normal RT-PCR followed by amplicon sequencing us-
ing Miseq to distinguish expression alleles (hereafter, this
method is referred to as ‘RT-PCR /amplicon-seq’). Then,
we calculated the expression levels from each allele by com-
bining RT-qPCR results and the ratios of the read numbers
of B6 (maternal) and JF1 (paternal) alleles (Figure 2D). We
used genomic DNA of the BJ ESCs as a control to analyse
the allelic ratio, and found an approximately 1:1 read num-
ber ratio between B6 and JF1 alleles, indicating limited ar-
tificial bias of this analysis (Supplementary Data 2, related
to Figure 2D).

The cells transfected with gR1 and gR2 showed 1.5-fold
(P =10.027, n = 3) and 2.1-fold (P = 0.027, n = 3) upreg-
ulation of Meg3, and 1.5-fold (P = 0.0014, n = 3) and 2.2-
fold (P = 3.1 x 107, n = 3) upregulation of Mirg relative
to controls transfected with scr gRNA, respectively (Figure
2E). No significant differences in expression were observed
in cells transfected with other gRNAs. The combination of
RT-qPCR and RT-PCR /amplicon-seq revealed that the up-
regulation was due to expression from the paternal allele.
Interestingly, the stronger effect on DNA demethylation by
gR2 than by gR1 (paternal allele methylation levels of 40%
and 60%, respectively) caused higher elevation of Meg3 and
Mirg expression from the paternal allele. Notably, although
Meg3-DMR was persistently hypomethylated by gR6 on
D7, neither Meg3 nor Mirg expression was altered (Figure
2B and E).

Next, we investigated the effects of induced DNA hy-
pomethylation at IG-DMR-Rep on histone modifications.
In normal ESCs, H3K4me3 and H3K27ac were enriched on
IGCS! and IGTRE, respectively (Figure 1D). We performed
a combination of quantitative ChIP-PCR (ChIP-qPCR)
and normal ChIP-PCR followed by amplicon-sequencing
by Miseq (hereafter referred to as ‘ChIP-PCR /amplicon-
seq’) on D7 (Figure 2F). This analysis showed that the levels
of H3K4me3 and H3K27ac at IG-DMR (PCR primer set;
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Figure 2. Effects of targeted loss of DNA methylation at IG- and Meg3-DMRs. (A) DNA methylation levels at IG-DMR (Bil-5) and Meg3-DMR (Bi6)
in nontransfected (NTF) and scramble (scr) gRNA-transfected BJ ESCs on D3 and D7. Paternal and maternal alleles were separated except for Bi4, which
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Error bars represent & SD. See also Supplementary Figure S1.



Chl1-3) and Meg3-DMR (PCR primer set; Ch6) were sig-
nificantly elevated in cells transfected with gR2 compared
to controls transfected with scr gRNA, and these eleva-
tions were derived from the paternal allele on which both
H3K4me3 and H3K27ac were depleted in normal ESCs
(Figure 2G, H). The combination of ChIP-qPCR and ChIP-
PCR /amplicon-seq analysis using pan-histone H3 antibody
showed an approximately 1:1 ratio between B6 and JF1 al-
leles, indicating the methodological relevance of this assay
(Figure 21). IgG was used as a negative control for the ChIP-
qPCR experiment (Figure 2J).

These results indicate that induced DNA hypomethyla-
tion at paternal IG-DMR-Rep maternalised the paternal al-
lele in terms of expression of Meg3 and Mirg and histone
modifications at IG- and Meg3-DMRs.

Loss of DNA methylation at IG-DMR-Rep is maintained
through neuronal differentiation

To investigate whether induced hypomethylation at 1G-
DMR-Rep by gR2 is maintained through differentiation,
we induced the differentiation of ESCs transfected with the
DNA demethylation tool along with scr or gR2 gRNA into
neural precursors based on the SFEB method (31) (Fig-
ure 3A). In addition, as neuronal differentiation upregulates
three paternally expressed genes in this domain (i.e. DIkI,
Rtll and Dio3) although they are below the limit of detec-
tion in undifferentiated ESCs, their expression levels were
also measured in differentiated neuronal cells. Cells on D7
or later were differentiated, which was confirmed by their
neurite-like morphology and expression of marker genes
(pluripotency markers, Oct4 and Nanog; and neuroectoder-
mal marker, Sox/) (Figure 3B). Control cells transfected
with scr gRNA as well as NTF cells gained DNA methy-
lation on maternal Bil and Bi3 sites during neuronal differ-
entiation (Figure 3C and Supplementary Figure S3). These
observations are consistent with a previous study reporting
gain of methylation on maternal IG-DMR in neural stem
cells and astrocytes in vivo (38). The level of DNA methy-
lation of paternal IG- and Meg3-DMRs in cells transfected
with gR2 was significantly lower than those of control cells
transfected with scr gRNA or NTF cells (Figure 3C and
Supplementary Figure S3). Expression levels of three ma-
ternally expressed genes, i.e. Meg3, Meg8, and Mirg, were
significantly upregulated from the paternal allele, while the
paternally expressed genes, D/kI, Rtll and Dio3, were sig-
nificantly downregulated (Figure 3D). In this analysis, we
measured DNA methylation level at Meg8-DMR, which
is located in intron 2 of Meg8 and is, in contrast to I1G-
and Meg3-DMRs, hypermethylated on the maternal allele
and hypomethylated on the paternal allele in embryonic day
19 (E19) fetal tissues (39) (Supplementary Figure S2A, B).
The methylation level was higher on paternal Meg8-DMR
of gR2-transfected cells than scr gRNA-transfected cells
or NTF cells (Figure 3C and Supplementary Figure S3).
These results indicate that induced DNA hypomethylation
at IG-DMR-Rep by transient expression of the demethy-
lation tool persisted through differentiation, and that the
hypomethylated paternal allele behaved like its counterpart
maternal allele in neuronal precursor cells.
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Gain of DNA methylation at IG-DMR-Rep showed inverse
effects to the loss of DNA methylation

In addition to the loss of methylation, we performed a
gain of methylation experiment using a DNA methyla-
tion tool consisting of pX330-based dCas9GCN4-P2A-
Puro and scFvGCN4sfGFPDNMT3A (Figure 1A). To as-
sess gRNA-independent off-target methylation activity, we
transfected the scr gRNA with the methylation tool into BJ
ESCs, and found a small effect on DNA methylation at IG-
and Meg3-DMRs on D3 and D7 (Figure 4A and Supple-
mentary Figure S4A). Next, we checked the functionality of
the gRNAs by measuring DNA methylation levels on D3.
By comparing the DNA methylation levels at the gRNA
target sites between cells transfected with each gRNA and
the scr gRNA, we confirmed that gRNAs other than gRS5
induced hypermethylation (Figure 4B and Supplementary
Figure S4B). Therefore, we used gR7 to target IGTRE in-
stead of gRS for the subsequent targeted DNA methylation
experiment. On D7, the cells transfected with gR2 showed
more than 40% DNA hypermethylation on the maternal al-
lele at all sites in IG-DMR and 30% in Meg3-DMR, and
about 2-fold higher level for both alleles at the Bi4 site com-
pared to cells transfected with scr gRNA (Figure 4C and
Supplementary Figure S4C). The cells transfected with gR 1
and gR3 also showed higher methylation levels compared
to the control cells transfected with scr gRNA, whereas the
cells transfected with gR7 or gR4 relapsed to similar levels
to those transfected with scr gRNA. The cells transfected
with gR6 retained hypermethylation at Meg3-DMR on D7
but showed no effect on IG-DMR methylation. Consistent
with the induced hypermethylation by gR2, the binding of
ZFP57 on the maternal allele at the Bi2 site was significantly
increased, as revealed by the combination of ChIP-qPCR
and ChIP-PCR /amplicon-seq (Figures 2F and 4D).

On D7, the cells transfected with gR2 showed decreased
expression of Meg3 (20.4%, P = 0.036) compared to cells
transfected with scr gRNA (Figure 4E). DNA methylation
at Meg3-DMR was maintained at a higher level in the cells
transfected with gR 6, but the Meg3 expression level was not
altered (Figures 2E and 4E).

Histone modifications were investigated in cells trans-
fected with gR2 on D7 by the combination of ChIP-qPCR
and ChIP-PCR /amplicon-seq (Figure 2F). H3K4me3 was
significantly decreased in IG- and Meg3-DMRs compared
to NTF cells or cells transfected with scr gRNA (Figure 4F).
By contrast, H3K9me3 on the maternal allele was markedly
increased at IG- and Meg3-DMRs (Figure 4G). The pan-
histone H3 antibody and IgG were used as experimental
controls for the combination of ChIP-qPCR and ChIP-
PCR /amplicon-seq (Figure 4H, I).

Finally, we induced ESCs transfected with gR2 or scr
gRNA on D7 or later to differentiate into neural precur-
sors (Figures 3A and 5A). The cells transfected with gR2
showed a significantly higher level of DNA methylation on
maternal IG- (Bil, Bi2, Bi3 and Bi5 sites) and Meg3-DMRs
(Bi6 site), and the total level for both alleles (Bi4 site) com-
pared to cells transfected with scr gRNA (Figure 5B and
Supplementary Figure S5). The maternal Meg8-DMR of
cells transfected with gR2 showed a lower level of DNA
methylation compared to cells transfected with scr gRNA



5088 Nucleic Acids Research, 2022, Vol. 50, No. 9

A
Transfection of
the plasmids Sampling
(DNA demethylation tool) Neural
: Differentiation
Puromycin .
select?lon serum/LIF (Suspension Cu|ture) N2 medium
A A
Y Y
—
DO D1 D2 D7 or later ND7 ND14
BJ ESCs (@ ? (C) Neuron differentiation day 0
o @ (NDO) B gR2 scr
C g
Pat allele Mat allele | Both alleles '* :
NTF O O O 2
scr O O O
i = = = s 10 10 1000
100 i . . -g Oct4 Nanog Sox1
. ﬂ . I_| <= . ; 100 1
= 1 ML . - gl 1
S o | ;|1_| |_| ;ﬂ - P \ 10
=) 1
S g So1 0.1 .
T 0 T~
2 - & oo 0.01 0.1
g 2 |‘| UnDiff NeuroDiff UnDiff NeuroDiff UnDiff NeuroDiff
g
a 2 NTF —l— scr —— gR2
0
Bisulfite Bi1 Bi2 Bi3 Bi4 Bi5 Bi6 Meg8-DMR
PCR site Site 1
D Meg3 Meg8 Mirg
S ' () 2] () 2 (+4)
@ 15 15
S 1 - ) '
Q.
51 R e
(%)
e 0.5
= g 0.5 - 0.5
©
x 0 0 0

NTF scr gR2 NTF scr gR2 NTF scr gR2

NTF scr gR2 NTF scr gR2 NTF scr gR2

L Expression from Mat allele ([0) / from Pat allele () / in total (H) }
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significance for the paternal allele: *P < 0.05, **P < 0.01, ***P < 0.001. Error bars represent = SD. See also Supplementary Figures S2 and S3.

(Figure 5B and Supplementary Figure S5). We investigated
the expression levels and alleles of the genes in the domain
by the combination of RT-qPCR and RT-PCR /amplicon-
seq (Figure 2D). Three paternally expressed genes (DIkl,
Rtll, and Dio3) showed significant upregulation due to ex-
pression from the maternal allele, whereas three maternally
expressed genes (Meg3, Meg8 and Mirg) showed significant
downregulation in cells transfected with gR2 compared to
cells transfected with scr gRNA (Figure 5C). Interestingly,
Rtl1 from the paternal allele also showed 1.5-fold upregu-
lation in cells transfected with gR2 (P = 0.07, n = 6). As its
maternally expressed antisense transcript, Rt//as, encodes
seven microRNAs that degrade R¢#// through RNA inter-
ference (RNAI), it is suggested that Rt//as was also down-

regulated by gR2-targeted gain of DNA methylation (8,34).
Taken together, these observations indicate that the gain of
DNA methylation at IG-DMR-Rep by gR2 caused pater-
nalisation of the maternal allele and showed inverse effects
against the effects caused by loss of DNA methylation at
IG-DMR-Rep.

DISCUSSION

DNA methylation is considered to be a pivotal compo-
nent of gene regulation in combination with other epige-
netic modifications, such as histone modifications. The role
of DNA methylation has been investigated by mutating
factors associated with the regulation of DNA methyla-
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Figure 4. Effects of targeted gain of DNA methylation at IG- and Meg3-DMRs. (A) DNA methylation levels at IG-DMR (Bil-5, and Bi7) and Meg3-DMR
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***P < (0.001. Error bars represent + SD. See also Supplementary Figure S4.
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tion, such as DNA methyltransferases, or by deleting ge-
nomic elements whose DNA methylation state is changed
during cell differentiation/development or in disease. How-
ever, mutating factors change the genome-wide epigenetic
state, and deleting genomic elements affects not only DNA
methylation but also other epigenetic modifications or the
state of DNA binding factors. Therefore, it has been dif-
ficult to provide direct evidence of how DNA methyla-
tion at a specific locus functions (25). In this study, we
applied CRISPR/Cas9-based DNA methylation editing
tools, and performed both gain and loss of DNA methyla-
tion experiments at the Dlki-Dio3 imprinted domain. Im-
portantly, as we introduced the DNA methylation editing
tools transiently and used catalytically inactive TET1 as
a control, we could exclude the possibility that the ob-
served effects were due to interference with binding of
endogenous proteins by occupation of gRNA target sites
by dCas9. Therefore, our results provide evidence of the
role of DNA methylation per se. Another important find-
ing is that one gRNA targeting IG-DMR-Rep was suf-
ficient to affect the entirety of the DIkI-Dio3 imprinted
domain spanning approximately 860 kb, and that the ef-
fect persisted for a long period, even through cell dif-

ferentiation, thus representing a core DNA methylation
site.

Considering the results of both the loss and gain of DNA
methylation experiments, it is clear that the DNA methy-
lation state at IG-DMR-Rep spreads into the entirety of
the IG-DMR, and hypomethylated IGTRF functions as an
enhancer of Meg3, while methylated IGTRF does not (Fig-
ure 6). On the other hand, hypo- or hypermethylation in-
duced at IGTRE by gR4/gR7 or gRS5 did not persist until
D7 or alter the DNA methylation at Meg3-DMR, suggest-
ing that DNA methylation at IGTRE is associated with en-
hancer activity for Meg3, but not with epigenetic regulation
of the DIlkI-Dio3 domain (Supplementary Table S1). It has
been suggested that Meg3 mRNA functions as a cofactor
for polycomb repressive complex 2 (PRC2) to direct PRC2
to the DIkl promoter, and they suppress DIkl in cis (40).
Taken together, these results indicate that DNA methyla-
tion state at IG-DMR-Rep is a bona fide element to deter-
mine of whether the allele behaves as the intrinsic maternal
or paternal allele.

Further study is needed to elucidate the function of DNA
methylation at Meg3-DMR. Although lower and higher
DNA methylation at Meg3-DMR induced by gR6 were
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Figure 6. A model for imprinted regulation by DNA methylation state at IG-DMR-Rep. In normal ESCs, hypomethylated maternal IGTRE functions as an
enhancer to activate Meg3 transcription ((1)), whereas hypermethylated paternal IGTRE does not ((2). The transcribed Meg3 mRNA is incorporated into
PRC?2 to direct PRC2 to DIk! and suppress it in cis ((3)) (40). When the hypermethylated paternal IG-DMR-Rep is demethylated (i), the entire IG-DMR is
hypomethylated and Meg3 is derepressed on the paternal allele. By contrast, when the hypomethylated maternal IG-DMR-Rep is methylated (ii), the entire

IG-DMR is hypermethylated and maternal Meg3 is repressed, and Dik| is
CpG; asterisk: IG-DMR-Rep.

maintained at D7, mono allelic expression and the expres-
sion level of Meg3 were unaffected in both cases (Supple-
mentary Table S1). In the Gt/2/““ mouse model, in which
the LacZ transgene (TG) was inserted approximately 1-
kb upstream of Meg3-DMR (Supplementary Figure S6),
paternal transmission of the TG induced almost complete
demethylation of the paternal Meg3-DMR without affect-
ing IG-DMR, and partial derepression of paternal Meg3,
suggesting some functions of DNA methylation at Meg3-
DMR (22). Stronger DNA methylation editing, i.e. almost
complete demethylation and methylation, is needed to draw
conclusions regarding the function of DNA methylation at
Meg3-DMR.

MEGS8-DMR was first reported in the human genome
(39,41). On analysing the orthologous region of the mouse
genome, we found maternally hypermethylated and pater-
nally hypomethylated Meg8-DMR in intron 2 of Meg§ in
mouse fetal tissues (Supplementary Figure S2). Analysis of
human KOS patients with several genomic deletions sug-
gested that establishment of DNA methylation at MEGS-
DMR requires transcription from MEG3 to MEGS (39).
This may also be the case in mice. Intriguingly, we found
that Meg8-DMR includes a peak in the ChIP-seq for CTCF
in mouse ESCs (Supplementary Figure S2). Because CTCF

expressed biallelically. Filled circle: methylated CpG; open circle: unmethylated

is a DNA methylation-sensitive DNA binding protein, it is
possible that CTCF only binds the hypomethylated paternal
Meg8-DMR, and contributes to allele-specific chromatin
conformation. Additionally, we noticed that Meg8-DMR
is located 2.5-kb upstream of one of the alternative leader
exons of Rtll (Rtl1-Ex1b) (42) (Supplementary Figure S2).
These observations suggest that Meg8-DMR may function
in Rt/l regulation through chromatin conformation, or as
a cis-regulatory element such as a promoter or enhancer.
Because misregulation of R#// is one of the main causes of
KOS and TS, a deletion experiment of Meg8-DMR would
be instructive (8,43,44).

The molecular mechanism by which the DNA methy-
lation state at IG-DMR-Rep spreads throughout the en-
tire IG-DMR is also intriguing. As IG-DMR-Rep con-
tains a tandem repeat of ZFP57 binding sequences, ZFP57,
which binds to methylated DNA, would be a key player
in this mechanism (16,45-47). ZFP57 can act as a scaf-
fold for the KAPI complex, which contains KAP1 (also
known as TRIM28), CBX1/3/5 and SUMO1/2. This com-
plex recruits other factors, such as DNA methyltrans-
ferases (DNMT1 and DNMT3A), histone H3K9 methyl-
transferase (SETDBI1) and its associated protein, ATF7IP,
as well as the NuRD chromatin remodelling complex con-
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taining methylated DNA binding protein (MBD3), histone
H3-K4 demethylase (KDMI1A, also known as LSD1), and
histone deacetylase (CHD4) (48-50). Indeed, publicly avail-
able ChIP-seq data show that these factors bind IG-DMR-
Rep in ESCs or induced pluripotent stem cells (Supplemen-
tary Figure S6). Also, ZFP57 is essential for maintenance
of DNA methylation at imprinted DMRs (5,51). These ob-
servations, in addition to our results, suggest that changes
in the binding state of ZFP57 at IG-DMR-Rep can be a
starting point for shifting the epigenetic state of the en-
tire IG-DMR. On the other hand, the mechanism by which
DNA methylation state at IG-DMR affects Meg3-DMR
would be associated with chromatin loop formation, as pro-
posed previously (16,19), and factors associated with loop
formation (CTCF, YY1, SMCIA, STAG1/2, RAD21 and
ZFP143) bind IG- and Meg3-DMRs (52) (Supplementary
Figure S6).

Recent genetic modification experiments have shown that
paternal methylated IG-DMR-Rep is essential for preserv-
ing the imprinting state at this domain in vivo (4,17). In
addition, Aronson et al. (2021) showed that IG-DMR is a
bipartite element consisting of IGFC!, which contains IG-
DMR-Rep, and IGTRE which functions as an enhancer of
Meg3 in vitro. Our results indicate that the DNA methy-
lation states at IG-DMR-Rep, regardless of whether it is
methylated or unmethylated, spread into adjacent IGTRE,
and affect the imprinted expression of the genes through-
out the domain. Therefore, we argue that DNA methylation
at IG-DMR-Rep is a real core element for epigenetic regu-
lation in the 3.8 kb IG-DMR, so that means the whole of
the DIkI-Dio3 imprinted domain. Notably, we found that
the hypermethylation at IGTRE induced by gR7 or gR5 did
not persist, and therefore, did not alter the imprinting state
of the domain, including imprinted Meg3 expression and
DNA methylation at IG- and Meg3-DMRs. Aronson et
al. (2021) also performed DNA methylation editing using
dCas9-TET1CD and DNMT3A direct fusion proteins. The
differences between their strategy and that used herein are
as follows: they introduced tools in a stable manner using
a lentiviral vector, compared with the transient expression
conducted in the present study; furthermore, they intro-
duced multiple gRNAs simultaneously, whereas we intro-
duced a single gRNA at a time. Consistent with their ob-
servation, we observed a spread of hypomethylation into
whole of the IG-DMR and Meg3-DMR when 1GCS! was
demethylated. On the other hand, they reported that in-
ducing DNA methylation at IGTRE increased DNA methy-
lation at maternal IG- and Meg3-DMRs, and decreased
the Meg3 expression level, which is inconsistent with our
results. We speculate that this may have been because the
lentiviral-transduced dCas9-DNMT3A protein in their ex-
periment remained on the maternal IGTRE and sterically in-
terfered with binding of transcription factors (e.g. AFF3
and ZFP281) that are necessary to activate the enhancer
function for Meg3, and the repressed Meg3 expression led
to hypermethylation at maternal Meg3-DMR (20,21). It is
also suggested that steric hindrance caused by stable expres-
sion of Cas9-related artificial proteins triggers epigenetic al-
terations by interfering with the binding of endogenous pro-
teins at target sites, which could be the cause of the spread of
DNA methylation into IGCS! in their experiment (53). Fur-

ther studies with stable expression of catalytically inactive
dCas9-TET1CD or dCas9-DNMT3A with gRNAs target-
ing IGTRE are required to resolve this discrepancy.

The methodologies used in this study, i.e. the bisulfite-
PCR /amplicon-seq, the combination of RT-qPCR and
RT-PCR/amplicon-seq, and ChIP-qPCR and ChIP-
PCR /amplicon-seq, provide robust data for genomic
imprinting analysis, and are cost effective and highly
quantitative compared to conventional strategies, such as
bisulfite-sequencing through TA-cloning, and RT-PCR
followed by restriction fragment length polymorphism
(RFLP) assay. Bisulfite-PCR/amplicon-seq enables the
simultaneous reading large numbers of samples (> 100 sam-
ples, limited by the number of indexes, but no limitation for
PCR primer sets). Compared to pyrosequencing or whole-
genome bisulfite sequencing, this strategy has advantages in
terms of read length of each amplicon (300-500 bp, which
is similar to the conventional bisulfite-PCR-sequencing
strategy), and each CpG methylation in each molecule can
be observed, which is informative particularly for genomic
imprinting research (Supplementary Figures S1-S5). The
high degree of quantitativeness of the combination strategy
of RT-gPCR and RT-PCR/amplicon-seq to measure
allelic expression was confirmed using BJ genomic DNA
as the template for PCR, in which SNPs specific to the
maternal or paternal allele were detected at almost 1:1 ratio
(Supplementary Data 2, related to Figure 3A). Similarly,
the relevance of the combination of ChIP-qPCR and
ChIP-PCR /amplicon-seq was confirmed by experiments
using anti-histone H3 antibody, in which paternal and
maternal alleles were detected at almost 1:1 ratio (Figures
21 and 4H). This strategy would be more suitable than the
costly ChIP-seq analysis for investigation of limited regions
with large numbers of samples.

Although we carefully controlled each experiment by
comparison with the effects of scr gRNA or NTF sam-
ples, imprinted DMRs are susceptible to in vitro ESC cul-
ture conditions (54-56). It is also necessary to consider that
DNA methylation editing in ESCs is not perfect i.e. some
of the cells in both the loss and gain of DNA methylation
experiments retained the normal DNA methylation states.
In addition to these experimental limitations using ESCs,
it should be noted that IG-DMR is the causative region of
human KOS and TS, and that some patients show epimu-
tations, such as hyper- or hypomethylation, at IG-DMR
(9,23,24). Therefore, in vivo experimental systems with in-
troduction of DNA methylation editing tools into early
mouse embryos would be important to explore whether we
can achieve complete DNA methylation editing in the whole
body and cause the phenotypes associated with KOS and
TS.

Despite these limitations, we confirmed the power of the
DNA methylation editing tools combining CRISPR /Cas9
and SunTag systems (27,28). These tools enable us to study
the causative role of DNA methylation in gene expression
at specific sites, which can be referred to as ‘reverse epige-
netics’ (this term comes from the term ‘reverse genetics’).
Our study presents a reverse epigenetics model to explore
whether core DNA methylation similar to IG-DMR-Rep
exists in other ICRs as well as cis-regulatory DNA elements
(e.g. enhancers).
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