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Abstract

The gene dosage at the imprinted DIk7-Dio3 locus is critical for cell growth and development. A relatively high gene
expression within the DIk1-Dio3 region, especially the active expression of Gt/2, has been identified as the only
reliable marker for cell pluripotency. The DNA methylation state of the IG-DNA methylated regions (DMR), which is
located upstream of the Gt/2 gene, dominantly contributes to the control of gene expression in the DIk7-Dio3 locus.
However, the precise mechanism underlying the regulation of DNA methylation in the IG-DMR remains largely
unknown. Here, we use the F9 embryonal carcinoma cell line, a low pluripotent cell model, to identify the me-
chanism responsible for DNA methylation in the IG-DMR, and find that the interaction of PGC7 with UHRF1 is
involved in maintaining DNA methylation and inducing DNA hypermethylation in the IG-DMR region. PGC7 and
UHRF1 cooperatively bind in the IG-DMR to regulate the methylation of DNA and histones in this imprinted region.
PGC7 promotes the recruitment of DNMT1 by UHRF1 to maintain DNA methylation in the IG-DMR locus. The
interaction between PGC7 and UHRF1 strengthens their binding to H3K9me3 and leads to further enrichment of
H3K9me3 in the IG-DMR by recruiting the specific histone methyltransferase SETDB1. Consequently, the abundance
of H3K9me3 promotes DNMT3A to bind to the IG-DMR and increases DNA methylation level in this region. In
summary, we propose a new mechanism of DNA methylation regulation in the IG-DMR locus and provide further
insight into the understanding of the difference in Gt/2 expression levels between high and low pluripotent cells.
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Introduction

The delta-like non-canonical Notch ligand 1/iodothyronine deiodi-
nase 3 (DIkI-Dio3) imprinted region is located on the mouse chro-
mosome 12 (12F1) and the human chromosome 14q32. It contains
three protein-coding genes, DIkI, Rtl1, and Dio3, expressed from
the paternally inherited chromosome and multiple long and small
noncoding RNA (ncRNA) genes expressed from the maternally in-
herited chromosome. The expression levels of the imprinted genes
in this locus regulate cell development and growth. Alterations of
the imprinted gene dosage in the DIk1-Dio3 region cause multiple
phenotypes including growth deficiencies and developmental de-
fects of embryos and placenta, as well as defects in adult metabo-
lism and brain function. Within the DIki-Dio3 region, the

imprinting regulation requires two different DNA methylated re-
gions (DMRs), the intergenic-DMR (IG-DMR) and the gene-trap line
2-DMR (GtI2-DMR) [1,2]. The DNA methylation state in the IG-DMR
is not only essential for proper imprinting control but also relevant
for the imprinted gene dosage. Therefore, understanding the reg-
ulation of DNA methylation in this region may have implications for
human disorders such as cancer and be useful for basic and medical
research. Importantly, GtI2, one of the long ncRNAs (IncRNAs) lo-
cated in the DIkI-Dio3 region, was reported to be a tumor sup-
pressor [3]. A decreased GtI2 expression level is considered as a
biomarker for various cancer prognosis and diagnosis [4].
Recently, it was reported that the expression of imprinted genes
in the DIkI-Dio3 region is critical to maintain stem cell pluripotency.
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Particularly, GtI2 expression level is considered as the only reliable
marker to distinguish low-grade from high-grade induced plur-
ipotent stem cells (iPSCs) [5-7]. Pluripotency genes regulate
IncRNAs derived from the DIkI-Dio3 region to maintain the plur-
ipotency of mouse embryonic stem cells (mESCs) [8,9]. For ex-
ample, GtI2 modulates the expression levels of pluripotency genes
[10], which in turn regulate the methylation of IncRNA promoters
and affect IncRNA expression in cells [9,11,12]. Moreover, silencing
of the imprinted DIkI-Dio3 gene cluster induced by DNA hy-
permethylation in the IG-DMR was observed in most iPSC clones
that contributed poorly to chimeras and failed to support the de-
velopment of iPSC-derived animals [7,13,14]. However, the cause
of IG-DMR hypermethylation in low-grade iPSCs remains unclear.
Here, we used F9 embryonal carcinoma (EC) cells, a partially
pluripotent cell line in which the IG-DMR is hypermethylated with a
low expression level of GtI2, to identify the mechanism responsible
for DNA methylation in the IG-DMR.

The primordial germ cell 7 (PGC7) protein comprises 150 amino
acids and is encoded by a maternal effect gene that is specifically
expressed in primordial germ cells, oocytes, and pluripotent cells
[15]. In zygotes, PGC7 binds to H3K9me2 in the female pronucleus
to protect the maternal genome from the Tet methylcytosine diox-
ygenase3 (TET3)-mediated active demethylation process [16]. In
iPSC reprogramming, exogenous PGC7 efficiently improves the re-
programming fidelity with a higher proportion of high-grade iPSCs
through maintaining the imprinting of the IG-DMR at the DIkI-Dio3
locus by suppressing DNMT3A enrichment [17]. In pluripotent
cells, PGC7 plays a significant role in the maintenance of a naive
pluripotency state [18]. High PGC?7 level corresponds to more active
histone modifications and low DNA methylation, whereas low
PGC7 level correlates with high levels of repressive histone mod-
ifications and DNA methylation [19]. Previously, we predicted that
PGC7 is an intrinsically disordered protein (IDP), which might
adopt various protein conformations that varies from protein-pro-
tein interactions. Therefore, we speculated that different functions
of PGC? in different cells might depend on different protein inter-
action partners, different biological contexts, or even both [20].

Ubiquitin-like with plant homeodomain and ring finger domains
1 (UHRF1), a PGC?7 interaction partner, is an oncogene that is es-
sential for the maintenance of DNA methylation [21,22]. UHRF1
contains five major protein domains: an ubiquitin-like (UBL) do-
main, a tandem Tudor domain (TTD), a plant homeodomain (PHD)
finger, a SET and RING associated (SRA) domain, and a really in-
teresting new gene (RING) finger [6,23,24]. UHRF1 recognizes
hemimethylated CG sites through its SRA domain. The E3 ubiquitin
ligase activity of UHRF1 RING finger promotes the ubiquitination of
H3K18 and H3K23, which recruits DNMT1 for the methylation of
the unmodified C of hemimethylated CG sites to copy the existing
methylation patterns [25,26]. In addition, the TTD and PHD finger
might contribute to the proper localization of UHRF1 through re-
cognizing H3K9me2/3 and unmodified H3R2, respectively [27]. In
cancer cells, UHRF1 acts by silencing tumor suppressors (including
Gtl2) through a DNA methylation-dependent mechanism [28]. Due
to the interaction of PGC7 with UHRF1 and their binding to me-
thylated H3K9, we speculated that PGC7 and UHRF1 might co-lo-
calize in the IG-DMR and participate in the regulation of DNA
methylation at imprinted loci.

In the present study, we find that PGC7 and UHRF1 are co-
operatively associated with the IG-DMR in F9 EC cells. PGC7 pro-
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motes UHRF1-mediated recruitment of DNMT1 and SETDBI1, both
of which engage in DNA methylation maintenance and H3K9me3
enrichment. Subsequently, DNMT3A recognizes H3K9me3 and re-
sults in DNA hypermethylation in the IG-DMR of the DIkI-Dio3
region. We uncover a mechanism possibly occurring in tumor cells,
primed-state pluripotent stem cells, and low-grade iPSCs, in which
the IG-DMR is hypermethylated and the pluripotency marker Gtl2 is
repressed.

Materials and Methods
Cell culture and transfection
HEK-293T cells and F9 embryonal carcinoma (EC) cells were ob-
tained from the American Type Culture Collection (ATCC, Mana-
ssas, USA) and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) FBS in the sterile cell wells
which were purchased from Nunclon (Roskilde, Denmark). All cells
were maintained at 37°C and 5% CO, in a humidified incubator.
Transfections were performed by using Lipofectamine 2000 (Life
Technologies, Carlsbad, USA) according to the manufacturer’s in-
structions. All cell culture reagents were purchased from Gibco
(Carlsbad, USA) unless indicated.

Construction of plasmids

The full-length coding sequences of the Uhrfl and Pgc7 were am-
plified from cDNA of F9 ECs, then these sequences were constructed
into pCMV-HA and p3 x Flag-CMV-10 or pCMV-Myc plasmids by
standard molecular cloning methods and confirmed by sequencing.
The coding sequence of Dnmtl was constructed into p3 x Flag-
CMV-10 plasmid, and Dnmt3a was constructed into p3 x Flag-CMV-
10 plasmid. The fused coding sequence of Uhrfl and Pgc7 was
constructed into pCMV-HA plasmid and the T2A peptide was used
as the linker between respective coding sequence of UhrfI and Pgc’.
All the primers used for construction of the above plasmids are
listed in Supplementary Table S1.

RNA interference

Short interfering RNAs (siRNAs) that target mouse PgcZ, Uhrfl,
Setdbl and negative control siRNA-NC were purchased from
Shanghai GenePharma (Shanghai, China). siRNAs sequences are as
follows: si-Pgc7, 5-GCACAACGAUCCAGAUUUA-3'; si-Uhrfl, 5'-
GUGGUCAUGGCCAACUAUATT-3'; si-Setdb1, 5'-GCUACAUCAUU-
GAUGCCAAACUUGA-3’;  siRNA-NC, 5'-UUCUCCGAACGUGU-
CACGUTT-3". For RNA interference experiments, F9 ECs were
transfected with the indicated siRNAs (50 nM final concentration)
using Lipofectamine 2000.

Reverse transcription PCR and quantitative real-time
PCR analysis

Total RNA was extracted from treated cells using Trizol Reagent
(Life Technologies) according to the manufacturer’s protocol. Total
RNA (1 pg) was reverse-transcribed using a PrimeScript RT re-
agents kit (TaKaRa, Dalian, China) with the following protocol:
reactions were carried out at 37°C for 15 min and 85°C for 5 s. The
amount of RNA was determined by real-time PCR on an ABI Ste-
pOnePlus PCR system (Applied Biosystems, Foster City, USA) using
SYBR Premix Ex Taq II (TaKaRa). The following conditions were
used for qPCR: 30 s at 95°C, and 40 cycles of 5 s at 95°C and 30 s at
60°C, and the melting curve was analyzed to ensure that a single
PCR product was obtained. Data were collected after each annealing
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step. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as an endogenous control to normalize for the differences in
the amount of total RNA in each sample. All primer sequences used
for gPCR examination were obtained from the PrimerBank (http://
pga.mgh.harvard.edu/primerbank/) and shown in the Table 1.

Co-immunoprecipitation

After 48 h, the transfected F9 ECs were washed with PBS twice and
lysed in ice-cold Pierce IP lysis buffer (Pierce, Rockford, USA)
supplemented with proteinase inhibitor cocktail (Thermo Scientific,
Waltham, USA). Cleared cell lysates (0.5 mL) were pre-incubated
with Pierce™ Protein A/G Magnetic Agarose Beads (Thermo Scien-
tific) for 1 h at 4°C to reduce non-specific binding of proteins to the
beads. After brief spin, the pre-cleared cell lysates were incubated
with 2 pg of indicated antibodies overnight at 4°C, and the lysates
were added in Pierce™ Protein A/G Magnetic Agarose Beads and
incubated for 3 h. Then the immunoprecipitates were analyzed by
western blot analysis. The biotin co-immunoprecipitation was
preformed using bio-peptides of H3, H3K9me2 and H3K9me3 in
HEK-293T cells with overexpression of PGC7 and UHRFI, the
Streptavidin Dynabeads™ M-280 were used to pull down the com-
plex that bio-peptides bound to. The information bio-peptides is as
follows: L-H3, biotin-ARTKQTARKSTGGKAPRKQLA; L-H3K9me2,

Table 1. Sequences of the primers used for qPCR analysis

Gene name Primer sequences (5'—3')
GAPDH Forward TGTGAGGGAGATGCTCAGTG
Reverse TGTTCCTACCCCCAATGTGT
Nanog Forward CACCCACCCATGCTAGTCTT
Reverse =~ ACCCTCAAACTCCTGGTCCT
Klif4 Forward GGCGAGTCTGACATGGCTG
Reverse GCTGGACGCAGTGTCTTCTC
Oct4 Forward TAGGTGAGCCGTCTTTCCAC
Reverse GCTTAGCCAGGTTCGAGGAT
Sox2 Forward CTGGACTGCGAACTGGAGAA
Reverse CTAGTCGGCATCACGGTTTT
Kif2 Forward CTCAGCGAGCCTATCTTGCC
Reverse CACGTTGTTTAGGTCCTCATCC
Esrrb Forward GCACCTGGGCTCTAGTTGC
Reverse TACAGTCCTCGTAGCTCTTGC
HI19 Forward TTGCACTAAGTCGATTGCACT
Reverse GGAACTGCTTCCAGACTAGGC
Rasgrf1 Forward GCCAGAAGACTTGACAACGCT
Reverse TCAATCTACAGGGATGGTGGAAG
Gtl2 Forward TCCTCACCTCCAATTTCCCCT
Reverse GAGCGAGAGCCGTTCGATG
P1 Forward TTTACCGTGGCACAGATTCA
Reverse CTGTGAGGCACTTGGCCTAT
P2 Forward CACAGCAAAAGTGCATGGAT
Reverse CCATGGCACAACTACACAGG
P3 Forward TCCCATACCAAGCACAATGA
Reverse GTCCACAGCACATCTCCGTA
P4 Forward GCTTTGGAATTCCTGATGGA
Reverse GGCTACAGCAGGGAGACAAG

biotin-ARTKQTARK(me2) STGGKAPRKQLA; L-H3K9me3, biotin-
ARTKQTARK(me3)STGGKAPRKQLA.

Alkaline phosphatase (AP) staining
Cytochemical staining for AP was performed using the Alkaline
Phosphatase Kit (C3206; Beyotime Biotechnology, Shanghai, China)
according to the manufacturer’s protocol.

Immunofluorescence microscopy

F9 ECs were fixed with 4% paraformaldehyde/PBS for 20 min,
permeabilized with 0.2% Triton X-100/PBS for 10 min, and rinsed
twice in PBS. Cells were incubated with the indicated primary an-
tibodies diluted in blocking buffer (Beyotime) overnight at 4°C and
washed three times (5 min each) with washing buffer (Beyotime),
followed by incubation with an Alexa Fluor 488/555-conjugated
secondary antibody for 2 h at room temperature. The cell nuclei
were counterstained with DAPI. Finally, cells were examined with a
fluorescence microscope.

Western blot analysis

Cells were lysed with RIPA buffer (Pierce). BCA Protein Assay Re-
agent (Pierce) was used to determine the protein concentration of
lysate. Equal amounts of protein were resolved by 8% ~12% SDS-
PAGE. Then the proteins were transferred to the polyvinylidene
fluoride membranes (Millipore, Billerica, USA). After being blocked
for 2 h at room temperature in 10% nonfat dry milk in TBST con-
taining 0.05% Tween-20, the membranes were incubated with
primary antibodies overnight at 4°C and washed with TBST. Then
membranes were incubated with HRP-conjugated secondary anti-
bodies for 2 h at room temperature. Primary antibodies included
rabbit anti-Flag (1:1000; Thermo Scientific), rabbit monoclonal anti-
GAPDH and mouse anti-HA (1:5000; Sigma, St Louis, USA), rabbit
anti-H3K9me2 and rabbit anti-H3K9me3 (CST, Danvers, USA),
mouse anti-antibody-H3 (1:1000; Sangon Biotech, Shanghai, Chi-
na), rabbit Polyclonal anti-Setdbl, rabbit Polyclonal anti-Oct4
(1:1000; Proteintech, Rosemont, USA). The horseradish peroxidase
(HRP)-conjugated anti-rabbit/mouse IgG secondary antibodies
were obtained from Beyotime Institute of Biotechnology (Shanghai,
China).

Chromatin Immunoprecipitation

F9 ECs were cultured to a density of 1x 108 cells for each im-
munoprecipitation experiment. Cells were cross-linked for 10 min at
room temperature with 1% (w/v) formaldehyde and the reaction
was subsequently quenched with 125 mM glycine. Genomic DNA
was isolated and sheared to average lengths of 300~ 500 bp by
micrococcal nuclease and ultrasonic treatment. Then, specific an-
tibodies were used for immunoprecipitation. Chromatin im-
munoprecipitation (ChIP) enrichment was purified using the QIAEX
II Gel Extraction Kit (Qiagen, Germantown, USA), and the collected
DNA was subject to qPCR. Fold-enrichment was determined by
normalizing threshold cycle values of antibody ChIP against IgG
ChIP. Primer sequences used for ChIP-qPCR are listed in Table 1.

Bisulfite sequence analysis

The DNAs of F9 cells with different treatments were bisulfite-treated
using EZ DNA Methylation-Gold Kit (ZYMO Research, Irvine, USA).
To amplify the DMRs of IG-DMR, fully or seminested PCR was
performed using DNA polymerase ExTaq HS (Takara). The first
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round of PCR consisted of the following cycle conditions: 2 min at
94°C for 1 cycle and 30 s at 94°C, 30 s at 50°C and 1 min at 68°C for
33 cycles. The second round of PCR consisted of the following cycle
conditions: 2 min at 94°C for 1 cycle and 30 s at 94°C, 30 s at 55°C
and 1 min at 72°C for 33 cycles. Primer sequences used for bisulfite
sequence analysis are listed in Supplementary Table S2. The pro-
ducts were purified using the QIAEX II Gel Extraction Kit (Qiagen),
and cloned into the pGEM-19T Vector (Promega, Madison, USA)
and were sequenced by AuGCT company (Xi’an, China).

Statistical analysis

Data were expressed as the mean + SD. The difference between two
groups was compared by a two-tailed paired Student’s t-test, and
significance was set at P < 0.05. The difference among three or more
groups was compared by an analysis of variance (ANOVA), and
significance of difference was determined by post hoc testing.

Results

The interaction between PGC7 and UHRF1 contributes to
their subcellular co-localization and the pluripotency
regulation

Previous studies from our laboratory and Funaki et al. have reported
the interaction between PGC7 and UHRF1 [20,29]. This observation
was reconfirmed by co-immunoprecipitation (co-IP) experiments
(Figure 1A). Furthermore, we constructed a series of truncated
mutants of UHRF1 or PGC7 to map PGC7 and UHRF1 regions in-
volved in the interaction. Figure 1B,C showed that PGC7 N-terminus
interacted with the UHRF1 first low complexity motif, located be-
tween UHRF1 PHD and SRA domains. Li et al. [30] showed that
PGC7 promotes UHRF1 export from the nucleus in oocytes. Inter-
estingly, our results in F9 ECs are significantly different from those
obtained using oocytes. Immunofluorescence analyses (Supple-
mentary Figure S1) showed more localization of PGC7 in the cyto-
plasm than that in the nucleus, whereas UHRF1 tended to be
distributed in the nucleus rather than in the cytoplasm. When being
co-transfected into cells with UHRF1, PGC7 relocated to the nu-
cleus, whereas the distribution of UHRF1 was not affected. Notably,
the co-localization of PGC7 and UHRF1 was confined to specific
areas within the nucleus, suggesting that they might work together
at specific genomic loci.

We predicted that PGC7 is an IDP without specific functions due
to the lack of defined conformation. We also speculated that PGC7
mainly regulates the function of its binding partners through protein
interactions. It is well known that ESCs should be cultured in a
leukemia inhibitory factor (LIF)-containing medium to maintain the
cell pluripotency. Recently, the 2i culture method, which uses a
combination of mitogen-activated protein kinase kinase inhibition
(MEKi) and glycogen synthase kinase 3 inhibition (GSK3i), was
developed to maintain ESCs in the naive state. Both methods dif-
ferentially prevent cells from differentiating. It was reported that
decreased UHRF1 expression is the main cause of global demethy-
lation under 2i culture conditions that induces transition of mESCs
from the primed to the naive state, suggesting that UHRF1-mediated
maintenance of DNA methylation is not conducive to DNA hypo-
methylation which exists in pluripotent cells [31,32]. Hence, we
further investigated whether PGC?7 is involved in regulating UHRF1
functions in cell pluripotency and DNA methylation. The alkaline
phosphatase (AP) staining assay is used to distinguish differentiated
cells from cells in naive state. Although most cell types produce AP,
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pluripotent cells show significantly more staining than other cell
types [33-35]. We used that characteristic to determine the plur-
ipotency of F9 ECs. Knockdown of Uhrfl with small interference
RNA (siRNA) significantly promoted AP staining in F9 ECs, whereas
knockdown of Pgc7 had no obvious effect. Simultaneous knock-
down of Pgc7 and UhrfI did not significantly change the AP staining
obtained upon UhrfI single knockdown (Figure 1D,E). A similar
result was obtained for the global DNA demethylation induced by
Uhrf1 depletion (Figure 1G,H). In order to further confirm the effect
of PGC7 and UHRF1 in cell pluripotency, the expressions of plur-
ipotency transcription factors OCT4 were tested by western blot
analysis. The protein expression of OCT4 was up-regulated in in-
dividual knockdown of Uhrf1 or simultaneous knockdown of Uhrf1
and Pgc7, whereas it was down-regulated in individual knockdown
of Pgc7 (Figure 1F). These results indicated that the interaction
between PGC7 and UHRF1 did not modulate the effect of UHRF1 on
maintaining global DNA methylation and antagonizing cell plur-
ipotency. Subsequently, we investigated the regulatory effects of
PGC7 and UHRF1 on the expressions of candidate pluripotency and
imprinted genes. Ectopic overexpression of UHRF1 but not PGC7
significantly repressed the transcription of pluripotency genes ex-
cept Nanog. Only the UHRF1-triggered downregulation of Gtl2 was
enhanced by co-expression with PGC7 (Figure 1I). Knockdown of
both Pgc7 and Uhrfl further promoted the expression of Gtl2
compared to the expression observed after Uhrfl individual
knockdown (Figure 1K). The overexpression or silencing effi-
ciencies of Pgc7 and Uhrf]l were examined by western blot analysis
(Figure 1J,L). Collectively, these results supported our previous
speculation that PGC7 and UHRF1 have synergistic effects at spe-
cific sites in the genome and suggested that the DIk1-Dio3-imprinted
locus is such a site.

UHRF1 and PGC7 cooperatively bind to the IG-DMR and
induce DNA hypermethylation

The IG-DMR is located upstream of GtI2 in the DIk1-Dio3 region and
was reported to be an enhancer involved in Gtl2 regulation, which
depends on its DNA methylation status. Given that PGC7 binds to
the IG-DMR to maintain imprinting, we speculated that the inter-
action between PGC7 and UHRF1 may play a role in this region to
regulate Gtl2 expression. To verify this hypothesis, chromatin im-
munoprecipitation-quantitative real-time polymerase chain reaction
(CHIP-gPCR) assays was performed using the primers for P1 to P5
sites surrounding the PGC7 binding sites in the IG-DMR (Figure 2A)
[17]. The results showed that PGC7 and UHRF1 exclusively bound
to P3 but not to other sites, represented by P4 site (Supplementary
Figure S2). In addition, when being co-transfected into cells, PGC7
and UHRF1 promoted each other’s enrichment at the P3 site (Figure
2B,C). These results indicated that PGC7 and UHRF1 had synergistic
effects on their binding to the IG-DMR. This was further confirmed
by the ChIP-qPCR results which showed that the downregulation of
one by siRNA inhibited the enrichment of the other at the P3 site in
IG-DMR (Figure 2D,E). Therefore, the co-localization of PGC7 and
UHRF1 in the IG-DMR depends on their interaction.

To test whether the interaction between PGC7 and UHRF1 is in-
volved in the regulation of DNA methylation in the IG-DMR, we
assessed DNA methylation in the binding region of UHRF1 and
PGC7 by methylated DNA immunoprecipitation (Me-DIP) assay.
The results revealed that 5-methylcytosine (5-mC) was enriched
more at the P3 site than at the surrounding sites P2 and P4, whereas
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Figure 1. The interaction between PGC7 and UHRF1 contributes to their subcellular colocalization and the regulation of pluripotency (A) PGC7
interacted with UHRF1 in HEK-293T cells. HEK-293T cells were transfected with pPCMV-HA-UHRF1 and pCMV-Flag-PGC7. Antibodies recognizing the
Flag tag or the HA tag were used to capture N-Flag-tagged protein-PGC7 complexes or N-HA-tagged protein-UHRF1 complexes, respectively, for
co-immunoprecipitation. Normal mouse IgG served as negative control. (B) The N-terminus of PGC7 interacted with UHRF1. pCMV-HA-UHRF1 was
co-transfected with pCMV-Flag-N75-PGC7 or pCMV-Flag-C75-PGC7 into HEK-293T cells. The anti-HA tag antibody was used to capture N-HA-tagged
protein-UHRF1 complexes. Normal mouse IgG served as negative control. (C) PGC7 was associated with the first low complexity of UHRF1 in HEK-
293T cells. pCMV-HA-UHRF1A375 or pCMV-HA-UHRF1A405 was co-transfected with pCMV-Flag-PGC7 into HEK-293T cells. Anti-Flag tag antibody
was used to capture N-Flag-tagged protein-PGC7 complexes. Normal mouse IgG served as negative control. (D,E) AP staining upon different
treatments of F9 ECs. The NC-siRNA, Pgc7-siRNA, Uhrf1-siRNA, or both Pgc7-siRNA and Uhrf1-siRNA were transfected into F9 EC cells. AP staining
assay was performed 36 h after transfection, and the AP staining intensity was measured using the ImageJ software. At least three images were
analyzed for each treatment and the experiment was performed four times. Scale bar=20 um. (F) The expression of pluripotency transcription
factor OCT4 was tested by western blot analysis. F9 EC cells were transfected as indicated and cultured for following 36 h. (G,H) DNA de-
methylation was analyzed by 5mC staining. F9 EC cells were transfected as indicated and cultured for following 36 h. Afterward, 5mC was stained
and the fluorescence intensity was measured with the Image J software. At least three images were analyzed for each treatment and the
experiment was performed four times. Scale bar=50 um. (I,K) Some pluripotency-related genes including Gt/2 were regulated by UHRF1 or PGC7.
The F9 ECs were transfected as indicated. 36 h after transfection, the pluripotency-related genes were analyzed by RT-qPCR. (J,L) The over-
expression or silencing efficiencies of Pgc7 and Uhrf1 were examined by western blot analysis.

there was no enrichment at P1 (Figure 2F). This suggested that the
co-localization between PGC7 and UHRF1 is involved in DNA me-
thylation in the IG-DMR. Subsequently, bisulfite sequencing assays
were performed to analyze DNA methylation at the P3 site. Sup-
pressing either PGC7 or UHRF1 led to DNA demethylation in the IG-
DMR and knockdown of both resulted in more significant de-
methylation (Figure 2G), suggesting that the interaction between
PGC7 and UHRF1 facilitates the maintenance of DNA methylation in
the IG-DMR. Additionally, overexpression of either PGC7 or UHRF1
only slightly increased DNA methylation in the IG-DMR, whereas
concurrent overexpression of both significantly enhanced the me-
thylation level of the IG-DMR (Figure 2H). These results indicated
that the interaction between PGC7 and UHRF1 in the IG-DMR
contributes not only to DNA methylation maintenance, but also to

DNA hypermethylation.

UHRF1, unlike PGC7, directly contributes to DNMT1

recruitment to maintain DNA methylation in the IG-DMR
The SRA domain of UHRF1 recruits DNMT1 to methylate the hemi-
methylated CG sites generated by the DNA replication process [25].
We wondered whether PGC?7 is involved in regulating the recruit-
ment of DNMT1 to the IG-DMR mediated by UHRF1. Co-IP assays
revealed that PGC7 does not interact with DNMTT1 directly, whereas
UHRF1 does (Figure 3A). Interestingly, when being co-expressed
with myc-UHRF1, PGC7 could be co-immunoprecipitated with
DNMTI, suggesting that UHRF1, PGC7, and DNMT1 exist in a
complex with UHRF1, which is an intermediate bridge between PGC7
and DNMT1 (Figure 3B). It was reported that PGC7 induces the ex-
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Figure 2. UHRF1 and PGC7 cooperatively bind to the IG-DMR and induce DNA hypermethylation (A) The abridged general view of DIk1-Dio3
region. (B,C) PGC7 or UHRF1 was enriched in IG-DMR, which was further enhanced by interaction between PGC7 and UHRF1. P3 but not P4 was the
specific PGC7 binding site in DIk1-Dio3 region. The F9 ECs were transfected as indicated. And 48h after transfection, ChIP assay was performed
using anti-Flag tag (B) or anti-HA tag (C) antibody. Normal mouse IgG served as the negative control. (D,E) PGC7 and UHRF1 had synergistic effects
on their binding to the P3. The F9 ECs were transfected with plasmids and siRNAs as indicated. 48h after transfection, ChIP assay was performed
using anti-Flag tag (D) or anti-HA tag (E) antibody. Normal mouse IgG served as the negative control. (F) 5mC was enriched in multiple regions in
DIk1-Dio3 imprinted loci. ChIP assays were performed using anti-5mC antibody in F9 ECs. Normal mouse IgG served as the negative control. (G,H)
Methylation levels of IG-DMR with siRNA (G) or plasmids (H) transfection. And 48 h after transfection, F9 ECs were collected to purify DNA. Bisulfite
sequencing assay was performed to analyze the methylation level of different treatment groups.

tranuclear localization of UHRF1 and DNMT1 in oocytes [30]. Thus,
we investigated whether PGC7 and UHRF1 affects the subcellular
localization of DNMTT1 in F9 ECs. The simultaneous overexpression
of PGC7 and UHRF1 did not affect the nuclear localization of DNMT1,
as shown in Supplementary Figure S3. Altogether, these results
suggested that PGC7, UHRF1, and DNMT1 work together in F9 ECs.

To determine whether DNMT1 is involved in DNA methylation at
the IG-DMR, ChIP-qPCR assays were performed. It was found that
DNMT1 was specifically enriched at the P3 site in the IG-DMR
(Figure 3C) and was co-localized with both PGC7 and UHRF1, as
showed in Figure 2B,C. To verify that the recruitment of DNMT1 in
the IG-DMR requires the interaction between PGC7 and UHRFI,
ChIP-gPCR assays were performed after knockdown of endogenous
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PGC7 or UHRF1 using siRNAs. As showed in Figure 3D, UHRF1
knockdown completely disrupted DNMT1 enrichment at the P3 site,
suggesting that UHRF1 is necessary for DNMT1 recruitment. PGC7
knockdown also led to a decreased DNMT1 recruitment (Figure 3E),
which might be attributed to the reduced UHRF1 enrichment caused
by PGC7 suppression. In summary, it is likely that the recruitment of
DNMT1 is directly mediated by UHRF1, whereas the main role of
PGC7 is to promote UHRF1 binding to the IG-DMR.

The interaction between PGC7 and UHRF1 promotes
H3K9me3 enrichment in the IG-DMR

In addition to differential DNA methylation, the imprinted regions
are associated with different histone modifications, which lead to
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mouse IgG served as the negative control.

higher-order chromatin structures essential for imprinting main-
tenance and regulation of imprinted genes expression. Particularly,
chromatin associated with the methylated alleles of imprinted re-
gions is consistently marked by histone methylation [36]. Because
the TTD domain of UHRF1 binds to H3K9me2/3 [37] and the N-
terminus of PGC7 recognizes H3K9me2 for its nucleosome asso-
ciation, we wondered whether H3K9me2 facilitates the recruitment
of the PGC7-UHRF1 complex. We synthesized three N-biotinylated
peptides, containing 22 amino acids of the histone H3 N-terminal
tail named L-H3, L-H3K9me2, and L-H3K9me3, representing un-
methylated, demethylated, and trimethylated H3K9, respectively.
As expected, the results of in vitro pulldown assays indicated that
PGC?7 has a tendency to associate with H3K9m2, whereas UHRF1
prefers H3K9me2/3. The interaction between PGC7 and UHRF1 not
only enhanced their binding ability to histone H3, but also promoted
the binding of PGC7 to H3K9me3 without changing the binding
characteristics of UHRF1 (Figure 4A,B). These data suggested that
PGC7 and UHRF1 co-localizes in nucleosomes with H3K9me3
modifications. This was confirmed by the ChIP-qPCR assays, which
showed that H3K9me3 was enriched at the P3 site of the IG-DMR,
which was co-localized with PGC7 and UHRF1, while H3K9me2

was enriched at the P4 site (Figure 4C). To further support our
findings, we analyzed the ChIP-seq data from Snyder et al. (Www.
encodeproject.org/experiments/ENCSRO00ADM/) using the Road-
map tool (http://epgg-test.wustl.edu/) and found that H3K9me3
modifications were enriched in the IG-DMR in E14 ESCs (Figure 4D).

We then investigated whether the enrichment of H3K9me3 in IG-
DMR is related to the interaction between PGC7 and UHRFI1. As
shown in Figure 4E, individual knockdown of Pgc7 or Uhrfl with
siRNAs resulted in a slight decrease of H3K9me3 enrichment,
whereas Pgc7 and Uhrfl double knockdown significantly reduced
H3K9me3 enrichment. In addition, the simultaneous, but not in-
dividual, overexpressing of PGC7 and UHRF1 significantly
increased H3K9me3 enrichment in the IG-DMR (Figure 4F). Alto-
gether, these results indicated that the interaction between PGC7
and UHRF1 promotes the enrichment of H3K9me3 in the IG-DMR.
However, whether the enrichment of H3K9me3 is caused by the
recruitment of the two factors or by enzymatic catalysis remains
unclear. We detected the global H3K9me3 levels in cells with
overexpression or knocking down Pgc7 and Uhrf1. Although ectopic
overexpression of UHRF1 only slightly increased H3K9me3 level
and PGC7 overexpression had no effect, the concurrent over-
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Figure 4. The interaction between PGC7 and UHRF1 promotes H3K9me3 enrichment in the IG-DMR (A,B) The interaction between PGC7 and
UHRF1 promoted the binding of PGC7 to H3K9me3.HEK-293T cells were transfected with pCMV-HA, pCMV-Flag-PGC7 and pCMV-HA-UHRF1 (A) or
pCMV-Flag, pCMV-Flag-PGC7 and pCMV-HA-UHRF1 (B). N-biotinylated peptides, containing 22 amino acids of histone H3 N-terminal, named H3,
H3K9me2 and H3K9me3 were added into cell lysates. Streptavidin immunomagnetic beads were used to capture the complexes. (C) H3K9me3 was
enriched at the P3 site. ChIP assay was performed using anti-H3K9me2 (Left) or anti-H3K9me3 (right) antibody in F9 ECs. Primer P3 and P4 were
used to detect the enrichment of H3K9me2/3 at IG-DMR. Normal mouse IgG served as the negative control. (D) Information of histone imprinting of
IG-DMR in E14 mouse embryonic stem cells from roadmap website. (E,F) The interaction between PGC7 and UHRF1 promotes the enrichment of
H3K9me3 in the P3 site. F9 ECs were transfected with Pgc7-siRNA, Uhrf1-siRNA or both(E) or pCMV-HA, pCMV-HA-UHRF1, pCMV-Flag or pCMV-
Flag-PGC (F) as indicated. ChIP assays were performed using anti-H3K9me3 antibody in F9 ECs. Primer P3 and P4 were used to detect the
enrichment of H3K9me3 at IG-DMR. Normal mouse IgG served as the negative control. (G,H) PGC7 and UHRF1 might recruit H3K9 methyl-
transferase to methylate H3K9, which in turn leads to a further deposition of H3K9me3. F9 ECs were transfected with pCMV-HA, pCMV-HA-UHRF1,
pCMV-Flag or pCMV-Flag-PGC7 (G), Pgc7-siRNA, Uhrf1-siRNA or both (H) as indicated. After 48 h, western blot analysis was preformed to detect
the amount of H3K9me3. The H3 was used as an internal reference.

expression of UHRF1 and PGC7 significantly increased the in- matic histone-lysine N-methyltransferase 2, also known as EHMT2)
tracellular H3K9me3 content (Figure 4G). Consistent with this, the and SETDB1 (SET domain, Bifurcated 1, also known as ESET and
individual knockdown of UhrfI, but not of Pgc7, reduced the global KMTI1E), have been reported to be recruited by UHRF1 [38,39].
level of H3K9me3, which were further decreased by Uhrf1 and Pgc7 PGC?7 disrupted the interaction between G9a and UHRF1 as shown
double knockdown (Figure 4H). These results strongly indicated by co-IP assays (Figure 5A), suggesting that the binding of PGC7 to
that, upon binding to the nucleosomes, PGC7 and UHRF1 might UHRF1 does not facilitate G9a recruitment to the IG-DMR. This

recruit H3K9 methyltransferase to methylate H3K9, which in turn result is in line with our expectation, because G9a is responsible for
leads to a further deposition of H3K9me3. H3K9 mono- and dimethylation, whereas SETDB1 leads mainly to

H3KO9 trimethylation [40]. As showed in Figure 5B,C, in addition to
The recruitment of SETDB1 by UHRF1 is promoted by interacting with UHRF1, SETDBI1 interacted with PGC7 in an
PGC7 and contributes to H3K9me3 enrichment UHRF1-independent manner. Interestingly, knockdown of PGC7
Two member of the H3K9 methyltransferase family, G9a (euchro- repressed the interaction between UHRF1 and SETDBL1 (Figure 5D).
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These results suggested that the recruitment of SETDB1 mediated by to H3K9me3 enrichment at the IG-DMR. Furthermore, bisulfite se-
PGC7 and UHRF1 contributes to the global increase in H3K9me3 quencing data indicated that knockdown of SetdbI resulted in a re-

and H3K9me3 enrichment at the IG-DMR. duction of DNA methylation in the IG-DMR (Figure 5J), suggesting
To verify this hypothesis, we performed ChIP-qPCR assay. SETDB1 that the H3K9me3 enrichment induced by SETDB1 recruitment also

specifically associated with the P3 site in the IG-DMR, and knock- participates in the regulation of DNA methylation in the IG-DMR.

down of either Pgc7 or Uhrf1 by siRNAs led to a decrease in SETDB1

enrichment (Figure 5E,F), suggesting that PGC7 and UHRF1 sy- H3K9me3 enrichment is required for UHRF1 to recruit

nergistically recruited SETDBI to the IG-DMR. Interference with en- DNMT3A

dogenous Setdb1 expression reduced H3K9me3 global levels and up- Methylated lysine residues in histone amino terminal tails can serve

regulated Gtl2 expression in cells (Figure 5G,H). The enrichment of as docking sites for numerous proteins containing methyl-lysine-

H3K9me3 in the IG-DMR was also reduced by decreased expression of binding domains such as the chromodomain, PHD, or the Tudor

endogenous Setdbl (Figure 5I), suggesting that SETDB1 contributes domain (TD) [41]. To investigate whether the enrichment of
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Figure 5. The recruitment of SETDB1 by UHRF1 is promoted by PGC7 and contributes to H3K9me3 enrichment (A) PGC7 intercepted the
interaction between UHRF1 and G9A. The pCMV-Myc-UHRF1 and pCMV-Flag-PGC7 as well as pCMV-HA-G9A were transfected into HEK-293T cells.
The anti-Myc antibody was used to capture N-Myc-tagged protein-UHRF1 complexes. Normal mouse IgG served as the negative control. (B)
SETDB1 interacted with UHRF1 in F9 ECs. F9 ECs were transfected with pPCMV-HA-UHRF1. The antibody for endogenous SETDB1 was used to
capture protein-SETDB1 complexes. Normal mouse IgG served as the negative control. (C) UHRF1 promoted the interaction of SETDB1 with PGC7
in F9 ECs. The pCMV-HA-UHRF1 and pCMV-Flag-PGC7 were transfected into F9 ECs. The anti-SETDB1 antibody was used to capture protein-
SETDB1 complexes. Normal mouse IgG served as the negative control. (D) The interference of PGC7 could impair the interaction between SETDB1
and UHRF1. The pCMV-HA-UHRF1 was transfected into F9 ECs. The anti-SETDB1 antibody was used to capture protein-SETDB1 complexes.
Normal mouse IgG served as the negative control. (E, F) SETDB1 specifically associated with the P3 site in the IG-DMR, and knockdown of either
Pgc7 or Uhrf1 by siRNAs led to a decrease in SETDB1 enrichment. ChIP assays were performed using anti-SETDB1 antibody. Primer P3 and P4
were used to detect the binding activity of SETDB1 to IG-DMR. Normal mouse IgG served as the negative control. (G, H) Interference with
endogenous Setdb1 expression reduced global H3K9me3 levels and up-regulated Gt/2 expression. F9 ECs were transfected with NC-siRNA or
Setdb1-siRNA as indicated. After 48 h, western blot analysis was preformed to detect the amount of H3K9me3 and SETDB1 (G). The expression of
Gtl2 was detected by RT-qPCR (H). (I) The enrichment of H3K9me3 in the IG-DMR was reduced by decreased expression of endogenous Setdb1. (J)
Knockdown of Setdb1 resulted in a reduction of DNA methylation in the IG-DMR. F9 ECs transfected with Setdb1-siRNA as indicated. 48h after
transfection, F9 ECs were collected to purify DNA. Bisulfite sequencing assays were performed to analyze the methylation level of different
treatment groups.
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H3K9me3 in the IG-DMR favors the recruitment of UHRF1 and
PGC7, we performed ChIP-qPCR assays of UHRF1 and PGC7 upon
knockdown of endogenous SetdblI. As shown in Figure 6A, silen-
cing of Setdb1 did not significantly affect the enrichment of UHRF1
and PGC?7 at the P3 site, suggesting that the resulting reduction of
H3K9me3 did not influence the binding capacity of UHRF1 and
PGC7 to the IG-DMR. The enrichment of the DNMT1 and the
UHRF1-mediated recruitment of the maintenance DNA methyl-
transferase described above (Figure 3D,E) were not affected by the
reduction of H3K9me3 in IG-DMR (Figure 6B). To further confirm
this result, we added L-H3 and L-H3K9me3 to cell lysates containing

knockdown of Setdb1 did not alter the interaction between DNMT1
and UHRF1 (Figure 6D). Thus, these results suggested that UHRF1-
mediated recruitment of DNMT1 depends only on the presence of
the histone H3 N-terminus independently of H3K9 methylation
state, which does not contribute to the recruitment of DNMT1 to
maintain the normal imprinting of the IG-DMR.

It was reported that UHRF1 also recruits DNMT3A, a de novo
DNA methyltransferase, to promote DNA methylation following
H3K9 methylation [42]. To investigate whether the interaction be-
tween PGC7 and UHRF1 promotes DNMT3A recruitment, a co-IP
assay was performed. As shown in Figure 6E, DNMT3A interacted

recombinant Flag-DNMT1 and HA-UHRFI, and found that the in-
teraction between DNMT1 and UHRF1 was improved by both L-H3
and L-H3K9me3 (Figure 6C). In parallel, reducing H3K9me3 level by

with UHRF1 and PGC7, and the presence of PGC7 enhanced the
association of DNMT3A with UHRF1 (Figure 6F). These results
suggested that the interaction of UHRF1 with PGC?7 facilitates the
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Figure 6. H3K9me3 enrichment is required for DNMT3A recruitment by UHRF1 (A, B) Setdb1 knockdown did not affect the ability of PGC7, UHRF1
and DNMT1 to bind with the IG-DMR. F9 ECs were transfected with NC-siRNA or Setdb1-siRNA with pCMV-HA-UHRF1 or pCMV-HA-PGC7 as
indicated. ChIP assay was performed using an anti-HA tag or DNMT1 antibody. Primers P3 and P4 were used to detect the binding ability of HA-
tagged PGC7, HA-tagged UHRF1 or DNMT1 to the IG-DMR. Normal mouse IgG served as the negative control. (C)The interaction between DNMT1
and UHRF1 was improved by both L-H3 and L-H3K9me3. F9 ECs were transfected with pCMV-HA-UHRF1 and pCMV-Flag-DNMT1. After 48 h, N-
biotinylated peptides containing 22 amino acids of the histone H3 N-terminal tail, named H3, H3K9me2, and H3K9me3, were added into the lysates.
An anti-Flag tag antibody was used to capture protein-DNMT1 complexes. (D) Setdb1 knockdown did not affect the interaction between DNMT1
and UHRF1. F9 ECs were transfected as indicated. An anti-Flag tag antibody was used to capture N-Flag-tagged protein-DNMT1 complexes. Normal
mouse IgG served as the negative control. (E) DNMT3A interacted with PGC7 and UHRF1 in F9 ECs. (F) The presence of PGC7 enhanced the
association of DNMT3A with UHRF1.The pCMV-Flag-DNMT3A and pCMV-HA-UHRF1 or pCMV-HA-UHRF1-T2A-PGC7 were transfected into F9 ECs
as indicated. An anti-Flag tag antibody was used to capture N-Flag-tagged protein-DNMT3A complexes. (G) DNMT3A was specifically enriched at
the IG-DMR P3 site. ChIP-qPCR analysis of Flag-tagged DNMT3A in F9 ECs. Normal mouse IgG served as the negative control. (H) The enrichment
of DNMT3A was related to the interaction between PGC7 and UHRF1. F9 ECs were transfected as indicated. ChIP assay was performed using an
anti-Flag tag antibody. Primers P3 and P4 were used to detect the binding activity of DNMT3A to the IG-DMR. Normal mouse IgG served as the
negative control. (I) Setdb1 knockdown impaired the ability of DNMT3A to bind to the IG-DMR. F9 ECs were transfected with pCMV-Flag-DNMT3A
and Setdb1-siRNA as indicated. ChIP assays were performed using an anti-Flag tag antibody. Primers P3 and P4 were used to detect the binding
ability of DNMT3A to the IG-DMR. Normal mouse IgG served as the negative control. (J) The interaction between DNMT3A and UHRF1 was
significantly improved by L-H3K9me3. F9 ECs were transfected with pCMV-HA-UHRF1 and pCMV-Flag-DNMT3A. After 48 h, N-biotinylated pep-
tides containing 22 amino acids of the histone H3 N-terminal tail, named H3, H3K9me2, and H3K9me3 were added into the lysates. An anti-Flag tag
antibody was used to capture protein-DNMT3A complexes.
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recruitment of DNMT3A to the IG-DMR. ChIP-qPCR results sup-
ported this assumption, as DNMT3A was specifically enriched at the
IG-DMR P3 site (Figure 6G), where PGC7 and UHRF1 were co-lo-
calized. ChIP-qPCR results showed that overexpression of both
PGC7 and UHRF1 significantly increased DNMT3A enrichment at
the P3 site in the IG-DMR (Figure 6H), indicating that the enrich-
ment of DNMT3A is related to the interaction between PGC7 and
UHRF1. Interestingly, PGC7 alone inhibited the binding of DNMT3A
to the IG-DMR, which is consistent with the results from Xu et al.
[17]. However, upon interaction with UHRF1, PGC7 promoted the
recruitment of DNMT3A.

According to the results from Meilinger et al. [42], the recruitment
of DNMT3A by UHRF1 requires prior H3K9 methylation. To in-
vestigate the effect of H3K9me3 on the recruitment of DNMT3A,
ChIP-qPCR assays were performed after Setdbl knockdown. The
reduction in H3K9me3 caused by Setdbl knockdown led to the
expected reduction in DNMT3A enrichment at the P3 site (Figure
6I). In addition, we added L-H3 and L-H3K9me3 to cell lysates
containing overexpressed UHRF1 and DNMT3A, and found that the
interaction between DNMT3A and UHRF1 was significantly im-
proved by L-H3K9me3, but not by L-H3 (Figure 6J), suggesting that
H3K9me3 deposition enhances the ability of UHRF1 to recruit
DNMT3A.

All these results demonstrated that the cooperative association of
PGC7 and UHRF1 in the IG-DMR helps to recruit DNMT1 and to
maintain DNA methylation in the IG-DMR. Moreover, the interac-
tion between PGC7 and UHRF1 promotes the recruitment of the
H3K9 methyltransferase SETDB1, which leads to H3K9me3 en-
richment and further promotes the recruitment of DNMT3A by
UHRF1I, resulting in DNA hypermethylation in the IG-DMR and ul-
timately in the inhibition of the Gtl2 gene expression (Supplemen-
tary Figure S4).

Discussion

The DIkI-Dio3 imprinted region is evolutionarily conserved in
mammals. Balanced gene expression in the DIk1-Dio3 locus plays a
pivotal role in cell growth and development. Loss of imprinting in
this locus leads to Kagami-Ogata syndrome or Temple syndrome in
humans, and to developmental defects and premature death in
mice. In addition, the dysregulation of the DIkI-Dio3 locus is highly
linked to various disorders such as cancers and to defects in somatic
cell nuclear transfer. It is known that the IG-DMR is the major im-
printing control region in the DIkI-Dio3 locus and aberrant DNA
methylation in the IG-DMR is the main cause of imprinting dysre-
gulation. However, the precise mechanisms underlying the regula-
tion of imprinting in DIk1-Dio3 locus remain largely unknown.

In the present study, we used F9 EC cell line, in which the IG-
DMR is hypermethylated, as a cell model to investigate the me-
chanisms by which the interaction between PGC7 and UHRF1
contributes to the imprinting regulation. The F9 EC cell line is de-
rived from a mouse testicular teratoma that originated from plur-
ipotent germ cells. It is used as a model for cell differentiation
research because of its ability to differentiate into endodermal-like
derivatives after treatment with retinoic acid. Moreover, because of
its limited differentiation ability, F9 EC cells can also be considered
as representative of low pluripotent stem cells. Given that F9 EC cell
line is derived from testicular teratomas, it is a useful tool for in-
vestigating pluripotency, differentiation, and tumorigenesis. Un-
derstanding the mechanisms of imprinting dysregulation in F9 EC

cells will not only improve our understanding of imprinting reg-
ulation but might also allow to identify means to prevent imprinting
aberrance in iPSC production, tumorigenesis, and somatic cell nu-
clear transfer.

PGC?7 is specifically expressed in primordial germ cells, oocytes,
pluripotent stem cells, and testicular germ tumor cells. It mainly
functions by modulating chromatin condensation and epigenetic
modifications in early embryonic cells. Previously, we predicted
that PGC?7 is an entirely IDP based on its amino acid sequence. IDPs,
including PGC?7, have fully disordered structures and fail to form a
stable conformation, yet they exhibit biological activities through
interaction with other molecules and exist in vivo in various protein
complexes defined by different interacting partners or different cell
contexts. Therefore, we speculated that the diverse functions of
PGC7 depend on its various interaction partners or different cell
contexts. We identified 291 potential PGC7-interacting proteins,
supporting the knowledge that one IDP displays conformation
changes and binds to many different partners. According to the
particular functions of the interacting partners, we linked PGC7 to
critical cellular processes including translation, RNA processing,
cell cycle, and regulation of heterochromatin structure.

UHRF1, one of the 291 PGC?7 interaction candidates, is an indis-
pensible intermediate for DNMT1-mediated maintenance of DNA
methylation at the hemimethylated CpG dinucleotides sites gener-
ated during the DNA replication process. Because their functions
are relevant to the maintenance of DNA methylation, we deduced
that PGC7 and UHRF1 might work together in regulating local DNA
methylation. PGC7 and UHRF1 co-localize at specific chromatin
regions, indicating that PGC7 and UHRF1 function cooperatively
only at specific genomic loci without affecting the global DNA
methylation level and maintenance of cell pluripotency. The strat-
egy for identifying these specific genomic sites is based on the as-
sumption that the effect of PGC7 and UHRF1 on the expression of
specific genes should be synergistic. The results from Xu et al. [17]
showed that PGC7 binds to the IG-DMR in mESC. Although there is
no evidence that UHRF1 binds to the IG-DMR, it was reported that
UHRF1 protein level and the expression of the Gtl2 gene are nega-
tively correlated in hepatocellular carcinoma cells [22]. All these
data suggested that PGC7 and UHRF1 work together in the IG-DMR
of the DIkI-Dio3 imprinted region, which was confirmed by ChIP-
gPCR assay.

The bisulfite sequencing assay indicated that the interaction of
PGC7 with UHRF1 is involved in the regulation of DNA methylation
in the IG-DMR. We made two noteworthy observations. First, the
IG-DMR is hypermethylated to nearly 90% in F9 ECs, which might
be responsible for the relative low-level expression of GtI2 IncRNA.
Second, when PGC7 and UHRF1 were co-overexpressed in cells, the
DNA methylation level of the IG-DMR was further increased to
nearly 100%, which might induce the recruitment of de novo
transmethylase DNMT3A.

The DNA methyltransferase DNMT]1 is the major UHRF1-inter-
acting partner involved in DNA methylation maintenance. The co-IP
assay results indicated that PGC7 does not directly interact with
DNMT1 but instead recruits DNMT1 through its interaction with
UHRF1. Furthermore, upon knockdown of UHRFI, DNMT1 en-
richment in the IG-DMR was completely disrupted. These results led
to the conclusion that the recruitment of DNMT1 is directly medi-
ated by UHRF1, while the role of PGC7 is mainly to promote the
binding of UHRF1 to the IG-DMR.
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It was reported that UHRF1 binds to H3K9me2/3, whereas PGC7
binds to H3K9me2 [16,37]. It is reasonable to speculate that
H3K9me2 promotes the interaction between PGC7 and UHRF1. The
results of pulldown assay in vitro indicated that the histone H3 N-
terminal tail increases the interaction of PGC7 with UHRF1. Inter-
estingly, when associated with UHRF1, PGC7 is more inclined to
bind with H3K9me3. Since the binding properties of UHRF1 did not
change, we speculated that PGC7 tends to interact with UHRF1
bound to H3K9me3, or that PGC7 prefers to bind with H3K9me3
because of the conformation change induced by UHRF1. The local
co-localization of PGC7 and H3K9me3 results presented in Figures
2B and 4C also supported the hypothesis that the binding of PGC7 to
H3K9me3 depends on UHRF1. Interestingly, H3K9me2 is enriched
at the P4 site but not at the P3 site. This may be because the initial
recruitment of PGC7 and UHRF1 requires H3K9me2 deposition at
the P3 site, which is subsequently converted into H3K9me3 after
SETDBI recruitment.

UHRF1 recruits the H3K9 methyltransferases G9a and SETDBI1.
PGC?7 blocks the interaction between UHRF1 and G9a. In contrast,
PGC? directly interacts with SETDB1 and enhances the interaction
between UHRF1 and SETDB1. ChIP-qPCR assay confirmed that
SETDBI recruitment is linked to both PGC7 and UHRF1, and con-
tributes to the enrichment of H3K9me3 in the IG-DMR. Interest-
ingly, we found that in the absence of UHRF1, PGC7 directly
interacted with SETDB1, which we identified as a potential PGC7-
interacting protein [20]. Furthermore, the immunofluorescence
data showed that UHRF1 and SETDB1 were partially co-localized in
the nucleus, whereas PGC7 and SETDB1 almost completely co-lo-
calized (Supplementary Figure S5). These results further supported
that PGC7 interacts with SETDB1 independently of UHRF1. This
interaction has two possible consequences. Indeed, SETDB1 might
be recruited by PGC7 to convert PGC7-associated H3K9me2 to
H3K9me3 or PGC7 might inhibit SETDBI1 activity to maintain its
association with H3K9me2.

The finding that the suppression of SETDBI led to a decrease of

DLK1 'G'TMR

Gtl2-DMR

4

DNA methylation in the IG-DMR suggested that the reduction of
H3K9me3 level impairs the recruitment of DNA transmethylases.
Our most interesting finding was that H3K9me3 promoted the re-
cruitment of DNMT3A, but not DNMT1, by UHRF1, as shown by co-
IP and ChIP-gPCR assays. In addition, it was worth noting that
PGC7? interacted with DNMT3A and inhibited the enrichment of
DNMTS3A in the IG-DMR, which is consistent with previous reports.
However, the interaction of PGC7 with UHRF1 enhanced the re-
cruitment of DNMT3A. We speculated that UHRF1 induces PGC7
conformation changes to promote the recruitment of DNMT3A. In
the absence of UHRF1, other interaction partners may disrupt the
interaction between PGC7 and DNMT3A, and thus inhibiting
DNMT3A recruitment.

Several research groups have reported the biological functions of
the interaction between PGC7 and UHRF1. Our results obtained in
F9 ECs conflict with those of others in several aspects. PGC7 had no
effect on the intrinsic nuclear localization of UHRF1 in F9 ECs. Du et
al. [43] reported that nuclear PGC7 disturbs the recruitment of
UHRF1 by the histone H3 tail and dissociates UHRF1 from chro-
matin in HEK-293T cells. In contrast, our results showed that PGC7
and UHRF1 co-localize in the IG-DMR of the DIkI-Dio3 locus in F9
ECs. The interaction between PGC7 and UHRF1 enhances their re-
spective binding ability to histone H3 and even triggers H3K9me3
enrichment within the IG-DMR in a SETDB1-dependent manner. It
remains to be determined whether these contradictory data are re-
sulted from different cell contexts or from unidentified interaction
partners of the PGC7-UHRF1 complex based on PGC?7 disordered
structure.

Finally, our results suggested that DNA hypermethylation in the
IG-DMR in F9 ECs is induced by the interaction between PGC7 and
UHRF1, which leads to recruitment of both DNMT1 and DNMT3A to
this region (Figure 7). Since the potential de novo function of
DNMT1 in vivo has previously been reported [30, 44], it remains to
be clarified whether the hypermethylation of the IG-DMR mediated
by PGC7 and UHRFI is established by the canonical de novo

Gti2
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|
SN

Contains P1-P5region

PGC7+UHRF1+DNMT1 5mC
IG-DMR IG-DMR
PGC7+UHRF1+SETDB1

H3K9me3
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Figure 7. A schematic diagram of this study In F9 ECs, PGC7 and UHRF1 synergistically bind to IG-DMR within the DIk1-Dio3 imprinted locus. PGC7
strengthens UHRF1-mediated recruitment of both DNMT1 and SETDB1, resulting in maintenance of DNA methylation and further enrichment of
H3K9me3 modification. Subsequently, DNMT3A recognizes H3K9me3 and facilitates DNA hypermethylation in IG-DMR.
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transmethylase DNMT3A only, or whether DNMT1 is also involved
in this process. Our results strongly support the latter because
DNMT1 overexpression slightly increased DNA methylation in the
IG-DMR. Our results also suggested that inhibiting the expression
level of UHRF1 or promoting its nuclear export might be beneficial
for preventing the imprinting dysregulation of the IG-DMR.
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Supplementary data is available at Acta Biochimica et Biophysica
Sinica online.
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