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Abstract: DNA methylation is an epigenetic modification that plays a vital role in a variety of bio-
logical processes, including the regulation of gene expression, cell differentiation, early embryonic
development, genomic imprinting, and X chromosome inactivation. PGC7 is a maternal factor that
maintains DNA methylation during early embryonic development. One mechanism of action has
been identified by analyzing the interactions between PGC7 and UHRF1, H3K9 me2, or TET2/TETS3,
which reveals how PGC?7 regulates DNA methylation in oocytes or fertilized embryos. However,
the mechanism by which PGC7 regulates the post-translational modification of methylation-related
enzymes remains to be elucidated. This study focused on F9 cells (embryonic cancer cells), which
display high levels of PGC7 expression. We found that both knockdown of Pgc7 and inhibition
of ERK activity resulted in increased genome-wide DNA methylation levels. Mechanistic experi-
ments confirmed that inhibition of ERK activity led to the accumulation of DNMT1 in the nucleus,
ERK phosphorylated DNMT1 at ser717, and DNMT1 Ser717-Ala mutation promoted the nuclear
localization of DNMT1. Moreover, knockdown of Pgc7 also caused downregulation of ERK phos-
phorylation and promoted the accumulation of DNMTT1 in the nucleus. In conclusion, we reveal
a new mechanism by which PGC?7 regulates genome-wide DNA methylation via phosphorylation
of DNMTT1 at ser717 by ERK. These findings may provide new insights into treatments for DNA
methylation-related diseases.
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1. Introduction

DNA methylation is an epigenetic modification in which DNA methyltransferase adds
a methyl to the fifth position of the cytosine in cytosine-phosphate-guanine (CpG) motifs
and non CpG dinucleotides [1,2]. DNA methylation plays an essential role in regulating
gene expression, cell differentiation, early embryonic development, genomic imprinting,
and X chromosome inactivation [3]. The DNA methylation pattern of the mammalian
genome forms during gametogenesis and early embryonic development, and is established
and maintained by the de novo DNA methyltransferases DNMT3a and DNMT3b and
the maintenance methyltransferase DNMT1. All three of these are members of the DNA
methyltransferase (DNMT) family [4,5]. Although DNMT3L lacks enzyme activity, it has
two functions: binding to the unmethylated histone H3K4 and activating DNMT3a, which
is necessary for the establishment of maternal methylation imprinting [6,7]. Abnormal
DNA methylation is associated with several human diseases, including neurodegenerative,
neurological, and autoimmune diseases. In addition, two patterns of abnormal methylation
are characteristic of cancer cells: hypermethylation of specific CpG islands and/or their
shores and genome-wide hypomethylation [8-10].
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PGCY7 (also known as Stella or Dppa3) is a maternal effector protein that plays an
indispensable role in primordial germ cells, oocytes, and preimplantation embryos, since
it is involved in the maintenance of imprinted gene methylation during early embryonic
development [11-13]. In oocytes, PGC7 affects the localization of DNMT1 by regulating the
subcellular localization of UHRF1, thereby preventing high levels of DNMT1 in the nucleus
and thus maintaining the stability of the oocyte genome [14]. In fertilized embryos, PGC7
binds to H3K9 me2 to inhibit the active demethylation of female prokaryotic imprinted
genes by TET3. It also maintains DNA methylation stability of imprinted genes in both
embryonic [15] and somatic cells. In HEK293T cells, PGC7 has been found to interact
with TET2 and TET3, inhibiting their enzyme activity and protecting CpG methylation of
imprinting sites from TET-mediated DNA demethylation [16].

In somatic cells, PGC?7 leads to reduced genome-wide DNA methylation levels via
different pathways. In PGC7-expressing NIH3T3 cells, PGC7 was found to disrupt the
colocalization of UHRF1 and DNMT1 with proliferating cell nuclear antigen. It did so by
directly binding to UHRF1, thereby preventing DNMT1 from maintaining DNA methy-
lation [17]. In another study, in which HEK293T cells overexpressing PGC7 or a PGC7
mutant lacked nuclear export activity (i.e., L44A /L46A), PGC7 was found to bind to the
PHD domain of UHRF]I, causing it to unbind from the unmethylated histone H3K9 or its
methylated counterpart H3K9 me3. The effect of this was to destroy the binding of UHRF1
to chromatin, thereby reducing the affinity of DNMT1 towards chromatin and consequently
decreasing DNA methylation levels [18]. However, whether PGC7 regulates the function
of DNMT1 has not been reported.

Post-translational modifications of DNMT1—especially phosphorylation—also af-
fect the localization, stability, or activity of DNMT1 and thus regulate DNA methylation.
Two sites within the DNMT1 nuclear localization signal (NLS) can be phosphorylated by
AKT kinase. This can be activated by interleukin-6 (IL-6), which promotes the nuclear
translocation of DNMT1 and thus leads to changes in DNA methylation [19]. In addition,
the phosphorylation of DNMT15143 by AKT1 maintains DNMTT1 stability by inhibiting
the methylation of DNMT1K142 by SET7, which generally reduces DNMT1 protein sta-
bility [20]. In addition to localization and stability, phosphorylation modifications also
affect DNMT1 activity. For example, the phosphorylation of DNMT1 ser515 enables its
methyltransferase activity [21]. In addition, it has been reported that MEK/ERK phospho-
rylation regulates the expression or activity of DNMT1, thereby causing DNA methylation
changes that affect the expression of tumor suppressor genes in prostate cancer as well
as methylation-sensitive genes associated with the pathogenesis of systemic lupus erythe-
matosus (SLE). Histone deacetylase inhibitors inhibit the growth of prostate cancer cells
by inhibiting ERK activity and downregulating DNMT1 protein levels, and were found to
reverse promoter hypermethylation and gene silencing of three tumor suppressor genes
in an LNCaP prostate cancer cell line; these three genes included retinoic acid receptor B2
(RARB2) and cycle-dependent kinase inhibitors p21 and p16 [22]. Finally, another study of T
cells sourced from patients with SLE showed that protein phosphatase 2A catalytic subunit
(PP2Ac) downregulates DNMT1 expression and attenuates DNMT1 enzyme activity by
inhibiting MEK/ERK phosphorylation. This in turn reduced DNA methylation levels and
resulted in increased expression of methylation-sensitive genes related to SLE pathogenesis
and increased SLE pathophysiology [23]. However, to date, it remains unclear whether
ERK directly phosphorylates DNMT1 and regulates DNA methylation.

In this study, we show that in F9 cells that show high levels of PGC7 expression, PGC7
affects the localization of DNMT1 and thus regulates genome-wide DNA methylation via
an ERK pathway-mediated DNMT1 phosphorylation modification at ser717. Moreover, we
propose a new mechanism by which PGC7 can regulate genome-wide DNA methylation
through this pathway.
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2. Results
2.1. PGC7 Regulates Genome-Wide DNA Methylation in F9 and NIH3T3 Cells

Previous studies have reported that PGC7 can regulate DNA methylation [14-18]. We
first evaluated the effects of PGC7 by knocking down Pgc7 in F9 cells and used SiPgc7-
FAM, a green fluorescent dye marker, to determine genome-wide 5 mC levels following
methylation staining. Our results showed that knocking down Pgc7 increased genome-
wide 5 mC levels (Figure 1a,b). Dot blot results confirmed that genome-wide 5 mC levels
had increased after knocking down Pgc7 (Figure 1c). We also overexpressed PGC7 in
both F9 and NIH3T3 cell lines and assessed genome-wide 5 mC levels by a dot blot assay.
These results showed that overexpression of PGC7 reduced genome-wide 5 mC levels
(Figure 1d,e). In addition, methylation staining confirmed that overexpression of PGC7 in
HEK293T cells reduced genome-wide 5 mC levels (Supplementary Figure Sla,b). Taken
together, these results suggest that PGC7 regulates genome-wide DNA methylation.
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Figure 1. PGC7 regulates genome-wide DNA methylation. (a,b) Knockdown of Pgc7 in F9 cells
increased genome-wide 5 mC levels. F9 cells were transfected with SINC or SiPgc7-1 for 36h, after
which a methylation staining experiment was performed. ImageJ 1.49 software was used to determine
5 mC fluorescence intensity from five or more images for both the SiNC and SiPgc7-1 groups.
** p < 0.01. (c) Knockdown of Pgc7 in F9 cells increased genome-wide 5 mC levels. SiNC or SiPgc7-1
was transfected into F9 cells for 36 h. Genomic material was then extracted, and dot blot experiments
were performed. (d,e) Overexpression of PGC7 in F9 and NIH3T3 cells reduced genome-wide 5 mC
levels. F9 and NIH3T3 cells were transfected with p3xFlag-CMV-10 or p3 xFlag-CMV-10-PGC?7 for
36-48 h, respectively. (d) Genomic material was then extracted, and dot blot experiments were then
performed. (e) Western blot analysis of the efficiency of PGC7 overexpression.

2.2. Inhibition of ERK Activity Improves Genome-Wide DNA Methylation

It has been reported that the ERK pathway is involved in the regulation of DNA
methylation by histone deacetylase inhibitors and PP2Ac [22,23]. To confirm this, we
treated F9 cells with the MEK/ERK inhibitor PD0325901 (1 uM, 12 h) (hereafter referred
to as PD) and assessed genome-wide 5 mC levels by methylation staining. Our results
showed that inhibition of ERK activity increased genome-wide 5 mC levels (Figure 2a,b).
We also used a dot blot test to assess genome-wide 5 mC levels of F9 and NIH3T3 cells
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treated with PD, and confirmed that PD treatment increased genome-wide 5 mC levels
(Figure 2c,d). These results suggested that ERK activity also regulates genome-wide
DNA methylation.
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Figure 2. ERK regulates genome-wide DNA methylation. (a,b) PD treatment increased genome-wide
5 mC levels in F9 cells. F9 cells were treated with 1uM PD for 12 h, after which a methylation staining
experiment was performed. Image] 1.49 software was used to determine 5 mC fluorescence intensity,
and three images were analyzed for both the DMSO and PD groups. * p < 0.05. (c) PD treatment
increased genome-wide 5 mC levels in F9 and NIH3T3 cells. F9 and NIH3T3 cells were treated with 1
uM PD for 12 h, after which genomic DNA was extracted and a dot blot experiment was performed.
(d) Western blot results showing the effect of PD treatment. (e) PD treatment downregulated the
expression of DNMT1. F9 and NIH3T3 cells were treated with 1 or 2 uM PD for 12 h, respectively,
after which total protein samples were obtained for Western blotting. (f,g) PD treatment promoted
the nuclear localization of endogenous DNMT1 in F9 and NIH3T3 cells. F9 and NIH3T3 cells were
treated with 1 uM PD for 12 h, and immunofluorescence staining was performed.

The increase in DNA methylation in response to treatment with PD may be caused
by induced differences in the expression or activity of DNMT1. To further study whether
ERK activity affects the expression of DNMT1, we treated both F9 and NIH3T3 cells with
PD and assessed DNMT1 protein expression by Western blot. We found that PD treatment
resulted in reduced DNMT1 protein expression (Figure 2e). In addition, we also found that
genome-wide 5 mC levels increased following PD treatment, which suggests that ERK may
regulate DNMT1 activity to increase genome-wide DNA methylation.
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We then hypothesized that changes in activity probably reflect changes in DNMT1
localization, and therefore examined the subcellular localization of endogenous DNMT1
protein after PD treatment by immunostaining. We found that PD treatment promoted the
nuclear localization of DNMT1 (Figure 2f,g), suggesting that increased DNA methylation
following PD treatment is likely due to altered DNMTT1 localization. Taken together, these
results suggest that ERK may affect genome-wide DNA methylation by regulating the
subcellular localization of DNMT1.

2.3. PGC7 Regulates ERK Activity by Regulating Mek1 Expression

It has been reported that PGC7 binds to UHRF1, thereby disrupting the localization
of DNMTT1 and resulting in genome-wide DNA hypomethylation in PGC7-expressing
NIH3T3 cells [17]. In oocytes, PGC7 regulates the subcellular localization of UHRF1, thus
affecting the localization of DNMT1 and preventing high levels of DNMT1 from enter-
ing the nucleus; this maintains the stability of oocyte genome [14]. Given these findings,
we speculate that PGC7 may regulate DNA methylation by interacting with ERK or by
regulating ERK activity. To test this hypothesis, we knocked down Pgc7 in F9 cells and
assessed the phosphorylation levels of ERK by Western blot. These results showed that
knocking down Pgc7 downregulated ERK phosphorylation (Figure 3a). To further explore
how PGC7 may regulate ERK phosphorylation, we knocked down Pgc7 in F9 cells and
determined the effect of PGC7 on the transcription levels of ERK1/2 and its upstream
kinase MEK1/2 via RT-qPCR. We also found that knockdown of Pgc7 significantly down-
regulated Mek1 transcription but did not affect Erk1/2 transcription (Figure 3b); this result
suggests that PGC7 may affect ERK phosphorylation by regulating Mek1 transcription.
At the same time, we also explored the possible regulation of ERK phosphorylation by
PGC? by analyzing their interactions. Co-IP showed that PGC7 did not interact with
ERK1/2 (Supplementary Figure S2a,b), indicating that the regulation of ERK phosphoryla-
tion by PGC7 was not realized via direct interaction between PGC7 and ERK1/2. Taken
together, these results suggest that PGC7 may regulate ERK phosphorylation by regulating
Mek1 transcription.
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Figure 3. PGC7 regulates ERK activity by regulating Mek1 transcription. (a) Knockdown of PGC7
resulted in the downregulation of ERK phosphorylation in F9 cells. F9 cells were transfected with
SiNC or SiPgc7 for 36h, after which a Western blot was performed. (b) The transcription levels of
Mek1, Mek2, Erk1, and Erk2 in F9 cells in which Pgc7 was knocked down. F9 cells were transfected
with SiNC or SiPgc7-1 for 36 h prior to the extraction of total RNA. RT-qPCR was performed after
reverse transcription. Data are presented as means + SD for quantitative analysis. *** p < 0.001,
**p <0.01.
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2.4. ERK Phosphorylates DNMT1 at Ser717 and Regulates the Subcellular Localization
of DNMT1

The inhibition of ERK activity promotes the nuclear localization of DNMT1, and we
speculate that DNMT1 may act as a substrate of ERK, and that its localization is regulated
by ERK phosphorylation. To verify this hypothesis, we first verified the interaction between
ERK1 and DNMT1 by co-IP (Figure 4a,b). By consulting the Scansite and PhosphoSitePlus
phosphorylation mass spectrometry databases, we found that there are many phospho-
rylation modification sites on DNMT1, but little is known about the kinases that target
these sites for phosphorylation modification or about the effect that these phosphorylation
modifications have on DNMT1 function. The potential ERK phosphorylation sites on
DNMT1 were further predicted by GPS5.0, which resulted in the identification of three
high-confidence ERK1/2 phosphorylation sites: ser717 (5717), ser958 (5958), and ser1421
(5958) (Figure 4c). We then determined the degree of evolutionary conservation in the
DNMT1 protein sequences of different species, finding that sequences near these three sites
were highly conserved, with the sequence near 5717 showing the highest conservation
(Figure 4d). This finding was consistent with the sequence preference, i.e., Pro-xxx-Ser/Thr-
Pro, of ERK phosphorylation of substrates [24].
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Figure 4. Phosphorylation of DNMT1 at S717 by ERK regulates the subcellular localization of DNMT1.
(a,b) ERK1 interacts weakly with DNMT1 in HEK293T cells. PD treatment enhances the interaction



Int. ]. Mol. Sci. 2023, 24, 3093

7 of 16

between ERK and DNMT1. Here, HEK293T cells were co-transfected with p3xFlag-CMV-10-DNMT1
and pCMV-HA-ERK]I, and the Flag-DNMT1 fusion protein was captured by an anti-Flag antibody.
Mouse IgG was used as a negative control. A Western blot was used to visualize the expression
of DNMT1 and ERK1 by measuring fluorescent signals linked to anti-Flag and anti-HA antibodies,
respectively. (c) Schematic diagram of mouse DNMT1 protein domains and potential ERK phos-
phorylation targets as predicted by GPS5.0 software. (d) Evolutionary conservation comparison of
sequences near the S717, S958, and S1421 residues of the DNMT1 protein from different species.
(e) Subcellular localization of wild-type DNMT1 (DNMT1WT) and the DNMT1S717A, DNMT1S958A4,
and DNMT151421A mutant proteins in NIH3T3 cells following DMSO and PD treatment. NIH3T3
cells were transfected with p3 xFlag-CMV-10-DNMT1WT, p3 x Flag-CMV-10-DNMT1S717A, p3 x Flag-
CMV-10-DNMT1S958A, and p3 xFlag-CMV-10-DNMT1S1421A for 24h. Transfected cells were then
treated with 1 uM PD for 12 h, after which immunofluorescence staining was performed. (f) Sub-
cellular localization of wild-type DNMT1 and DNMT1S717A mutant protein following DMSO and
PD treatment in NIH3T3 and HEK293T cells. NIH3T3 and HEK293T cells were transfected with
p3xFlag-CMV-10-DNMT1WT and p3 x Flag-CMV-10-DNMT1S717A for 24 h, respectively. Trans-
fected cells were then treated with 1 uM PD for 12 h, after which immunofluorescence staining was
performed. (g) Schematic diagram of the domains of truncated DNMTIWT and DNMT1S717A.
(h,i) The levels of overall serine phosphorylation after DMSO and PD treatment in HEK293T cells
that overexpressed wild-type DNMT1 and DNMT15717A mutant protein. HEK293T cells were trans-
fected with p3xFlag-CMV-10, p3 x Flag-CMV-10-DNMT1WT, and p3 x Flag-CMV-10-DNMT1S717A
or p3xFlag-CMV-10, p3 xFlag-CMV-10-DNMT1AWT, and p3 xFlag-CMV-10-DNMT1AS717A, re-
spectively. Flag-DNMT1WT, Flag-DNMT1S717A, Flag-DNMT1AWT, and Flag-DNMT1AS717A
fusion proteins were captured by the anti-Flag antibody for visualization. Mouse IgG was used
as a negative control. A Western blot was used to visualize DNMT1 expression and the levels of
overall serine phosphorylation by anti-Flag and anti-p-Ser antibodies, respectively. (j) Genome-wide
5 mC levels in HEK293T cells overexpressing wild-type DNMT1 and DNMT1S717A mutant pro-
tein. HEK293T cells were transfected with p3xFlag-CMV-10, p3 xFlag-CMV-10-DNMT1WT, and
p3 xFlag-CMV-10-DNMT1S717A, respectively. Total genomic DNA was then extracted and a dot blot
assay was performed. (k) The overexpression efficiency of wild-type DNMT1 and the DNMT1S717A
mutant as determined by Western blot.

To explore whether these three phosphorylation sites affect the localization of DNMT1
as well as whether they are affected by ERK activity, we constructed mutant expression
vectors in which these three serine residues were mutated into alanine. These vectors
were then overexpressed in NIH3T3 cells so that we could then examine the effect of PD
treatment on the localization of the three DNMT1 mutants relative to wild-type DNMT1.
Our results showed that the subcellular localization of wild-type DNMT1 was consistent
with the localization and distribution of endogenous DNMT], in that it was mainly dis-
tributed in the nucleus but was also present to a lesser degree in the cytoplasm. Compared
to DMSO treatment, PD treatment also promoted the accumulation of wild-type DNMT1 in
the nucleus (Figure 4e). In the control group, the subcellular localization of DNMT1S958A
and DNMT151421A mutants was distributed mainly in the nucleus and to a lesser extent
in the cytoplasm, which was the same as in the wild type. PD treatment also promoted the
nuclear localization of DNMT1S958A and DNMT151421A, confirming that these two sites
are not regulated by ERK activity. In the control group, the subcellular localization of the
DNMT15717A mutant protein was in the nucleus, and this was consistent with the localiza-
tion of wild-type DNMT1 following PD treatment. After PD treatment, the localization of
the DNMT15717A mutant protein in the nucleus did not change (Figure 4e), indicating that
5717 is likely to be a phosphorylation target of ERK, and that phosphorylation of this site
affects the subcellular localization of DNMT1.

Next, we examined the subcellular localization of wild-type DNMT1 and the
DNMT1S717A mutant protein in NIH3T3 and HEK293T cells after PD treatment. We
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found that wild-type DNMT1 was mainly localized in the nucleus, with some present
in the cytoplasm, and showed nuclear localization following PD treatment. The localiza-
tion pattern of the DNMT15717A mutant protein was also primarily nuclear, and did not
change following PD treatment (Figure 4f). To further confirm that 5717 was the ERK
phosphorylation site, we created two truncated wild-type DNMT1 and DNMT15717A
mutants (i.e., DNMT1AWT and DNMT1AS717A) and constructed expression vectors
including the truncated proteins (Figure 4g). We then overexpressed wild-type DNMT1,
the DNMT1S717A mutant, or one of the truncated DNMT1AWT and DNMT1AS717A
vectors in HEK293T cells. After PD treatment, protein immunoprecipitation was performed
to determine the effect of ERK on overall serine phosphorylation. We found that PD
treatment inhibited overall serine phosphorylation of DNMT1 to a greater degree than
DMSO treatment in the group overexpressing wild-type DNMT1 (Figure 4h, lane 3 versus
lane 2). Moreover, the overall serine phosphorylation level of DNMT1S717A was also
significantly lower than wild-type DNMT1 (Figure 4h, lane 4 versus lane 2). We also found
that the overexpressed DNMT1S717A mutant group showed serine phosphorylation levels
of DNMT1S717A that did not change significantly following PD treatment when compared
to DMSO treatment (Figure 4h, lane 5 versus lane 4). Furthermore, an immunoprecipita-
tion assay of DNMT1IAWT and DNMT1AS717A confirmed that PD treatment reduced
overall serine phosphorylation levels relative to DMSO treatment in the overexpressed
DNMT1AWT group (Figure 4i, lane 3 versus lane 2). The overall serine phosphorylation
level of DNMT1AS717A was also reduced compared to the truncated wild type (Figure 4i,
lane 4 versus lane 2). In addition, in the group overexpressing DNMT1AS717A, the overall
serine phosphorylation level of DNMT1AS717A did not change significantly following PD
treatment compared with DMSO (Figure 4i, lane 5 versus lane 4). Taken together, these
results are consistent with the hypothesis that S717 is the phosphorylation site of ERK.

PD treatment was found to lead to the accumulation of DNMT1 in the nucleus, which
was coincident with increases in genome-wide DNA methylation levels. Therefore, we
speculate that the nuclear translocation of DNMTT1 is one cause of the increased genome-
wide DNA methylation. The DNMT15717A mutant was also mainly located in the nucleus,
and this was consistent with the localization of DNMT1 after PD treatment. To verify
the effect of nuclear translocation of DNMT1 on genome-wide DNA methylation lev-
els, we overexpressed wild-type DNMT1 and DNMT1S717A mutants in HEK293T cells,
extracted genomic DNA, and performed a dot blot assay to determine the effect of the
DNMT15717A mutant on genome-wide DNA methylation. These results showed that the
DNMT1S5717A mutant increased genome-wide 5 mC levels to a greater degree than the
wild type (Figure 4j).

2.5. PGC7 Regulates the Subcellular Localization of DNMT1 through ERK

Figure 2f,g and Figure 3a show that PGC7 downregulated ERK phosphorylation, and
the inhibition of ERK activity led to the accumulation of DNMT1 in the nucleus. Therefore,
we speculate that PGC7 may regulate DNMT1 localization by regulating ERK phospho-
rylation. To test this hypothesis, Pgc7 was knocked down in F9 cells, and we assessed the
subcellular localization of endogenous DNMT1 via immunofluorescence. We found that
knockdown of Pgc7 promoted the nuclear localization of DNMT1 (Figure 5a) and resulted
in decreased ERK activity (Figure 5b,c). In contrast, overexpression of PGC7 in NIH3T3
cells weakened the nuclear localization of endogenous DNMT1 (Supplementary Figure S3).
In PGC7-overexpressing HEK293T cells and Pgc7-knockout oocytes, the presence of PGC7
alters DNMT1 localization by affecting UHRF1 localization, and ultimately changes pat-
terns of DNA methylation [14,18]. Therefore, we speculate that the changes in DNMT1
localization and genome-wide DNA methylation caused by knocking down Pgc7 may have
been caused by changes in the localization of UHRF1. However, our data indicate that
UHRF1 localization did not change significantly after knocking down Pgc7 (Figure 5d),
which suggests that PGC7 regulates the subcellular localization of DNMT1 by regulating
ERK phosphorylation, but not by regulating the localization of UHRF1.
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Figure 5. PGC7 regulates the subcellular localization of DNMT1 via ERK. SiNC and SiPgc7-1
were transfected into F9 cells for 36 h, after which immunofluorescence staining was performed.
(a) Knockdown of Pgc7 promoted the nuclear localization of endogenous DNMT1. (b,c) Knockdown
of Pgc7 resulted in the downregulation of ERK phosphorylation. 5 mC fluorescence intensity analysis
was performed using Image] 1.49 software. Three or more replicate images were analyzed for both
the SiNC and SiPgc7-1 groups. ** p < 0.001. (d) Knockdown of Pgc7 did not affect the subcellular
localization of endogenous UHRF]I. (e) Schematic diagram of the proposed regulatory mechanism.

3. Discussion

The maternal factor PGC7 has been reported to maintain DNA methylation during
early embryonic development [12,25,26]. In PGC7-deficient primordial germ cells (PGCs),
retrotransposon genes such as long interspersed nuclear element-1 and intracisternal A
particle show increased 5 mC and decreased 5 hmC levels, indicating that PGC?7 is involved
in Tet-mediated active demethylation processes in PGC reprogramming [27]. In addition,
forced expression of PGC7 has been found to induce overall DNA hypomethylation in
NIH3TS3 cells [28]. The effect of PGC7 on DNA methylation involves two distinct processes,
i.e., active demethylation mediated by Tet and passive demethylation mediated by DNA
methylation-related enzymes. In this study, we detected an increase in overall 5 mC lev-
els in Pgc7-knockdown F9 cells and a decrease in F9 and NIH3T3 cells overexpressing
PGC?7. Taken together, these results reconfirmed the effect of PGC7 on DNA methylation.
Previous studies have identified the mechanism by which PGC7 regulates DNA methy-
lation as resulting from an interaction between PGC7 and H3K9 me2, TET2/TET3, or
UHRF1. However, to date, the mechanism by which PGC7 acts on other levels, such as
on post-translational modifications, remains unclear. Previous studies have found that
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the overall methylation loss of ES cells cultured with 2i (i.e., inhibitors of Mek1/2 and
Gsk3p), including imprinting in regulatory regions, was mainly caused by inhibition of
MEK1/2. Moreover, prolonged culture time was found to severely reduce the developmen-
tal potential of cells [29,30]. However, in this study, we found that the genome-wide 5 mC
levels of F9 and NIH3T3 cells were increased after treatment with PD0325901, indicating
that ERK may exert different effects in different cell lines. Moreover, knockdown of Pgc7
and inhibition of ERK activity also resulted in increased genome-wide DNA methylation
levels. This finding suggested that both PGC7 and ERK are involved in the regulation of
DNA methylation, and that ERK is likely related to the regulation of DNA methylation
by PGC7. We then determined that knockdown of Pgc7 in F9 cells was associated with
downregulation of ERK phosphorylation, so PGC7 likely participates in the regulation
of DNA methylation by maintaining ERK activity. The regulation of DNA methylation
is mainly achieved by altering the expression or activity of DNA methylation-related en-
zymes, and it is known that ERK regulates the expression and activity of these enzymes. In
addition, Sunahori et al. found that the MEK/ERK pathway is involved in the regulation
of DNMT1 expression and activity by PP2Ac in T cells of patients with SLE. They also
found that this pathway affects the expression of methylation-sensitive genes involved in
SLE pathogenesis and pathophysiology [23]. Sarkar et al. also found that ERK activity is
involved in the regulation of DNMT1 expression by histone deacetylase inhibitors. This was
found to affect the promoter methylation and gene expression of three tumor suppressor
genes (i.e., RARB2, p21, and p16) which thereby affected the growth of prostate cancer
cells [22]. Taken together, these studies suggest that ERK activity is directly involved in the
regulation of DNA methylation by regulating the expression or activity of DNMT1. Zhang
et al. found that the MEK/ERK signaling pathway is involved in cytoplasmic translocation
of DNMT3a induced by high glucose, which led to the hypomethylation of connective
tissue growth factors in human glomerular mesangial cells (hMSCs) [31]. We therefore
speculated that ERK likely regulates the localization of DNMTT1. In this study, we found
that inhibition of ERK activity promoted nuclear subcellular localization of DNMT1, and
this change in localization further promoted genome-wide DNA methylation. Therefore,
the new pathway causing increased methylation levels in response to PGC7 knockdown
likely affects the subcellular localization of DNMT1 via ERK activity. However, we then
faced another question: how does ERK affect the subcellular localization of DNMT1?
Protein interactions are known to regulate the activity of DNMT1. Both the SET and
ring finger-associated domains as well as the N-terminal ubiquitin-like domain (UBL)
of UHRF1 directly interact with DNMT1. These interactions stimulate DNMT1 activity
and increase its methylation activity on hemi-methylated DNA [32-34]. Another study
found that IL-6 promotes the nuclear translocation of DNMT1 via phosphorylation of the
NLS of DNMT1 by AKT kinase [19]. Moreover, it is also known that the phosphorylation
of DNMT1 ser515 activates its methyltransferase activity [21]. The activity of DNMT3a
is downregulated by CK2, which phosphorylates two key residues (i.e., S386 and S389)
near the Pro-Trp-Trp-Pro domain of DNMT3a [35]. Moreover, fibroblast growth factor
blocks the recruitment of DNMT3a to the promoter of the prochondrogenic transcription
factor Sox9 by inducing phosphorylation of DNMT3a by ERK1/ERK2. This regulates
Sox9 expression and ultimately controls cartilage formation in limb bud mesenchymal
cells [36]. These studies demonstrate that the localization and activity of DNMT1/DNMT3a
can be regulated by phosphorylation modifications. Therefore, we speculated that ERK
likely affects the intracellular localization of DNMT1 via phosphorylation modification.
In this study, we confirmed that 5717 is an important site for ERK phosphorylation on
DNMT1 using a site-directed mutagenesis strategy coupled with immunofluorescence
and IP experiments. Marin et al. found that AMPK phosphorylates human DNMT1 at
5730 (5717 in mice) and decreases DNMT1 activity [37]. We found that overexpression
of wild-type DNMT1 and a DNMT1S717A mutant both increased genome-wide 5 mC
levels, but the effect of the latter was more significant. Thus, our results showed that ERK
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regulates the subcellular localization of DNMT1 by phosphorylating DNMT1 5717, thereby
regulating genome-wide 5 mC levels.

Previous studies from our research group found that PGC?7 is a native unfolded protein
that exerts different functions by binding to different functional proteins [38]. In addition,
it is also known that PGC7 regulates the expression of many genes [16,39]. Therefore,
we speculated that PGC7 may affect ERK activity by interacting with the ERK protein
or by directly regulating the expression of ERK or its upstream kinases. Our RT-qPCR
results identified a significant decrease in the transcription of MEKI1 (i.e., an upstream
kinase of ERK1/2) in Pgc7-knockdown F9 cells. This suggests that the downregulation
of Mek1 transcription by PGC7 may be a pathway leading to the downregulation of ERK
phosphorylation.

Active demethylation mediated by Tet has been found to promote the expression of
PGC7 in mESCs, while PGC7 mediates DNA demethylation by directly binding to UHRF1
to promote its release from chromatin [40]. Li et al. found that knocking out Pgc7 resulted in
the ectopic nuclear accumulation of UHRF1 and the localization of DNMT1 in the nucleus,
leading to abnormal DNA methylation of major satellite repeats during oogenesis [14].
These studies suggest that PGC?7 affects overall DNA methylation by regulating the binding
of UHRF1 to chromatin or by altering the subcellular localization of UHRF1. However, we
found that endogenous DNMT1 tended to be located in the nucleus of Pgc7-knockdown F9
cells and that the level of ERK phosphorylation decreased significantly, but the localization
of UHRF1 did not significantly change. Combined with the nuclear translocation of DNMT1
induced by PD treatment, we suggest that the regulation of DNMT1 nuclear translocation
by PGC7 may be mediated by ERK rather than by UHRF1 localization.

DNA hypermethylation and global DNA hypomethylation in promoter regions are
frequently detected in human cancers, and genomic DNA hypomethylation is common
in a variety of gastrointestinal diseases. Moreover, DNMT1 also plays a major role in
gastrointestinal development and diseases [28,41,42]. Studies of disease and drug therapy
have found that ERK signaling plays a critical role by regulating DNMT1 expression [23].
Therefore, our identification of the mechanism by which PGC7 regulates DNA methylation,
i.e., via phosphorylation of DNMT1 at ser717 by ERK, may have implications for the
treatment of DNA methylation-related diseases. The proposed mechanism of action is
shown in Figure 5e. Knockdown of Pgc7 results in downregulation of ERK phosphorylation,
which affects phosphorylation of DNMTT1 at ser717 by ERK, and therefore causes DNMT1
to translocate to the nucleus, thereby increasing genome-wide DNA methylation levels.
Thus, in this study, we propose a novel mechanism by which PGC7 regulates genome-wide
DNA methylation via phosphorylation of DNMT1 at ser717 by ERK. These findings also
necessitate the re-evaluation of the detailed mechanism by which PGC7 regulates DNA
methylation in the development of ESCs.

4. Materials and Methods
4.1. Cell Culture

HEK-293T cells, NIH3T3 cells, and F9 embryonal carcinoma (EC) cells were obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA), cultured in
Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum (Gibco, Waltham,
MA, USA), and incubated at 37 °C in a humidified incubator (Thermo Fisher, Waltham,
MA, USA) with 5% CO,. Cells were transfected with siRNAs or plasmids or treated with
PD0325901 (Selleck Chemicals, Boston, MA, USA) at a final concentration of 1uM for 12h.
For all PD treatments, DMSO was used as a negative control.

4.2. Kinase Phosphorylation Target Prediction

Kinase phosphorylation sites were queried in the Scansite (https://scansite4.mit.edu/,
accessed on 15 September 2022) and PhosphoSitePlus (https://www.phosphosite.org/
homeAction.action, accessed on 15 September 2022) phosphorylation mass spectrome-
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try databases. Sites were predicted using GPS5.0 software to screen candidate DNMT1
phosphorylation sites.

4.3. Plasmids and Site-Directed Mutants

c¢DNA encoding mouse Pgc7 was cloned into p3xFlag-CMV-10, pCMV-HA, and
pEGFP-C1 vectors. cDNAs encoding mouse Dnmt1, Mek1, and Erkl/2 were separately
cloned into p3 xFlag-CMV-10 vectors. cDNA encoding mouse Erk1 was also cloned into
pCMV-HA. Site-directed mutants of mouse Dnmt1 were amplified via overlapping exten-
sion PCR and were then cloned into p3 xFlag-CMV-10 vectors. Truncated forms of Dnmt1
and its S717A mutant were also cloned into p3 xFlag-CMV-10 vectors. The sequences of
recombinant expression vectors and mutants were confirmed by sequencing. All primers
used are listed in Supplementary Table S9.

4.4. Transfection

Specific siRNA oligonucleotides for Pgc7 with green fluorescence (named FAM) were
synthesized by GenePharma, then transfected into F9 cells for 36 h using Lipofectamine
2000 (Invitrogen, Waltham, MA, USA), applied according to the manufacturer’s protocol.
SiPgc7 -1, a sequence with a stronger knockdown effect, was selected for all experiments.
All sequences used are listed in Supplementary Table S10. Recombinant expression vectors
and mutants were transfected into F9, HEK293T, or NIH3T3 cells as indicated in the
above method.

4.5. Methylation and Immunofluorescence Staining

For methylation staining, cells were cultured normally. For immunofluorescence
staining, round coverslips were first laid out and coated with gelatin before cells were
added. F9, HEK293T, or NIH3T3 cells were washed with 1xPBS and fixed in Immunol
staining fix solution (Beyotime, Shanghai, China) for 15 min at room temperature. Cells
were then washed for 5 min three times with 1xPBS, then permeabilized with 0.1% Triton
X-100 for 15 min. Next, cells were again washed in PBS as before, then treated with RNase
A at a final concentration of 50 pug/mL for 1h in a dark room. The cells were washed
one final time, then treated with 4 N HCl for 5 min. After this application, the cells were
neutralized with Tris-HCI (pH 8.5) for 10 min. The cells were again triple washed in PBS
before being blocked in QuickBlock™ blocking buffer for Immunol staining (Beyotime,
Shanghai, China) for 15 min at room temperature or at 4 °C overnight. After another triple
PBS wash, cells were incubated with mouse anti-5-methylcytosine (5 mC) antibody (1:500,
Active Motif, Shanghai, China), rabbit anti-DNMT1 antibody (1:500, Abcam, Cambridge,
UK), anti-ERK antibody (1:800, Cell Signaling Technology, Boston, MA, USA), antiphospho-
ERK antibody (1:400, Cell Signaling Technology, Boston, MA, USA), mouse anti-Flag
antibody (1:800, Sigma Aldrich, Saint Louis, MO, USA), or anti-UHRF1 antibody (1:200,
Santa Cruz Biotechnology, USA) at 4 °C overnight. Cells were then triple washed before
being incubated with appropriate secondary antibodies (1:500, Thermo Scientific, Waltham,
MA, USA) for two hours at room temperature. The cells were then triple washed once
again before being stained with DAPI for ten minutes. After another wash, images were
captured using a fluorescence microscope. For immunofluorescence staining, the step
after permeabilization was blocking, and the remaining steps were the same as those for
methylation staining.

4.6. Immunoprecipitation and Western Blotting

To obtain whole cell extracts for immunoprecipitation, cells were first lysed with IP
lysis buffer (Pierce, Thermo Fisher, Waltham, MA, USA; added with a proteinase inhibitor
cocktail or both a proteinase inhibitor cocktail and a protein phosphatase inhibitor) for
20 min at 4 °C. After centrifugation at 12,000x g for 15 min, 10% of the supernatant
was taken as input, and the rest was divided equally into IgG and IP treatments or (as
appropriate) only for an IP treatment. Next, the appropriate IgG or IP was incubated with
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respective antibodies at 4 °C overnight. After incubation, protein A/G plus agarose beads
were added to capture corresponding proteins. After a triple wash in IP wash buffer for
5 min each time, immunoprecipitated proteins were then boiled with 1xSDS for 10 min.
The samples were then analyzed by Western blot. To obtain whole cell extracts for normal
Western blots, cells were first lysed with RIPA buffer (high) (Solarbio, Beijing, China). This
buffer was also added either with proteinase inhibitor cocktail or with a combination of
proteinase inhibitor cocktail and a protein phosphatase inhibitor. Lysis took place at 4 °C
for 20 min.

After centrifugation at 12,000 g for 15 min, the supernatant was boiled with 5xSDS
diluted to a final concentration of 1x for 10 min. Next, the samples were analyzed by West-
ern blot. To do so, the protein samples were first separated by SDS/PAGE then transferred
to a PVDF membrane. The membranes were then blocked with 10% skimmed milk or
5% BSA for 1-2 h before being incubated with anti-ERK antibody (1:1000, Cell Signaling
Technology, Boston, MA, USA), antiphospho-ERK antibody (1:1000, Cell Signaling Tech-
nology, Boston, MA, USA), anti-PGC7 antibody (1:1000, Abcam ab19878, Cambridge, UK),
anti-GAPDH antibody (1:1000, TransGen Biotech, Beijing, China), anti-DNMT1 antibody
(1:1000, Cell Signaling Technology D63A6, Boston, MA, USA), anti-Flag antibody (1:1000,
Sigma, Saint Louis, MO, USA), anti-HA antibody (Sigma, Saint Louis, MO, USA for IP;
1:1000, TransGen Biotech, Beijing, China for Western blot), and anti-GFP antibody (1:1000,
Active Motif, Shanghai, China) at 4 °C overnight. After three 10 min washes using 1xTBST,
the membranes were incubated with HRP-labeled goat antirabbit or antimouse IgG(H+L)
(1:1000 or 1:2000, Beyotime, Shanghai, China), IPKine HRP AffiniPure goat antimouse IgG
light chain (1:3000, Amy]Jet Scientific, Wuhan, China), or goat anti-rabbit IgG heavy chain
(1:10000, AmyJet Scientific, Wuhan, China) for 1-2 h at room temperature. Finally, detection
was performed using a ChemiDoc Touch imaging system (Bio-rad, Hercules, CA, USA).

4.7. Genome Extraction and Dot Blot Analysis

Cells transfected with siRNAs or plasmids were first washed in 1xPBS. Cells were
then harvested and resuspended in a liquid mixture containing TE bulffer, cell lysis solution,
and proteinase K. After shaking incubation at 56 °C for 10 min, the lysate was incubated
with RNase A for 10 min at room temperature. A DNA extraction solution was then added,
and the mixture was shaken before being incubated for 15 min at room temperature. After
centrifugation at maximum speed for 10 min, the supernatant was collected, and DNA was
precipitated at —20 °C by adding isopropanol and leaving overnight. After centrifugation
at 12,000x g for 15 min, the DNA pellet was washed with 75% ethanol, air dried, and then
resuspended in the elution buffer.

DNA fragments of different sizes but the same volume were incubated in a PCR
incubator at 95 °C for 10 min, after which an aliquot of ammonium acetate of the same
volume was added, and the mixture was then placed on ice. The NC membrane was then
immersed in 6 XSSC (saline sodium citrate) buffer before DNA transfer. The NC membrane
was then washed in 2xSSC buffer and incubated at 50 °C in an oven for 30 min. After
UV crosslinking for 30 min, the membrane was blocked with 5% skimmed milk for 1-2 h.
The NC membrane was then incubated with mouse anti-5 mC antibody (1:4000) at 4 °C
overnight after being washed three times with 1xTBST for ten minutes each time. Finally,
the NC membrane was incubated with HRP-labeled goat antimouse IgG(H+L) (1:1000,
Beyotime) for 1-2 h at room temperature and fluorescence detection was performed using
a ChemiDoc Touch imaging system (Bio-rad, Hercules, CA, USA).

4.8. RNA Extraction and RT-gPCR

F9 cells were harvested and total RNA was extracted using a TransZol Up kit. Total
RNA was then converted to cDNA using a reverse transcription kit (TransGen Biotech,
Beijing, China), with all procedures performed according to the manufacturer’s protocol.
RT-qPCR analysis was performed using TB Green Premix Ex Taq II (Tli RNaseH Plus)
(Takara, Beijing, China) and a CFX96 Real-Time System (Bio-Rad, Hercules, CA, USA).
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Samples were normalized to GAPDH. All primers used for RI-qPCR were designed using
the NCBI online primer design tool and are listed in Supplementary Table S11.

4.9. Statistical Analysis

All data were presented as means £ SD for quantitative analysis. Mean differences
between the treated and control groups associated with p-values of <0.05 were considered
to be statistically significant. All statistical testing used Student’s t-tests as implemented in
GraphPad Prism 6 software. Image] 1.49 software was used to analyze the gray value of
the Western blotting and fluorescence intensity. Original collected data are shown in the
Supplementary Tables S1-S8.

5. Conclusions

In this study, we first identified a mode by which PGC7 regulates genome-wide DNA
methylation by maintaining ERK phosphorylation. The ser717 residue (5717) of the DNMT1
protein is regulated by ERK phosphorylation, and phosphorylation modification at this
site affects the intracellular localization of DNMT1. Knockdown of PGC7 in F9 cells led
to the inhibition of ERK phosphorylation, which resulted in the accumulation of DNMT1
in the nucleus. Moreover, knockdown of PGC7 or inhibition of ERK phosphorylation was
found to increase genome-wide DNA methylation levels. In conclusion, we discovered a
novel pathway by which PGC7 regulates genome-wide DNA methylation via regulating
the activity of a key signaling pathway along the PGC7-ERK-DNMT15717 axis.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ijms24043093 /s1.

Author Contributions: Conceptualization, Y.L.; methodology, X.W., Y.L., W.H. and H.X; software,
XW., Q.Z. and W.H.; formal analysis, X.W. and Y.L. and Z.G.; investigation, X.W., L.Z., PF. and
Y.L.; writing—original draft preparation, X.W. and Y.L.; writing—review and editing, X.W. and Y.L.;
visualization, Z.G.; funding acquisition, Z.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China
(No. 31872355 to Zekun Guo, N0.32150002 to Zekun Guo, No. 31572405 to Zekun Guo).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this study are available within the
article and Supplementary Materials.

Acknowledgments: We thank Hongliang Liu for providing the wild-type DNMT1 plasmid used in
this study.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

5mC: 5-methylcytosine; DNA: deoxyribonucleic acid; DNMT1: DNA methyltransferase (cytosine-
5) 1, UHRF1: ubiquitin like with PHD and ring finger domains 1; TET2: Tet methylcytosine dioxy-
genase 2; TET3: Tet methylcytosine dioxygenase 3; IF: Immunofluorescence; IP: immunoprecipita-
tion; Co-IP: co-immunoprecipitation; DAPI:4/ ,6-diamidino-2-phenylindole; SD: standard deviation;
WT: wild-type; mESCs: mouse embryonic stem cells; RT-qPCR: real-time quantitative reverse tran-
scription PCR; GAPDH: glyceraldehyde-phosphate dehydrogenase.


https://www.mdpi.com/article/10.3390/ijms24043093/s1

Int. ]. Mol. Sci. 2023, 24, 3093 150f 16

References

1. Yuan, B.-F. 5-Methylcytosine and Its Derivatives. In Advances in Clinical Chemistry; Elsevier: San Diego, CA, USA, 2014; Volume
67, pp. 151-187.

2. Upysal, E; Akkoyunlu, G.; Ozturk, S. Dynamic expression of DNA methyltransferases (DNMTs) in oocytes and early embryos.
Biochimie 2015, 116, 103-113. [CrossRef]

3. Hermann, A.; Gowher, H.; Jeltsch, A. Biochemistry and biology of mammalian DNA methyltransferases. Cell. Mol. Life Sci. 2004,
61,2571-2587. [CrossRef] [PubMed]

4. Ge, Y.Z.; Pu, M.T,; Gowher, H.; Wu, H.P; Ding, ].P,; Jeltsch, A.; Xu, G.L. Chromatin targeting of de novo DNA methyltransferases
by the PWWP domain. J. Biol. Chem. 2004, 279, 25447-25454. [CrossRef]

5. Li, J.-Y;; Pu, M.-T,; Hirasawa, R.; Li, B.Z,; Huang, Y.-N.; Zeng, R;; Jing, N.-H.; Chen, T; Li, E.; Sasaki, H.; et al. Synergistic function
of DNA Methyltransferases dnmt3a and dnrnt3b in the methylation of Oct4 and Nanog. Mol. Cell. Biol. 2007, 27, 8748-8759.
[CrossRef] [PubMed]

6. Hata, K.; Okano, M.; Lei, H.; Li, E. Dnmt3L cooperates with the Dnmt3 family of de novo DNA methyltransferases to establish
maternal imprints in mice. Development 2002, 129, 1983-1993. [CrossRef] [PubMed]

7. Jia, D.; Jurkowska, R.Z.; Zhang, X.; Jeltsch, A.; Cheng, X. Structure of Dnmt3a bound to Dnmt3L suggests a model for de novo
DNA methylation. Nature 2007, 449, 248-U213. [CrossRef]

8.  Gama-Sosa, M.A ; Slagel, V.A,; Trewyn, RW.; Oxenhandler, R.; Kuo, K.C.; Gehrke, C.W.; Ehrlich, M. The 5-methylcytosine content
of DNA from human tumors. Nucleic Acids Res. 1983, 11, 6883—-6894. [CrossRef]

9.  Szyf, M,; Pakneshan, P.; Rabbani, S.A. DNA methylation and breast cancer. Biochem. Pharmacol. 2004, 68, 1187-1197. [CrossRef]
[PubMed]

10. Portela, A.; Esteller, M. Epigenetic modifications and human disease. Nat. Biotechnol. 2010, 28, 1057-1068. [CrossRef]

11.  Sato, M.; Kimura, T.U.; Kurokawa, K.; Fujita, Y.; Abe, K.; Masuhara, M.; Yasunaga, T.; Ryo, A.; Yamamoto, M.; Nakano, T.
Identification of PGC7, a new gene expressed specifically in preimplantation embryos and germ cells. Mech. Dev. 2002, 113, 91-94.
[CrossRef] [PubMed]

12.  Nakamura, T; Arai, Y.; Umehara, H.; Masuhara, M.; Kimura, T.; Taniguchi, H.; Sekimoto, T.; Ikawa, M.; Yoneda, Y.; Okabe, M.;
et al. PGC7/Stella protects against DNA demethylation in early embryogenesis. Nat. Cell Biol. 2007, 9, 64-U81. [CrossRef]

13. Payer, B.; Saitou, M.; Barton, S.C.; Thresher, R.; Dixon, ].P.C.; Zahn, D.; Colledge, W.H.; Carlton, M.B.L.; Nakano, T.; Surani,
M.A. stella is a maternal effect gene required for normal early development in mice. Curr. Biol. 2003, 13, 2110-2117. [CrossRef]
[PubMed]

14. Li, Y; Zhang, Z.; Chen, J.; Liu, W,; Lai, W,; Liu, B.; Li, X;; Liu, L.; Xu, S.; Dong, Q.; et al. Stella safeguards the oocyte methylome by
preventing de novo methylation mediated by DNMT1. Nature 2018, 564, 136. [CrossRef] [PubMed]

15. Nakamura, T; Liu, Y.-J.; Nakashima, H.; Umehara, H.; Inoue, K.; Matoba, S.; Tachibana, M.; Ogura, A.; Shinkai, Y.; Nakano,
T. PGC7 binds histone H3K9me?2 to protect against conversion of 5mC to 5hmC in early embryos. Nature 2012, 486, 415-419.
[CrossRef] [PubMed]

16. Bian, C.; Yu, X. PGC7 suppresses TET3 for protecting DNA methylation. Nucleic Acids Res 2014, 42, 2893-2905. [CrossRef]
[PubMed]

17.  Funaki, S.; Nakamura, T.; Nakatani, T.; Umehara, H.; Nakashima, H.; Nakano, T. Inhibition of maintenance DNA methylation by
Stella. Biochem. Biophys. Res. Commun. 2014, 453, 455—-460. [CrossRef]

18.  Du, W,; Dong, Q.; Zhang, Z.; Liu, B.; Zhou, T.; Xu, R-m.; Wang, H.; Zhu, B.; Li, Y. Stella protein facilitates DNA demethylation by
disrupting the chromatin association of the RING finger-type E3 ubiquitin ligase UHRF1. J. Biol. Chem. 2019, 294, 8907-8917.
[CrossRef]

19. Hodge, D.R.; Cho, E.; Copeland, T.D.; Guszczynski, T.A.D.; Yang, E.; Seth, A.K.; Farrar, W.L. IL-6 enhances the nuclear
translocation of DNA cytosine-5-methyltransferase 1 (DNMT1) via phosphorylation of the nuclear localization sequence by the
AKT kinase. Cancer Genom. Proteom. 2007, 4, 387-398.

20. Esteve, P.O.; Chang, Y.; Samaranayake, M.; Upadhyay, A K.; Horton, J.R.; Feehery, G.R.; Cheng, X.; Pradhan, S. A methylation and
phosphorylation switch between an adjacent lysine and serine determines human DNMT1 stability. Nat. Struct. Mol. Biol. 2011,
18, 42-48. [CrossRef]

21. Goyal, R.; Rathert, P,; Laser, H.; Gowher, H.; Jeltsch, A. Phosphorylation of serine-515 activates the mammalian maintenance
methyltransferase Dnmtl. Epigenetics 2007, 2, 155-160. [CrossRef]

22. Sarkar, S.; Abujamra, A.L.; Loew, J.E.; Forman, L.W.; Perrine, S.P.; Faller, D.V. Histone Deacetylase Inhibitors Reverse CpG
Methylation by Regulating DNMTT1 through ERK Signaling. Anticancer. Res. 2011, 31, 2723-2732. [PubMed]

23.  Sunahori, K.; Nagpal, K.; Hedrich, C.M.; Mizui, M.; Fitzgerald, L.M.; Tsokos, G.C. The Catalytic Subunit of Protein Phosphatase 2A
(PP2Ac) Promotes DNA Hypomethylation by Suppressing the Phosphorylated Mitogen-activated Protein Kinase/Extracellular
Signal-regulated Kinase (ERK) Kinase (MEK)/Phosphorylated ERK/DNMT1 Protein Pathway in T-cells from Controls and
Systemic Lupus Erythematosus Patients. J. Biol. Chem. 2013, 288, 21936-21944. [CrossRef] [PubMed]

24. Roskoski, R., Jr. ERK1/2 MAP kinases: Structure, function, and regulation. Pharmacol. Res. 2012, 66, 105-143. [CrossRef]

25. Han, L,; Ren, C.; Zhang, ].; Shu, W.; Wang, Q. Differential roles of Stella in the modulation of DNA methylation during oocyte

and zygotic development. Cell Discov. 2019, 5, 9. [CrossRef]


http://doi.org/10.1016/j.biochi.2015.06.019
http://doi.org/10.1007/s00018-004-4201-1
http://www.ncbi.nlm.nih.gov/pubmed/15526163
http://doi.org/10.1074/jbc.M312296200
http://doi.org/10.1128/MCB.01380-07
http://www.ncbi.nlm.nih.gov/pubmed/17938196
http://doi.org/10.1242/dev.129.8.1983
http://www.ncbi.nlm.nih.gov/pubmed/11934864
http://doi.org/10.1038/nature06146
http://doi.org/10.1093/nar/11.19.6883
http://doi.org/10.1016/j.bcp.2004.04.030
http://www.ncbi.nlm.nih.gov/pubmed/15313416
http://doi.org/10.1038/nbt.1685
http://doi.org/10.1016/S0925-4773(02)00002-3
http://www.ncbi.nlm.nih.gov/pubmed/11900980
http://doi.org/10.1038/ncb1519
http://doi.org/10.1016/j.cub.2003.11.026
http://www.ncbi.nlm.nih.gov/pubmed/14654002
http://doi.org/10.1038/s41586-018-0751-5
http://www.ncbi.nlm.nih.gov/pubmed/30487604
http://doi.org/10.1038/nature11093
http://www.ncbi.nlm.nih.gov/pubmed/22722204
http://doi.org/10.1093/nar/gkt1261
http://www.ncbi.nlm.nih.gov/pubmed/24322296
http://doi.org/10.1016/j.bbrc.2014.09.101
http://doi.org/10.1074/jbc.RA119.008008
http://doi.org/10.1038/nsmb.1939
http://doi.org/10.4161/epi.2.3.4768
http://www.ncbi.nlm.nih.gov/pubmed/21868513
http://doi.org/10.1074/jbc.M113.467266
http://www.ncbi.nlm.nih.gov/pubmed/23775084
http://doi.org/10.1016/j.phrs.2012.04.005
http://doi.org/10.1038/s41421-019-0081-2

Int. ]. Mol. Sci. 2023, 24, 3093 16 of 16

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Wossidlo, M.; Nakamura, T.; Lepikhov, K.; Marques, C.J.; Zakhartchenko, V.; Boiani, M.; Arand, J.; Nakano, T.; Reik, W.; Walter,
J. 5-Hydroxymethylcytosine in the mammalian zygote is linked with epigenetic reprogramming. Nat. Commun. 2011, 2, 241.
[CrossRef]

Nakashima, H.; Kimura, T.; Kaga, Y.; Nakatani, T.; Seki, Y.; Nakamura, T.; Nakano, T. Effects of Dppa3 on DNA Methylation
Dynamics During Primordial Germ Cell Development in Mice. Biol. Reprod. 2013, 88, 125. [CrossRef] [PubMed]

Funaki, S.; Nakamura, T.; Nakatani, T.; Umehara, H.; Nakashima, H.; Okumura, M.; Oboki, K.; Matsumoto, K.; Saito, H.; Nakano,
T. Global DNA hypomethylation coupled to cellular transformation and metastatic ability. FEBS Lett. 2015, 589, 4053—4060.
[CrossRef]

Choi, J.; Huebner, A.].; Clement, K.; Walsh, RM.; Savol, A.; Lin, K.; Gu, H.; Di Stefano, B.; Brumbaugh, J.; Kim, S.Y; et al.
Prolonged Mek1/2 suppression impairs the developmental potential of embryonic stem cells. Nature 2017, 548, 219-223.
[CrossRef] [PubMed]

Yagi, M.; Kishigami, S.; Tanaka, A.; Semi, K.; Mizutani, E.; Wakayama, S.; Wakayama, T.; Yamamoto, T.; Yamada, Y. Derivation of
ground-state female ES cells maintaining gamete-derived DNA methylation. Nature 2017, 548, 224-227. [CrossRef]

Zhang, H.; Li, A.; Zhang, W.; Huang, Z.; Wang, ].; Yi, B. High glucose-induced cytoplasmic translocation of Dnmt3a contributes
to CTGF hypo-methylation in mesangial cells. Biosci. Rep. 2016, 36, €00362. [CrossRef]

Berkyurek, A.C.; Suetake, I.; Arita, K.; Takeshita, K.; Nakagawa, A.; Shirakawa, M.; Tajima, S. The DNA methyltransferase
Dnmtl directly interacts with the SET and RING finger-associated (SRA) domain of the multifunctional protein Uhrf1 to facilitate
accession of the catalytic center to hemi-methylated DNA. |. Biol. Chem. 2014, 289, 379-386. [CrossRef]

Bashtrykov, P; Jankevicius, G.; Jurkowska, R.Z.; Ragozin, S.; Jeltsch, A. The UHRF]1 protein stimulates the activity and specificity
of the maintenance DNA methyltransferase DNMT1 by an allosteric mechanism. J. Biol. Chem. 2014, 289, 4106-4115. [CrossRef]
Li, T; Wang, L.; Du, Y;; Xie, S.; Yang, X.; Lian, F.; Zhou, Z.; Qian, C. Structural and mechanistic insights into UHRF1-mediated
DNMT1 activation in the maintenance DNA methylation. Nucleic Acids Res. 2018, 46, 3218-3231. [CrossRef] [PubMed]

Deplus, R.; Blanchon, L.; Rajavelu, A.; Boukaba, A.; Defrance, M.; Luciani, J.; Rothe, F.; Dedeurwaerder, S.; Denis, H.; Brinkman,
A.B,; et al. Regulation of DNA Methylation Patterns by CK2-Mediated Phosphorylation of Dnmt3a. Cell Rep. 2014, 8, 743-753.
[CrossRef]

Kumar, D.; Lassar, A.B. Fibroblast Growth Factor Maintains Chondrogenic Potential of Limb Bud Mesenchymal Cells by
Modulating DNMT3A Recruitment. Cell Rep. 2014, 8, 1419-1431. [CrossRef] [PubMed]

Marin, T.L.; Gongol, B.; Zhang, F.; Martin, M.; Johnson, D.A_; Xiao, H.; Wang, Y.; Subramaniam, S.; Chien, S.; Shyy, J.Y.J. AMPK
promotes mitochondrial biogenesis and function by phosphorylating the epigenetic factors DNMT1, RBBP7, and HAT1. Sci.
Signal. 2017, 10. [CrossRef]

Liu, H.; Zhang, L.; Wei, Q.; Shi, Z.; Shi, X.; Du, J.; Huang, C.; Zhang, Y.; Guo, Z. Comprehensive Proteomic Analysis of
PGC7-Interacting Proteins. . Proteome Res. 2017, 16, 3113-3123. [CrossRef]

Yan, Q.; Zhang, Y.; Fang, X.; Liu, B.; Wong, T.L.; Gong, L.; Liu, S.; Yu, D.; Liu, M,; Jiang, L.; et al. PGC7 promotes tumor oncogenic
dedifferentiation through remodeling DNA methylation pattern for key developmental transcription factors. Cell Death Differ.
2021, 28, 1955-1970. [CrossRef]

Mulholland, C.B.; Nishiyama, A.; Ryan, J.; Nakamura, R; Yigit, M.; Glueck, LM.; Trummer, C.; Qin, W.; Bartoschek, M.D.;
Traube, ER.; et al. Recent evolution of a TET-controlled and DPPA3/STELLA-driven pathway of passive DNA demethylation in
mammals. Nat. Commun. 2020, 11, 5972. [CrossRef] [PubMed]

Jorgensen, B.G.; Berent, RM.; Ha, S.E.; Horiguchi, K.; Sasse, K.C.; Becker, L.S.; Ro, S. DNA methylation, through DNMT1, has an
essential role in the development of gastrointestinal smooth muscle cells and disease. Cell Death Dis. 2018, 9, 474. [CrossRef]
Gangz, J.; Melancon, E.; Wilson, C.; Amores, A.; Batzel, P.; Strader, M.; Braasch, I.; Diba, P.; Kuhlman, J.A.; Postlethwait, J.H.; et al.
Epigenetic factors Dnmtl and Uhrfl coordinate intestinal development. Dev. Biol. 2019, 455, 473-484. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1038/ncomms1240
http://doi.org/10.1095/biolreprod.112.105932
http://www.ncbi.nlm.nih.gov/pubmed/23595900
http://doi.org/10.1016/j.febslet.2015.11.020
http://doi.org/10.1038/nature23274
http://www.ncbi.nlm.nih.gov/pubmed/28746311
http://doi.org/10.1038/nature23286
http://doi.org/10.1042/BSR20160141
http://doi.org/10.1074/jbc.M113.523209
http://doi.org/10.1074/jbc.M113.528893
http://doi.org/10.1093/nar/gky104
http://www.ncbi.nlm.nih.gov/pubmed/29471350
http://doi.org/10.1016/j.celrep.2014.06.048
http://doi.org/10.1016/j.celrep.2014.07.038
http://www.ncbi.nlm.nih.gov/pubmed/25159139
http://doi.org/10.1126/scisignal.aaf7478
http://doi.org/10.1021/acs.jproteome.6b00883
http://doi.org/10.1038/s41418-020-00726-3
http://doi.org/10.1038/s41467-020-19603-1
http://www.ncbi.nlm.nih.gov/pubmed/33235224
http://doi.org/10.1038/s41419-018-0495-z
http://doi.org/10.1016/j.ydbio.2019.08.002
http://www.ncbi.nlm.nih.gov/pubmed/31394080

	Introduction 
	Results 
	PGC7 Regulates Genome-Wide DNA Methylation in F9 and NIH3T3 Cells 
	Inhibition of ERK Activity Improves Genome-Wide DNA Methylation 
	PGC7 Regulates ERK Activity by Regulating Mek1 Expression 
	ERK Phosphorylates DNMT1 at Ser717 and Regulates the Subcellular Localizationof DNMT1 
	PGC7 Regulates the Subcellular Localization of DNMT1 through ERK 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Kinase Phosphorylation Target Prediction 
	Plasmids and Site-Directed Mutants 
	Transfection 
	Methylation and Immunofluorescence Staining 
	Immunoprecipitation and Western Blotting 
	Genome Extraction and Dot Blot Analysis 
	RNA Extraction and RT-qPCR 
	Statistical Analysis 

	Conclusions 
	References

