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SUMMARY

Mouse embryonic stem cells (ESCs) are maintained in serum with leukemia inhibitory factor (LIF) to maintain self-renewal and plurip-
otency. Recently, a 2i culture method was reported using a combination of MEK inhibition (MEKi) and GSK3 inhibition (GSK3i) with LIF
to maintain ESCs in a naive ground state. How 2i maintains a ground state of ESCs remains elusive. Here we show that MEKi and GSK3i
maintain the ESC ground state by downregulating global DNA methylation through two distinct mechanisms. MEK1 phosphorylates
JMJD2C for ubiquitin-mediated protein degradation. Therefore, MEKi increased JMJD2C protein levels but decreased DNMT3 expression.
JMJD2C promotes TET1 activity to increase 5-hydroxymethylcytosine (ShmC) levels. GSK3i suppressed DNMT3 expression, thereby
decreasing DNA methylation without affecting ShmcC levels. Furthermore, 2i increased PRDM14 expression to inhibit DNMT3A/B pro-
tein expression by promoting G9a-mediated DNMT3A/B protein degradation. Collectively, 2i allows ESCs to maintain a naive ground

state through JMJD2C-dependent TET1 activation and PRDM14/G9a-mediated DNMT3A/B protein degradation.

INTRODUCTION

Early mouse zygotes differentiate in the trophectoderm
and inner cell mass (ICM). Mouse embryonic stem cells
(ESCs) are derived from the ICM in mouse embryos (Evans
and Kaufman, 1981; Martin, 1981). ESCs are usually main-
tained in serum supplemented with leukemia inhibitory
factor (LIF), which keeps them in a pluripotent state
capable of self-renewal (Smith et al., 1988; Williams et al.,
1988) through the activation of JAK-STAT3 signaling (Mat-
suda et al., 1999; Niwa et al., 1998). Serum/LIF generates a
heterogeneous population of ESCs by causing auto-induc-
tive stimulation of the MAPK/ERK pathway by fibroblast
growth factor (FGF) 4 (Kunath et al., 2007; Stavridis et al.,
2007; Ying et al., 2008). Ying et al. (2008) proposed that
LIF and bone morphogenetic protein signals act down-
stream of the ERK pathway to block ESC commitment.
To maintain a ground state in ESCs, they used three selec-
tive small-molecule inhibitors, SU5402, PD0325901, and
CHIR99021, to inhibit FGF receptor (FGFR) tyrosine ki-
nases, the ERK pathway, and Wnt signaling, respectively
(Ying et al.,, 2008). Later, the use of two inhibitors,
PD0325901 and CHIR99021 (called 2i), with LIF to block
the MAPK/ERK and glycogen synthase kinase 33 (GSK3p)
pathways was postulated to be sufficient to maintain the
ESC ground state (Silva et al., 2008). ESCs cultivated in a
serum-free 2i medium with LIF (2i ESCs) exhibit greater
pluripotent gene expression than ESCs cultivated in serum
with LIF (serum ESCs). Further, 2i ESCs homogeneously ex-

press NANOG, which potentiates pluripotent gene tran-
scription by creating a permissive chromatin structure
(Marks et al., 2012; Marks and Stunnenberg, 2014; Miya-
nari and Torres-Padilla, 2012; Silva et al., 2009). In addi-
tion, 2i leads to genome-wide DNA hypomethylation due
to reduced expression of the DNA methyltransferase 3
(DNMT3) family (Bagci and Fisher, 2013; Leitch et al.,
2013). The mechanism by which 2i creates a permissive
chromatin structure and downregulates DNMT3 expres-
sion remains undefined.

DNA methylation by the DNMT family is a heritable
epigenetic modification involved in gene silencing,
imprinting, and retrotransposon suppression (Baylin,
2005; Jin et al., 2011). In mammals, there are four major
members of the DNMT family: DNMT1, DNMT3A,
DNMT3B, and DNMT3L. DNMT3A and DNMT3B share
similar domain structures: an N-terminal variable region,
followed by a PWWP domain, a cysteine-rich zinc-binding
domain, and a C-terminal catalytic domain. DNMT3L has
no catalytic activity by itself because it lacks the C-terminal
catalytic domain (Subramaniam et al., 2014). The DNMT
family is dynamically regulated during mouse develop-
ment (Smith et al., 2012). Global DNA hypomethylation
by Dnmt1~/~ and Dnmt3a~'~,3b™'~ in ESCs blocks differen-
tiation and induces histone hyperacetylation (Lei et al.,
1996; Okano et al., 1999).

In ESCs, G9a, a nuclear histone lysine methyltransferase
(HMT) that methylates histones H1, H3K9, and H3K27 (Ta-
chibana et al., 2001; Wu et al., 2011), recruits DNMT3A/B
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Figure 1. MEK Inhibition Regulates JMID2C Stabilization and Decreases H3K9me3 Levels
(A) AP staining shows that combinatorial treatments of three small-molecule inhibitors induce pluripotency in ESCs. Scale bar, 200 pum.
(B) Western blots show that PD0325901 increases JMID2C protein levels and decreases H3K9me3 levels. ESCs were cultured in feeder-free
and LIF-free conditions with inhibitors for 24 and 48 hr.

(legend continued on next page)
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independently of its HMT activity (Epsztejn-Litman et al.,
2008). G9a contains a SET domain with ankyrin repeats
and mediates the transfer of one to three methyl groups
from S-adenosylmethionine to the amino group of a target
lysine (Esteve et al., 2005), resulting in gene silencing
(Dillon et al.,, 2005; Tachibana et al., 2001). G9a
also methylates non-histone proteins, such as p53, WIZ,
CDYL1, ACINUS, REPTIN, MYOD, and DNMTT1, to regulate
chromatin structure and transcriptional machinery (Jung
et al., 2015; Ling et al., 2012; Rathert et al., 2008). The
mechanism underlying G9a-mediated DNMT3A/B regula-
tion in ESCs is not well understood.

JmjC domain-containing histone demethylase 2C
(MJD2C) is a histone lysine demethylase (HDM) specific
for histones H3K9me3, H3K9me2, and H3K36me3 (Cloos
et al., 2006; Klose et al., 2006; Whetstine et al., 2006).
HDMs are histone-modifying enzymes with biological
functions opposite to those of HMTs. JMJD2C removes
the repressive histone-methylation at the promoters of
pluripotent genes in ESCs. The JMJD2C-mediated reduc-
tion of H3K9me3 levels and the resulting alteration of
chromatin structure are essential for maintaining ESC
pluripotency (Das et al., 2014; Loh et al., 2007; Pedersen
et al., 2014). Recent studies demonstrated that JMJD2B
and JMJD2C are necessary for ESC self-renewal and induce
the generation of pluripotent stem cells (Das et al., 2014;
Pedersen et al., 2014). Therefore, JMJD2C acts to maintain
ESC self-renewal and pluripotency by lowering H3K9me3
levels (Chen et al., 2013a; Loh et al., 2007; Ng and Surani,
2011).

PR/SET domain 14 (PRDM14) plays a role in the mainte-
nance of the core pluripotent circuitry in ESCs by reducing
protein levels of the DNMT3 family (Grabole et al., 2013;
Hackett et al., 2013a; Yamaji et al., 2013). PRDM14 is a
key regulator in the specification of primordial germ cells
(PGCs) during mouse development (Yamaji et al., 2008).
PRDM14 is a PR domain-containing (PRDM) transcription
factor that contains a PR domain, a modified SET domain,
and six tandemly repeated zinc fingers (Nakaki and Saitou,
2014). Downregulation of the DNMT3 family by PRDM14 is
important for establishing genome-wide DNA hypomethy-
lation in 2i culture conditions (Grabole et al., 2013; Hackett
etal., 2013a; Yamaji etal., 2013). The mechanism by which
PRDM14 regulates DNMT3 expression remains undefined.

The ten-eleven translocation (TET) family of dioxyge-
nases promotes DNA demethylation in ESCs and PGCs
(Ito et al., 2010; Koh et al., 2011; Vincent et al., 2013).
The TET family converts S-methylcytosine (SmC) to
5-hydroxymethylcytosine (ShmC), 5-formylcytosine, and
5-carboxylcytosine through a series of active DNA deme-
thylation reactions (Gu et al., 2011; Hackett et al., 2013b;
Tahiliani et al., 2009). Therefore, the TET family reduces
genome-wide DNA methylation through the production
of unmethylated cytosine aided by thymine-DNA glycosy-
lase (Kohli and Zhang, 2013; Shen et al., 2013). In ESCs,
TET1 is highly expressed and is required for self-renewal
(Ito et al., 2010). The mechanism by which 2i treatment
enhances TET1 activity is not yet known.

The purpose of this study was to elucidate two distinct
epigenetic mechanisms by which 2i maintains the naive
ground state in ESCs. 2i upregulated DNA hydroxy-
methylation by JMJD2C-mediated TET1 potentiation
and decreased genome-wide DNA methylation through
PRDM14/G9a-dependent DNMT3A/B protein degradation.

RESULTS

MEK Inhibition Stabilizes JMJD2C Proteins and
Decreases H3K9me3 Levels

Murine ESCs have been maintained in serum with LIF to
maintain their self-renewal (Smith et al., 1988; Williams
et al., 1988). However, Ying et al. (2008) reported that a
culture method maintained a ground state in ESCs. This
medium was supplemented with three small-molecule
inhibitors, PD0325901, CHIR99021, and SU5042, which
inhibit MAPK/ERK, GSK38, and FGFR signaling, respec-
tively. Subsequently, they showed that 2i, PD0325901,
and CHIR99021, with LIF (2i/LIF condition) is sufficient
to sustain a ground state in ESCs (Silva et al., 2008). There-
fore, we have examined how each of the three inhibitors
influence the maintenance of a naive state in ESCs.

LIF treatment affects JAK-STAT as well as MAPK/ERK
signaling for the maintenance of ESC self-renewal (Cherep-
kovaetal., 2016; Onishi and Zandstra, 2015). In agreement
with that, we found that LIF increased alkaline phospha-
tase (AP) activity, which is indicative of increased stemness
(Figure 1A). Therefore, we limited the addition of LIF in our

(C) PD0325901 and/or CHIR99021 induce changes of histone H3 methylation in feeder-free and LIF-free ESCs.
(D) MEKi with PD0325901 decreases H3K9me3 levels in ESCs, but not ERKi with FR180204 in western blots.
(E) Combinatorial 2i treatments change gene expression in ESCs. Data come from the GEO DataSet (GEO: GSE43597). The 2i treatments

upregulate Prdm14 and downregulate the Dnmt3 family.

(F) gRT-PCR (n = 4 independent experiments) shows that PD0325901 decreases Jmjd2c mRNA levels compared with the DMSO control.
(G) Western blots show that PD0325901 increases JMJD2C, 0CT4, and SOX2 protein levels but decreases H3K9me3 levels (n = 3 independent

experiments).
*p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. MEK1 Interacts with and Phosphorylates JMID2C, Which Undergoes Phosphorylation-Dependent Degradation through
the Ubiquitin-Pproteasome Pathway

(A) GST pull-down assay shows that MEK1 associates with endogenous JMJD2C.

(B) An in vitro MEK1 kinase assay performed with mouse anti-phosphotyrosine-specific 4610 antibody shows that MEK1 phosphorylates
tyrosine residues of JIMJD2C.

(C) MEK1 binds to the JmjN, JmjC, 2XPHD, and 2XTUDOR domains in JIMJID2C.

(legend continued on next page)
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experimental conditions to discriminate between LIF-
mediated effects and inhibitor-mediated effects. In the
absence of LIF, MEK inhibition (MEKi) by PD0325901 pro-
duced intense AP staining with compact ESC morphology.
GSK3 inhibition (GSK3i) by CHIR99021 resulted in strong
AP staining characterized by a dome-shaped ESC colony
morphology. FGFR inhibition (FGFRi) by SU5402 had
little effect compared with LIF (Figure 1A). A two-inhibitor
combination (PD0325901 and CHIR99021) and a three-
inhibitor combination (PD0325901, CHIR99021, and
SU5402) produced robust AP staining of ESCs with a
compact colony morphology.

Changes in histone H3 methylation status affect gene
expression patterns in a variety of cells (Black et al.,
2012). We therefore investigated whether H3K9me3 status
is altered by three small-molecule inhibitors. Neither GSK3i
nor FGFRi had any effects on H3K9me3 levels, but MEKi
reduced H3K9me3 levels. Likewise, 2i (MEKi/GSK3i)
decreased H3K9me3 levels (Figure 1B). Interestingly, pro-
tein levels of JMJD2C, which is a histone H3K9me3-,
H3K9me2-, and H3K36me3-specific histone demethylase
(Cloos et al., 2006; Klose et al., 2006; Whetstine et al.,
2006), were increased by MEKi after 48 hr (Figure 1B).
MEKi also decreased H3K9me2 and H3K36me3 levels
(Figures 1C and S1), suggesting that MEKi might keep low
H3K9me2/3 levels by the increased JMJD2C levels.

The MAPK/ERK pathway delivers an intracellular
signaling by successive kinase reactions, RAS-RAF-MEK-
ERK. Therefore, the MEK1/2 inhibitor PD0325901 sup-
presses MEK1/2 activity, successively reducing downstream
ERK1/2 activity. The observation made with PD0325901
could be due to the inhibition of either MEK1/2 or
ERK1/2. Therefore, we used the ERK selective inhibitor
FR180204 to determine which kinase is responsible for
decreasing H3K9me3 levels. Indeed, MEKi, but not ERKi
specifically decreased H3K9me3 levels (Figure 1D), indi-
cating that PD0325901-mediated H3K9me3 reduction
originates from the selective inhibition of MEK1/2 activity,
but not that of ERK1/2 activity.

We used GEO: GSE43597 in the GEO DataSet to explore
alterations in gene expression profiles caused by 2i treat-
ments (Zhang et al., 2013). Although the 2i treatment did
not alter the expression of most genes in the dataset (Fig-
ure 1E and Table S1), it reduced the transcript levels of
Dnmt3a, Dnmt3b, Dnmt3l, and Tet1, and increased the tran-

script levels of Prdm14, Prdml1, KlIf2, and Nanog. Because
MEKi resulted in high J]MJD2C protein levels (Figure 1B),
we examined Jmjd2c transcript levels by qRT-PCR. MEKi
did not significantly change the transcript levels of Oct4
but increased those of Sox2 and decreased those of Jmjd2c
(Figure 1F). We next examined the protein levels in
MEKi-treated ESCs (Figure 1G). MEKi increased OCT4 pro-
tein levels, probably by increasing OCT4 protein stability,
and SOX2 protein levels, probably by transcriptional
induction. MEKi also increased JMJD2C, suggesting the
presence of a post-translational modification. Together,
our results demonstrate that MEKi increases JMJD2C levels
that reduce the repressive H3K9me3 marks at the promoter
regions of pluripotent genes in ESCs.

MEK1 Phosphorylates JMJD2C to Promote
Ubiquitin-Mediated Protein Degradation

We examined whether MEK1 affects JMJD2C activity
via phosphorylation. Purified GST-MEK1 interacted with
endogenous JMJD2C directly in ESC lysate (Figure 2A).
Because MEKI is a Ser/Thr and Tyr dual-specificity kinase
(Roskoski, 2012), we examined whether MEK1 phosphory-
lates JMJD2C directly. When we used anti-phosphoserine/
threonine antibody to detect phospho-JMJD2C, we did not
detect any positive signal (data not shown). An anti-phos-
photyrosine 4G10 antibody produced a strong positive
signal (Figure 2B), supporting the idea that J]MJD2C is a
substrate of MEK1 and undergoes phosphorylation at Tyr
residues.

JMJD2C consists of four domains, including jumonji N
(JmjN) (amino acids 1-140), JmjC (amino acids 141-310),
2xplant homeodomain (PHD) (amino acids 671-868),
and 2XTUDOR (amino acids 869-1,054). GST-MEK1 was
associated with four mutants containing JmjN, JmjC,
2xPHD, and 2xTUDOR, respectively (Figure 2C). MEK1
phosphorylates a consensus motif containing the amino
acid sequence T-X-Y (Cacace et al., 1999). To determine
which Tyr residues of JMJD2C are phosphorylated by
MEK1, we searched for T-X-Y motifs within JMJD2C. We
identified a highly conserved T-P-Y motif at residues 175-
177 in the JmjC domain (Figure 2D), which was specifically
phosphorylated by MEK1 (Figure 2E). MEK1 phosphory-
lated the wild-type JmjC domain but not the Y177F mutant
JmjC domain (Figure 2F), indicating that Mek1 phosphor-
ylates Y177.

(D) The Y177 residue in JMJID2C is a putative site for phosphorylation by MEK1.

(Eand F) In vitro MEK1 kinase assays show that (E) MEK1 phosphorylates the JmjC domain in JIMJID2C, and (F) MEK1 phosphorylates wild-
type JmjC but not Y177F mutant JmjC. The red asterisk indicates a phosphorylated domain by MEK1.

(G) MEK1 expression increases JMJID2C ubiquitination, but MEKi by PD0325901 suppresses JMID2C ubiquitination.

(H) MEK1 increases the ubiquitination of wild-type JMID2C but not Y177F mutant JMJD2C.

(I) MEK1 increases wild-type JmjC ubiquitination.

(J) In the presence of endogenous MEK1, Y177F mutant JmjC is not ubiquitinated compared with wild-type JmjC.
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Mediated TET1 Activation, Respectively

(A) qRT-PCR (n = 4 independent experiments) shows that compared with DMSO control, PD0325901 decreases transcript levels of the Dnmt3

family and Tet1 but does not change Tet2 expression. ESCs were cultured in feeder-free and LIF-free conditions with PD0325901 for 48 hr.
(legend continued on next page)
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In line with the observation that MEKi increases JMJD2C
protein levels (Figure 1G), the MEK1 expression increased
JMJD2C ubiquitination, whereas PD0325901 suppressed
that effect (Figure 2G). Moreover, the wild-type JMJD2C
was more intensely ubiquitinated than a non-phospho
mutant, Y177F JMJD2C, by MEK1 (Figure 2H). MEK1
expression increased the ubiquitination of wild-type GST-
JmjC (Figure 2I). Likewise, endogenous MEK1/2 ubiquiti-
nated the wild-type JmjC mutant more than the Y177F
JmjC mutant (Figure 2J). Collectively, our results support
the conclusion that Y177 is a phosphodegron for JMJD2C
degradation.

MEKi Decreases DNA Methylation Levels via
DNMT3A/B Reduction and Increases DNA
Hydroxymethylation Levels via JMJD2C-Associated
TET1 Activation
Accumulating evidence suggests that ESCs cultured in 2i/
LIF have genome-wide DNA hypomethylation compared
with ESCs cultured in serum/LIF (Leitch et al., 2013; Marks
and Stunnenberg, 2014). The activities of two opposing
enzyme families, DNMT and TET, govern genome-wide
methylation. PD0325901-treated ESCs had low transcript
levels of Dnmt3 family and Tet1, but unchanged transcript
levels of Tet2 (Figure 3A). PD0325901 seemed to increase
TET1 protein levels (Figure 3B), suggesting post-transla-
tional modification (Bauer et al., 2015; Chen et al., 2013b;
Yuetal., 2013). Consistent with the reductions in transcript
levels, DNMT3A/B protein levels were also decreased (Fig-
ure 3B), suggesting that MEKi-induced DNMT3A/B reduc-
tion is in part due to transcriptional suppression.
DNMT3A/B regulate self-renewal in some stem cells by de
novo DNA methylation (Tadokoro et al., 2007; Tsumura
et al., 2006). We measured DNA methylation levels by
dot-blot assay. Consistent with previous results (Leitch
et al., 2013; Marks and Stunnenberg, 2014), MEKi signifi-
cantly reduced SmC levels while increasing ShmC levels
(Figure 3C), suggesting that JMJD2C associates with TET1

to enhance methylcytosine dioxygenase activity. Both
TET1 and TET2 interacted with JMJD2C (Figure 3D). A co-
immunoprecipitation experiment showed that JMJD2C
bound to TET1 in ESCs (Figure 3E). Moreover, ]MJD2C
bound to the catalytic domain of TET1 (Figure S2).

JMJD2C Deficiency Disrupts ESC Pluripotency
through Aberrant Methylation of DNA and Histones
We generated Jmjd2c knockout (KO) ESCs to study how
JMJD2C is involved in the TET1-mediated DNA demethyla-
tion pathway (Figure S3). Wild-type ESCs (J1 and CCE)
expressed endogenous JMJD2C, whereas Jmjd2c KO cells
did not express JMJD2C proteins (Figure 3F). We examined
whether JMJD2C deficiency influences the Z2i-mediated
maintenance of a ground state. When parental CCE and
Jmjd2c KO cells were treated with PD0325901 alone or
with 2i, the H3K9me3 levels were decreased in the CCE cells
but notin the Jmjd2c KO cells (Figure 3G). Nonetheless, both
PD0325901 alone and 2i decreased DNMT3B levels in both
CCE and Jmjd2c KO cells, indicating that DNMT3 expression
is independent of JMJD2C. Unlike TetI transcript levels,
TET1 protein levels were increased in both CCE cells and
Jmjd2c KO cells in response to PD0325901 (Figure 3G).
Consistent with those results (Figure 3C), MEKi decreased
SmC levels in both CCE cells and Jmjd2c KO cells (Figure 3H,
see 5SmC). In contrast, MEKi increased ShmC levels in CCE
cells but not in Jmjd2c KO cells (Figure 3H, see ShmC),
indicating that active TET1-mediated DNA demethylation
requires JMJD2C. In addition, the specific JMJD2 inhibitor
5-carboxyl-8-HQ abolished the MEKi-mediated AP staining
and ESC-like colony morphology (Figure 3I).

GSK3 Inhibition Decreases 5SmC Levels through
DNMT3A/B Reduction

We next elucidated the molecular mechanism underlying
the maintenance of a ground state in ESCs by GSK3i, which
sustains the naive state by activating Wnt signaling (Miki
et al., 2011; Wray and Hartmann, 2012). GSK3i decreased

(B) PD0325901 decreases DNMT3A/B protein levels but increases TET1 protein levels in ESCs cultured in feeder-free and LIF-free conditions

(n = 3 independent experiments).

(C) Dot blots show that PD0325901 decreases 5mC levels but increases 5hmC levels in ESCs cultured in feeder-free and LIF-free conditions

with PD0325901 for 48 hr.
(D) IMJID2C interacts with TET1 and TET2 in a pull-down assay.

(E) IMID2C associates with TET1 in ESCs in a co-immunoprecipitation experiment.
(F) IJmjd2c-KO ESCs do not express endogenous JMID2C compared with wild-type ESCs.
(G) PD0325901 and/or CHIR99021 decrease DNMT3B levels, but not H3K9me3 levels, in Jmjd2c KO cells compared with control CCE cells.

ESCs were cultured in feeder-free and LIF-free conditions.

(H) Dot blots show that JMID2C deficiency leads to reduction of 5mC levels by PD0325901 in both control and Jmjd2c-KO ESCs. On the
contrary, 5hmC levels are unchanged in Jmjd2c-KO ESCs compared to the control cells.
(I) AP staining shows that the specific JIMID2 inhibitor 5-carboxyl-8-HQ disrupts the pluripotent state induced by PD0325901. Scale bar,

200 pm.
**p < 0.01 and ***p < 0.001.
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Figure 4. GSK3 Inhibition Decreases 5mC Levels, but Not 5hmC Levels, through Passive DNA Demethylation

(A) gRT-PCR (n = 4 independent experiments) shows that GSK3 inhibition by CHIR99021 decreases transcript levels of the Dnmt3 family
and Tet1, but does not alter Tet2 transcript levels compared with the DMSO control.

(B) Western blots show that CHIR99021 reduces DNMT3A/B and TET1 protein levels without changing JIMJID2C levels (n = 3 independent

experiments).
(C) Dot blots show that CHIR99021 decreases 5mC levels, but not 5hmC levels, in ESCs cultured in feeder-free and LIF-free conditions with

CHIR99021 for 48 hr.
(D) gRT-PCR (n = 4 independent experiments) shows that the 2i treatments upregulate Prdm14 transcript levels.

(legend continued on next page)
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the transcript and protein levels of the DNMT3 family (Fig-
ures 4A and 4B). GSK3a/p and MEK1/2 are involved in
disparate signaling pathways; however, our data demon-
strate that they have partly shared effects, because GSK3i
also suppressed Dnmt3 levels. In contrast, GSK3i downre-
gulated Tet1 transcription in addition to decreasing TET1
protein levels. In contrast to the effect of MEKi, GSK3i
modestly decreased JMJD2C protein levels (Figures 1B
and 4B). GSK3i decreased global DNA methylation levels
without altering DNA hydroxymethylation levels (Fig-
ure 4C), suggesting that GSK3i-mediated DNA hypomethy-
lation results partly from the downregulation of DNMT3
expression.

PRDM14 Downregulates DNMT3A/B Protein
Expression

To find a factor that accelerates DNMT3A/B protein degra-
dation, we examined GEO: GSE43597 in the GEO DataSet
(Figure 1E and Table S1). Among the genes altered by the 2i
conditions, PRDM14 is unique, because it was identified as
a key regulator for maintaining ESC pluripotency (Yamaji
et al., 2013). Other studies showed that PRDM14 downre-
gulates Dnmt3 expression (Grabole et al., 2013; Hackett
et al., 2013a; Yamaji et al., 2013). Consistent with those
observations, all combinatorial 2i treatments increased
Prdm14 expression but decreased Dnmt3 family expression
(Figure 4D).

We investigated the role of PRDM14 to see if it facilitates
DNMT3A/B protein degradation. PRDM14 expression in
293T cells decreased endogenous DNMT3B protein levels
in a dose-dependent fashion (Figure 4E, upper panel),
implying that PRDM14 downregulates DNMT3B by trans-
lational control. Similarly, PRDM14 overexpression in
ESCs significantly decreased DNMT3A/B protein levels
(Figure 4E, middle panel). Conversely, Prdm14 knockdown
by small hairpin RNA (shRNA) upregulated DNMT3A/B
protein levels (Figures 4E and S4A), indicating that
PRDM14 downregulates DNMT3A/B expression.

Because PRDM14 decreases the expression of Dnmt3a/b,
but not that of Dnmtl1 (Grabole et al., 2013; Yamaji et al.,
2013), we examined the possibility that PRDM14 reduces
DNMT3A/B protein levels by promoting ubiquitination-
dependent degradation. PRDM14 increased the ubiquitina-
tion of DNMT3A/B, but not that of DNMT1 (Figure 4F, see
IB: HA). Consistent with that observation, exogenous
PRDM14 bound to DNMT3A/B, but not to DNMT1

(Figure 4F, see IB: GFP), indicating that DNMT3A/B protein
degradation requires a direct interaction between PRDM14
and DNMT3A/B. Endogenous PRDM14 associated with
DNMT3A (Figure S4B) and DNMT3B (Figure S4C). Taken
together, our findings strongly indicate that PRDM14 is a
key factor in the repression of DNMT3A/B expression and
the control of the ESC ground state.

PRDM14 Has G9a Methyltransferase Activity toward
DNMT3A/B

We predicted that PRDM14 contains methyltransferase ac-
tivity toward the DNMT family because of the presence of a
PR domain that is a modified version of the HMT SET
domain. Contrary to our expectation, PRDM14 did not
have obvious methyltransferase activity toward the
DNMT family (Figure 5A). We detected only non-specific
signals, which we speculated were due to endogenous
G9a bound to the DNMT proteins. As expected, PRDM14
interacted with endogenous G9a in an immunoprecipita-
tion assay (Figure 5B) and a pull-down assay (Figure S5).

Recently, we reported that G9a activates MYOD protein
degradation in a methylation-dependent manner (Jung
et al., 2015). We examined whether G9a activates
DNMT3A/B protein degradation. The extent of DNMT3A2
ubiquitination was dependent on G9a >PRDM14 > control >
PRDM1 expression (Figure 5C, see IB: HA). We detected
an association of DNMT3A2 with PRDM14 and G9a,
but not with PRDM1 (Figure 5C, see IB: GFP/GST). We
observed the similar associations for DNMT3B (Figure S6A).
Overall, the degree of PRDM14-mediated DNMT3A/B
ubiquitination was lower than that of G9a-mediated
DNMT3A/B ubiquitination, suggesting that PRDM14-medi-
ated DNMT3A/B degradation is required for G9a recruitment
to the PRDM14/DMNT3A/B complex in ESCs.

G9a inhibition attenuates PRDM14-mediated DNMT3/B
degradation. The G9a-specific inhibitor UNC0638 sup-
pressed PRDM14-mediated DNMT3A/B degradation (Fig-
ures 5D and S6B). Likewise, G9a silencing by shRNA
decreased DNMT3A/B ubiquitination (Figures S5E and
S6C). The 2i culture conditions induced a high level of
Prdm14 expression (Figures 1E and 4D). Therefore, we hy-
pothesized that PRDM 14 functions as a scaffold to aid the
assembly between DNMT3A/B and G9a. To address that,
we used the mouse 248-5 ESC line, which does not express
G9a and GYa-like protein (GLP). Compared with wild-type
TT2 cells, the 248-5 cells exhibited alterations in the 2i-

(E) PRDM14 expression in 293T cells decreases DNMT3B levels in a dose-dependent fashion (top panel). PRDM14 expression in ESCs de-
creases DNMT3A/B levels in ESCs (middle panel). Knockdown of Prdm14 by shRNA increases DNMT3A/B levels in ESCs (bottom panel).
(F) GST pull-down assays show that PRDM14 expression increases the ubiquitination of DNMT3A/B through protein-protein interactions;

PRDM14 does not increase DNMT1 ubiquitination.
*p <0.05, **p <0.01, and ***p < 0.001.
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Figure 5. PDRM14-Mediated G9a/DNMT3A Complex Formation Promotes DNMT3A Protein Degradation
(A) DNMT1, DNMT3A2, and DNMT3B in vitro PRDM14 methyltransferase assay shows that PRDM14 has no methyltransferase activity toward

the DNMT family.

(B) Immunoprecipitation assay shows that endogenous PRDM14 associates with G9a.

(legend continued on next page)
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mediated reduction of DNMT3A/B and induction of
PRDM14 determined by the express levels of proteins (Fig-
ure 5F) and mRNAs (Figure 5G), suggesting that PRDM14-
mediated DNMT3 protein degradation requires G9a and
GLP recruitment. Taken together, our results show that
PRDM14 does not have methyltransferase activity; how-
ever, it serves as a scaffold to promote DNMT3A/B protein
degradation by G9a.

G9a Methylates DNMT3A/B

The DNMT3A family consists of the DNMT3A and
DNMT3A2 isoforms. Dnmt3a2 transcription is initiated
from a downstream intronic promoter. As a result,
DNMT3A2 lacks the 219 N-terminal amino acid residues
of the full-length protein (Chen et al., 2002). The K44 res-
idue in DNMT3A is a G9a methylation site (Chang et al.,
2011). Although DNMT3A2 lacks the K44 residue, G9a
methylated DNMT3A2, DNMT3B, and DNMT1 (Figure 6A),
indicating the presence of another methylation site besides
K44 in DNMT3A.

To determine potential methylation sites in DNMT3A2,
we conducted an in vitro G9a methyltransferase assay.
G9a methylated full-length DNMT3A2 and an N-terminal
mutant DNMT3A2,,4 50 (Figure 6B). Similarly, G9a meth-
ylated full-length DNMT3B as well as an N-terminal
mutant, DNMT3B,41.340 (Figure 6C). The PWWP domain
in DNMT3A, DNMT3A2, and DNMT3B contains a
conserved G9a methylation motif with RK residues (Fig-
ure 6E). As anticipated, G9a only methylated a GST-fusion
protein containing the PAKKPRKSTTEKP residues in
DNMT3A2 (Figure 6D). Collectively, our data show that
G9a methylates DNMT3A/B, and the PWWP domain in
DNMT3A/B is a G9a methylation site. Those findings
contradict a previous report that K44 in full-length
DNMTS3A is the sole residue methylated by G9a (Chang
et al., 2011).

G9a/GLP Promotes DNMT3A/B Degradation through
Methylation-Dependent Ubiquitination

GLP belongs to the same family of histone lysine N-meth-
yltransferases as G9a (Shinkai and Tachibana, 2011).
Therefore, we expected GLP to increase DNMT3A2 ubiqui-
tination. Indeed, GLP increased DNMT3A2 ubiquitination
similarly to G9a (Figure 7A), indicating that G9a and GLP
facilitate DNMT3A2 and DNMT3B ubiquitination in a

methylation-dependent manner. The G9a/GLP inhibitor
UNCO0638 decreased DNMT3A2 ubiquitination (Figure 7B)
and increased DNMT3A protein levels in a dose-dependent
fashion (Figure 7C). Likewise, UNCO0638 increased SmC
levels (Figure 7D). The silencing of endogenous G9a
by shRNAs resulted in an increase of DNMT3A protein
levels concomitant with a reduction of G9a levels (Fig-
ure S7A), indicating that DNMT3A protein levels are
regulated by methylation status. In 248-5 cells, DNMT3A
and DNMT3A2 levels were elevated compared with
those in control TT2 cells (Figures 5F and S7B). Overall,
our results strongly suggest that G9a/GLP regulates global
DNA methylation status through DNMT3A/B protein
degradation.

DISCUSSION

ESCs cultured in 2i/LIF exhibit unique features including
the elevated expression of pluripotent genes, the suppres-
sion of genes mediating cell differentiation, and global
DNA hypomethylation. Thus, 2i ESCs sustain a ground
state of pluripotency similar to that of the ICM. To eluci-
date the molecular mechanism by which 2i (MEKi/GSK3i)
maintains a naive ground state in ESCs, we devised a treat-
ment method of MEKi and GSK3i, both separately and
in combination, without LIF. This approach allowed us
to uncover that MEKi increased JMJD2C protein levels,
thereby enhancing TET1 activity, whereas GSK3i decreased
DNMT3 family expression. Our results clearly demonstrate
that active and passive DNA demethylation pathways
under 2i conditions are governed by the JMJD2C/TET and
PRDM14/G9a/DNMT3 complexes, respectively.

A recent series of findings indicated that DNA methyl-
ation in 2i ESCs correlates with H3K27me3 (Marks et al.,
2012) and H3K9me3 levels (Habibi et al., 2013). JMJD2C
is an HDM specific for H3K9me3, H3K9me2, and
H3K36me3 (Cloos et al., 2006; Klose et al., 2006; Whetstine
etal., 2006), and plays important roles in the maintenance
of self-renewal and pluripotency in ESCs (Das et al., 2014;
Loh et al., 2007; Pedersen et al., 2014; Wang et al., 2010).
MEKi increased JMJD2C protein levels, which was accom-
panied with H3K9me3 reduction and downregulated
Jmjd2c transcript levels, indicating the existence of a post-
translational modification.

(C) DNMT3A2 ubiquitination is proportional to the expression of G9a > PRDM14 > Control > PRDM1.

(D) PRDM14 increases DNMT3A2 ubiquitination, but UNC0638 inhibits PRDM14-mediated DNMT3A2 degradation.

(E) Knockdown of endogenous G9a by the shRNA decreases PRDM14-mediated DNMT3A2 ubiquitination.

(Fand G) Knockout of G9a and GLP disrupts 2i-mediated reduction of DNMT3A/B and induction of PRDM14 determined by (F) western blots
and (G) gRT-PCR (n = 4 independent experiments) in G9a and GLP double-knockout 248-5 ESCs compared with control TT2 cells.

**%p < 0.001.
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Figure 6. G9a Directly Methylates DNMT3A2, DNMT3B, and DNMT1

(A) In vitro G9a methyltransferase assay shows that G9a methylates DNMT3A2, DNMT3B, and DNMT1. G9a also methylates DNMT3A2, an
alternative splicing form, which lacks the K44 residue.

(B-D) In vitro G9a methyltransferase assay shows that G9a methylates (B) the region of amino acids 126-250 in DNMT3A2, (C) the region
of amino acids 241-340 in DNMT3B, and (D) lysine residues at the consensus RK methylation site in DNMT3A2 and DNMT3B. The red
asterisks are the methylated proteins.

(E) A schematic diagram of potential sites for methylation by G9a in DNMT3A, DNMT3A2, and DNMT3B.

Because MEK1/2 is a dual-specificity kinase (Roskoski, by MEKI1 to the presence of the T-P-Y motif in the JmjC
2012), there must be a T-X-Y motif present in JMJD2C. domain. The phosphorylation of some proteins is coupled
We identified a T-P-Y motif in the JmjC domain. Our find- to protein degradation through ubiquitination (Huang
ings attribute the phosphorylation of full-length JMJD2C et al.,, 2012; Hunter, 2007; Swaney et al., 2013). Hence,
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Figure 7. G9a and GLP Control DNMT3 Degradation in a Methylation-Dependent Manner
(A and B) GST pull-down assays show that (A) GLP and G9a play a key role in DNMT3A2 ubiquitination, and (B) G9a inhibition by the G9a/

GLP inhibitor UNC0638 decreases DNMT3A2 ubiquitination.

(C) Western blots show that UNC0638 increases endogenous DNMT3A protein levels in a dose-dependent manner (n = 3 independent

experiments).

(D) Dot blots show that G9a inhibition by UNC0638 increases DNA methylation levels.
(E) A model showing that the 2i condition maintains ESCs in a naive ground state through two axes of distinct protein complexes: JIMID2C-
enhanced TET1 potentiation and PRDM14/G9A-dependent DNMT3A/B protein degradation.

*p <0.05 and **p < 0.01.

the phosphorylation of the Y177 residue in the T-P-Y
motif of JMJD2C may play a role in recruiting an un-
known E3 ligase to degrade JMJD2C. MEK1 expression
increased JMJD2C ubiquitination; however, MEKi sup-
pressed JMJD2C wubiquitination. The Y177F mutant
JMJD2C was less ubiquitinated than wild-type JMJD2C
in the presence of MEK1. Therefore, we propose that
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Y177 is a phosphodegron for JMJD2C protein degradation
in ESCs.

We speculated that MEKi might decrease DNA methyl-
ation levels through the downregulation of the DNMT3
family. MEKi significantly diminished global DNA methyl-
ation levels and, surprisingly, was sufficient to induce high
5hmC levels. Because the TET family of dioxygenases that



catalyze the conversion of 5SmC into ShmC plays impor-
tant roles in the induction of DNA hypomethylation (Hill
et al., 2014; Kohli and Zhang, 2013), we hypothesized
that JMJD2C might interact with TET family members.
Thus, the absence of Jmjd2c may disrupt MEKi-induced
DNA hydroxymethylation. Indeed, when Jmjd2c was
knocked out, ShmC levels were not altered by MEKi, sug-
gesting that TET1 activity toward SmC requires JMJD2C.
Consequently, MEKi decreases 5SmC levels via DNMT3A/B
reduction and increases ShmcC levels via the enhancement
of TET1 activity. Our findings support the idea that MEKi
promotes a ground state in ESCs by lowering global DNA
methylation through two different mechanisms: passive
DNA demethylation via reduction of the DNMT3 family
and active DNA demethylation via JMJD2C-mediated
TET1 activation.

GSK3i reduced Dnmt3 family transcript levels, thus
decreasing DNMT3A/B protein levels. Remarkably, GSK3i
decreased global SmC levels without altering ShmC levels,
indicating that GSK3i regulates DNA demethylation by a
mechanism different than that of MEKi. Thus, our results
show that GSK3i-induced DNA demethylation does not
involve active DNA demethylation by the TET family.

PRDM14 regulates the maintenance of naive pluripo-
tency in ESCs through a dual mechanism: the inhibition
of FGFR signaling and the repression of Dnmt3 expression
(Grabole et al., 2013; Hackett et al., 2013a; Yamaji et al.,
2013). Although PRDM14 contains a PR/SET domain, we
could not detect PRDM14 methyltransferase activity to-
ward the DNMT family. Instead, we discovered that G9a in-
teracts with PRDM14. Consistent with recent reports (Gra-
bole et al., 2013; Hackett et al., 2013a; Yamaji et al., 2013),
PRDM14 suppressed the expression levels of DNMT3A/B
and, moreover, interacted with DNMT3A/B but not
with DNMT1. G9a interacted with and methylated the
DNMT3 family. Based on those findings, we postulated
that PRDM14 might serve as a scaffold to accommodate
both G9a and DNMT3A/B and facilitate G9a-mediated
DNMT3A/B protein degradation when PRDM 14 is strongly
induced in ESCs under 2i/LIF conditions. In accordance
with that idea, DNMT3A/B levels in G9a/GLP double-KO
cells were high under normal conditions and were less
affected than those in wild-type cells under 2i conditions.
We propose that DNMT3A/B methylation by G9a leads to
the degradation of those proteins through a mechanism
similar to the one we reported previously (Jung et al.,
2015). Therefore, DNMT3A/B may contain a methyl de-
gron targeted by G9a. This idea is supported by our findings
that 248-5 cells express high levels of DNMT3A/B mRNA
and protein compared with wild-type TT2 cells.

MEK1/2 and GSK3a/f could have many phosphoryla-
tion targets in ESCs. Thus, we focused on the roles of targets
changed by PD0325901 and CHIR99021. However, re-

searchers have largely ignored protein modifications
induced by 2i thus far. 2i may affect the protein and
mRNA levels of those targets differently, as we observed
with JMJD2C, OCT4, and TET1. In agreement with that
conclusion, UHRF1 was decreased on the protein level dur-
ing the serum-to-2i transition (von Meyenn et al., 2016).
We could discriminate between the effects of the inhibi-
tors, either alone or in combination, on transcriptional
and translational control; thus, the DNMT3 family was
reduced by 2i through transcriptional suppression and pro-
tein degradation. Our findings suggest that PD0325901
alone might be sufficient to maintain a ground state in
ESCs. Likewise, PD0325901 alone induced the formation
of PGC-like cells from ESCs (Kimura et al., 2014). But,
CHIR99021 alone sustained an ESC-like morphology (Fig-
ure 1A), probably due to suppression of Wnt signaling
(Atlasi et al., 2013). Thus, the combination of MEKi and
GSK3i must have a synergistic effect on the maintenance
of ESCs in a naive ground state. Taken together, our data
support a model wherein 2i maintains the ground state
in ESCs through JMJD2C-enhanced TET1 activation and
PRDM14/G9a-dependent DNMT3A/B protein degradation
(Figure 7E).

EXPERIMENTAL PROCEDURES

Cell Culture
The mouse ESC lines J1 (ATCC SCRC-1010), CCE, and Jmjd2c KO
were used.

AP Staining

For AP staining, ESCs were washed twice with PBS and fixed them
with 4% paraformaldehyde for 5 min at room temperature. We per-
formed staining using the Leukocyte Alkaline Phosphatase Kit
(Sigma-Aldrich, 86R) according to the manufacturer’s protocol.

Statistics

We presented data as the mean + SEM. We used GraphPad Prism 6
software to perform Student’s t tests for parametric data to compare
groups. In the figures, *p <0.05, **p <0.01, and ***p < 0.001 denote
the statistical significance.
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