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SUMMARY

The protein level of OCT4, a core pluripotency transcription factor, is vital for embryonic stem cell (ESC) maintenance, differentiation,
and somatic cell reprogramming. However, how OCT4 protein levels are controlled during reprogramming remains largely unknown.
Here, we identify ubiquitin conjugation sites of OCT4 and report that disruption of WWP2-catalyzed OCT4 ubiquitination or ablation
of Wwp2 significantly promotes the efficiency of pluripotency induction from mouse embryonic fibroblasts. Mechanistically, disruption
of WWP2-mediated OCT4 ubiquitination elevates OCT4 protein stability and H3K4 methylation level during the reprogramming pro-
cess. Furthermore, we reveal that OCT4 directly activates expression of Ash2I-b, and that ASH2L-B is a major isoform of ASH2L highly
expressed in ESCs and required for somatic cell reprogramming. Together, this study emphasizes the importance of ubiquitination
manipulation of the reprogramming factor and its interplay with the epigenetic regulator for successful reprogramming, opening a

new avenue to improve the efficiency of pluripotency induction.

INTRODUCTION

Pluripotent stem cells (PSCs), including embryonic stem
cells (ESCs) and induced PSCs (iPSCs), possess the proper-
ties of unlimited self-renewal and pluripotent differentia-
tion potential, enabling them valuable for both basic
research and regenerative medicine. ESCs are established
from the inner cell mass of the mammalian preimplanta-
tion blastocyst (Evans and Kaufman, 1981; Thomson
et al., 1998), whereas iPSCs are derived from somatic cells
by enforced expression of reprogramming factors, such as
OCT4, SOX2, KLF4, and ¢c-MYC (OSKM) (Takahashi et al.,
2007; Takahashi and Yamanaka, 2006). To fulfill their po-
tential, it is necessary to elucidate the regulatory mecha-
nisms underlying the self-renewal and pluripotency of
PSCs. Transcription factors, epigenetic regulators, and
signaling pathways have been known to determine PSC
fate coordinately. However, the precise mechanism by
which transcription factors and epigenetic regulators inter-
play to establish and maintain pluripotency awaits further
investigation.

Octamer-binding transcription factor 4 (OCT4), a ho-
meodomain-containing transcription factor of the Pit-
Oct-Unc (POU) family, is one of the most important
transcription factors involved in ESC maintenance and
pluripotency induction from somatic cells (Kim et al.,

2009a, 2009b; Nichols et al., 1998). Interestingly, levels
of OCT4 expression could determinate the cell fate of
PSCs in vitro (Niwa et al., 2000). Mounting evidence
shows that, in addition to transcriptional regulation,
post-translational modifications, including ubiquitination
(Liao and Jin, 2010; Xu et al., 2004, 2009), sumoylation
(Wei et al., 2007; Zhang et al., 2007), O-GlcNAcylation
(Jang et al.,, 2012), and phosphorylation (Liu et al.,
2017; Saxe et al., 2009), play critical roles in controlling
OCT4 expression levels and the fate of PSCs as well. We
previously reported that WWP2, a member of the HECT
ubiquitin (Ub) ligase family, is a specific E3 Ub ligase of
OCT4 promoting its ubiquitination/degradation and in-
hibiting OCT4 transcriptional activity (Xu et al., 2004).
Moreover, OCT4 could be sumoylated at lysine 118. In
contrast to Ub modification, sumoylation of OCT4 en-
hances its protein stability, DNA binding ability, and tran-
scriptional activity (Wei et al., 2007; Zhang et al., 2007).
In addition, we found that WWP2 expedites OCT4 pro-
tein degradation during PSC differentiation. However,
WWP2 has little impact on levels of OCT4 and its ubiqui-
tination in undifferentiated mouse ESCs, indicating that
WWP2 specifically controls OCT4 ubiquitination and pro-
tein stability during ESC differentiation (Liao and Jin,
2010). Our additional study found that ITCH, an E3 Ub
ligase of the same HECT family as WWP2, could catalyze
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OCT4 ubiquitination and elevate OCT4 transcriptional
activity in undifferentiated mouse ESCs. Functionally,
ITCH contributes to sustaining ESC characteristics and re-
gaining pluripotency features from somatic cells (Liao
et al.,, 2013). In line with our findings, Buckley et al.
(2012) reported a systematic analysis of ubiquitination
in pluripotency and cellular reprogramming, highlighting
the ubiquitin-proteasome system as a key regulator of
stem cell pluripotency, and the roles of Ub modification
on some key pluripotency regulators, such as OCT4,
NANOG, and c-MYC. However, it remains unexplored
whether OCT4 ubiquitination is involved in the establish-
ment of iPSCs.

In addition to transcription factors, epigenetic regulators
are actively involved in pluripotency induction. In mam-
mals, the highly conserved mixed lineage leukemia (MLL)
family histone methyltransferases are responsible for cata-
lyzing histone H3K4 methylation, generating genome-
wide H3K4mel, -me2, and -me3 marks (Dou and Hess,
2008; Ruthenburg et al., 2007). The methyltransferase ac-
tivity of MLL®®" relies on the core components of com-
plexes, including WDRS, RbBPS5, and ASH2L (Dou et al.,
2006; Steward et al., 2006). Although H3K4 methylation,
as well as WDRS, RbBPS, and DPY30, have been shown
to be required for efficient iPSC derivation, how they
contribute to cellular reprogramming is not completely un-
derstood. Particularly, the function of ASH2L in the plurip-
otency induction remains unclear. In addition, ASH2L has
two prominent isoforms, ASH2L-A and ASH2L-B. Their
contribution to pluripotency regulation has not been docu-
mented yet.

Here, we systematically investigate the function of
WWP2-mediated OCT4 ubiquitination in reprogramming
of mouse embryonic fibroblasts (MEFs), revealing that it
represents a hurdle to pluripotency induction. Moreover,
disruption of WWP2-mediated OCT4 ubiquitination dur-
ing somatic cell reprogramming elevates OCT4 protein sta-
bility and Ash2I-b expression level, leading to higher H3K4
methylation levels and iPSC derivation efficiency. There-
fore, this study highlights the important contribution of
the post-translational modification on a key reprogram-
ming factor to somatic cell reprogramming and exemplifies
how a transcription factor coordinates with an epigenetic
regulator to promote the cell fate conversion from somatic
cells into PSCs.

RESULTS

Identification of Five Lysine Residues of OCT4 as Ub
Conjugation Sites

We previously showed that WWP2 could catalyze OCT4
ubiquitination both in vitro and in vivo. However, the Ub
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acceptor sites of OCT4 remained unknown. We used a
mutated form of Ub (KO), whose seven lysine residues
were all replaced with arginine (R), in the in vitro ubiquiti-
nation reactions, to obtain specific and clear signals of
ubiquitinated OCT4 (Table S1). Moreover, given that GST-
WWP2 could ubiquitinate itself in the reaction interfering
with the identification of ubiquitinated OCT4 by mass
spectrometry (MS) analysis, His-OCT4 proteins were
immunoprecipitated from the reaction product by high-
affinity OCT4 antibodies (N124). The precipitated proteins
were subsequently separated by gel electrophoresis, fol-
lowed by Coomassie blue staining. Specific bands were
sliced for MS analysis (Figure 1A). As a result, five lysine
(K) residues (K118, K121, K133, K137, and K144) of
OCT4 were identified as Ub conjugation sites (Figures 1B,
top chart and S1). OCT4 consists of an N-transactivation
domain, a POU domain, and a C-transactivation domain.
The POU domain contains two structurally independent
DNA binding domains (an NH2-terminal POUg domain
and a C-terminal POUy domain). The five lysine residues
locate across the N-terminal and POUs domains (Figure 1B,
bottom panel).

To verify that the Ub acceptor sites identified by MS anal-
ysis, we displaced all these five Ks with R to generate an
OCT4-5R mutant. In addition, the K118 residue of OCT4
was known to be also sumoylated (Zhang et al., 2007). To
exclude the effect of sumoylation, we generated another
OCT4 mutation construct (OCT4-4R), in which K121,
K133, K137, and K144 were replaced by R, whereas K118 re-
mained unchanged. To examine the potential function of
each individual lysine residue, constructs for mutation of
each single lysine residue were also generated. We per-
formed in vitro ubiquitination reactions with both wild-
type OCT4 (OCT4-WT) and mutated forms of OCT4
(OCT4-5R and OCT4-4R), as well as western blot analysis
of the reaction products using Ub antibodies. In the pres-
ence of OCT4-WT, WWP2, Ub, as well as E1 and E2, strong
signals at higher molecular weights indicative of Ub-modi-
fied OCT4-WT were detected (Figure 1C, lane 4). Notably,
the ubiquitination signals for OCT4-5R and OCT4-4R
were severely reduced compared with OCT4-WT (Figure 1C,
lane 4 versus lanes 5 and 6), providing evidence that the
five K residues should be the critical Ub conjugation sites
of OCT4. Weak signals that remained with OCT4-5R and
- 4R could be caused by either nonspecific Ub modification
after the specific sites were mutated, or unidentified Ub
binding site(s) (Figure 1C, lanes 5 and 6). Meanwhile,
auto-ubiquitinated WWP2 could be observed (Figure 1C,
lane 3), showing the E3 ligase activity of WWP2 in these as-
says. Next, we tested whether one of the five Ks would be
more important than others for OCT4 Ub modification us-
ing OCT4 constructs, each of which contained one K muta-
tion to R. Our results that single K mutations only reduced
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the level of ubiquitinated OCT4 slightly (Figures S2A and
S2B), indicated that these five Ks together accounted for
the major Ub accepting sites of OCT4. Of note, alignment
of multiple OCT4 sequences revealed the full conservation
of K118, K121, K133, K137, and K144 across a variety of
mammalian species (Figure 1D), arguing that these sites
are evolutionarily conserved to modulate OCT4 levels.
The identification of these five residues as Ub accepting
sites of OCT4 enabled us to investigate the role of ubiquiti-
nation in the control of OCT4 functions. To test whether
Ub modifications at these sites would affect OCT4 protein
stability in undifferentiated ESCs, we overexpressed Oct4-
WT, -4R, or -5R in mouse ESCs of line ZHBTc4, in which
the endogenous Oct4 was deleted and genetically inte-
grated transgenic Oct4 expression could be silenced by
doxycycline (DOX) treatment (Niwa et al., 2000). This
line provides an ideal system to study the function of
ectopic Oct4 in ESCs. We found that exogenous OCT4-
WT, OCT4-5R, and OCT4-4R had similar expression levels
and nuclear distribution, as validated by immunofluores-
cence (Figure 1E), and that they had comparable extents
of OCT4 degradation and half-lives within a 12-hr period
of treatment with cycloheximide (CHX) to block protein
synthesis (Figures 1F and 1G). Thus, disruption of Ub mod-
ifications on these sites did not alter OCT4 protein stability.
In addition, the half-life between transgenic OCT4 (in the
absence of DOX) and OCT4-WT (in the presence of DOX)

was similar, showing that the DOX treatment had no influ-
ence on the protein stability of OCT4 (Figure S3). Consis-
tently, ESCs expressing Oct4-4R or -5R exhibited a typical
doom-like shape of undifferentiated mouse ESC colonies,
identical to ESCs expressing Oct4-WT (Figure 1H). To deter-
mine whether the self-renewal ability would be affected by
these mutations, we performed colony formation assays
and stained cells for the activity of alkaline phosphatase
(AP), a method widely used for the evaluation of self-
renewal capacity of PSCs (Figure 1I). As expected, high per-
centages of AP-positive colonies were found in all groups of
cells tested, including ESCs treated with DOX expressing
Oct4-WT, -4R, or -5R and ESCs without DOX treatment ex-
pressing the integrated transgenic Oct4.

Three out of five identified Ub modification sites located
in the POUs domain, therefore we asked whether muta-
tions of these lysine residues would affect DNA binding ac-
tivities of OCT4. To address this issue, electrophoretic
mobility gel shift assays were conducted with a PORE oligo
probe (containing the consensus OCT4 binding sequence
recognized by the POUs domain) (Esch et al., 2013) and pu-
rified recombinant proteins of OCT4 including WT, 5R, 4R,
and single lysine residue mutants. OCT4-containing DNA-
protein complexes were detected by the appearance of a
shifted band. All the mutants had DNA binding capabilities
similar to OCT4-WT (Figure S4A). Furthermore, the PORE
probe could pull down the various OCT4 proteins

Figure 1. Identification of Five Lysine Residues of 0CT4 as Its Ubiquitin Conjugation Sites

(A) Schematic illustration of the experimental design for in vitro 0CT4 ubiquitination, immunoprecipitation (IP), and mass spectrometry
(MS) analysis.

(B) Identification of K118, K121, K133, K137, and K144 as ubiquitinated residues at the N terminus of OCT4 by MS analysis. See also
Figure S1.

(C) Mutations of five lysine residues abrogate WWP2-catalyzed ubiquitination of 0CT4. Western blot analysis of ubiquitinated OCT4 protein
levels using Ub antibodies after in vitro ubiquitination reactions. 0CT4-5R carries the mutations of five lysine residues substituted by
arginine (R) residues, and OCT4-4R carries the same lysine residue mutations as 0CT4-5R, except for 118 lysine residues unchanged. Similar
results were obtained from at least three independent experiments.

(D) Amino acid sequence alignment of the N-terminal domain of OCT4 orthologs from the mouse, rat, human, chimpanzee, monkey, wolf,
and cattle (from top to bottom). Asterisks indicate full amino acid conservation and colons indicate partial conservation. Ubiquitinated
lysine residues identified in the mouse OCT4 by MS analysis are boxed.

(E) Immunofluorescence staining of 0CT4 using 0CT4 antibodies (N124) in control ZHBTc4 ESCs (CTRL, without DOX) or ZHBTc4 ESCs (with
doxycycline [DOX]) stably expressing Oct4-WT, Oct4-4R, or Oct4-5R. DAPI was used as a nuclear marker. Endogenous Oct4 had been deleted
and transgenic Oct4 was silenced by DOX treatment in ZHBTc4 ESCs. Scale bars represent 25 um. Similar results were obtained from at least
three independent experiments.

(F) Mutations of ubiquitination residues have no effect on the protein stability of 0CT4 in undifferentiated ESCs. Cycloheximide (CHX) was
used to block protein synthesis and DOX was used for silencing transgenic Oct4 expression. Western blotting was conducted with 0CT4
antibodies (N124) to compare the protein levels among exogenous 0CT4-WT, -4R, and -5R. a-TUBULIN was used as a loading control. See
also Figure S3A.

(G) Protein half-life curves were made based on the data from (F). Error bars denote the means + SD of three independent experiments. See
also Figure S3B.

(H) Representative bright-field images of ZHBTc4 ESCs, and stable cell lines expressing Oct4-WT, -4R, and -5R with DOX addition. Scale bars
represent 100 pm (upper panel) and 50 um (lower panel). CTRL, control. Similar results were obtained from at least three independent
experiments.

(I) Like OCT4-WT, OCT4-5R, and OCT4-4R can sustain ESC self-renewal. Mixed and undifferentiated colonies were counted after AP staining
assays were conducted. Error bars denote the means + SD of three independent experiments. AP, alkaline phosphatase.
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overexpressed in HEK293 cells (Figure S4B). These results
suggest that the mutations generated in our study do not
disturb the DNA binding activity of OCT4, which might
be a possible explanation to the fact that OCT4-5R and -
4R could replace OCT4-WT functionally in ESCs.

In addition, we found that ESCs derived from Wwp2
knockout (KO) mice (Yang et al., 2013) had a typical ESC
morphology and expressed normal protein levels of
pluripotent factors (OCT4, SOX2, and KLF4) (Figure S5).
Collectively, these results indicate that WWP2 and
WWP2-catalyzed OCT4 ubiquitination at these sites are
dispensable for the maintenance of OCT4 protein stability
and ESC self-renewal capacity when ESCs are at an undiffer-
entiated state.

Mutation of the Five Lysine Residues Increases OCT4
Reprogramming Activity

As WWP2 regulates OCT4 protein levels in differenti-
ating PSCs (Liao and Jin, 2010), we determined whether
WWP2-catalyzed OCT4 ubiquitination would influence
somatic cell reprogramming. MEFs were infected with ret-
roviruses carrying full-length coding sequences of
Oct4(0)-WT or Oct4(0)-5R, along with Sox2(S) and KIf4(K).
At 2 weeks post-infection, several ES-like cell colonies
were picked up and cultured in the ESC medium. Both
O(WT)SK and O(SR)SK could generate iPSCs. To charac-
terize these iPSCs, we selected two iPSC lines for each
Oct4 type to assess the expression of ectopic OSK and
endogenous OSN (Nanog). RT-PCR analysis showed that
silencing of exogenous genes and activation of endoge-
nous genes took place at passage 5 (Figure 2A). Of note,
weak expression of ectopic Oct4 and KIf4 could still be de-
tected in O(WT)SK-induced iPSCs, suggesting that the cells
were not fully reprogrammed yet. We then verified the plu-
ripotency potential of iPSCs by teratoma formation and
germline transmission assays. In addition to the character-
istic features of iPSC lines, we found that both O(5R)SK-
and O(WT)SK-induced iPSCs gave rise to teratomas with
100% efficiency, and are chimera- and germ line-compe-
tent at passage 10 (Figures 2B and 2C).

During the process of iPSC line derivation, we noticed
that more iPSC colonies formed in the O(5R)SK group
than in the O(WT)SK group, suggesting that OCT4-5R
might induce pluripotency more efficiently than OCT4-
WT. To test this assumption, we compared reprogramming
efficiencies of OCT4-WT, OCT4-4R, and OCT4-5R with
MEFs prepared from the OG2 mice, which contained a
transgenic Oct4 regulatory sequence-driven EGFP reporter
(Szabo et al., 2002) (Figure 3A). As a result, the efficiency
of generating EGFP-positive iPSC colonies in MEFs express-
ing Oct4-5R was about ten times higher than that of MEFs
expressing Oct4-WT, while a 3-fold increase was found in
MEFs expressing Oct4-4R (Figure 3B). The finding indicated

that disruption of WWP2-mediated OCT4 ubiquitination
could promote the reprogramming process. As the reprog-
ramming efficiency in MEFs expressing Oct4-5R was higher
than that in MEFs expressing Oct4-4R (Figure 3B, column 2
versus column 3) and that the K118 residue could be modi-
fied by either Ub or a small ubiquitin-like modifier, we sus-
pected that K118 sumoylation might influence
reprogramming. To clarify this issue, we compared the
reprogramming efficiency between MEFs expressing Oct4-
WT and those expressing Oct4-K118R or Oct4-E120A. The
two mutations were previously shown to abrogate OCT4
sumoylation (Zhang et al.,, 2007). We found similar
numbers of EGFP-positive colonies in the three groups
tested (Figure 3C), indicating that the disturbance of
WWP2-mediated ubiquitination, rather than sumoylation,
enhanced somatic cell reprogramming. Moreover, we
found that Wwp2 KO dramatically enhanced the reprog-
ramming efficiency from MEFs (Figure 3D). Therefore,
WWP2 and WWP2-mediated OCT4 Ub modification could
serve as a barrier for successful somatic cell reprogramming.
However, results from MEF reprogramming experiments
using single lysine residue mutants of Oct4 showed that
none of the single lysine mutants interfered with the re-
programming efficiency (Figure 3E).

To characterize OCT4-5R-promoted pluripotency induc-
tion at a global scale, we conducted microarray analyses
for cells collected at reprogramming days 3, 5, and 7 of
both Oct4-WT- and Oct4-5R-expressing cells. Principal-
component analysis illustrated that the transcriptional
state of MEFs expressing Oct4-5R became ESC-like faster
than MEFs expressing Oct4-WT (Figure 3F). In line with
this result, the expression of up- and downregulated genes
displayed faster change in cells expressing Oct4-5R than in
those expressing Oct4-WT during the reprogramming pro-
cess (Figure 3G). Thus, reprogramming using Ub modifica-
tion-deficient OCT4 would enhance both efficiency and
speed.

Deficiency in OCT4 Ubiquitination Enhances OCT4
Protein Stability and H3K4 Methylation Levels during
Reprogramming Process

As WWP2-mediated OCT4 ubiquitination could promote
OCT4 degradation through 26S proteasomes during differ-
entiation of PSCs and in HEK293 cells (Liao and Jin, 2010;
Xu et al., 2004), and that OCT4 levels have important im-
pacts on somatic cell reprogramming (Papapetrou et al.,
2009), we wanted to know whether the disruption of
OCT4 ubiquitination would alter OCT4 protein levels dur-
ing reprogramming. To answer the question, we examined
dynamic changes in the steady-state levels of OCT4-WT,
-4R, and -5R during MEF reprogramming. Western
blot analysis showed that the protein levels of OCT4-
WT, -4R, and -5R were comparable at reprogramming
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Figure 2. Characterization of iPSCs Induced from MEFs by
0CT4-WT and OCT4-5R in Combination with SOX2 and KLF4
(A) RT-PCR analysis for transcript levels of reprogramming factors
in cells as indicated. Gapdh was used as an internal control. PMX
and Endo indicate exogenously and endogenously expressed
factors, respectively. Similar results were obtained from at least
three independent experiments. See also Table S2.

(B) HR&E staining and immunofluorescence analysis of teratoma
sections. Teratomas were formed by injection of OCT4-WT no. 1
iPSCs and 0CT4-5R no. 2 iPSCs into the non-obese diabetic severe
combined immunodeficiency mice, respectively. The antibodies
against NESTIN, BRACHYUARY, and GATA6 were utilized to
recognize ectoderm, mesoderm and endoderm, respectively. Scale
bars represent 50 um (H&E staining) and 250 pm (immunofluo-
rescence).

(C) Germline transmission is successfully made from chimeric
mice generated by blastocyst injection of OCT4-WT no. 1 and
0CT4-5R no. 2 iPSCs, respectively.



>
@
(9]

2 2
S £ 12 12
&& 53 o E=
i 55 R
& < c?.$°’ 2o 80 2 28
& & Qa8 Sao S
S & oS F 33 60 32 6
s g “eq® 00 ° 3
& & serum+LF < zZ8 40 ok 2g 4
L 1 L_> = DS
25 20 23 2
D0 D3 D14 89 o a8
o [
i B £ & & % E £ & &
oE 2 2 2 D8 L L2 P
J =~ ~ Q & e
S & & S & F
s & 3 s & &
D E
Wwp2 ++ - Wwp2 +i+ - o
[
g’ S : g 70 %% %
WB: WWP2 £ Eg
g 83 60
Prm—— 1 > &
WB: o-TUBULIN -l“ o €5 5
< ° g
S8 a0
2 28
£ 3 3004 *t 23 30 .
ST =)
3 8 250+ 28 20
ow o E
2 2007 & S 10
3 8 150+ =
[<]
oo
28 50 I & & & & & &
8 $ F¥ & 4 & &5 ¥
&€ o F o &FEEES
o 9
<= Wwp2 4 -
F G Expression
o| ® oWT)+sK -
2] ® 0(5R)+SK B Up-regulated
8| eESC . genes
u ESC
o
=4 o
2 K b7
8
: " [ ]
;:; : Ds
as8S|le Down-regulated
$_ D5 genes
3
[ ]
1o
[ D3 D5 D7 D3 D5 D7
-780000 -740000 = -700000
PC1:99.26% O(WT)+SK O(5R)+SK

Figure 3. Disruption of WWP2-Mediated 0CT4 Ubiquitination Enhances Reprogramming Efficiency and Speed

(A) Schematic illustration of the reprogramming process from the 0G2 MEFs by viral transduction of Oct4 (WT or ubiquitination mutants),
Sox2, and Klf4. 0G2 MEFs contain an Oct4 regulatory sequence-regulated Egfp reporter cassette.

(B) Mutations of 0CT4 ubiquitination sites induce reprogramming more effectively. Histograms represent mean numbers of 0CT4-EGFP-
expressing colonies counted at day 14. Error bars denote the means + SD of three independent experiments. **p <0.01, ***p < 0.001, as
determined by the Student’s t test. OSK, 0CT4, SOX2, and KLF4.

(legend continued on next page)
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day 4 (Figure 4A, lanes 1, 5, and 9). However, levels of
OCT4-WT declined evidently afterward, whereas levels
of OCT4-4R and OCT4-5R remained relatively steady
from day 5 to 7, implying that the protein stability of
OCT4-4R and OCT4-5R might be higher than OCT4-WT
at the intermediate stage of reprogramming. To provide
direct evidence for this idea, we measured the OCT4 pro-
tein turnover rate in MEFs at reprogramming day S.
Indeed, OCT4-WT protein levels decreased substantially
at 4 hr of CHX treatment, and could barely be detected
at 8 and 12 hr. In contrast, proteins of OCT4-4R and
OCT4-5R could be readily detected even at 12 hr after
CHX treatment, albeit having lower levels than those at
0 hr (Figure 4B). The protein half-life curve showed that
the protein stability of OCT4-5R and OCT4-4R was higher
than that of OCT4-WT, but being comparable between the
two mutants (Figure 4C). MG132, an inhibitor of 26S pro-
teasome, enhanced the steady-state levels of proteins for
both WT and mutant OCT4 at reprogramming day 5 (Fig-
ure S6A). The finding supported notions that OCT4 pro-
teins are degraded through the 26 proteasomes (Liao and
Jin, 2010) and that multiple E3 ligases target OCT4 for
ubiquitination and degradation (Liao et al., 2013; Xu
et al.,, 2004). Consistently, overexpression of Wwp2
reduced the protein levels of OCT4-WT and single lysine
mutants of OCT4 in HEK293 cells in a dose-dependent
manner, which was blocked by MG132 treatment. Of
note, WWP2 failed to promote protein degradation for
OCT4-4R and OCT4-5R regardless of the presence or
absence of MG132 (Figure S6B). These data further vali-
date the key role of these five lysine residues for WWP2-
mediated OCT4 protein degradation.

OCT4-5R induced MEF reprogramming with an obvi-
ously higher efficiency than OCT4-4R, although the two
mutants degraded at a similar rate. This suggested that

higher OCT4 protein levels could not fully account for
higher reprogramming efficiency induced by OCT4 mu-
tants. To find additional mechanisms, we examined levels
of various histone methylations in MEFs at reprogramming
days 5 and 8, looking for changes unique in the OCT4-5R
group, since distinct histone methylation states are known
to associate with the reprogramming process (Koche et al.,
2011; Wang et al., 2017). Among all histone methyla-
tions tested, we consistently found higher levels of
H3K4me1/2/3 in the OCT4-5R group compared with those
in OCT4-WT and OCT4-4R groups (Figure 4D). It is likely
that higher levels of H3K4 methylation observed in the
OCT4-5R group gave rise to higher reprogramming effi-
ciency, as several components of H3K4 methyltransferase
complexes have been shown to be required for somatic
cell reprogramming (Ang et al., 2011; Yang et al., 2015).

ASH2L-B Promotes Pluripotency Induction from
Somatic Cells

To identify chromatin-modifying factors responsible for
the higher H3K4 methylation level in the OCT4-5R group,
we analyzed mRNA levels of H3K4 methyltransferase com-
plex subunits of reprogramming MEFs at day 5 (Figure 4E)
and found a higher level of Ash2I-b transcripts specifically
in the OCT4-5R group compared with that in the OCT4-
WT and OCT4-4R groups. There were no detectable varia-
tions in levels of the other subunits. In line with this
finding, luciferase reporter assay results showed that
OCT4-5R could activate the Ash2l-b promoter-driven
reporter by about 13-fold compared with control, but did
not impact the activity of Ash2l-a promoter-driven reporter
(Figure S7), suggesting a specific effect of OCT4-5R in
regulation Ash2l-b expression. These prompted us to
further investigate the role of ASH2L-B in OCT4-5R-pro-
moted somatic reprogramming.

(C) Sumoylation of 0CT4 at K118 residue is dispensable for pluripotency induction. Histograms show reprogramming efficiencies from 062
MEFs transduced with Oct4-WT, Oct4-K118R, or Oct4-E120A in combination with Sox2 and Klf4. Error bars denote the means + SD of three
independent experiments.

(D) Wwp2 knockout (Wwp2~~) promotes pluripotency induction. A representative image of AP staining of reprogrammed cells at day 14
(upper panel). Statistical analysis of numbers of AP-positive colonies from three independent experiments is shown to compare the
difference in reprogramming efficiencies in the presence or absence of Wwp2 (lower panel). MEFs from Wwp2 ™/~ and wild-type (Wwp2*/*)
mice were reprogrammed by viral transduction of O(WT)SK reprogramming factors. Western blotting was conducted to validate the absence
of WWP2 in Wwp2~/~ MEFs. Error bars denote the means + SD of three independent experiments. **p < 0.01, as determined by the
Student’s t test.

(E) Single lysine residue mutation at K121, K133, K137, or K144 does not interfere with the efficiency of pluripotency induction from MEFs.
The histogram shows reprogramming efficiencies of pluripotency induction from the 0G2 MEFs, indicated by EGFP-positive colony numbers
at reprogramming day 14. The reprogramming was induced by Oct4-WT, Oct4-4R, Oct4-5R, Oct4-K121R, Oct4-K133R, Oct4-K137R, or Oct4-
K144R, respectively, in combination with Sox2 and Klf4. Error bars denote the means + SD of three independent experiments. ***p <0.001,
as determined by the Student’s t test.

(F) OCT4-5R accelerates the reprogramming process. Principle component analysis of microarray data from ESCs and reprogramming MEFs
overexpressing O(WT)SK or O(5R)SK at reprogramming days 3, 5, and 7.

(G) A heatmap shows changes in expression levels of up- and downregulated genes at reprogramming days 3, 5, and 7 in OCT4-WT and
0CT4-5R groups.
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Figure 4. Mutations of 0CT4 Ubiquitination Sites Increase 0CT4 Protein Stability as Well as Ash2[-b Expression and H3K4
Methylation during Reprogramming Processes

(A) Examination of steady-state levels of OCT4-WT, -4R, and -5R proteins at reprogramming days 4, 5, 6, and 7 by western blotting. The
level of B-ACTIN in each sample was used as a loading control. The similar results were obtained in at least three independent experiments.
(B) Levels of OCT4 proteins, including OCT4-WT, 0CT4-4R, and OCT4-5R, were evaluated by western blotting using 0CT4 antibodies. Samples
were collected at reprogramming day 5, and cells were treated with CHX for different time lengths as indicated. The similar results were
obtained in at least three independent experiments.

(C) Degradation rates of OCT4 proteins were analyzed based on the data from (B). Error bars denote the mean + SD of three independent
experiments. *p < 0.05, **p < 0.01, as determined by the Student’s t test.

(legend continued on next page)
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ASH2L has two prominent isoforms, ASH2L-A and
ASH2L-B. They share the majority of the amino acid
sequence and only vary at the N terminus (Figure 5A). It
was reported that ASH2L is required for the maintenance
of mouse ESCs at a self-renewal state (Wan et al., 2013).
However, it was not clear which isoform contributes to
the function. We found that ASH2L-B proteins were abun-
dant in ESCs, but absent from adult cell types tested,
whereas ASH2L-A proteins were broadly detected in various
mouse tissues and organs in addition to in ESCs (Figure 5B).
Moreover, Ash2I-b transcript levels declined drastically at
day 3 and stayed at low levels in a spontaneous embryonic
body differentiation model, while Ash2l-a levels fluctuated
during the differentiation process (Figure 5C). The expres-
sion pattern of these two isoforms suggested a potential
role of ASH2L-B in ESC maintenance. To determine
whether ASH2L would be required for somatic cell reprog-
ramming, we silenced Ash2l expression in OG2 MEFs using
three sets of specific short hairpin RNA (shRNA) against
Ash2l. Transfection of any one of the three Ash2l shRNAs
blocked the generation of EGFP-positive iPSCs (Figure 5D),
indicating the essential role of ASH2L for MEF reprogram-
ming. However, the shRNAs used here could not distin-
guish the role of the two isoforms of Ash2l. To address
this issue, we evaluated the OG2 MEF reprogramming
efficiency in the presence of exogenous ASH2L-A or
ASH2L-B along with O(WT)SK. Our result showed
that overexpression of Ash2-b brought about an approxi-
mately 3-fold increase in reprogramming efficiency (Fig-
ure SE). However, Ash2l-a overexpression had no impact
on OSK-mediated MEF reprogramming. Together with
the finding that Ash2I-b, but not Ash2l-a, was specifically
induced by OCT4-5R during MEF reprogramming (Fig-
ure 4E), we propose that ASH2L-B is a positive regulator
of somatic cell reprogramming and might contribute, at
least partially, to the higher reprogramming efficiency
and H3K4 methylation levels in OCT4-5R-promoted plu-
ripotency induction.

OCT4 Binds and Regulates Ash2l-b Expression in ESCs

Given the specific expression pattern of ASH2L-B, we
sought to explore how its expression was regulated.
Using public datasets of transcription factor binding and
epigenetic modification maps as well as the WASHU
EPIGENOME BROWSER online tool, we analyzed features
of Ash2l promoters, and found that H3K4me3 and

H3K27ac, markers of active transcription, were enriched
at the upstream regions next to the 5 exons of both
Ash2l-a and -b. However, POLR2A, a core component of
the transcription machine, was markedly recruited to the
promoter of Ash2l-b, but only weakly to the Ash2I-a pro-
moter, in ESCs. Consistently, RNA sequencing results
showed distinctive expression levels between the two iso-
forms in ESCs (Figure 6A, upper panel). Importantly, the
promoter region of Ash2I-b, rather than Ash2I-a, was occu-
pied by core transcription factors OCT4, SOX2, and
NANOG in ESCs (Figure 6B). In contrast, MEFs had different
epigenetic landscapes. H3K4me3, H3K27ac, and POLR2A
vanished from the upstream region of Ash2I-b, while stron-
ger binding of POLR2A occurred at the regulatory domain
of Ash2l-a in MEFs compared with that in ESCs (Figure 6A,
bottom panel). In line with this, Ash2I-b transcripts were
not detected in MEFs. These data should pinpoint the
distinct expression pattern and function between ASH2L-
Aand -B.

To obtain direct evidence that OCT4 could control
Ash2l-b expression, we utilized mouse ESCs of the ZHBTc4
line (Niwa et al., 2000). DOX supplement led to the loss of
Oct4 expression rapidly in a few hours. Concomitantly,
expression of Ash2I-b, but not Ash2l-a, declined gradually
(Figure 6C), indicating that OCT4 could regulate Ash2I-b
expression. In contrast, Ash2l-a expression elevated
slightly upon DOX treatment, probably due to differentia-
tion induced by silencing of Oct4. Moreover, our chromatin
immunoprecipitation qPCR assays verified that OCT4
bound to the Ash2I-b promoter efficiently (Figures 6D and
6E). Collectively, these data suggest that the expression of
the two isoforms of Ash2l are regulated differently under
self-renewal and differentiating contexts, and OCT4, likely
with other core transcription factors, directly governs the
expression of Ash2l-b in ESCs.

DISCUSSION

OCT4 is a key factor of the transcriptional regulatory
network governing not only establishment and mainte-
nance of the pluripotent state but also exit from it. The
array of studies demonstrates that OCT4 functions in a
dosage-dependent manner: the absence of OCT4 in ESCs
leads to the loss of self-renewal capability and differentia-
tion toward the trophectoderm, whereas a 2-fold increase

(D) Levels of methylated histone 3 proteins in cells at reprogramming days 5 and 8 were compared among 0CT4-WT, -4R, and -5R groups. A
representative western blot result of three independent experiments is shown.

(E) A histogram represents the relative gene expression levels of members of the TrxG family at reprogramming day 5 determined by gRT-
PCR assays. The mRNA level in MEFs expressing Oct4-WT, Sox2, and KIf4 was set at as 1. Error bars denote the means + SD of three in-

dependent experiments. *p < 0.05, as analyzed by Student’s t test.

See also Table S2.
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Figure 5. ASH2L-B Engages in the Induction of Pluripotency

(A) Schematic illustration of the protein domain for the two isoforms of ASH2L, ASH2L-A, and ASH2L-B, including the PHD region (yellow),
WH region (dark red), SPRY region (blue), and SDI region (green).

(B) Western blot analysis of protein levels of ASH2L-A and ASH2L-B in ESCs and various issues/organs collected from adult mice. Anti-
ASH2L antibodies recognize both ASH2L-A and ASH2L-B. GAPDH levels were used as a loading control. A representative western blot result
of three independent experiments is shown.

(C) A histogram represents qRT-PCR results of Ash2l-a, Ash2[-b, and Wdr5 transcript levels during embryoid body (EB) formation at the
indicated time points (days 3, 6, and 9). Error bars denote the means + SD of three independent experiments. *p < 0 .05, **p < 0.01,
***p < 0.001, as determined by Student’s t test.

(D) A histogram shows OCT4-EGFP-positive colony numbers at reprogramming day 14. 0G2 MEFs (50,000) were transduced with Ash2!
shRNA (Ash2[ shRNA nos 1-3) or control shRNA together with O(WT)SK reprogramming factors. Error bars denote the means + SD of three
independent experiments. *p < 0.05 and **p < 0.01, as analyzed by Student’s t test.

(E) A histogram shows numbers of the 0CT4-EGFP-positive colony from 50,000 MEFs expressing ASH2L-A or ASH2L-B in combination with
0CT4, SOX2, and KLF4 (0SK). Error bars denote the means + SD of three independent experiments. *p < 0.05, as analyzed by Student’s

t test.

in the OCT4 level induces differentiation into primitive
endoderm and mesoderm (Niwa et al., 2000). Recently,
Karwacki-Neisius et al. (2013) reported that reduced Oct4
expression (Oct4*7) defines a robust pluripotent state
and that a normal range of OCT4 allows effective differen-
tiation. Moreover, Radzisheuskaya et al. (2013) proposed
that a proper range of OCT4 protein levels governs cell state
transitions, such as pluripotency entry and exit. However,
OCT4 levels can be reduced down to 7-fold without loss
of self-renewal once pluripotency is established. These
studies underscore the significance of OCT4 protein levels
in pluripotency entry, maintenance, and exit. However,
how the amount of OCT4 proteins is precisely regulated,

particularly at a post-translational level, is far from
completely understood.

Herein, we reveal that disruption of OCT4 ubiquitination
exerts favorable effects on the efficiency and speed of plu-
ripotency induction, indicating that the elevation of
OCT4 protein stability could expedite the reprogramming
process. A previous study defined the optimal stoichiom-
etry of reprogramming factors used for the induction of
pluripotency and proposed a combination of an equal
dosage of SOX2, KLF4, and ¢-MYC, with a 3-fold dosage
of OCT4, as an efficient strategy (Papapetrou et al., 2009).
Nevertheless, this optimized combination elicited only
approximately 2-fold increase in the reprogramming
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Figure 6. The Expression of Ash2[-b Is Regulated by 0CT4 in ESCs

(A) Tracks of chromatin immunoprecipitation sequencing (ChIP-seq) and RNA sequencing (RNA-seq) showing enrichments of POLR2A,
H3K4me3, and H3K27ac at genomic loci of Ash2l-a and Ash2l-b, as well as their expression levels in ESCs and MEFs.

(B) ChIP-seq tracks showing that the promoter region of Ash2l-b, rather than Ash2l-a, was occupied by 0CT4, SOX2, and NANOG in ESCs.
(C) gRT-PCR analysis for mRNA levels of Ash2[ (total), Ash2l-a, Ash2l-b, and Oct4 during ZHBTc4 ESC differentiation induced by DOX
treatment. Data are shown as means + SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, as analyzed by the
Student’s t test.

(D) A schematicillustration for the location of amplicons utilized to evaluate the enrichment of 0CT4 at the Ash2(-b promoter by ChIP-gPCR
assays. TSS, transcription start site.

(E) Results of ChIP-gPCR assay using OCT4 antibodies in J1 ESCs. Relative fold enrichments are shown. The value from the control
immunoglobulin G (IgG) ChIP-qPCR was set as 1. Data are presented as means + SD of four independent experiments. *p <0.05, as analyzed
by Student’s t test.

See also Table S3.

efficiency. In the current study, OCT4-5R could give rise to MEFs also have higher reprogramming efficiency than
a 10-fold increase compared with OCT4-WT in a combina- WT MEFs, we surmise that WWP2-mediated OCT4 ubiqui-
tion with SOX2 and KLF4. Therefore, this mutant OCT4 tination and degradation interferes with reprogramming.
brings a significant advantage over OCT4-WT for pluripo- Our finding that disruption of WWP2-catalyzed OCT4
tency induction from somatic cells. Given that Wwp2 KO  ubiquitination enhances the OCT4 protein stability and
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efficiency of pluripotency entry, opens a new avenue to
optimize the iPSC technique.

Several years ago, Lu et al. (2012) reported that miR-25
could enhance the production of iPSCs induced by the
four OSKM factors from MEEFE. Interestingly, they found
that Wwp2 was one of the targets of miR-25, having lower
expression levels in iPSCs reprogrammed by miR-25 plus
OSKM than in iPSCs reprogramming by the four factors
alone. Consistently, we found that Wwp2-null MEFs could
be induced by the O(WT)SK at higher efficiencies than WT
cells. Nevertheless, we are not certain whether the
enhanced reprogramming efficiency in Wwp2-null MEF
would share molecular mechanisms by which OCT4-5R
regulates reprogramming. WWP2 has other substrates in
addition to OCT4 and participates in various biological
processes (Maddika et al.,, 2011; Soond and Chantry,
2011; Yang et al., 2013; Yu et al., 2016). It is possible that
alterations in levels of its other substrates would also
contribute to enhanced pluripotency induction in Wwp2-
null MEFs. On the other hand, our previous study identi-
fied ITCH as an E3 Ub ligase of OCT4 and ITCH controls
OCT4 ubiquitination and transcriptional activity in undif-
ferentiated ESCs (Liao et al., 2013). Therefore, similar to
other key proteins, such as p53, OCT4 has more than one
Ub ligases and these ligases function in a cell state-depen-
dent manner.

Intriguingly, OCT4-4R promoted reprogramming less
efficiently than OCT4-5R, although both mutations
enhanced OCT4 protein stability to the similar extent.
This suggests that, in addition to enhancing OCT4 protein
stability, OCT4-5R has additional abilities that OCT4-4R
does not share. Indeed, we uncovered that Ash2I-b, a gene
encoding one of the core components of MLL H3K4 meth-
yltransferase, is a direct target of OCT4, and that OCT4-5R
activated its expression to a significantly higher level than
OCT4-WT and OCT4-4R during MEF reprogramming.
ASHL-B might promote reprogramming through elevating

deficient in WWP2-mediated ubiquitination.

H3K4 methylation levels. In addition, we found that
OCT4-5R activated Ash2I-b promoter-driven reporter activ-
ities by about 13-fold compared with control, but did not
activate Ash2l-a promoter-driven reporter activities, sug-
gesting a specific effect of OCT4-5R in regulation of
Ash2l-b expression. In contrast, OCT4-WT activated
Ash2l-b promoter-driven reporter activities by only about
2-fold. Therefore, we propose that enhanced OCT4 protein
stability, as well as Ash2l-b expression and H3K4 methyl-
ation, might both contribute to OCT4-5R-promoted so-
matic reprogramming (Figure 7).

We currently do not know why OCT4-5R has a stronger
ability to activate Ash2I-b expression than OCT4-WT and
OCT4-4R. The mutation in OCT4-5R might alter the pro-
tein conformation favoring its interaction with other tran-
scriptional co-activators or regulatory regions of OCT4
target genes. Further studies are needed to address the ques-
tion. Nevertheless, the OCT4-ASH2L-H3K4me axis identi-
fied in this study sheds lights on the crosstalk between
transcription factor and epigenetic control during somatic
cell reprogramming.

EXPERIMENTAL PROCEDURES

Animals

All the animal experiments were approved by our institution and
conducted under the Guideline for Animal Care at Shanghai Jiao
Tong University School of Medicine.

Identification of Ubiquitination Sites of OCT4

In vitro ubiquitination reactions were set up as described in Table
S1. In brief, rabbit E1 (50 ng, Merck), His-Ub-carrier enzyme H6
(0.4 ng, Merck), GST-WWP2 (0.4 pg), His-OCT4 (1 pg), and
His-Ub-KO or -WT (2 pg, Merck) were added to the ubiquitina-
tion buffer (50 mM Tris-HCI [pH 7.4], 2 mM ATP, 5 mM MgCl,,
and 2 mM dithiothreitol) to a final volume of 30 uL. After incuba-
tion at 30°C for 2 hr, the reaction mixtures were denatured with
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1% SDS and 5% B-mercaptoethanol supplement at 100°C for
10 min, followed by dilution of the volume by 10-fold with 1x
PBS buffer. His-tagged OCT4 proteins from in vitro ubiquitination
reactions were pulled down utilizing specific antibodies against
OCT4 (N124), resolved in an 8% SDS-PAGE gel, and visualized by
Coomassie blue staining. The protein in-gel digestion and peptide
identification by nano-high-pressure liquid chromatography-MS
were conducted as described previously (Xu et al., 2004).

Preparation of GST or His Fusion Proteins and In Vitro
Ubiquitination Assays

GSTand His fusion proteins were expressed and purified according
to the manufacturer’s instructions (from Amersham Biosciences
and Novagen, respectively). In vitro ubiquitination assays were
conducted as described previously (Liao and Jin, 2010).

Viral Preparation and iPSC Line Derivation

Viral preparation and iPSC line derivation were conducted as
described previously (Liao et al., 2013). In brief, retroviral Oct4
(WT and mutants), Sox2, KIf4, Ash2l-a, and Ash2I-b were produced
in Plat-E cells, and lentiviral shAsh2l packaging was performed in
293FT cells. To generate iPSCs, 1 x 10° OG2 MEFs were infected
with viral supernatants. Fourteen days later, OCT4-EGFP-positive
colonies were scored and picked up for iPSC line establishment.
Detailed procedures are provided in Supplemental Experimental
Procedures.

Protein Stability Assays with CHX

Cells were cultured with CHX (Sigma-Aldrich) at a concentration
of 50 pg/mL for the indicated times. Then, cells were collected
and subjected to western blotting to visualize protein levels.

Statistical Analysis

Values are presented as means + SD. Comparisons between two
different groups were determined utilizing the Student’s t test. Dif-
ferences with a p value <0.05 were considered statistically
significant.
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