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 Transcription factor Oct4 plays critical roles in maintaining pluripotency and controlling lineage commitment 
of embryonic stem cells (ESCs). Our previous study indicates that Wwp2, a mouse HECT-type E3 ubiquitin ligase, 
ubiquitinates Oct4 and promotes its degradation in a heterologous system. However, roles of Wwp2 in regulating en-
dogenous Oct4 protein levels as well as molecular characteristics of the function of Wwp2 have not been determined. 
Here, we report that Wwp2 plays an important role in Oct4 ubiquitination and degradation during differentiation of 
embryonal carcinoma cells (ECCs), although it does not appear to affect Oct4 protein levels in the undifferentiated 
ECCs and ESCs. Importantly, inhibition of Wwp2 expression by specific RNA interference elevates the Oct4 protein 
level, leading to attenuation in retinoid acid-induced activation of differentiation-related marker genes. Mechanisti-
cally, Wwp2 catalyzes Oct4 poly-ubiquitination via the lysine 63 linkage in a dosage-dependent manner. Interest-
ingly, Wwp2 also regulates its own ligase activity in a similar manner. Moreover, auto-ubiquitination of Wwp2 occurs 
through an intra-molecular mechanism. Taken together, these results demonstrate a crucial role of Wwp2 in con-
trolling endogenous Oct4 protein levels during differentiation processes of ECCs and suggest an interesting dosage-
dependent mechanism for regulating the catalytic activity of the E3 ubiquitin ligase, Wwp2.
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Introduction

The POU transcription factor Oct4, an essential regu-
lator in mammalian embryonic development, is highly 
expressed in cultured embryonic cell lines, including 
embryonic stem cells (ESCs), embryonal carcinoma cells 
(ECCs) and embryonic germ cells (EGCs), and is absent 
from all of the differentiated somatic cell types [1-3]. 
Uniquely, the precise level of Oct4 determines different 
fates of ESCs: a more than two-fold elevation induces 
differentiation toward mesodermal and primitive endo-
dermal lineages, while repression of Oct4 expression 

causes differentiation into trophectodermal lineages [4]. 
Thus, an accurately controlled Oct4 level is important 
not only for self-renewal of undifferentiated ESCs but 
also for their differentiation processes. Recently, Ya-
manaka and colleagues showed that ectopic expression 
of four factors (Oct4, Sox2, Klf4 and c-Myc) can repro-
gram differentiated somatic cells into pluripotent stem 
cells (induced pluripotent stem cells) [5]. More recently, 
it was reported that Oct4 alone is sufficient to induce 
pluripotency in adult neural stem cells, further highlight-
ing the central position of Oct4 in stem cell biology [6]. 
One critical unsolved issue is how the expression level 
of Oct4 is controlled in undifferentiated ESCs as well as 
during their differentiation. Although regulation of Oct4 
expression at the transcriptional level has been exten-
sively investigated, roles of post-transcriptional modifi-
cations in Oct4-mediated functions are poorly explored.

Post-translational modification of cellular proteins 
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by ubiquitin (Ub) regulates diverse biological processes 
ranging from protein degradation, endocytosis of mem-
brane proteins, protein-protein interactions in signal 
transduction, to cell-cycle progression, apoptosis, gene 
transcription and immune responses [7-10]. Ubiquit-
ination, covalent conjugation of Ub to client proteins, 
requires a sequential action of three enzymes: Ub-
activating enzyme (E1), which activates Ub in an ATP-
dependent manner; the activated Ub is then transferred to 
the active cysteine residue of a Ub-conjugating enzyme 
(E2), and a Ub-protein ligase (E3), which specifically 
recognizes substrates and binds to an E2, facilitating 
the transfer of Ub from E2 to a lysine (Lys) residue of 
the target protein to form an isopeptide bond. There are 
mainly two distinct E3 families: one is the RING finger 
E3 family, and the other is the HECT (homologous to 
E6-AP carboxyl-terminus)-type E3 family. One subfam-
ily of the HECT-type E3 ligases is characterized by con-
taining three modular domains: an N-terminal C2 domain 
involved in membrane interaction and subcellular local-
ization [11], a C-terminal HECT domain recruiting the 
E2 and possessing the enzymatic E3 activity [12] and 2-4 
tryptophan-based WW domains in the middle mediating 
the specific interaction with substrates generally contain-
ing proline-rich peptide motifs [13-16].

Conjugation of Ub to substrates can be of poly-ubiq-
uitination with a polymeric Ub chain or of monoubiq-
uitination with a Ub monomer at one or multiple sites. 
Moreover, there are seven Lys residues (Lys 6, Lys 11, 
Lys 27, Lys 29, Lys 33, Lys 48 and Lys 63) within Ub, 
so seven putative types of the isopeptide linkage could 
exist. In addition, poly-Ub chains could be homogenous 
(containing a single kind of linkage) or heterogeneous 
(containing more than one kind of linkage) [17-21]. It 
is generally accepted that different Ub linkages could 
lead to various conformations of Ub chains and gener-
ate diverse molecular signals in cells. To date, the most 
well-studied Ub linkages are Lys 48- and Lys 63-linked 
chains: Lys 48-linked Ub chains usually serve as a signal 
for proteasomal destruction [22], whereas Lys 63-linked 
Ub chains may play a non-proteolytic role in the regu-
lation of transcriptional activities, receptor trafficking, 
DNA repair and NF-kappaB activation [23-25]. How-
ever, emerging evidence suggests that the Lys 63-linked 
chain might also be implicated in proteasomal degrada-
tion of some proteins [26, 27].

In addition to catalyzing ubiquitination of specific 
substrates, some HECT-type E3 ligases promote their 
own ubiquitination, which occurs through an inter-mo-
lecular or intra-molecular reaction [28], and is governed 
by post-translational modifications or by interaction with 
adaptor proteins [10]. Although auto-ubiquitination is 

generally thought to modulate the abundance of E3 li-
gases by degradation [29, 30], non-proteolytic functions 
of E3 ligase auto-ubiquitination have also been reported. 
For example, auto-ubiquitination of Nedd4/Rsp5p-family 
members was shown to be a critical determinant for their 
ability to modify Ub receptor proteins [31, 32].

Our previous study has demonstrated that Wwp2 is a 
HECT-type E3 ligase, highly expressed in undifferenti-
ated ESCs and ECCs. Its expression decreases along with 
the differentiation process in these cells. Furthermore, 
Wwp2 promotes ubiquitination of Oct4 and suppresses 
the transactivation activity of Oct4 in HEK 293 cells [33]. 
However, a number of important questions remain un-
solved, such as how Wwp2 ubiquitinates Oct4 at the 
molecular level. Is endogenously expressed Oct4 ubiq-
uitinated by Wwp2? Does Wwp2-mediated Oct4 ubiquit-
ination play any role in controlling the Oct4 protein level 
in ESCs? In the present study, we report that inhibition 
of Wwp2 expression by specific RNA interference (RNAi) 
elevates the Oct4 protein level and impairs the differen-
tiation process. Interestingly, Wwp2 regulates its own li-
gase activity and Oct4 ubiquitination in a dosage-depen-
dent manner during differentiation of ECCs. Moreover, 
auto-ubiquitination of Wwp2 occurs through an intra-
molecular mechanism, and is closely associated with its 
E3 ligase activity. Our results show that Wwp2-mediated 
Lys 63-linked poly-Ub chains on Oct4 could promote its 
degradation by the 26S proteasome and provide impor-
tant insights into molecular mechanisms of regulation of 
Wwp2 ligase activities and Oct4 protein levels during 
differentiation of ECCs.

Results

Wwp2-catalyzed Oct4 poly-ubiquitination is linked by 
Lys 63 and mediates Oct4 degradation through the 26S 
proteasome

To characterize the Wwp2-catalyzed Ub modifica-
tion on Oct4, we began with identifying the type of Ub 
chain linkages, as the distinct linkage of poly-Ub chains 
has been implicated in determining the mode of protein 
regulation [34, 35]. An in vitro ubiquitination assay was 
conducted utilizing serial purified Ub mutants, in which 
one of the seven Lys (K) was replaced by arginine (R): 
K6R-Ub, K11R-Ub, K27R-Ub, K29R-Ub, K33R-Ub, 
K48R-Ub and K63R-Ub. As shown in Figure 1A, poly-
ubiquitination of Oct4 was eliminated when K63R-Ub 
was used in the reaction mixture (lane 7), whereas other 
mutants did not affect the modification of Oct4 by poly-
Ub. The finding suggests that the Wwp2-catalyzed poly-
Ub modification of Oct4 is dependent on the presence of 
the Lys 63-linkage.
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To determine whether the Lys 63 residue is sufficient 
to support a full extent of ubiquitination of Oct4, we per-
formed an in vitro ubiquitination assay with a panel of 
Ub mutants, in which only one of the seven Lys residues 
remained: K6-Ub, K11-Ub, K27-Ub, K29-Ub, K33-Ub, 
K48-Ub and K63-Ub. As shown in Figure 1B, Wwp2-
catalyzed ubiquitinated Oct4 at higher molecular weights 
was only observed in the presence of K63-Ub (lane 8) at 
a level comparable to that in the presence of wild-type 
(WT) Ub (lane 9), indicating that the Lys 63 residue is 
sufficient for Wwp2-mediated poly-Ub chain formation 
on Oct4. Our results argue that Wwp2-mediated Oct4 
poly-Ub chains are homogenously linked through the Lys 
63 residue of the Ub molecule.

Our previous study showed that Wwp2-mediated 
ubiquitination might target Oct4 degradation through the 
26S proteasome in HEK 293 cells [33]. However, the 
poly-Ub chain linked by Lys 63 is generally not consid-
ered as a degradation signal [34]. To validate that Wwp2-
catalyzed ubiquitinated Oct4 can be degraded through the 
Ub-26S proteasome pathway, we conducted a 26S pro-
teasome degradation assay using purified His-Oct4. As 
illustrated in Figure 1C, His-Oct4 fusion proteins were 
modified by Ub (top panel, lane 3). Strikingly, the ubiq-
uitinated His-Oct4 was abrogated when 26S proteasomes 
were added to the reaction mixture (top panel, lane 4), 
providing biochemical evidence that Wwp2-mediated 
ubiquitination of Oct4 can be disassembled by the 26S 
proteasome. Furthermore, the total protein level of His-
Oct4 decreased after 26S proteasome addition (bottom 
panel, compare lane 4 to lane 3). Thus, our data support 
the notion that Wwp2-catalyzed Oct4 poly-ubiquitination 
is linked by the Lys 63 residue and the modified Oct4 is 

subject to degradation in the 26S proteasome.

Wwp2 regulates Oct4 protein levels during differentia-
tion of ECCs

It is necessary now to examine whether endogenous 
Oct4 is ubiquitinated and degraded. Western blot analy-
sis detected protein bands at higher molecular weights 
indicative of attachment of poly-Ub to endogenous Oct4 
in CGR8 mouse ESCs (Figure 2A, lane 2). Similar result 
was obtained when the western blot was analyzed by 
a Ub antibody, verifying that those bands at the higher 
molecular weights were indeed Ub-modified Oct4 (lane 
4). Of note, these Ub-modified Oct4 signals were not 
detected if the cells were not pretreated with the protea-
some inhibitor MG132 (data not shown), suggesting that 
ubiquitinated Oct4 in ESCs could be degraded through 
the 26S proteasome.

The next question is whether Wwp2 plays any role in 
Oct4 ubiquitination and degradation in ESCs. To search 
for the answer, we knocked down Wwp2 expression by 
an RNAi approach in CGR8 cells. Disappointedly, we 
did not find significant differences in the steady-state 
level of Oct4 proteins between control cells and Wwp2 
RNAi-treated cells (data not shown). It appears that 
Wwp2 may not be the major Ub E3 ligase responsible 
for Oct4 degradation in undifferentiated ESCs. On the 
other hand, it has been well established that Oct4 expres-
sion is rapidly down-regulated during ESC differentia-
tion. A previous study reported that the protein level of 
Oct4 is significantly down-regulated, while the Oct4 
transcript is not changed during the process of primitive 
endoderm differentiation [36]. Therefore, we generated a 
stable F9 mouse ECC line expressing His-tagged Ub for 

Figure 1 Wwp2-mediated Oct4 poly-ubiquitination occurs through the Lys 63 linkage in vitro. (A) In vitro ubiquitination as-
says were carried out using each of the seven Lys mutants or wild-type Ub. Western blot (WB) analysis was done with Oct4 
antibody (C70). (B) The same reactions were performed except that only one lysine (Lys) residue was present in Ub mutants. 
K0-Ub: no Lys residue in Ub. (C) Ubiquitinated Oct4 is disassembled by 26S proteasomes in vitro. After immunoprecipitation 
with Oct4 antibody (N124), western blot analysis of in vitro ubiquitination reaction products with a Ub antibody was conducted 
(P4D1) (top panel). Protein levels of GST-Wwp2 and His-Oct4 were determined in the reaction product by western blotting 
using Wwp2 antibody and Oct4 antibody (N124), respectively.
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easy isolation of ubiquitinated proteins by nitrilotriacetic 
acid (NTA) affinity chromatography [33] and treated the 
cells with retinoid acid (RA) to induce differentiation, 
which is a well-characterized primitive endoderm dif-
ferentiation model [37]. Western blot analysis of affinity-

purified Ub-conjugates with a Wwp2 antibody showed 
that RA treatment for 5 days markedly enhanced Wwp2 
ubiquitination (Figure 2B, compare lane 2 to lane 4). No-
tably, modification of Wwp2 accumulated with MG132 
treatment (Figure 2B, compare lane 3 to lane 4), and 

Figure 2 Wwp2 is an important regulator for Oct4 protein levels during differentiation processes. (A) Ubiquitination of en-
dogenous Oct4 in CGR8 ESCs. After treating with MG132, cells were collected in RIPA buffer containing 1% SDS, and cell 
extracts were subjected to immunoprecipitation assays with the Oct4 antibody or rabbit IgG. Subsequently, western blotting 
was performed to test ubiquitinated Oct4 with the Oct4 antibody (N124) and a Ub antibody, respectively. (B) Ubiquitination 
of Wwp2 and Oct4 increases along with the differentiation process. F9 cells expressing His-Ub (His-Ub/F9) and parental F9 
cells were treated with or without RA for 5 days and collected after treatment with or without MG132. His-Ub tagged proteins 
in the lysates were isolated by affinity purification and analyzed by western blotting using antibodies against Wwp2 and Oct4 
(N124), respectively. Asterisks, non-specific bands. (C) Wwp2 regulates Oct4 protein levels during RA-induced differentiation 
of F9 cells. F9 cells containing Wwp2 RNAi sequence (Wwp2 RNAi/F9) were treated with or without Tc for 3 days before they 
were induced by RA. The cell lysates were extracted after treatment with or without MG132 and analyzed by western blotting 
using the indicated antibodies. (D) The same experiments were performed in F9 cells containing EGFP RNAi sequence (EGFP 
RNAi/F9). Tubulin was utilized as loading control. (E) Down-regulation of Wwp2 does not affect the mRNA level of Oct4. The 
mRNA levels of Wwp2 and Oct4 were determined by qPCR. The level of mRNA in cells without RA and Tc treatment is de-
fined as 1. (F) Knockdown of Wwp2 impairs the RA-induced differentiation process. The mRNA levels of differentiation mark-
ers were analyzed by qPCR. Relative mRNA level ratios of Tc treated versus untreated F9 cells were compared between 
EGFP RNAi/F9 and Wwp2 RNAi/F9 cells at an undifferentiated state (a) or a differentiated state (RA treatment for 5 days) (b). 
Data are shown as mean ± SD (n = 3 experiments). **P < 0.01.
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the accumulation was more evident in cells treated with 
RA (Figure 2B, compare lane 3 to lane 4) than in cells 
without RA treatment (Figure 2B, compare lane 1 to lane 
2). This phenomenon suggests that Ub-modification of 
Wwp2 and its degradation via the proteasome increased 
during RA-induced differentiation. Simultaneously, the 
level of ubiquitinated Oct4 increased significantly (Fig-
ure 2B, compare lane 8 to lane 10), and the ubiquitinated 
Oct4 proteins accumulated after MG132 treatment in 
both undifferentiated (Figure 2B, compare lanes 7 to lane 
8) and differentiated F9 cells (compare lane 9 to lane 10). 
The enhanced Oct4 ubiquitination corresponded well to 
the higher level of Ub-modified Wwp2 during differen-
tiation processes, implying a potential role of Wwp2 in 
controlling Oct4 protein levels during the RA-induced 
differentiation process.

To obtain direct evidence that Wwp2 regulates steady-
state levels of Oct4 proteins during the differentiation 
process, we established a stable F9 cell line expressing 
Wwp2 RNAi that was induced upon addition of tetracy-
cline (Tc). A stable F9 cell line expressing EGFP RNAi 
upon induction was also generated for Tc treatment 
control. As shown in Figure 2C (lane 2), Wwp2 pro-
tein levels became almost undetectable after treatment 
with Tc for three days. In agreement with the result that 
knockdown of Wwp2 does not affect the steady-state 
level of Oct4 proteins in undifferentiated CGR8 ESCs, 
down-regulation of Wwp2 did not appreciably alter Oct4 
protein levels in undifferentiated F9 cells (Figure 2C, 
compare lane 1 to lane 2). However, Oct4 protein levels 
were obviously higher in the presence of MG132 (Figure 
2C, compare lanes 1 and 2 to lanes 3 and 4), implying 
that other regulators, rather than Wwp2, might contribute 
to Oct4 protein degradation in undifferentiated F9 cells. 
As expected, Oct4 protein levels significantly decreased 
at day 5 after RA treatment (compare lane 1 to lane 5). 
Notably, RA-induced reduction in the Oct4 protein level 
was abolished when Wwp2 expression was knocked 
down by Tc treatment (compare lane 5 to lane 6). More-
over, MG132 pretreatment masked the effect of Wwp2 
RNAi on Oct4 protein levels (compare lane 7 to lane 
8). These results provide evidence for Wwp2 acting as 
an important Ub E3 ligase mediating RA-induced Oct4 
degradation through the 26S proteasome. As negative 
control, Tc treatment did not interfere with RA-induced 
decrease in Oct4 protein levels in F9 cells expressing 
EGFP RNAi (Figure 2D), indicating that it was down-
regulation of Wwp2 expression but not Tc treatment that 
eliminated RA-induced Oct4 protein degradation. There-
fore, Wwp2 participates in the precise control of endog-
enous Oct4 protein levels during RA-induced differentia-
tion of F9 cells.

To exclude the possibility that the elevated Oct4 
protein level observed when Wwp2 was knocked down 
was brought about at a transcriptional level, we evalu-
ated Oct4 mRNA levels by quantitative RT-PCR (qPCR) 
analysis. Figure 2E showed that Tc treatment reduced the 
Wwp2 transcript level upto 20%-30% compared to that 
of untreated cells. However, the Oct4 mRNA level was 
not affected by Tc treatment regardless of the presence or 
absence of RA. Moreover, the finding that MG132 treat-
ment not only blocked Oct4 protein degradation but also 
eliminated influence of Wwp2 RNAi on Oct4 protein 
levels (Figure 2C, lanes 7 and 8) is indicative of an effect 
of Wwp2 RNAi on the Oct4 level at a post-translational 
level.

As a precisely controlled dosage of Oct4 is required 
to sustain self-renewal and determine distinct differentia-
tion processes in pluripotent stem cells [4], we were curi-
ous about whether Wwp2 RNAi-mediated interference 
with Oct4 protein degradation would disturb normal RA-
induced differentiation processes. Therefore, we com-
pared the gene expression patterns of known embryonic 
germ layer markers between RA-induced F9 cells with 
and without Tc treatment. qPCR analysis revealed that 
RA treatment dramatically elevated expression of endo-
derm markers such as Gata4, Gata6 and Ihh, and slightly 
enhanced expression of the primitive ectoderm marker 
Fgf5 as well as the mesoderm marker brachyury, indicat-
ing efficient induction of primitive endoderm differen-
tiation by RA (Supplementary information, Figure S1). 
Importantly, down-regulation of Wwp2 expression sig-
inificantly reduced RA-induced activation of these germ 
layer markers, including brachyury, Gata4, Gata6 and 
Ihh (Figure 2F, b). In contrast, knockdown of Wwp2 did 
not affect the expression of these markers in undifferenti-
ated F9 cells (Figure 2F, a). These results strongly argue 
that Wwp2 is an important regulator for an appropriate 
differentiation process to occur in ECCs and it may func-
tion through a dynamic control of Oct4 protein levels.

Wwp2 regulates Oct4 ubiquitination and degradation in 
a dosage-dependent manner

Data presented above demonstrated a specific role of 
Wwp2 in Oct4 degradation during differentiation pro-
cesses. However, expression of Wwp2 decreased along 
with the differentiation process (Figures 2C-2E). It ap-
pears that Wwp2 does not affect Oct4 protein levels 
when its expression level is high in undifferentiated cells, 
and that the reduction in Wwp2 expression levels during 
differentiation may activate its function. Therefore, we 
hypothesized that Wwp2 promotes Oct4 ubiquitination 
in a dosage-dependent manner. To test this hypothesis, 
we performed an in vitro ubiquitination assay in the pres-
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ence of a constant amount of GST-Oct4 and increasing 
amounts of GST-Wwp2 or GST-Itch. The latter is also 
a Ub E3 ligase of Oct4 (Bing Liao and Ying Jin, unpub-
lished data) and is used here as control. Interestingly, 
strong ubiquitination signals were observed when GST-
Wwp2 was at low dosages (0.2 and 0.4 μg), whereas the 
signals became weaker when dosages of Wwp2 were 
higher (Figure 3A, lanes 1-4). By contrast, GST-Itch 
catalyzed ubiquitination at a constant efficiency regard-
less of its dosage (Figure 3A, lanes 5-8), implying that 
the dosage-dependency is specific to Wwp2. Of note, 
the ubiquitination signals detected by the Ub antibody in 
such analysis could also result from Wwp2 auto-ubiquit-
ination. To exclude this possibility, immunoprecipitation 
assays with the Oct4 antibody were performed prior to 
western blot analysis. As shown in Figure 3B, the extent 
of ubiquitinated Oct4 signals became weaker as more 
Wwp2 proteins were added in the reactions, verifying 
that Wwp2 indeed regulates Oct4 ubiquitination in a 
dosage-dependent manner.

We next tested whether the enzymatic activity of 
Wwp2 was suppressed by high levels of Wwp2 in vivo. 

Proteins modified by Ub in HEK 293 cells were purified 
by Ni-NTA beads and analyzed by western blotting using 
the Oct4 antibody. As shown in Figure 3C (top panel), 
a small increase in the Wwp2 dosage (1 and 2 μg) en-
hanced Oct4 ubiquitination. However, further increase 
in Wwp2 dosages (4 and 8 μg) reduced ubiquitination of 
Oct4. Hence, higher the levels of Wwp2 dosages were, 
fewer the amount of Oct4 proteins that was ubiquitinated 
(lanes 1-10). This is consistent with our in vitro obser-
vation. In parallel with the ubiquitination pattern, Oct4 
proteins in whole cell lysates were at lower levels in cells 
expressing low dosages of Wwp2 (Figure 3C, bottom 
panel, compare lane 1 to lanes 3 and 5), but became more 
stable when the Wwp2 dosage increased (lanes 7 and 9). 
Moreover, we compared levels of exogenously expressed 
Wwp2 in HEK 293 cells and that of endogenous Wwp2 
proteins in F9 cells, and found that the protein level of 
exogenous Wwp2 produced by 8 μg of Wwp2 expres-
sion vectors was similar to that of Wwp2 proteins in 
undifferentiated F9 cells (Supplementary information, 
Figure S2). Under both conditions, Wwp2 showed sup-
pressed enzymatic activity in Oct4 ubiquitination. Taken 

Figure 3 Wwp2 targets Oct4 for ubiquitination and degradation in a dosage-dependent manner. (A) In vitro ubiquitination me-
diated by various amounts of GST-Wwp2 (lanes 1-4) or GST-Itch (lanes 5-8) was examined by western blotting using a Ub 
antibody. E1, E2 and His-Ub were included in all reactions. (B) In vitro ubiquitination of His-Oct4 (0.2 μg) by various amounts 
of GST-Wwp2. After immunoprecipitation of reaction products with Oct4 antibody (N124), the ubiquitinated Oct4 were tested 
by western blotting with a Ub antibody (P4D1) and Oct4 antibody (N124), respectively. (C) Cell lysates from HEK 293 cells 
expressing His-Ub (4 μg), GFP (2 μg), Oct4 (2 μg) and Wwp2 (0, 1, 2, 4 or 8 μg) were purified by Ni-NTA affinity-beads and 
analyzed by western blotting with Oct4 antibody (N124). The cells were treated with or without MG132 before harvest. In 
the bottom panel, the whole cell lysates (WCL) were subjected to western blotting using antibodies against Wwp2, Oct4 and 
GFP, respectively. GFP served as loading control. Asterisks, non-specific bands.
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together, the above data indicate that Wwp2 targets Oct4 
for ubiquitination and degradation in a dosage-dependent 
manner, and that differentiation-related reduction in the 
Wwp2 expression level might provide an optimal con-
centration for Wwp2 to modify Oct4 post-translationally. 

Auto-ubiquitination of Wwp2 occurs through an intra-
molecular mechanism in a dosage-dependent manner

To characterize the inhibitory effect of Wwp2 on 
Oct4 ubiquitination observed at its higher dosages, we 
examined whether the higher dosages of Wwp2 would 
affect its own ubiquitination, as the extent of auto-ubiq-
uitination of E3 ligases often corresponds to their own 
enzymatic activity [31, 38]. The result from our in vitro 
auto-ubiquitination assays showed that the level of ubiq-
uitinated Wwp2 was highest when GST-Wwp2 was at 
a dosage of 0.3 μg (Figure 4A, lane 2). Further increase 
in the GST-Wwp2 dosage to 1.0 μg decreased the level 
of auto-ubiquitinated Wwp2 substantially (lane 3). In 
contrast, auto-ubiquitination of Itch increased gradually 
when the amount of GST-Itch was elevated from 0.3 to 
1.0 μg (lanes 4-6). This result suggests that the inhibitory 
effect of Wwp2 at higher dosages on Oct4 ubiquitination 
is probably caused by suppression of its own enzymatic 
activity and is a specific property of Wwp2. In another 
word, this phenomenon occurs irrespective of the pres-
ence of its substrate.

To elucidate the molecular mechanisms underlying 
Wwp2 auto-modification, we studied whether Wwp2 

auto-ubiquitination occurs through an inter-molecular or 
intra-molecular mechanism. To this end, both WT GST-
Wwp2 and a mutant Wwp2 (Wwp2-CA), in which an es-
sential cysteine residue for its ligase activity was mutated 
to alanine residue, were used as substrates of WT ligase 
His-Wwp2 in an in vitro ubiquitination assay. As shown 
in Figure 4B, GST-Wwp2-CA cannot be ubiquitinated 
by His-Wwp2 (lanes 3-5), implicating that Wwp2 cannot 
catalyze the transfer of Ub molecules from its cysteine 
to another Wwp2 (Wwp2-CA). However, unlike GST-
Wwp2-CA, auto-ubiquitination of WT GST-Wwp2 was 
easily detected (lanes 7-10), suggesting that auto-ubiq-
uitination of Wwp2 probably occurs through an intra-
molecular mechanism.

As shown in Figures 1A and 1B, Wwp2 catalyzes 
Lys 63-linked poly-Ub chain formation on Oct4. We 
predicted that auto-ubiquitination of Wwp2 could also 
involve the Lys 63-linkage. As predicted and shown in 
the Supplementary information, Figure S3A and S3B, 
auto-ubiquitination of Wwp2 was also formed through 
Lys 63-linked poly-Ub chains, similar to that of Wwp2-
mediated Oct4 poly-ubiquitination.

Wwp2 dimerizes in vitro and in vivo, interfering with its 
ligase activity

Based on the above findings, we hypothesized that ho-
modimerization of Wwp2 might explain the suppression 
of the ligase activity at higher dosages. To test this, we 
first determined whether dimerization occurred between 

Figure 4 Auto-ubiquitination of Wwp2 occurs through an intra-molecular mechanism dosage-dependently. (A) Auto-ubiquit-
ination of Wwp2 and Itch at different dosages. Various amounts of GST-Wwp2 or GST-Itch (0.1, 0.3, 1.0 μg) were added to in 
vitro ubiquitination reactions, and samples were analyzed by western blotting with a Ub antibody. (B) The Wwp2-CA mutant 
cannot generate auto-ubiquitination. The in vitro ubiquitination assays were performed using GST-Wwp2-CA (lanes 1-5) or 
GST-Wwp2 (lanes 6-10) as a substrate for His-Wwp2. After immunoprecipitation of reaction products with GST antibody, the 
western blot was analyzed using a Ub antibody (top panel), and reprobed by a GST antibody (bottom panel).
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Wwp2 molecules. The result from GST pull-down assays 
shows that, in addition to GST-tagged full-length Wwp2, 
GST fusion proteins of truncated C2, WW (including 
all four WW domains), HECT domains were all capable 
of binding to His-tagged Wwp2, as revealed by western 
blot analysis using anti-His antibody (Figure 5A, top 
panel). The finding indicates that Wwp2 homodimers 
can be generated in vitro, and that all three domains of 
Wwp2 are able to associate with full-length Wwp2. Sub-
sequently, we determined whether Wwp2 associated with 
each other in vivo. Coimmunoprecipitation (CoIP) assays 
revealed that GFP-tagged Wwp2 coimmunoprecipitated 
with FLAG-tagged Wwp2 (Figure 5B, the first row, lanes 
3 and 4), providing evidence for the formation of Wwp2 
homodimers in mammalian cells.

To further verify that Wwp2 dimerization can influ-
ence its own ligase activity, varying amounts of GST-C2 
fusion proteins were incubated with GST-Wwp2 in an in 
vitro ubiquitination assay. Similar to full-length Wwp2, 

higher levels of GST-C2 proteins repressed the auto-
ubiquitination of Wwp2 in vitro in a dosage-dependent 
fashion, as revealed by antibodies against Ub and Wwp2, 
respectively (Figure 5C). The suppression of Wwp2 
auto-ubiquitination could be caused by the increased 
direct interaction between the full-length Wwp2 and C2 
domain at higher dosages. Therefore, Wwp2 molecules 
could form homodimers both in vitro and in vivo, which 
might explain why Wwp2 represses its own Ub ligase 
activity when it is present at higher dosages.

The N-terminus of Wwp2 is essential for its ligase activ-
ity

It was reported that interaction between C2 and HECT 
domains of the C2-WW-HECT E3 ligase Smurf2 auto-
inhibits its ligase activity to protect itself and its sub-
strates from futile degradation in cells [38]. We were in-
terested in knowing whether Wwp2 would have a similar 
property. Thus, we compared the ligase activity between 

Figure 5 Homodimierization of Wwp2 interferes with its ligase activity. (A) GST fusion proteins of C2, WW, HECT domains 
and WT Wwp2 bind to His-Wwp2. Fractions from GST pull-down assays were analyzed by western blotting with a His anti-
body (top panel). GST and GST fusion proteins of Wwp2 were separated on SDS-PAGE gel and stained by Coomassie Blue 
(bottom panel). (B) CoIP assays of Flag-Wwp2 and GFP-Wwp2 in COS7 cells. Expression vectors encoding Flag-Wwp2 
and GFP-Wwp2 were cotransfected into COS7 cells. Whole cell lysates (WCL) were immunoprecipitated (IP) with a GFP 
antibody and analyzed by western blotting with a Flag antibody or GFP antibody (top panel). The expression levels of Flag-
Wwp2 and GFP-Wwp2 in COS7 cells were examined by western blotting with antibodies against Flag and GFP, respectively. 
Lanes 3 and 4 are duplicated samples. (C) Auto-ubiquitination of GST-Wwp2 (0.2 μg) was examined in the presence of vari-
ous amounts of GST-C2 in an in vitro ubiquitination assay. Western blot analysis was performed with Ub antibody or Wwp2 
antibody, respectively. E1, E2 and wild-type Ub were present in all reactions.
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GST-fusion proteins of full-length Wwp2 and truncated 
Wwp2 containing only WW and HECT domains (amino 
acids 302-870) in in vitro ubiquitination assays. Surpris-
ingly, deletion of N-terminal 301 amino acid residues 
from Wwp2 abrogated its ability to ubiquitinate Oct4 
completely, while full-length Wwp2 catalyzed Oct4 
poly-ubiquitination efficiently under the same experi-
mental conditions (Figure 6, top panel). Consistent with 
this result, the unmodified form of Oct4 proteins dimin-
ished dramatically in the reaction containing full-length 
Wwp2, whereas it was barely changed in the reactions 
containing the truncated Wwp2. Similarly, auto-polyu-
biquitination of Wwp2 was only detected in the presence 
of the full-length Wwp2 and not in the presence of the 
truncated Wwp2 (Figure 6, middle panel). Expression 
of GST-fusion proteins of the full-length and truncated 
Wwp2 was confirmed by western blot analysis (Figure 6, 
bottom panel). Of note, a single Ub attached to the trun-
cated Wwp2 was detected using the GST antibody (lanes 
3 and 4). Failure to detect the Ub attachment to the trun-
cated Wwp2 by the Ub antibody (the middle panel) could 
be due to its relatively low affinity to the mono-Ub modi-
fication. These observations indicate that the N-terminus 
is required for the ligase activity of Wwp2 and that the 
ability of Wwp2 to ubiquitinate Oct4 might be dependent 
on its auto-ubiquitination.

Discussion

Oct4 is an essential factor for ESCs to maintain self-
renewal and pluripotency as well as for reprogramming 
somatic cells into pluripotency. Strict dependence of its 
functions on the intracellular dosage is a unique char-
acteristic of Oct4. Therefore, understanding molecular 
mechanisms by which the Oct4 dosage is dynamically 
controlled is fundamental for stem cell biology. Although 
transcriptional regulation is believed to be primarily 
responsible for down-regulation of Oct4 expression dur-
ing ESC differentiation, a previous study reported that 
the protein level of Oct4 is significantly down-regulated, 
while the Oct4 transcript is not changed during the pro-
cess of primitive endoderm differentiation [36]. Results 
from the current study further demonstrate that post-
translational modification can serve as an important 
complementary mechanism to transcriptional regulation 
of Oct4 in a timely and selective manner during differen-
tiation of ECCs.

It is generally accepted that different Ub linkages 
could lead to various conformations of Ub chains and 
generate diverse molecular signals in cells. Using a ubiq-
uitination system developed by Richard Baer [39] to en-
sure the proper fidelity of linkage formation in vitro, we 

clearly demonstrate that interaction between Wwp2 and 
Oct4 generates chains composed of a single kind of the 
Lys 63 linkage. Recently, Saeki et al. showed that Lys 
63-linked poly-Ub chains may serve as a targeting sig-
nal for the 26S proteasome in yeast cells [40]. However, 

Figure 6 The N-terminus of Wwp2 is essential for its ligase ac-
tivity. GST fusion proteins of full-length Wwp2 and WW-HECT-
domain were used for in vitro ubiquitination assays in the pres-
ence or absence ATP. E1, E2, Ub and His-Oct4 were included in 
all reactions. The western blot was analyzed with a Ub antibody 
to detect ubiquitinated Oct4 and auto-ubiquitinated Wwp2 after 
immunoprecipitation, and reprobed with antibodies against Oct4 
(N124) and GST to detect His-oct4, GST-Wwp2 and GST-WW-
HECT, respectively.
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evidence for such a reaction occurring in mammalian 
cells is lacking. Data from both our previous and cur-
rent studies indicate that Wwp2-mediated Lys 63-linked 
poly-ubiquitination promotes degradation of ectopically 
as well as endogenously expressed Oct4 through the 
Ub-proteasome pathway, implying association of Lys 
63-linked poly-Ub chains with the proteolytic pathway in 
mammalian cells.

Ub E3 ligases are finely controlled by a variety of 
mechanisms [38, 41-44]. Among multiple types of regu-
lation, auto-ubiquitination is known as a means for cells 
to control the abundance of Ub E3 ligases [38]. However, 
recent studies have implicated that the auto-ubiquitina-
tion activity of certain Ub E3 ligases is closely related 
to their catalytic capacity and is required for mediating 
their downstream signaling [31]. For instance, auto-ubiq-
uitination of Nedd4, a Rsp5-family member, plays an 
essential role in determining its ability to modify the sub-
strates [45]. Our finding that Wwp2 loses the ability to 
ubiquitinate Oct4 when the auto-ubiquitination is elimi-
nated by deletion of its N-terminus suggests that auto-
ubiquitination might be essential for the ligase activity of 
Wwp2. The dependence on its N-terminus for Wwp2 au-
to-ubiquitination could be explained by two possibilities: 
one is that the absence of N-terminus disrupts the normal 
configuration required for the Wwp2 enzymatic activity 
and the other one is that the N-terminus contains critical 
Lys residues accepting Ub during its auto-ubiquitination. 
In case of Smurf2, the C2 domain interacts with the 
HECT domain to inhibit its ligase activity through an in-
tra-molecular mechanism [38]. Thus, Wwp2 and Smurf2 
modulate their own catalytic activity through different 
manners, even though they are both C2-WW-HECT-
type E3 ligases. Nevertheless, for both enzymes, auto-
ubiquitination is important to modify their substrates. 
Interestingly, Wiesner et al. [38] found that, like Smurf2, 
deletion of the C2 domain of human WWP2 significantly 
enhanced its auto-ubiquitination, suggesting that human 
WWP2 may behave differently from its murine counter-
part. Recently, we reported that human WWP2 [46] also 
targets human OCT4 for ubiquitination and degradation 
through the 26S proteasome. Unlike Wwp2, WWP2 
promotes OCT4 degradation in undifferentiated human 
ESCs and does not display an inhibition phenomenon at 
higher dosages. This is consistent with the current view 
that differences exist between human and mouse ESCs, 
although they are similar in many ways [47].

Uniquely, auto-ubiquitination of Wwp2 depends on 
its own dosages. This property has not been reported for 
other Ub E3 ligases. Instead of inhibition of the catalytic 
activity, RING-type E3 ligase Mdm2 switches the Ub 
modification of p53 from mono- to poly- ubiquitination 

at higher concentrations [48], suggesting that dosage-
dependent regulation is one of the mechanisms to control 
Ub E3 ligases. Based on our findings that Wwp2 can di-
merize both in vitro and in vivo and that increasing levels 
of the C2 domain result in suppression of Wwp2 auto-
ubiquitination through an inter-molecular mechanism, we 
propose that Wwp2 homodimerization may be, at least 
partially, responsible for the inhibitory effect of higher 
levels of Wwp2 on its own catalytic activity. It is possi-
ble that Wwp2 dimerization covers the ligase activity site 
or induces conformational changes to inhibit its ligase 
activity. Altogether, these data unveil a novel phenom-
enon and potential mechanism for Wwp2 to modulate its 
own enzymatic activity, allowing a further in-depth dis-
section of multiple layers of E3 ligase regulation.

Data from this study suggest that the level of Wwp2 
in undifferentiated ESCs or ECCs might be higher than 
its optimal level for Oct4 ubiquitination and degradation. 
We suspect that the rationality for such a high level of 
Wwp2 may come from the need of its other substrates 
co-expressed in undifferentiated ESCs and ECCs. In-
deed, we have previously demonstrated that Rpb1, the 
largest subunit of the RNA polymerase II, is also a sub-
strate of Wwp2 and that Wwp2 is required for mainte-
nance of Rpb1 at an appropriate level in undifferentiated 
ECCs [49]. It is worthy to note that Wwp2-mediated 
Rpb1 degradation is not inhibited by its higher dosages 
(data not shown). Therefore, the differential optimal 
dosage for an E3 ligase could serve to discriminate its 
distinct substrates even when they are distributed in the 
same cellular compartment at the same time. However, it 
is also possible that other factors are also needed in this 
differential regulation, as mere reduction of the Wwp2 
level by its specific RNAi in undifferentiated ESCs and 
ECCs could not engage it in the regulation of Oct4 pro-
tein levels, suggesting that other differentiation-regulated 
factors may also associate with Wwp2-mediated Oct4 
ubiquitination and degradation during differentiation pro-
cesses. In addition, Wwp2 at higher concentrations might 
compete away other more efficient Ub E3 ligases present 
in undifferentiated ESCs or ECCs. Further investigation 
is required to elucidate the physiological significance and 
molecular mechanism underlying the unique feature of 
Wwp2.

In conclusion, our data demonstrate that Wwp2-medi-
ated Oct4 poly-ubiquitination and its auto-ubiquitination 
occur through the Lys 63 linkage and may be involved 
in down-regulation of Oct4 protein levels. Moreover, we 
present a new dosage-dependent mechanism by which 
the Ub E3 ligase may modulate its own activity and dis-
criminate its distinct substrates under specific cellular 
contexts. Importantly, we provide evidence for an impor-
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tant role of Wwp2-mediated Oct4 ubiquitination during 
differentiation processes. The findings will help us to 
understand how Oct4 protein levels are dynamically con-
trolled in ESCs. On the other hand, Ub E3 ligases have 
attracted considerable attention because their dysfunction 
has been implicated in embryonic development defects 
and cancer or disease progression. The results obtained 
in this study will open up new avenues for designing or 
screening agents that can modulate activities of disease-
associated ligases.

Materials and Methods

Plasmid construction
Plasmids utilized for expression of Oct4, Wwp2, Wwp2-CA 

mutant or individual Wwp2 domains have been described previ-
ously [33, 49]. His-tagged Ub K0 mutant, un-tagged WT and 
mutant Ub expression vectors were kindly provided by Dr Richard 
Baer. His-tagged Ub expression vector pMT107 was a gift from 
Dr Dirk Bohmann.

Reagents and antibodies
The E1, E2, recombinant His-tagged WT Ub and pure 26S 

proteasomes were purchased from Calbiochem. MG132, G418, 
Tc and RA were from Sigma. Antibodies used include: Oct4 (C-
10, Santa Cruz), Tubulin (Sigma), GFP (Roche), Flag (Sigma), His 
(Sigma) and Ub (P4D1, Cell Signaling). Antibodies to Oct4 (N124 
and C70), Wwp2 and GST were generated as described previously 
[33].

Cell culture and transfection
HEK 293 cells and COS7 cells were maintained under standard 

conditions, and transfected using the standard calcium phosphate 
precipitation or Lipofectamine 2000 (Invitrogen), respectively. 
F9 ECCs were cultured as suggested by ATCC. For the stable cell 
line, the His-Ub expression vector was introduced into F9 cells 
and selected with 600 μg/ml G418. The mouse CGR8 ESC line 
was kindly provided by Dr Austin Smith and cultured as described 
previously [50]. The stable cell lines for Tc induced RNAi were 
generated as described previously [49].

qPCR analysis
Total RNA was extracted using TRIzol reagent (Invitrogen) and 

reverse-transcribed into cDNA using oligo (dT)15 and ReverTra 
Ace reverse transcriptase (TOYOBO). qPCR analysis was carried 
out as previously described [51]. The sequences of primers are 
provided in Supplementary information, Table S1.

RA-induced differentiation of F9 cells
To induce differentiation of F9 cells toward primitive endo-

derm, cells were plated at a density of 40 000 cells per 6-cm dish 
coated with gelatin. RA at 50 nM was added 24 h after cell plating. 
Cells were collected for RT-PCR and western blot analysis after 5 d.

Western blot analysis
Protein concentrations were determined using the BCA protein 

assay kit (Pierce). For experiments involving transient transfec-
tion, the cotransfected pSV-β-galactosidase plasmid (a kind gift 

from R Baer) was utilized to normalize each sample. Detection 
was performed with enhanced chemiluminescence (Pierce). All 
experiments were repeated three times and representative data are 
shown.

Expression and purification of fusion proteins
GST and His fusion proteins were expressed and purified ac-

cording to the manufacturers instructions from Amersham Biosci-
ences and Novagen, respectively. Un-tagged WT and mutant Ubs 
were expressed in Rosetta (DE3) pLysS cells (Novagen) and puri-
fied as described previously [39].

GST pull-down and immunoprecipitation assays
GST fusion proteins (0.5 μg) bound with glutathione-sepharose 

4B beads were incubated with His fusion proteins (1.0 μg) in 500 μl of 
the TBS-N buffer (20 mM Tris-HCl, pH 7.6, 300 mM NaCl and 
0.1% NP-40) at 4 ºC for 4 h. For CoIP experiments, cell lysates 
were prepared in the CoIP buffer [49] and incubated with a spe-
cific antibody for 4 h at 4 ºC, followed by addition of protein A-
Sepharose beads for another 2 h. The samples from these assays 
were analyzed by western blotting.

Ubiquitination assay in vitro and in vivo
In vitro and in vivo ubiquitination assays were performed as 

described previously [33, 49].
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