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SRG3 plays essential roles both in early mouse embryogenesis and in extra-embryonic vascular develop-
ment. As one of the core components of the SWI/SNF-like BAF complex, SRG3 serves as the scaffold
protein and its protein level controls the stability of the BAF complex, which controls diverse
physiological processes through transcriptional regulation. However, little is known about how the

I(eywqr@s: ) protein level of SRG3 is regulated in mammalian cells. Previously, we identified a murine ubiquitin ligase
&blquzltmatlon (Wwp2) and demonstrated that it interacts with pluripotency-associated key transcription factor Oct4
SR‘(I:V3p and RNA polymerase II large subunit Rpb1, promoting their ubiquitination and degradation. Here, we

report that Wwp2 acts as a ubiquitin ligase of SRG3. Our results show that Wwp2 and SRG3 form protein
complexes and co-localize in the nucleus in mammalian cells. The interaction is mediated through the
WW domain of Wwp2 and the PPPY motif of SRG3, respectively. Importantly, Wwp2 promotes
ubiquitination and degradation of SRG3 through the ubiquitin-proteasome system. The expression of a
catalytically inactive mutant of Wwp2 abolishes SRG3 ubiquitination. Collectively, our study opens up

SWI/SNF-like BAF complex
Protein stability

a new avenue to understand how the protein level of SRG3 is regulated in mammalian cells.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

SRG3 (SWI3-related gene) is a mouse homolog of yeast SWI3,
Drosophila MOIRA, and human BAF155. Previous study has shown
that SRG3 plays essential roles in early mouse embryogenesis, brain
development, T-cell development and tumor suppression [1-3]. It
is also required in extra-embryonic vascular development [4]. As
a core component of SWI/SNF-like BAF chromatin remodeling com-
plex, SRG3 is required for the transcriptional regulation associated
with various aspects of development, cellular proliferation,
differentiation, and tumorigenesis [5-7]. SRG3 interacts directly
with the major components of the BAF complex and protects them
from proteasomal degradation [8]. To execute these functions, the
protein level of SRG3 has to be tightly controlled. However, the
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factors responsible for SRG3 ubiquitination and degradation in
mammalian cells remain unanswered up to date.

In mammalian cells, the majority of intracellular proteins are
degraded through the ubiquitin proteasome [9], which regulates
diverse biological processes ranging from protein degradation, pro-
tein-protein interactions, to cell-cycle progression, apoptosis, gene
transcription and immune responses [10-14]. Among all these
functions, marking proteins for degradation by the 26S proteasome
is the one best studied. Ubiquitination is regulated by a cascade of
enzymatic reactions resulting in the covalent addition of ubiquitin
(Ub) to target proteins through the help of Ub-activating enzyme
(E1), Ub-conjugating enzyme (E2) and Ub-protein ligase (E3).
Through direct association with substrates, E3 ligase plays a critical
role in determining enzymatic specificity in the ubiquitination
reaction [15,16]. Two distinct E3 families have been identified:
the RING (really interesting new gene) domain E3 family and the
HECT (homologous to E6-AP carboxyl-terminus) domain E3 family
[17]. In the HECT domain family, the Nedd4 subfamily has a com-
mon domain architecture: an N-terminal C2 domain, a C-terminal
HECT domain and 2-4 tryptophan-based WW domains in the mid-
dle [18].

Previously, our laboratory identified Wwp2 as an E3 ligase of
Oct4, a key transcription factor for the maintenance of pluripotency
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in mouse ES cells [19]. Our further study showed that human
WWP2 also interacts with human OCT4 in human pluripotent stem
cells [20]. In addition, we demonstrated that Wwp2 also serves as
an Ub E3 ligase of the large subunit of RNA polymerase I, Rpb1
[21]. Since most E3 ligases have multiple substrates and additional
substrates of Wwp2 have been reported afterwards [22-24], we at-
tempted to find more substrates of Wwp2. We here report the iden-
tification of SRG3, the scaffold protein of the BAF complex, as a new
substrate of Wwp2 through affinity chromatography using a gluta-
thione S-transferase (GST) fusion protein of WW-HECT domains of
mouse Wwp2 and nuclear extract from murine F9 embryonal carci-
noma cells. Our results show that the WW domain of Wwp2 and the
PPPY motif of SRG3 mediated the interaction between these two
proteins. Wwp2 targeted SRG3 for ubiquitination and degradation
both in vitro and in vivo. The enzymatic activity of Wwp2 was
dependent on the active cysteine residue in the HECT domain.
Our study uncovers a new regulator of SRG3 and indicates that
Wwp2 may be involved in the regulation of functions of BAF com-
plexes in mammalian cells.

2. Materials and methods
2.1. Plasmids

The c¢DNA sequence of mouse full-length SRG3 was amplified
by RT-PCR using total RNA from CGR8 mouse embryonic stem
(ES) cells (kindly provided by Austin Smith) and cloned into the
pET-30a(+) vector (Novagen) for expression of His tagged fusion
protein in bacteria, or into the pcDNA3 vector (Invitrogen) for
expression of Flag tagged fusion protein in mammalian cells.
The sequences of all constructs were verified by DNA sequencing.
For construction of SRG3 truncation vectors, truncation fragments
were amplified using pcDNA3-Flag-SRG3 as a template and the
PCR products were cloned into the pGEX-4T-1 vector (Amersham
Biosciences). To construct pGEX-4T-1-SRG3IIIAAAA plasmid with
PPPY (Pro-Pro-Pro-Tyr) motif mutation to AAAA (Ala-Ala-Ala-
Ala), amino acid residual mutants were generated by PCR-based
site-directed mutagenesis. Plasmids used for expression of
Wwp2, Wwp2CA mutation, or individual Wwp2 domains and
His-ubiquitin (Ub) expression vector pMT107 have been de-
scribed previously [19].

2.2. Reagents and antibodies

The E1, E2 and recombinant His-tagged Ub were from Calbio-
chem. MG132 and tetracyclin (Tc) were from Sigma. The antibodies
used were as follows: SRG3 (Santa Cruz), a-Tubulin (Sigma), Flag
epitope (Sigma), His epitope (Santa Cruz), EGFP epitope (Roche),
and ubiquitin epitope (Cell Signaling). Antibodies against Wwp2
and GST were raised and affinity purified as described previously
[19].

2.3. Cell culture and DNA transfection

F9 (mouse embryonal carcinoma cells) and CGR8 (mouse ES
cells) were cultured as described previously [21]. HEK 293 cells
were maintained under standard conditions and transfected with
the calcium phosphate method or Lipofectamine 2000 (Invitrogen).
For experiments testing whether Wwp2 or WWP2 (human
homologue of murine Wwp2) promotes degradation of endoge-
nous BAF155 (human homologue of murine SRG3), increasing
amounts of pCB6-Flag-Wwp2 or pCMV-WWP2 (0, 0.08, 0.16,
0.32, 0.5 pg) were transfected by the calcium phosphate method
in 6-well plates.

2.4. Expression and purification of fusion proteins

GST and His fusion proteins were expressed and purified
according to the manufacturer’s instructions from Amersham Bio-
sciences and Novagen, respectively.

2.5. Nuclear extract preparation and affinity purification

The nuclear extract was prepared from F9 cells. GST or
GST-Wwp2-WW-HECT proteins were bound to glutathione
immobilized Sepharose beads in equal molar amounts. Affinity
purification assays were performed as described previous [19].

2.6. In-gel digestion of proteins and capillary-high pressure liquid
chromatography mass spectrometric analysis for protein identification

This experiment was carried out according to the procedures
described previously [25].

2.7. GST pull-down and co-immunoprecipitation (Co-IP)

These experiments were performed as described previously
[19]. For Co-IP experiment in HEK 293 cells, 4 pg of pcDNA3-
Flag-SRG3 and 3 pg of pCMV-HA-Wwp2 were transfected in
10 cm dishes simultaneously or separately.

2.8. Immunofluorescence staining

Immunofluorescence staining was performed as described pre-
viously [19].

2.9. Western blot analysis

Cells were lysed in Co-IP buffer and the protein concentration
was determined by the BCA kit (Pierce). For experiments involving
transient transfection, the co-transfected pSV-p-galactosidase plas-
mid (kindly provided by Richard Baer) was used to normalize the
transfection efficiency of each sample. Western blot analysis was
conducted by enhanced chemiluminescence (Pierce).

2.10. Ubiquitination assay in vitro and in vivo

The ubiquitination assays in vivo and in vitro were performed
as described previously [19]. For the ubiquitination assay in vivo,
HEK 293 cells were transfected with 3 pg of pcDNA3-Flag-SRG3,
3 pg of pCMV-HA-Wwp2 or pCMV-HA-Wwp2CA, 4 pg of pMT
107 (vector for His-Ub expression, a kind gift from D. Bohmann),
and 1 pg of pSV-B-galactosidase. For in vitro ubiquitination assays,
His-SRG3 (1 pg), rabbit E1 (50 ng, Calbiochem), His-Ub-carrier en-
zyme H6 (0.4 pg, Calbiochem), His-Ub (2 pg, Calbiochem), and
GST-Wwp2 or GST-Wwp2CA (0.5 pg) were incubated in the ubig-
uitination buffer.

3. Results and discussion

3.1. Identification and characterization of SRG3 as a novel Wwp2
interacting protein

As a typical Nedd4 like protein, Wwp2 has an N-terminal C2 do-
main, a C-terminal HECT domain, and four WW domains in the
middle. To identify novel substrates of Wwp2, we performed affin-
ity chromatography using bacterially expressed GST-WW-HECT
(WW and HECT domains of Wwp2) fusion protein and nuclear
extract from murine F9 embryonal carcinoma (EC) cells. As shown
in Fig. 1A, one band of about 150 kDa was present only in the F9
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Fig. 1. Identification and characterization of the interaction between Wwp2 and SRG3 in vitro. (A) Purification of SRG3 from F9 nuclear extract (NE) using GST-WW-HECT
fusion protein. Coomassie blue staining of SDS-PAGE gel containing the proteins from the indicated columns is shown. *association candidates of Wwp2 (B) GST pull-down
assay to show that Wwp2 interacts with SRG3 directly in vitro (left panel). Coomassie blue staining of SDS-PAGE gel to show the purified proteins (right panel). (C) Schematic
representation of Wwp2 domain structure (top panel). GST pull-down assay to show that the WW domain of Wwp2 mediates its association with SRG3 (middle panel).
Coomassie blue staining of SDS-PAGE gel to show the purified proteins (bottom panel). (E) Schematic representation of SRG3 truncations (top panel). GST pull-down assay to
show that PPPY motif of SRG3 mediates its association with Wwp2 (middle panel). Coomassie blue staining of SDS-PAGE gel to show the purified proteins (bottom panel).

nuclear extract-containing GST-WW-HECT column. Mass spectro-
metric analysis indicated that the band contained SRG3 protein.

To verify the association between SRG3 and Wwp2 detected by
our affinity purification, GST pull-down assay was performed with
bacterially expressed GST fusion protein of Wwp2 or Wwp2CA mu-
tant (with a mutation of residue 838 cysteine to alanine to disrupt
its ubiquitin ligase activity) and His fusion protein of SRG3. As
shown in Fig. 1B, immobilized GST-Wwp2, but not GST alone,
was able to pull down His-SRG3. In addition, mutation of cysteine
to alanine at residue 838 of Wwp2 did not affect the association
between SRG3 and Wwp2. This result validated the direct interac-
tion between Wwp2 and SRG3 in vitro.

To determine which domain of Wwp2 interacted with SRG3, the
three domains of Wwp2, namely C2 domain, WW domain (includ-
ing four tandem ww domains), and HECT domain, were expressed
as GST fusion proteins (Fig. 1C, bottom panel). In GST pull-down
assays, the WW domain was found associated with SRG3, whereas
C2 and HECT domains were not capable of binding to SRG3. There-
fore, the interaction of Wwp2 with SRG3 was mediated through its
WW domain.

Furthermore, to determine the region of SRG3 that was involved
in its interaction with Wwp2, we fragmented full-length SRG3 into
three parts, SRG3I (residue 1-437), SRG3II (residue 432-955), and
SRG3III (residue 955-1104). Their GST fusion proteins were
expressed bacterially (Fig. 1E, bottom panel). A previous study
demonstrated that WW domains tend to bind to PPxY motifs,

where P is proline, x is any amino acid and Y is tyrosine [26,27].
A PPPY motif (SRG3 residue 996-999) is located in SRG3III. We also
expressed the GST tagged SRG3III where the PPPY motif was
mutated into AAAA (A, Alanine). Then GST pull-down assays with
His-Wwp2 were performed. As shown in Fig. 1E top panel,
GST-SRG3III interacted with Wwp2 directly. As negative controls,
neither GST alone nor GST-SRGI/II could pull down His-Wwp2.
Specifically, the mutation of PPPY residues into AAAA residues in
SRG3III abolished its binding ability to His-Wwp2 completely.
Thus, the carboxyl-terminal proline- and glutamine-rich region of
SRG3 mediated its association with Wwp2 and the PPPY motif
was essential for the association.

3.2. Association of Wwp2 with SRG3 in mammalian cells

We next determined whether Wwp2 could interact with SRG3
in vivo. Co-IP experiments were performed using lysate of HEK
293 cells ectopically expressing Flag-tagged SRG3 and HA-tagged
Wwp2 or vector alone. Both Flag-SRG3 and HA-Wwp2 proteins
were immunoprecipitated by antibodies against Flag, indicating
the association of Wwp2 with SRG3 in mammalian cells. As nega-
tive controls, HA-Wwp2 proteins were not detected in the Flag
antibody-precipitated proteins in cells expressing HA-Wwp2 or
Flag-SRG3 alone (Fig. 2A), providing evidence for the specific inter-
action of these two proteins in mammalian cells.
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Fig. 2. Wwp2 binds to SRG3 specifically in vivo. (A) Co-IP assay in HEK 293 cells to
demonstrate that ectopically expressed Wwp2 binds to SRG3 specifically in vivo.
Whole cell lysates (WCL) were immunoprecipitated (IP) with anti-Flag antibody
and analyzed by Western blotting with antibodies as indicated. (B) Association of
endogenous Wwp2 with SRG3 in F9 cells. Nuclear extracts were subjected to IP
with anti-Wwp2 antibody or control anti-GST antibody. (C) Co-localization of
endogenous Wwp2 and SRG3 in CGR8 mouse ES cells. CGR8 cells were stained with
anti-Wwp2 antibody (red), anti-SRG3 antibody (green) and DAPI (blue). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Further, we examined whether endogenously expressed Wwp2
and SRG3 proteins form complexes (Fig. 2B). As both SRG3 and
Wwp2 are known highly expressed in pluripotent stem cells, Co-
IP experiments were carried out with nuclear extracts of F9 mouse
EC cells. Anti-Wwp2 antibody, but not the control anti-GST anti-
body, was able to co-immunoprecipitate SRG3, indicating the exis-
tence of endogenous SRG3-Wwp2 complexes in embryonic
pluripotent cells.

Last, to illustrate the associated cellular distribution of Wwp2
and SRG3, double immunofluorescence staining of endogenously
expressed Wwp2 and SRG3 was performed. The co-localization of
these two proteins was observed in CGR8 mouse ES cells
(Fig. 2C), which further validated the physiological association be-
tween Wwp2 and SRG3 in pluripotent cells. Therefore, we con-
clude that SRG3 and Wwp2 do form complexes in a physiological
context.

3.3. Wwp2 targets SRG3 for ubiquitination

Earlier studies from our group and others have demonstrated
that Wwp?2 is a ubiquitin E3 ligase. To investigate whether SRG3
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Fig. 3. Wwp2 targets SRG3 proteins for ubiquitination both in vitro and in vivo. (A)
Wwp2 promotes SRG3 ubiquitination in vitro. Various bacterially expressed and
purified proteins as indicated were incubated in the ubiquitination reaction buffer.
Ubiquitinated SRG3 proteins were visualized by Western blotting with the antibody
against ubiquitin (top panel), His (middle panel) and SRG3 (bottom panel). (B)
Wwp2 enhances SRG3 ubiquitination in vivo. HEK 293 cells were transfected with
expression vectors as indicated. Ubiquitinated polypeptides were isolated by
nitrilotriacetic acid affinity beads and analyzed by Western blotting with the
antibody against Flag (top panel). Protein levels of SRG3 in the cell lysates were
measured by Western blotting with the antibody against Flag (bottom panel).
Samples loaded in each lane were normalized by B-galactosidase activities in each
individual specimen.
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Fig. 4. Wwp2 regulates the protein level of SRG3 in mammalian cells. (A) Ectopic expression of Wwp2 reduces the protein level of SRG3 in a dosage-dependent manner. HEK
293 cells were transfected with a constant amount of Flag-SRG3 and EGFP together with increasing amounts of Wwp2 or Wwp2C838A mutant expression vectors. Cell lysates
were analyzed by Western blotting with antibodies against Flag (detection of SRG3), Wwp2 and EGFP. (B) Ectopically expressed Wwp2 promotes degradation of endogenous
BAF155 (human homologue of SRG3) in a dosage-dependent manner in HEK 293 cells. HEK 293 cells were transfected with increasing amounts of Wwp2 expression vector.
48 h later, cell lysates were measured by immunoblotting with antibodies against SRG3 (top panel) and Wwp2 (middle panel). (C) Ectopically expressed human WWP2 can

also promote BAF155 degradation in a dosage-dependent manner in HEK 293 cells.

could be ubiquitinated by Wwp2, ubiquitination assay was
conducted with a standard in vitro ubiquitination system, which
contained purified proteins of GST-Wwp2, GST-Wwp2CA,
His-SRG3, His-ubiquitin (His-Ub), E1, and E2 (UBcH6) as well as
ATP. Higher molecular weight species indicative of the addition
of ubiquitin moieties to His-SRG3 were observed in the presence
of E1, E2, Ub, and wild-type Wwp2, when the reaction products
were analyzed by Western blotting with an anti-Ub antibody
(Fig. 3A, top panel, lane 5). These ubiquitinated products were
His-SRG3 specific, since the ubiquitination signal was significantly
different from that in the absence of SRG3 (top panel, lane 6). Our
previous study had shown that the ubiquitination signal in the
absence of substrates was a result of the self-ubiquitination of
Wwp2 [28]. Of note, the ubiquitination of SRG3 was also depen-
dent on the presence of Wwp2 and its intact HECT domain, since
the ubiquitination signal disappeared when wild type Wwp2 was
absent or replaced with a Wwp2CA mutant (top panel, lane 1
and lane 7), although the CA mutation of the HECT domain did
not affect the association between Wwp2 and SRG3 (Fig. 1B). To
further verify that the ubiquitinated proteins were indeed SRG3,
similar ubiquitination assays were performed and the reaction
products were examined by Western blotting with anti-His anti-
body (Fig. 3A, middle panel) or SRG3 antibody (Fig. 3A, bottom
panel). Similarly, the higher molecular weight signals were
detected in the presence of E1, E2, wild type Wwp2, Ub and
His-SRG3 (middle and bottom panels, lane 5). The weak ubiquiti-
nation signal in the absence of SRG3 (middle panel, lane 6) was
from Wwp2 self-ubiquitination, but not from SRG3, as the signals
vanished when anti-SRG3 antibody was used to analyze the
reaction product (bottom panel, lane 6). Again, Wwp2CA could
not ubiquitinate SRG3 (middle and bottom panels, lane 7). These
data clearly demonstrate that SRG3 can serve as a substrate for
Wwp2-mediated ubiquitination in vitro and its ubiquitination
requires normal activity of all three enzymes involved in the
ubiquitination reaction.

We next detected whether Wwp2 could mediate SRG3 ubiqui-
tination in vivo. HEK 293 cells were transiently transfected with
expression vectors encoding His-Ub, Flag-SRG3, and Wwp2 or

Wwp2CA. The cells were treated with the proteasome inhibitor
MG132 for 16 h before harvest. Ubiquitinated proteins were iso-
lated by nitrilotriacetic acid affinity beads from the cell lysate
and analyzed by Western blotting with anti-Flag antibody
(Fig. 3B, top panel). Co-expression of His-Ub with Flag-SRG3
caused ubiquitination of ectopically expressed SRG3 (lane 3). This
could be caused by endogenous human WWP2 or other E3 activi-
ties present in the cells, as previously described [19]. As expected,
the signal of ubiquitinated SRG3 increased when Wwp2 was co-ex-
pressed (lane 4). Meanwhile, the SRG3 protein level was signifi-
cantly reduced in the presence of exogenous Wwp2 (lane 4,
bottom panel), suggesting that the ubiquitination of SRG3 might
promote its degradation. In the presence of proteasome inhibitor,
MG132, the intensity of SRG3 ubiquitination was obviously en-
hanced (compare lane 5 with lane 4) and the SRG3 protein level
was obviously recovered. These data reveal that Wwp2 targeted
SRG3 for both ubiquitination and degradation through the 26S pro-
teasome pathway in vivo. In contrast, the intensity of SRG3 ubiqui-
tination was weaker in the presence of Wwp2CA than in its
absence (compare lane 6 and lane3), suggesting a dominant nega-
tive effect of this mutated protein for SRG3 ubiquitination. There
was no detectable ubiquitination signal when exogenous SRG3
was absent (Fig. 3B, top panel, lane 2), suggesting that the ubiqui-
tination signals detected in the assay were specific to ectopically
expressed SRG3 proteins. Taken together, Wwp2 can function as
an E3 ligase of SRG3, regulating its ubiquitination and protein lev-
els in vivo. Moreover, the cysteine residue 838 of Wwp2 plays an
essential role in this process.

3.4. Wwp2 controls the protein level of SRG3

The E3 ligase and substrate relationship of Wwp2 and SRG3
shown above prompted us to investigate the role of Wwp2 in reg-
ulating SRG3 protein levels in mammalian cells. First, we further
confirmed the regulation of Wwp2 on protein level of ectopically
expressed SRG3. Consistent with aforementioned results, SRG3
protein levels decreased in a Wwp2 dose dependent manner, when
Flag-SRG3 and EGFP together with increasing amounts of Wwp2
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were co-expressed. As a negative control, protein levels of EGFP
were not affected by Wwp2. Of note, Wwp2CA, an enzymatic activ-
ity dead mutation of Wwp2, lost its ability to control protein levels
of SRG3, showing that the E3 ligase catalytic activity is required for
Wwp2 to modulate protein levels of SRG3 (Fig. 4A).

To better probe the effect of Wwp2 on the steady state level of
SRG3 proteins under a physiological context, we then detected the
effect of Wwp2 on the protein level of endogenous SRG3. Increas-
ing amounts of exogenous Wwp2 was over-expressed in HEK 293
cells and the endogenous protein levels of BAF155, SRG3 homo-
logue in human cells, was examined by Western blotting. Our re-
sults indicated that protein levels of BAF155 decreased with
increasing Wwp2 levels (Fig. 4B). Similar results were obtained
when WWP2, the human homologue of Wwp2, was over-ex-
pressed (Fig. 4C). Hence, both mouse Wwp2 and human WWP2
promoted reduction in protein levels of endogenous BAF155 in
HEK 293 cells.

Collectively, in the present study, we have identified and fully
characterized Wwp2 as the first ubiquitin ligase that targets
SRG3, a scaffold protein and one of the core component of BAF
complex, for ubiquitination both in vitro and in vivo. Our study
demonstrates that Wwp2 interacts specifically with SRG3, leading
to its ubiquitination and degradation through 26S proteasomes,
indicating that Wwp2 play an important role in regulating protein
level of SRG3 in normal physiological conditions. Nevertheless, we
do not rule out other E3 ligases play roles in regulation of SRG3
stability. There are several E3 ligases with a C2-WW-HECT domain
structure similar to Wwp2 in mouse cells, such as Wwp1, Itch,
Nedd4-1, Nedd4-2. Further investigation of the interaction
between SRG3 and these ligases may address this possibility. The
discovery of a new regulator for SRG3 provides new insights about
how its stability is accurately modulated.

Acknowledgments

This study was supported by grants from the National Natural
Science Foundation of China (30700401, 31071300), Shanghai
Rising-Star Program (11QA1403900), Shanghai Science and
Technology Developmental Foundation (08JC1413100), and
Shanghai talent development funding.

References

[1] J.K. Kim, S.0. Huh, H. Choi, K.S. Lee, D. Shin, C. Lee, ].S. Nam, H. Kim, H. Chung,
H.W. Lee, S.D. Park, R.H. Seong, Srg3, a mouse homolog of yeast SWI3, is
essential for early embryogenesis and involved in brain development, Mol.
Cell. Biol. 21 (2001) 7787-7795.

[2] J. Ahn, M. Ko, C. Lee, ]. Kim, H. Yoon, R.H. Seong, Srg3, a mouse homolog of

BAF155, is a novel p53 target and acts as a tumor suppressor by modulating

p21(WAF1/CIP1) expression, Oncogene 30 (2011) 445-456.

S.H. Jeon, M.G. Kang, Y.H. Kim, Y.H. Jin, C. Lee, H.Y. Chung, H. Kwon, S.D. Park,

R.H. Seong, A new mouse gene, SRG3, related to the SWI3 of Saccharomyces

cerevisiae, is required for apoptosis induced by glucocorticoids in a thymoma

cell line, J. Exp. Med. 185 (1997) 1827-1836.

D. Han, S. Jeon, D.H. Sohn, C. Lee, S. Ahn, W.K. Kim, H. Chung, R.H. Seong, SRG3,

a core component of mouse SWI/SNF complex, is essential for extra-embryonic

vascular development, Dev. Biol. 315 (2008) 136-146.

[3

[4

[5] C. Muchardt, M. Yaniv, The mammalian SWI/SNF complex and the control of
cell growth, Semin. Cell Dev. Biol. 10 (1999) 189-195.

[6] X. Wang, C.G. Sansam, C.S. Thom, D. Metzger, ].A. Evans, P.T.L. Nguyen, C.W.M.
Roberts, Oncogenesis caused by loss of the SNF5 tumor suppressor is
dependent on activity of BRG1, the ATPase of the SWI/SNF chromatin
remodeling complex, Cancer Res. 69 (2009) 8094-8101.

[7] B.G. Wilson, CW.M. Roberts, SWI/SNF nucleosome remodellers and cancer,
Nat. Rev. Cancer 11 (2011) 481-492.

[8] D.H. Sohn, K.Y. Lee, C. Lee, J. Oh, H. Chung, S.H. Jeon, R.H. Seong, SRG3 interacts
directly with the major components of the SWI/SNF chromatin remodeling
complex and protects them from proteasomal degradation, ]. Biol. Chem. 282
(2007) 10614-10624.

[9] E. Eytan, T. Armon, H. Heller, S. Beck, A. Hershko, Ubiquitin C-terminal
hydrolase activity associated with the 26 S protease complex, J. Biol. Chem.
268 (1993) 4668-4674.

[10] C.G. Maki, ].M. Huibregtse, P.M. Howley, In vivo ubiquitination and
proteasome-mediated degradation of p53(1), Cancer Res. 56 (1996) 2649-
2654.

[11] A.D. Choudhury, H. Xu, R. Baer, Ubiquitination and proteasomal degradation of
the BRCA1 tumor suppressor is regulated during cell cycle progression, J. Biol.
Chem. 279 (2004) 33909-33918.

[12] E.W. Lee, J.H. Kim, Y.H. Ahn, ]. Seo, A. Ko, M. Jeong, S.J. Kim, J.Y. Ro, K.M. Park,
H.W. Lee, EJ. Park, K.H. Chun, J. Song, Ubiquitination and degradation of the
FADD adaptor protein regulate death receptor-mediated apoptosis and
necroptosis, Nat. Commun. 3 (2012) 978.

[13] P. Kaiser, K. Flick, C. Wittenberg, S.I. Reed, Regulation of transcription by
ubiquitination without proteolysis: Cdc34/SCF(Met30)-mediated inactivation
of the transcription factor Met4, Cell 102 (2000) 303-314.

[14] Y. Ben-Neriah, Regulatory functions of ubiquitination in the immune system,
Nat. Immunol. 3 (2002) 20-26.

[15] B. Zhao, K. Bhuripanyo, K. Zhang, H. Kiyokawa, H. Schindelin, J. Yin, Orthogonal
ubiquitin transfer through engineered E1-E2 cascades for protein
ubiquitination, Chem. Biol. 19 (2012) 1265-1277.

[16] M. Scheffner, U. Nuber, .M. Huibregtse, Protein ubiquitination involving an
E1-E2-E3 enzyme ubiquitin thioester cascade, Nature 373 (1995) 81-83.

[17] M.B. Metzger, V.A. Hristova, A.M. Weissman, HECT and RING finger families of
E3 ubiquitin ligases at a glance, J. Cell Sci. 125 (2012) 531-537.

[18] K.F. Harvey, S. Kumar, Nedd4-like proteins: an emerging family of ubiquitin-
protein ligases implicated in diverse cellular functions, Trends Cell Biol. 9
(1999) 166-169.

[19] H.M. Xu, B. Liao, Q.J. Zhang, B.B. Wang, H. Li, X.M. Zhong, H.Z. Sheng, Y.X. Zhao,
Y.M. Zhao, Y. Jin, Wwp2, an E3 ubiquitin ligase that targets transcription factor
Oct-4 for ubiquitination, J. Biol. Chem. 279 (2004) 23495-23503.

[20] H. Xu, W. Wang, C. Li, H. Yu, A. Yang, B. Wang, Y. Jin, WWP2 promotes
degradation of transcription factor OCT4 in human embryonic stem cells, Cell
Res. 19 (2009) 561-573.

[21] H. Li, Z. Zhang, B. Wang, ]J. Zhang, Y. Zhao, Y. Jin, Wwp2-mediated
ubiquitination of the RNA polymerase II large subunit in mouse embryonic
pluripotent stem cells, Mol. Cell. Biol. 27 (2007) 5296-5305.

[22] W. Zou, X. Chen, ].H. Shim, Z. Huang, N. Brady, D. Hu, R. Drapp, K. Sigrist, L.H.
Glimcher, D. Jones, The E3 ubiquitin ligase Wwp2 regulates craniofacial
development through mono-ubiquitylation of Goosecoid, Nat. Cell Biol. 13
(2011) 59-65.

[23] Y. Yang, B. Liao, S. Wang, B. Yan, Y. Jin, H.B. Shu, Y.Y. Wang, E3 ligase WWP2
negatively regulates TLR3-mediated innate immune response by targeting
TRIF for ubiquitination and degradation, Proc. Natl. Acad. Sci. USA 110 (2013)
5115-5120.

[24] S. Maddika, S. Kavela, N. Rani, V.R. Palicharla, ].L. Pokorny, ].N. Sarkaria, J. Chen,
WWRP2 is an E3 ubiquitin ligase for PTEN, Nat. Cell Biol. 13 (2011) 728-733.

[25] Y. Zhao, W. Zhang, M.A. White, Capillary high-performance liquid
chromatography/mass spectrometric analysis of proteins from affinity-
purified plasma membrane, Anal. Chem. 75 (2003) 3751-3757.

[26] F. Sotgia, H. Lee, M.T. Bedford, T. Petrucci, M. Sudol, M.P. Lisanti, Tyrosine
phosphorylation of beta-dystroglycan at its WW domain binding motif, PPXY,
recruits SH2 domain containing proteins, Biochemistry 40 (2001) 14585-
14592.

[27] A.V. Pereboev, N. Ahmed, N. thi Man, G.E. Morris, Epitopes in the interacting
regions of beta-dystroglycan (PPxY motif) and dystrophin (WW domain),
Biochim. Biophys. Acta 1527 (2001) 54-60.

[28] B. Liao, Y. Jin, Wwp2 mediates Oct4 ubiquitination and its own auto-
ubiquitination in a dosage-dependent manner, Cell Res. 20 (2010) 332-344.


http://refhub.elsevier.com/S0006-291X(13)02160-8/h0005
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0005
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0005
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0005
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0010
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0010
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0010
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0015
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0015
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0015
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0015
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0020
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0020
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0020
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0025
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0025
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0030
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0030
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0030
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0030
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0035
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0035
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0040
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0040
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0040
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0040
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0045
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0045
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0045
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0050
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0050
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0050
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0055
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0055
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0055
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0060
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0060
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0060
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0060
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0065
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0065
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0065
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0070
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0070
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0075
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0075
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0075
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0080
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0080
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0085
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0085
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0090
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0090
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0090
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0095
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0095
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0095
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0100
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0100
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0100
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0105
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0105
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0105
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0110
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0110
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0110
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0110
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0115
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0115
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0115
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0115
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0120
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0120
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0125
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0125
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0125
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0130
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0130
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0130
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0130
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0135
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0135
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0135
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0140
http://refhub.elsevier.com/S0006-291X(13)02160-8/h0140

	Wwp2 targets SRG3, a scaffold protein of the SWI/SNF-like BAF complex, for ubiquitination and degradation
	1 Introduction
	2 Materials and methods
	2.1 Plasmids
	2.2 Reagents and antibodies
	2.3 Cell culture and DNA transfection
	2.4 Expression and purification of fusion proteins
	2.5 Nuclear extract preparation and affinity purification
	2.6 In-gel digestion of proteins and capillary-high pressure liquid chromatography mass spectrometric analysis for protein identification
	2.7 GST pull-down and co-immunoprecipitation (Co-IP)
	2.8 Immunofluorescence staining
	2.9 Western blot analysis
	2.10 Ubiquitination assay in vitro and in vivo

	3 Results and discussion
	3.1 Identification and characterization of SRG3 as a novel Wwp2 interacting protein
	3.2 Association of Wwp2 with SRG3 in mammalian cells
	3.3 Wwp2 targets SRG3 for ubiquitination
	3.4 Wwp2 controls the protein level of SRG3

	Acknowledgments
	References


