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a b s t r a c t

The murine SWI/SNF-like BAF complex is an ATP-dependent chromatin remodeling complex that func-
tions as a transcriptional regulator in cell proliferation, differentiation and development. The SWI/SNF-
like BAF complex consists of several components including core subunits such as BRG1, BAF155/SRG3,
BAF47/SNF5/INI1, and BAF170. We have previously shown that the interaction between SRG3/mBAF155
and other components of the complex stabilizes them by attenuating their proteasomal degradation.
However, it has not been known how the major components of the SWI/SNF-like BAF complex such as
BRG1, SNF5, and BAF60a are targeted for the ubiquitination and degradation, and how SRG3/mBAF155
protects them from the degradation process. Here we report that CHFR interacts with BRG1, SNF5, and
BAF60a of the SWI/SNF-like BAF complex and ubiquitinates them to target for degradation through a pro-
teasome-mediated pathway, and that SRG3/mBAF155 stabilizes these components by blocking their
interaction with CHFR.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction and TFIIIB) domain [7]. It also interacts with SNF5 and BAF60a
The SWI/SNF-like BAF complex is an evolutionarily conserved
multisubunit complex that uses the energy of adenosine triphos-
phate (ATP) hydrolysis to mobilize nucleosomes and remodel the
structure of chromatin for transcriptional regulation [1,2]. The
complex is essential for early embryogenesis, development, cell cy-
cle control, thymocyte development, and tumorigenesis [1,3,4].

Srg3 (Swi3-related gene)/mBAF155 is a murine homolog of yeast
Swi3, Drosophila Moira, and human Baf155 [5]. Previous studies
have shown that SRG3/mBAF155 has a scaffold function in stabiliz-
ing the SWI/SNF-like BAF complex by interacting directly with the
core subunits BRG1, SNF5, and BAF60a [6]. SRG3/mBAF155 interacts
with BRG1 through its highly conserved SANT (SWI3, ADA2, N-CoR,
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through its conserved SWIRM (SWI3, RSC8, and MOIRA) domain.
SRG3/mBAF155 also interacts with other components of the SWI/
SNF-like BAF complex and stabilizes them by attenuating or block-
ing their proteasomal degradation [6]. It has also been reported that
MOIRA and BAF155 interact with BRM and BAF57, respectively
[8,9]. These results suggest that SRG3/mBAF155 is a scaffold that
interacts physically with other components of the SWI/SNF complex
and stabilizes them. Although control of the stability the SWI/SNF-
like BAF complex is important for diverse cellular processes, its
mechanism is poorly understood.

The proteasome-mediated degradation is induced by ubiquiti-
nation of the target protein [10,11]. Protein ubiquitination is a
central regulatory process for proteolytic degradation [12–14].
The stability of the SWI/SNF-like BAF complex is reported to be
regulated by ubiquitination. Unkempt, a RING finger protein, binds
to BAF60b and induces its ubiquitination and proteosomal
degradation [15]. BAF57 is also ubiquitinated and degraded by
the E3 ubiquitin ligase, thyroid hormone receptor interacting pro-
tein 12 (TRIP12). BAF155 blocks the interaction between BAF57
and TRIP12 and, thus, protects BAF57 from degradation [9]. These
results suggest that protein degradation by the ubiquitination
pathway regulates the quality and functional fidelity of the SWI/
SNF-like BAF complex. However, it is not clear how the stability
of major components of the SWI/SNF-like BAF complex, such as
BRG1, SNF5, or BAF60a, is controlled.
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mailto:rhseong@snu.ac.kr
http://dx.doi.org/10.1016/j.bbrc.2012.01.057
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


I. Jung et al. / Biochemical and Biophysical Research Communications 418 (2012) 512–517 513
CHFR (Checkpoint with FHA and RING finger domains) is one of
the E3 ligases, which is known to be a tumor suppressor and play
an essential role in cell cycle control and tumorigenesis [16,17]. In
addition, CHFR interacts with helicase-like transcription factor
(HLTF), which belongs to the SWI/SNF family, and regulates its
stability and functions by ubiquitination [18]. Thus, it appears that
CHFR affects chromatin structure via interaction with chromatin
remodeling factors. Here, we report that CHFR interacts with the
BRG1, SNF5, and BAF60a components of the SWI/SNF-like BAF
complex and ubiquitinates them to mark them for degradation
through a proteasome-mediated pathway. We also report that
SRG3/mBAF155 stabilizes these components by blocking their
interaction with CHFR.
2. Materials and methods

2.1. Plasmid constructs

For cloning of plasmids used in transfection, the cDNAs for mur-
ine SRG3, BRG1, SNF5, and BAF60a were inserted into the pCAGGS or
pCAGGSBS vector with N-terminal FLAG or Myc tag. The mutants of
SNF5 were PCR-amplified with appropriate primers for FLAG-SNF5
(1–319), -SNF5 (1–245), and -SNF5 (1–185 + Rpt2) and inserted into
the pCAGGSBS vector. Each construct was tagged with N-terminal
FLAG epitope. The pCDNA3-Myc-CHFR plasmid construct [19] and
HA-Ubiquitin plasmid construct were generously provided by JH,
Seol (Seoul National University, Seoul, Korea) and CH, Chung (Seoul
National University, Seoul, Korea), respectively.

2.2. Cell culture and transient transfection

COS-1 cells and 293T cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, WelGENE) containing 10% fetal bovine
serum (FBS, WelGENE). NIH3T3-U6 and NIH3T3-U6-shSRG3 stable
cell lines were maintained in DMEM containing 10% bovine calf
serum (BCS, HyClone). All the transfection experiments were
performed with Lipofectamine 2000 (Invitrogen), CaPO4-method
or polyethyleneimine (PEI) according to the manufacturer’s
instructions. All cells were split into 60 mm dishes to 70–80%
confluency at 24 h before transfection. Appropriate control empty
vectors were supplemented to adjust the total amounts of DNA
in each experiment. Cells were harvested after 48 h of incubation.
Before the harvesting, the cells were treated with 20 lM of MG132
(A.G. Scientific, INC.) for 6 h.

2.3. Antibodies, immunoprecipitation, and immunoblotting

For immunoprecipitation experiments, cells were lysed in buf-
fer X (100 mM Tris–Cl pH 8.5, 250 mM Nacl, 1% NP-40, 1 mM EDTA,
2 mg/ml BSA) and the proteins were immunoprecipitated with
specific antibodies as previously described [20]. For immunoblot
analysis, proteins were subjected to SDS–PAGE and transferred to
immobilon-P membrane (Millipore). Antibodies of anti-FLAG
(M2, Sigma), anti-Myc (9E10, Roche Applied Science), anti-HA
(HA-7, Sigma), and anti-b-actin (AC-15, Sigma) were purchased
commercially. Antisera against SRG3 were raised from rabbits in
our laboratory [20].

2.4. In vitro ubiquitination assay

For in vitro ubiquitination assay, FLAG-BRG1, FLAG-SNF5 or
FLAG-BAF60a translated in vitro by using TNT T7 quick coupled
system (Promega, L1170) was incubated at 37 �C for 0 or 30 min
with E1 (0.5 lg), E2 (UBCH5a, 0.5 lg), ubiquitin (10 lg), 1 mM
DTT, and 5 mM ATP in the presence or absence of E3 (His-CHFR,
7 lg) as previously described [19]. After the indicated times, each
sample was analyzed by immunoblotting with anti-SNF5, -BAF60a,
or -BRG1 antibodies.

3. Results

3.1. Major components of the SWI/SNF-like BAF complex interact with
CHFR

BRG1, SNF5, and BAF60a are degraded by a proteasome-medi-
ated degradation pathway [6]. The degradation of BRG1, SNF5,
and BAF60a was inhibited by treatment with the potent protea-
some inhibitor MG132, and SNF5 protein was poly-ubiquitinated
[6]. We tested whether BAF60a and BRG1 are also poly-ubiquiti-
nated in the presence of MG132 (Fig. 1A and B). Significant
increases in BAF60a-ubiquitin and BRG1-ubiquitin conjugates
were detected in the presence of MG132. These results show that
BAF60a and BRG1, as well as SNF5, are ubiquitinated and regulated
by a proteasome-mediated degradation pathway.

CHFR is known to function as a mitotic checkpoint protein and
as an ubiquitin ligase for HLTF [18,21]. These results suggested the
possibility that CHFR may function as an E3 ubiquitin ligase for the
components of the SWI/SNF-like BAF complex. Therefore, we ana-
lyzed the interaction between the components of the mammalian
SWI/SNF-like BAF complex and CHFR by immunoprecipitation.
The expression vectors of FLAG-tagged BRG1, SNF5, BAF60a, or
SRG3/mBAF155 (hereafter referred to as SRG3) were co-transfected
with Myc-CHFR expression vector into COS-1 cells, and cell lysates
were immunoprecipitated with anti-FLAG or anti-Myc antibodies.
As shown in Fig. 1C–F, BRG1, SNF5, and BAF60a were co-immuno-
precipitated with CHFR, whereas SRG3 did not interact with CHFR
at all. These results suggest that BRG1, SNF5, and BAF60a, but not
SRG3, are the substrates of CHFR for ubiquitination.

3.2. CHFR induces ubiquitination of major components of the SWI/SNF-
like BAF complex

We further examined whether CHFR actually induces ubiquiti-
nation of the components of the SWI/SNF-like BAF complex, both
in vitro and in vivo. For the in vitro ubiquitination assay, we incu-
bated FLAG-tagged BRG1, SNF5, or BAF60a, which were translated
in vitro, with or without CHFR for the indicated times. As shown in
Fig. 2A–C, the ubiquitination of BRG1, SNF5, or BAF60a increased
when these proteins were incubated with CHFR for 30 min. To
confirm that CHFR induces ubiquitination in vivo, 293T cells were
co-transfected with FLAG-SNF5 and HA-Ubiquitin expression vec-
tors, with or without Myc-CHFR expression vector, and cell lysates
were immunoprecipitated with anti-FLAG antibody (Fig. 2D). In the
presence of CHFR, the SNF5-ubiquitin conjugates significantly
increased, indicating that CHFR induces the ubiquitination of
SNF5 in vivo.

Next, we investigated whether CHFR can increase the degrada-
tion of its substrates, BRG1, SNF5, and BAF60a. 293T cells were
co-transfected with FLAG-BRG1, -SNF5, or -BAF60a expression
vector together with the Myc-CHFR expression vector (Fig. 2E–H).
CHFR down regulated the stability of these components in a dose-
dependent manner. In the presence of MG132, the protein levels
were restored to those at which CHFR was not overexpressed. These
findings indicate that CHFR increases the degradation of BRG1,
SNF5, and BAF60a through the ubiquitination-proteasome-medi-
ated degradation pathway. However, SRG3 protein was not affected
by CHFR overexpression at all. As described previously, unlike other
components, SRG3 did not interact with CHFR. Thus, CHFR regulates
the stability of the components of the SWI/SNF-like BAF complex by
inducing ubiquitination but does not affect SRG3 level. In addition,
the SNF5-ubiquitin conjugates significantly increased in the



A B

C

E

D

F

Fig. 1. The components of the SWI/SNF-like BAF complex are ubiquitinated and interact with CHFR. (A and B) COS-1 cells were co-transfected with FLAG-BAF60a (A) or FLAG-
BRG1 (B) expression vectors along with HA-Ubiquitin expression vector. After 42 h of incubation, cells were treated with MG132 (20 lM) for 6 h. Whole cell lysates were
immunoprecipitated with anti-FLAG antibody and subjected to immunoblot analysis with anti-HA antibody (upper panel). The membranes were stripped after analysis and
immunoblotted again with anti-FLAG antibody (lower panel). (C–F) FLAG-SNF5 (C), FLAG-BAF60a (D), FLAG-BRG1 (E) or FLAG-SRG3 (F) expression vectors were co-
transfected into COS-1 cells with Myc-CHFR expression vectors. Whole cell lysates were immunoprecipitated with anti-FLAG or anti-Myc antibodies and subjected to
immunoblot analysis with anti-Myc or anti-FLAG antibodies, respectively. The cells transfected with an empty vector were used as control (labeled as ‘Mock’).
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presence of MG132 with CHFR in vivo. These results suggest that
CHFR enhances the degradation of the components of the SWI/
SNF-like BAF complex by inducing their poly-ubiquitination.
3.3. SRG3 can stabilize the SWI/SNF-like BAF complex by interfering
with CHFR

Since SRG3 and CHFR have opposite roles in stabilizing the sub-
units of the SWI/SNF-like BAF complex, it is likely that SRG3 inhib-
its the activity of CHFR for regulation of protein stability of those
components. To verify this, we co-transfected BRG1, SNF5, or
BAF60a expression vectors together with increasing amounts of
CHFR expression vector and a fixed amount of SRG3 expression
vector into 293T cells and analyzed the protein levels of each com-
ponent by immunoblot analysis. As shown in Fig. 3A–C, the protein
levels of BRG1, SNF5, and BAF60a were downregulated by CHFR
expression but were maintained in the presence of SRG3, although
the level of CHFR was not significantly changed. These results sug-
gest that the degradation of the components of the SWI/SNF-like
BAF complex induced by CHFR is inhibited by SRG3 expression.
We further examined whether the protein stability and ubiquitina-
tion of BAF60a is affected by Srg3 knockdown. The established
NIH3T3 cell line stably expressing small hairpin RNA against Srg3
and its control cell line [22] were co-transfected with FLAG-BAF60a
expression vector and HA-Ubiquitin expression vector (Fig. 3D).
BAF60a level was decreased by knockdown of Srg3 and restored
by MG132 treatment. Cell lysates were immunoprecipitated with
anti-FLAG antibody and then immunoblotted with anti-HA anti-
body for detecting ubiquitinated BAF60a proteins. In the presence
of MG132, the ubiquitination of BAF60a was increased by Srg3
knockdown. Thus, SRG3 stabilizes BAF60a by inhibiting the ubiqui-
tination of BAF60a, which is induced by CHFR.
3.4. Rpt2 region of SNF5 is the CHFR-interacting region

Alignment analysis of SNF5 and its homologs revealed that
SNF5 has 2 highly conserved domains, namely, repeat 1 (Rpt1)
and repeat 2 (Rpt2), and 1 moderately conserved domain, namely,
homology region 3 (HR3) [23,24]. To identify which regions of
SNF5 are important for the interaction with CHFR, we generated
several deletion mutants of SNF5 (Fig. 4A). FLAG-tagged wild-type
SNF5 and its mutants were co-expressed with Myc-CHFR in
COS-1 cells, and cell lysates were immunoprecipitated with anti-
FLAG antibody and immunoblotted with anti-FLAG and anti-Myc
antibodies (Fig. 4B). The HR3 deletion mutant of SNF5 [SNF5
(1–319)] interacted with CHFR, but the Rpt2 and HR3 deletion
mutant of SNF5 [SNF5 (1–245)] did not. In addition, when the
Rpt1 region was replaced by the Rpt2 region [SNF5
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Fig. 2. CHFR enhances the degradation of the SWI/SNF-like BAF complex in vitro and in vivo by inducing its ubiquitination. (A–C) For in vitro ubiquitination assay, in vitro
translated FLAG-SNF5 (A), FLAG-BAF60a (B) or FLAG-BRG1 (C) were incubated with E1, E2 (UBC-5Q), ubiquitin, ATP, DTT, protease inhibitor, and His-CHFR for the indicated
times at 37 �C. After incubation, the samples were immunoblotted with anti-SNF5, -BAF60a, or -BRG1 antibodies. (D) 293T cells were co-transfected with FLAG-SNF5 and HA-
Ubiquitin expression vectors, and treated with MG132 (20 lM) or vehicle for 6 h. After 48 h of incubation, whole cell lysates were subjected to SDS–PAGE and immunoblotted
with anti-Myc or anti-FLAG antibodies (left panel). Also, the cell lysates were immunoprecipitated with anti-FLAG antibody and subjected to SDS–PAGE, and immunoblotted
with anti-HA antibody (right, upper panel) or anti-FLAG antibody (right, lower panel). (E–H) 293T cells were co-transfected with FLAG-SNF5 (E), FLAG-BAF60a (F), FLAG-BRG1
(G), or FLAG-SRG3 (H) expression vectors along with increasing amount of Myc-CHFR expression vector. Cells were treated with MG132 (20 lM) for 6 h and whole cell lysates
were analyzed by immunoblot analysis with anti-Myc and anti-FLAG antibodies.
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(1–185 + Rpt2)], the deletion mutant interacted with CHFR. Taken
together, these results suggest that SNF5 interacts with CHFR
through the Rpt2 region of SNF5.

4. Discussion

Post-translational modification of proteins by ubiquitin ligase is
a central regulator in a variety of cellular processes. The SWI/SNF-
like BAF complex is a major transcriptional regulator, and therefore
it needs to be carefully regulated. SRG3/mBAF155 has been found
to play a role as a scaffold for other components of the complex
[6], enabling the complex to function efficiently when required.
We demonstrated that the major components of the complex
BRG1, SNF5, and BAF60a were stabilized by ectopic expression of
SRG3 in vitro. Furthermore, BAF155, a human homolog of SRG3,
has been reported to mediate the stabilization of BAF57 expression
[9]. From our results, we concluded that BRG1, SNF5, and BAF60a
were ubiquitinated and degraded via the 26S proteasome-medi-
ated pathway [6]. However, the identity of the ubiquitin ligases in-
volved in this process has been unknown. Recent studies have
shown that E3 ligases are important for the regulation of the
SWI/SNF-like BAF complex. TRIP12 interacts with BAF57 and ubiq-
uitinates it [9]. Unkempt, another ubiquitin ligase, is involved in
BAF60b ubiquitination in a Rac1-dependent manner, which in-
creases the degradation of BAF60b but not of BAF60a or BAF60c
[15]. Here, we show that CHFR, an E3 ubiquitin ligase, ubiquiti-
nates and directs BRG1, SNF5, and BAF60a to a proteosomal degra-
dation pathway.

CHFR was found to associate with several chromatin remodel-
ing factors, which control chromosome stability, and to function
as a tumor suppressor. CHFR ubiquitinates and negatively regu-
lates histone deacetylase 1 (HDAC1), promoting p21 gene expres-
sion to induce p21-dependent cell cycle arrest [19]. It also
synergistically maintains genomic stability with another E3 ubiq-
uitin ligase, ring finger protein 8 (RNF8), and inhibits tumorigene-
sis by modulation of histone modifications and suppression of
ataxia telangiectasia mutated (ATM) kinase activation [25]. CHFR
and RNF8 double-knockout mice showed low H2A and H2B ubiqui-
tination, H4K16 acetylation in thymocytes and suppressed ATM
activation in response to DNA damage response, thereby causing
T-cell lymphoma to develop. CHFR functions as a regulator control-
ling the stability of HLTF, which belongs to the SWI/SNF chromatin
remodeling complex family [18]. All these results indicate that
CHFR is involved in the regulation of chromatin structure by mod-
ulating histone modifications and/or ubiquitinating several differ-
ent chromatin remodeling proteins.

The SWI/SNF-like BAF complex has been shown to have the
activity of a tumor suppressor. It physically interacts with Rb and
mediates Rb-mediated cell cycle arrest [26]. In addition, SNF5 re-
presses cyclin D1 expression by recruiting the HDAC complex to
its promoter [27,28]. The SWI/SNF-like BAF complex also associates
with BRCA1 orc-Myc [29,30] and controls p53-mediated transcrip-
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Fig. 3. SRG3 can stabilize the SWI/SNF-like BAF complex by interfering with CHFR. (A–C) FLAG-SNF5 (A), FLAG-BAF60a (B), or FLAG-BRG1 (C) expression vectors were co-
transfected into 293T cells along with increasing amount of Myc-CHFR expression vector in the absence or presence of FLAG-SRG3 expression. After 48 h of incubation, whole
cell lysates were analyzed by immunoblot analysis with anti-FLAG and anti-Myc antibodies. (D) NIH3T3-U6 control and NIH3T3-U6-shSRG3 stable cell lines were co-
transfected with FLAG-BAF60a and HA-Ubiquitin expression vectors. After 42 h of incubation, cells were treated with MG132 (20 lM) or vehicle for 6 h. Whole cell lysates
were immunoblotted with anti-FLAG or anti-SRG3 antibodies (left panel). Also, the cell lysates were immunoprecipitated with anti-FLAG antibody and subjected to SDS–
PAGE, and immunoblotted with anti-HA antibody (right panel).
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Fig. 4. Rpt2 region of SNF5 is CHFR-interacting region and responsible for the
degradation of SNF5 by CHFR. (A) The schematic representation of deletion mutants
of SNF5 is depicted. The Rpt1, Rpt2, and HR3 regions are indicated with solid black
box, gray box, and white box, respectively. Each SNF5 mutant was tagged with FLAG
epitope (not shown). (B) The interactions between deletion mutants of SNF5 and
CHFR were analyzed by immunoprecipitation. COS-1 cells were co-transfected with
FLAG-tagged wild type or mutant SNF5 expression vectors with Myc-CHFR
expression vector. After 48 h of incubation, whole cell lysates were immunopre-
cipitated with anti-FLAG antibody and subjected to SDS–PAGE, and immunoblotted
with anti-Myc and anti-FLAG antibodies.
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tional activity, which regulates cell cycle arrest [22,31]. Some stud-
ies have shown that inactivation of SNF5 result in a failure of cell cy-
cle arrest caused by p53 defects [32,33]. SRG3 was also shown to
function as a tumor suppressor by modulating p21WAF1/CIP1 expres-
sion [22].

In contrast, other studies have shown that the expression of the
SWI/SNF subunits is maintained in human tumor cells. The in-
crease in BRG1 level is associated with enhanced tumor cell growth
and invasion in human gastric and prostate cancer [34,35]. BAF57
activity is maintained in prostate cancer while supporting andro-
gen receptor (AR) activity; BAF57 inhibitory peptide sufficiently
blocks androgen-dependent prostate cancer cell proliferation in
AR-positive cells [36,37]. These results make it clear that the robust
expression of subunits of the SWI/SNF-like BAF complex can in-
duce cancer cell growth and invasion in a cell context-dependent
manner. The pathway involved in the maintenance of expression
of the SWI/SNF-like BAF complex in several cancer cells remains
unknown. Therefore, it is crucial to find the mechanism by which
the protein level of the SWI/SNF-like BAF complex is regulated.
Thus, it is notable that CHFR, a tumor suppressor, regulates the
ubiquitination and degradation of the SWI/SNF chromatin remod-
eling proteins. It is conceivable that CHFR functions as a tumor
suppressor also by reducing the expression level of the compo-
nents of the SWI/SNF-like BAF complex in a context-dependent
manner with implications for the understanding of epigenetics of
cell cycle control and potentially, cancer pathogenesis. This
hypothesis needs to be investigated further.
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