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BRCA1 proteins regulate growth of ovarian cancer cells by
tethering Ubc9

Yunlong Qin1, Jingyao Xu?, Kartik Aysolal, Gabriela Oprea®, Avinash Reddy?, Roland Matthews?, Joel Oko-
li2, Alan Cantor3, William E Grizzle3, Edward E Partridge?, E Shyam P Reddy?, Charles Landen4, Veena N
Rao?

1Cancer Biology Program, Department of OB/GYN; 2Department of Surgery Morehouse School of Medicine, Georgia
Cancer Center for Excellence, Grady Health System, Atlanta, GA 30303, USA; 3Department of Pathology, University of
Alabama at Birmingham, 703 19t Street South, Birmingham, AL 35294-0007, USA; “Department of Obstetrics &
Gynecology, Division of Gynecological Oncology, 618 20t Street South, University of Alabama at Birmingham, Bir-
mingham AL 35233-7333, USA; SEmory University School of Medicine, Atlanta, GA

Received June 27, 2012; accepted August 5, 2012; Epub August 20, 2012; Published September 15, 2012

Abstract: Mutation in the BRCA1 gene is associated with increased risk for hereditary breast and ovarian cancers. In
sporadic ovarian tumors, BRCA1 dysfunction is thought to be common. BRCA1 is a nuclear-cytoplasm shuttling pro-
tein. Our group has previously reported that BRCA1 proteins, unlike K109R and cancer-predisposing mutant C61G
BRCAL1 proteins, bind the sole SUMO E2-conjugating enzyme Ubc9. In this study, we examined the result of altered
Ubc9 binding and knockdown on the sub-cellular localization and growth inhibitory function of BRCA1 proteins in
ovarian cancer cells. Using live imaging of YFP, RFP-tagged BRCA1 and BRCA1a proteins, our results show enhanced
cytoplasmic localization of K109R and C61G mutant BRCA1 proteins in ES-2, NIHOVCAR3 and UWB 1.289 ovarian
cancer cells. Down-regulation of Ubc9 in ovarian cancer cells using Ubc9 siRNA resulted in cytoplasmic localization of
BRCA1 and BRCA1a proteins. These mutant BRCAla proteins were impaired in their capacity to inhibit growth of ES-2
ovarian cancer cells. Several ovarian cancer cells, including a BRCA1-null ovarian cancer cell line, showed higher
levels of expression of Ubc9. This is the first study demonstrating the physiological link between loss of Ubc9 binding
and loss of growth suppression of disease-associated mutant BRCAla proteins in ovarian cancer cells. BRCA1, by
turning off or on Ubc9 binding, regulates growth of ovarian cancers.
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Introduction

Epithelial ovarian cancer (EOC) is the most le-
thal gynecologic cancer, and up to 10% are
caused by germ line mutations in BRCA1 [1, 2].
In sporadic EOC, BRCA1 mutations are rare, but
reduced expression or aberrant subcellular lo-
calization of BRCA1 is common [3-5]. Sporadic
EOC display BRCA1 dysfunction and have close
similarities to BRCA1 germline mutation-related
disease in terms of survival and sensitivity to
platinum drugs, which strongly suggests a com-
mon underlying mechanism of therapies, mak-
ing traditional chemotherapy the only modality
of treatment. Currently, PARP inhibitors are be-
ing used in clinical trials, but their effect is lim-
ited to some BRCA1 mutated EOC, but not spo-

radic ovarian cancers [6]. Therefore, there is a
critical need for better targeted therapies for
ovarian cancers. We have identified two major
splice variants of BRCA1, namely BRCAla/p110
and BRCA1b/p100 [7, 8], which are expressed
at reduced levels in ovarian tumors compared
to normal cells [9-12]. We found BRCAla pro-
tein to induce apoptosis and inhibit in vivo tu-
mor growth of hormone-independent ES-2 ovar-
ian cancer cells, but the mechanism of tumor
suppression is not yet known [13, 14]. BRCA1
and its isoforms are nuclear proteins that have
several functional domains, an N-terminal RING
finger domain that interacts with several pro-
teins and two BRCA1 C-terminal domains. We
have found BRCA1, BRCAla and BRCA1b pro-
teins to be localized in the mitochondria, and
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their nuclear-cytoplasmic shuttling to be a regu-
lated process [7, 12, 15]. BRCA1 nuclear trans-
port is regulated by the action of nuclear local-
ization signal (NLS) and nuclear export signals
(NES) located in the RING domain that mediates
nuclear export via association with BARD1 [16].
The BRCA1 delta 11 isoform, which lacks NLS,
also enters the nucleus via the RING-domain
mediated BARD1 import pathway [17]. The
RING domain of BRCA1, in complex with BARD1,
mediates an E3 Ubiquitin ligase activity on ER-a
in-vitro [18, 19]. Recent findings using an Ubig-
uitin ligase-deficient BRCA1 126A mutant sug-
gested that the Ubiquitin ligase activity is dis-
pensable for both genomic stability as well as
homology-directed repair of double-strand DNA
breaks, but is required for repression of ER-a
activity [20, 21].

Post-translational modifications of proteins play
an important role in regulating gene expression
[22]. SUMO (Small Ubiquitin-like modifier) modi-
fication of proteins affect several functions like
stability, localization, protein-protein interac-
tions and transcriptional regulation [23-25]. The
SUMO modification pathway was shown to be
involved in BRCALl response to DNA damage
and transcriptional repression [26, 27]. We
have shown that the amino-terminal domain of
BRCA1, BRCAla and BRCA1b proteins bind to
SUMO-E2-conjugating enzyme Ubc9 and regu-
late ER-a activity by promoting its degradation in
vivo [28]. This work suggested that there is a
relationship between the SUMO and Ubiquitin
pathways, similar to the Ubiquitin ligase RNF4,
by highlighting the biochemical function of
BRCA1 as a putative SUMO-1 and Ubc9-
dependent E3 Ubiquitin ligase for ER-a0 SUMO
conjugates [29, 30]. Ubc9 binding site muta-
tions, as well as cancer-predisposing mutation
in the BRCA1 RING domain (C61G), disrupted
the ability to modulate Ubc9-mediated estrogen-
induced ER-a transcriptional activity in breast
cancer cells [28] but did not disrupt SUMO-1
binding [26] nor auto ubiquitination activity of
BRCA1 [28]. Both BRCA1/BRCAla K109R and
disease associated C61G mutants, which are
localized mainly in the cytoplasm, fail to inhibit
the growth of breast cancer cells [31]. Ubc9 has
been shown to play an important role in both
cancer progression and resistance to chemo-
therapy [32-36]. In fact, Ubc9 was found to act
as both a positive and negative regulator of pro-
liferation and transformation of HMGA1 proteins
[37]. Here, we have further investigated these
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findings and have studied the effect of altered
Ubc9 binding and knock-down on the subcellu-
lar localization and growth inhibitory function of
BRCA1 proteins in ovarian cancer cells.

Materials and methods
Expression constructs

Full length BRCAla, BRCAla Mut #1, BRCAla
Mut #4, BRCA1 NLS-m and Ubc9 were cloned
3’ of the RFP or YFP [12] or pCDNA3 [28] vec-
tors as described previously [28]. Point muta-
tions were generated as described previously
[28].

Cell culture

ES-2, NIHOVCAR3, MCF10A, UWB1.289 and
SKOV3 cells were obtained from American Type
Culture Collection (Rockville, MD, USA) and culti-
vated as described previously [14, 38].

Western blot analysis

The extracts from ES-2, NIHOVCAR3, MCF10A,
SKOV3 and UWB1.289 cells were separated on
4-20% SDS-PAGE gradient gel and processed
for western blotting using Ubc9 antibodies as
previously described [31].

Antibodies and reagents

The antibodies used in this study were MS110
ascites (Ab1, EMD Chemicals), Ubc9 N-15, beta-
Actin C4, antibodies (Santa Cruz Biotechnology).

Immunoflourescence microscopy and live
imaging

To analyze the subcellular localization ES-2,
NIHOVCAR-3 and UWB1.289 cells were seeded
into 6-well plates a day before transfection with
RFP or YFP tagged BRCA1, BRCAla and their
respective mutant plasmids. The DNA was
stained with Hoechst dye and, after 24h, the
cells were visualized under a fluorescent micro-
scope (Olympus, 20X lens). Similar experiments
were performed in the presence of control or
Ubc9 siRNA as described previously [31].

Growth suppression studies

The growth suppression assay using ES-2 cells
was done as previously described [14].
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SiRNA transfection

NIHOVCAR-3 and ES-2 cells were seeded into
culture dishes. Ubc9 SMART pool siRNA (50nM)
or 50nM control RISC-free siRNA (Dharmacon,
Lafayette, Co, USA) was diluted in serum free
medium. HiPerFect transfection reagent
(Qiagen) was added to the diluted siRNA and
mixed by vortexing. It was allowed to sit at room
temperature for 5-10 minutes then added drop
wise to the cells and incubated in normal
growth medium for 24 hours. The cells were
then visualized under fluorescence microscope
(Olympus, 4X lens).

Results and discussions

Mutant BRCA1 proteins are localized in the
cytoplasm of ovarian cancer cells

BRCA1 is a nuclear-cytoplasm shuttling protein,
and many cancer-associated mutations have
altered subcellular localization of BRCA1 protein
[39, 40]. Regulation of BRCA1 nuclear import
requires the combined action of NLS [17] and
interaction with BARD1, a RING domain binding
protein, which masks the NES [17]. BRCAla
and BRCA1b proteins, both of which lack the
two NLS, are still imported to the nucleus, sug-
gesting an alternate mechanism for nuclear
import. Due to our previous results showing the
lack of binding of BRCA1/ BRCAla Mut #1 (K
109 to R) and disease associated Mut #4 C61G
to Ubc9, we wanted to study the effect of these
mutations on the subcellular localization of
BRCA1 and BRCAla proteins in ovarian cancer
cells. We have examined the sub-cellular local-
ization using RFP-epitope tagged BRCA1la,
BRCAla Mut #1 and BRCAla Mut #4 after tran-
sient transfection into ES-2 (Figure 1A) and NI-
HOVCAR3 ovarian cancer cells (Figure 1B) and a
BRCA1 mutant cell line UWB1.289 (Figure 1C).
UVB1.289 is a BRCA1-null ovarian cancer cell
line obtained from a papillary serous tumor
[38]. This cell line carries a germline BRCA1
mutation within exon 11 and has a deletion of
wild-type allele. We observed exclusive cytoplas-
mic localization of both BRCAla Mut #1 and
Mut #4 unlike BRCAla which was both in the
nucleus as well as cytoplasm of ES-2, NI-
HOVCAR3 and UWB1.289 cells (Figure 1). These
results suggest that Ubc9 may be required for
nuclear import of BRCAla proteins that lack
NLS. Previous work from Dr. Henderson’s group
suggested that both NLS and RING domain se-

542

qguences are necessary for nuclear localization
[17] of BRCA1 proteins. To demonstrate that
the BRCA1 NH2-terminal domain is required for
Ubc9-mediated nuclear import, we tested Ubc9
for its effect on nuclear localization of BRCA1-
NLS mutants. In transfected NIHOVCARS3 cells,
approximately 60% of BRCA1-NLS mutant was
found in the cytoplasm (Figure 1D). Co-
transfection with Ubc9 enhanced nuclear local-
ization of BRCA1-NLS mutant and 20% was
found in the cytoplasm (Figure 1D). These re-
sults indicate that Ubc9 similar to BARD1 func-
tions as a new chaperone promoting the nu-
clear entry of BRCA1 and its splice variants.

Ubc9 knockdown results in cytoplasmic localiza-
tion of endogenous and exogenous BRCA1 pro-
teins in ovarian cancer cells

If Ubc9 is needed for nuclear localization of
BRCA1 and BRCA1la proteins, then knockdown
of Ubc9 in ovarian cancer cells should result in
cytoplasmic localization of endogenous BRCA1
proteins. We observed cytoplasmic localization
of full length RFP BRCAla, YFP-BRCA1 and en-
dogenous BRCA1 proteins in ES-2 and NI-
HOVCAR3 cells that has been treated with
siRNA to Ubc9 by live imaging and im-
munoflourescence analysis using BRCAL1 anti-
body (Figure 2A, B, C, D). These results confirm
the requirement of Ubc9 in the nuclear localiza-
tion of BRCA1 and BRCA1la proteins. These re-
sults demonstrated a role for Ubc9 in the nu-
clear import of BRCA1 proteins in ovarian can-
cer cells.

Ubc9 binding BRCAla mutants are impaired in
growth inhibition of ovarian cancer cells

BRCA1/1a proteins inhibit the growth of human
breast and ovarian cancer cells [14, 41-45]. By
subjecting BRCA1la, their corresponding Mut#1,
and cancer-predisposing Mut#4 C61G to colony
suppression assays using ES-2, a hormone-
independent ovarian cancer cell, we were able
to study the consequence of altered Ubc9 bind-
ing on the growth suppressor function of
BRCAla proteins in ovarian cancer cells [14].
BRCAla Mut#1 and BRCAla Mut#4 lost their
capacity to suppress growth of ES-2 ovarian
cancer cells (Figure 3). These results are consis-
tent with the notion that a direct association of
BRCA1la proteins with Ubc9 is critical for inhibit-
ing the growth of ovarian cancer cells.

Am J Cancer Res 2012;2(5):540-548



BRCA1a inhibits growth of ovarian cancer cells by tethering Ubc9

A ES-2 B NIH:OVCAR-3
Hoechst Merge RF Hoechst Merge

RFP
.. -
BRCAla

Mut #1

Bl;ﬁ”t\z BRCAla
Mut #4

C

BRCAla

~

BRCAla

BRCAla
Mut #1

Hoechst Merge

RFP
BRCAla
Mut #4

BRCAla
Mut #1

D NIH:OVCAR3 Immunofluorescence
anti-BRCA1/
Alexa 488 DAPI Merge

oo YFP-BRCAL-NLSm

% of NIH:OVCAR3 cells
(n=130)

0
x Ne <
YFP-BRCA1-NLSM
+Ubc9

3 50 I
0

~ ¢ <

YFP-BRCAL1
NLSm
YFP-BRCAL1
NLSm + Ubc?

Figure 1. Ubc9 is required for nuclear localization of BRCA1 and BRCA1la proteins in ovarian cancer cells. The subcel-
lular localization of BRCA1, BRCAla and its mutants in various ovarian cancer cells by immunoflourescence and live
imaging. A, ES-2 cells. B and D. NIHOVCARS cells and C. UWB1.289 cells. ES-2 and NIHOVCAR3 cells were seeded
into 6-well plates and transfected with pRFP-BRCAla or pRFP-BRCAla Mut#1 or pRFP-BRCAla Mut#4 or YFP-BRCA1
(Yellow fluorescent protein) NLSm with and without Ubc9 using Lipofectamine 2000 (Invitrogen) or X-tremeGENE 9
DNA transfection reagent (Roche). The nuclei were visualized with DNA staining dye Hoechst 24 hours after transfec-
tion. The live images of cells were taken by fluorescent microscope (20X) (Olympus). For immunoflourescence twenty
four hours later, the cells were fixed in methanol and probed with BRCA1 antibody (Santa Cruz, Ab1 1/100) followed
by Alexa Fluor 488 labeled secondary antibody (Invitrogen, 1/100) staining as described [31]. The nuclei were visual-
ized by 4, 6-diamidino-2-phenylindole (DAPI) staining. The images were taken using fluorescent microscope (100X,
oil)) (Olympus). Graphs show the proportion of transfected NIH: OVCARS3 cells showing predominantly nuclear (N),
nuclear/cytoplasmic (NC), cytoplasmic (C) BRCAL NLS (Nuclear Localization Signal) mutant. Bars represent the mean
+ SE of at least two experiments.
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Figure 2. Effect of Ubc9 knockdown on subcellular localization of endogenous and YFP and RFP tagged BRCA1 and
BRCA1la proteins in ovarian cancer cells. Immunoflorescence (A) and (B) or live imaging using BRCA1 Ab1 antibody on
ES-2 and NIHOVCARS cells transfected with control or Ubc9 siRNA and YFP-BRCA1 (C) RFP-BRCAZla (D). The nuclei
were visualized with DAPI or blue fluorescent Hoechst dye staining using a fluorescent microscope (20X or 100X).
Western blot analysis of Ubc9 expression in siRNA treated ES-2 and NIHOVCARS3 cells. The control and Ubc9 siRNA
treated ES-2 and NIHOVCARS3 cells were lysed and probed with Ubc9 antibody. B-Actin was used as an internal con-
trol. The stoichiometry of Ubc9 protein levels is shown. The signal of Ubc9 protein band was quantified using software
MultiGauge and the values were used to plot efficiency of Ubc9 knockdown in ES-2 and NIHOVCAR3 cells.
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Figure 3. Altered Ubc9 binding results in loss of growth suppression by BRCAla in ovarian cancer cells. ES-2 cells
were transfected with pPCDNA3 or pCDNA3-BRCAl1a or pCDNA3-BRCAla Mut#1 or pCDNA3-BRCAla Mut#4 and se-
lected with G418 and the colonies were stained with crystal violet and counted as described [14]. The number of
colonies obtained by pCDNA3 was considered as 100%. Each experiment was repeated 3 times and the bars shown
represent s.d.
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Figure 4. Ubc9 is expressed at high levels in several ovarian cancer cells lines
and UWB1.289 ovarian cancer cells and MCF10A normal mammary epithelial
cells. Expression of Ubc9 in ES-2, NIHOVCAR3, and SKOV3 cells by western blot
analysis. Protein concentrations were normalized using B-actin (A). Working hypo-
thetical model showing how BRCA1/1a, by binding to Ubc9 inhibits the growth of
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and integrate both positive and negative signals
for proliferation and transformation [37]. Re-
cently, Ubc9 was shown to promote cell inva-
sion and metastasis of breast cancer cells [48]
implicating a role in tumorigenesis. Ubc9 levels
have been shown to correlate with drug resis-
tance in some ovarian cancer cells [35]. Since
BRCA1 mutant proteins do not bind Ubc9 and
are transforming in breast cancer cells [38], we
wanted to test if the inability to bind Ubc9 could
result in aberrant Ubc9 expression as observed
previously in tumors. We studied Ubc9 expres-
sion in MCF10A, a normal mammary epithelial
and several other ovarian cancer cells. We ob-
served over-expression of Ubc9Q in ES-2,
UWB1.289 and SKOV3 ovarian cancer cells
compared to normal mammary epithelial cells
(Figure 4A). This is similar to our results ob-
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understanding how
BRCA1 dysfunction results
in ovarian cancer. BRCA1
is a tumor suppressor that
undergoes active nuclear
import and export, which
can provide a regulatory
function [49]. Knowing
that somatic mutations in
BRCA1 are rarely found in
sporadic ovarian cancers,
studying the nuclear-
cytoplasm shuttling of BRCA1 may offer an im-
portant mechanism for regulating its function.
The mistargeting of tumor suppressors like
BRCA1 can have severe consequences on the
normal function of these proteins. Nuclear
transport of proteins can be altered either by
mutations or through post translational modifi-
cations (including phosphorylation, ubiquityla-
tion, glycosylation and sumoylation), which
could prevent the binding of proteins like Ubc9
resulting in non-nuclear distribution of BRCA1
proteins.

Here we are demonstrating for the first time
that both BRCA1/BRCAla K109R and disease
associated C61G mutants, which fail to bind
Ubc9, lack E3 Ubiquitin ligase activity [28] and
growth inhibitory function are localized in the
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cytoplasm of ovarian cancer cells. Knockdown
of endogenous Ubc9 using siRNA resulted in
enhanced cytoplasmic retention of BRCA1 and
BRCAla proteins. Co-expression of Ubc9 in-
duced nuclear accumulation of NLS-deficient
forms of BRCA1 proteins. These results suggest
the existence of a new import pathway involving
Ubc9, which transports BRCA1 proteins to the
nucleus via a piggyback mechanism [38] similar
to BARD1 [17] BRCA1 is known to enter the
nucleus by binding to importin alpha, which sub-
sequently binds importin beta as well as
through interaction with BARD1 [49]. Ubc9 does
not bind importin alpha nor beta proteins [50].
Recently, importin 13 was identified as a novel
importin beta-related transport receptor that
mediates nuclear import of Ubc9 Vvia
RanGTPase system [50]. We can propose the
existence of a new nuclear import pathway for
BRCA1 proteins involving the Ubc9: importin 13
and BRCAZla protein may use only this mecha-
nism for nuclear transport [38]. We have found
elevated levels of expression of Ubc9 in BRCA1
mutant ovarian cancer cell line UWB1.289 as
well as several ovarian cancer cells compared
to normal mammary epithelial cells (Figure 4A).
These findings agree with others regarding over
expression of Ubc9 in ovarian carcinoma and
breast cancer cells where it promotes invasion
and metastasis [48].

These results suggest a molecular interplay be-
tween BRCA1 and Ubc9 which maintains the
balance of two opposing effects: tumor suppres-
sion or tumorigenesis. BRCA1 deficiency can tilt
this balance resulting in ovarian cancers (Figure
4B). BRCA1 thus functions as a master switch
which by turning off or on Ubc9 binding regu-
lates cell growth. Post translational modification
of BRCA1 proteins could prevent the binding of
BRCA1 to Ubc9 resulting in ovarian cancers. We
can speculate that the nuclear-cytoplasm shut-
tling of BRCA1 protein may provide an important
mechanism for regulating its tumor suppression
function in sporadic ovarian cancers where so-
matic mutations in BRCA1 are rarely found. Fu-
ture efforts will be directed towards developing
targeted drugs that can mimic the function of
BRCA1 proteins to combat BRCAl-associated
ovarian cancers.
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