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The cellular BRCA1 protein level is essential for its tumor suppression activity and is tightly regulated
through multiple mechanisms including ubiquitn-proteasome system. E3 ligases are involved to pro-
mote BRCA1 for ubiquitination and degradation. Here, we identified HUWE1/Mule/ARF-BP1 as a novel
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HUWEI1 its N-terminus degron domain. Depletion of HUWE1 by siRNA-mediated interference significantly
BR,CMA o increases BRCA1 protein levels and prolongs the half-life of BRCA1. Moreover, exogenous expression of
g:gg&ggﬁon HUWET1 promotes BRCA1 degradation through the ubiquitin-proteasome pathway, which could explain

an inverse correlation between HUWE1 and BRCA1 levels in MCF10F, MCF7 and MDA-MB-231 breast can-
cer cells. Consistent with a functional role for HUWE1 in regulating BRCA1-mediated cellular response to
DNA damage, depletion of HUWET1 by siRNA confers increased resistance to ionizing radiation and mito-
mycin. These data indicate that HUWET1 is a critical negative regulator of BRCA1 and suggest a new
molecular mechanism for breast cancer pathogenesis.

© 2014 Published by Elsevier Inc.

1. Introduction

BRCA1 is an important tumor suppressor associated with breast
cancer. It plays critical roles in multiple cellular processes includ-
ing DNA damage repair, the cell cycle, and checkpoint control [1-
3]. Loss of BRCA1 leads to deficiency in the repair of DNA dou-
ble-strand breaks (DSBs) by homologous recombination (HR) and
leads to genomic instability that is associated with transformation.
Germline mutations of BRCA1 strongly predispose women to
breast and ovarian cancer and accounts for a significant proportion
of hereditary breast cancer [4]. However, while a BRCA1 mutation
is rare among sporadic cancers, reduced BRCA1 protein levels is of-
ten detected in breast cancers without a BRCA1 mutation [5,6]. The
underlying mechanisms for this phenomenon are not fully under-
stood. Given the critical roles of BRCA1 in tumor suppression, it is
assumed that reduced BRCA1 protein levels might result in an
insufficient or loss of BRCA1 function, and could therefore contrib-
ute to tumorigenesis by accelerating genomic instability. Thus,
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identification of BRCA1 regulators is important for our understand-
ing the mechanisms underlying breast cancer pathogenesis.

The cellular BRCA1 protein level is tightly controlled through
multiple forms of regulation including both transcriptional and
posttranscriptional mechanisms. First, the human Brcal gene is
transcriptionally regulated [7], and this transcription can be
inhibited by hypermethylation of its promoter, which is often
observed in many types of breast cancer [8]. Second, BRCA1 is reg-
ulated by posttranscriptional modifications such as ubiquitination.
For example, HERC2 and SCFF®%044 have been recently identified as
E3 ligases responsible for BRCA1 ubiquitination and proteolysis
[9,10]. In addition, E2T, an ubiquitin-conjugating enzyme, is also
involved in the regulation of BRCA1 [11]. These findings highlight
an essential role of the ubiquitin-proteasome system in controlling
BRCA1 levels.

The HECT-domain E3 ligase HUWE1 (HECT, UBA and WWE do-
main containing 1) is involved in the ubiquitination and degrada-
tion of multiple proteins, including p53 [12], Mcl-1 [13], N-Myc
[14], Cdc6 [15], TopBP1 [16], Polp [17], and MyoD [18]. HUWE1
plays diverse biological roles and is upregulated in multiple dis-
eases, including breast cancer [19]. HUWET1 is highly expressed
in 80% of breast cancer cell lines, while its expression in normal
breast cells (MCF10A) is low [12]. Previously, we used mass spec-
trometry to determine that HUWE1 resided within the BRCA1-
Merit40/RAP80 complex [20], indicating that BRCA1 might act as
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a novel candidate substrate of HUWE1. To identify a role for
HUWET in regulating BRCA1, in the present study we characterized
the interaction between HUWE1 and BRCA1. Our results demon-
strate that HUWE1 enhances BRCA1 ubiquitination and degrada-
tion and regulates BRCA1 activity in protecting against DNA
damage. These findings elucidate new molecular mechanisms
underlying breast cancer tumorigenesis.

2. Materials and methods
2.1. Plasmids and reagents

Plasmids pcDNA3.1-FH-HUWE1, pEYFP-HUWET1, and pcDNA4-
BRCA1-myc-His/C61Gwere generated by a PCR-based subcloning
strategy using pFastBac-Mule or pcDNA3-HA-BRCA1 plasmids as
templates. pcDNA-ARF-BP1 was provided by Wei Gu (Columbia
University), and pFastBac-Mule was provided by Xiaodong Wang
(University of Texas Southwestern Medical Center). Additional de-
tails are provided in Supplementary Materials and methods.

2.2. Immunoprecipitation, immunostaining, CHX chase assay, and
IR/MMC sensitivity assays

Experimental procedures and details of immunoprecipitation,
immunostaining, Western blotting, the CHX chase assay, and
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IR/MMC sensitivity analyses are provided in Supplementary Materials
and methods.

3. Results
3.1. HUWET interacts with BRCA1

To search for proteins that mediate BRCA1 ubiquitination and
proteasomal degradation, we purified the BRCA1-MERIT40/
Rap80complex as previously described [20], HUWE1 was identified
resided in the complex by mass spectrometry analysis (Supple-
mentary Table S1). To confirm the interaction between HUWE1
and BRCA1, HEK293T cells expressing Flag-HA-HUWE1 protein
were subjected to co-immunoprecipitation assays. HUWE1 co-
immunoprecipitated with anti-BRCA1 antibody, but not control
rabbit IgG (Fig. 1A). The reciprocal co-immunoprecipitation veri-
fied this interaction (Fig. 1B). These results indicate that HUWE1
interacts with BRCA1 in vivo.

To further characterize the interaction between HUWE1 and
BRCA1, we mapped the regions of HUWE1 that are required for
interaction with BRCA1. Plasmids expressing a series of HA-tagged
HUWET1 fragments (F1-5) were constructed (Fig. 1C), and their
ability to associate with full-length BRCA1 was assessed in
HEK293T cells by co-immunoprecipitation following transfection.
BRCAT1 interacted primarily with HUWET1 F3, but not F4, suggesting
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Fig. 1. HUWET interacts with BRCA1. (A) HEK293T cells were transfected with pcDNA3.1-Flag-HA-HUWET, and cell lysates were then subjected to immunoprecipitation (IP)
with control IgG or a-BRCAlantibody, followed by immunoblotting using o-HA antibody to target Flag-HA-HUWET1, or o-BRCA1 to target endogenous BRCA1. (B) The
reciprocal immunoprecipitation/immunoblot was performed. HEK293T cell lysates were subjected to IP with control IgG or o-HUWET1 antibody, followed by immunoblotting
using o-BRCA1 or a-HUWET1 antibodies to target endogenous proteins. (C) To map the region of HUWET1 required for association with BRCA1, a series of deletion plasmids
were constructed. (D) HA-tagged HUWE1 fragments (F1-F5) or full length HUWE1 (FL) was co-expressed with Myc-tagged full-length BRCA1 in HEK293T cells (input). [P was
performed using anti-HA-agarose beads (HA-IPs), followed by immunoblotting with o-Myc to detect BRCA1 or a-HA to detect HUWET1. The black arrow indicates the position
of BRCA1 immunoprecipitated by F3; the gray arrows show a shifted migration of BRCA1 protein immunoprecipitated by full-length HUWE1. (E) To map the region of BRCA1
required for association with HUWE1, HA-tagged BRCA1 fragments were constructed. (F) HA-BRCA1 fragments were co-expressed with Flag-BARD1 and EYFP-HUWET1 in
HEK293T cells (input), and then immunoprecipitated with o-GFP antibody (GFP IPs). Inmunoblotting of BRCA1 and HUWE1 was performed using o-HA and o-GFP antibodies,
respectively. The black arrows indicate the position of the 1-780 BRCA1 fragment immunoprecipitated with HUWET1, while the bracket shows a high molecular weight band

shift. Results are representative of three independent experiments.
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that the 2000-2634 aa region of HUWET is essential to mediate its
interaction with BRCA1 (Fig. 1D, black arrow). This region contains
a nuclear localization signal (NLS) region (2236-2255 aa), and a
52-amino acid, glutamic/aspartic acid-rich domain (2410-
2461 aa) (Fig. 1C). Notably, the BRCA1 protein immunoprecipitated
by full-length HUWET1 displayed a shifted migration (Fig. 1D, gray
arrow), suggesting that BRCA1 might be modified by a mechanism
that is preferentially enacted by full-length HUWE1.

We next mapped the region of BRCA1 required for its interac-
tion with HUWE1. Two HA-tagged BRCA1 deletions (Fig. 1E) were
tested for binding to GFP-tagged HUWE1 (EYFP-HUWET1). Because
NH2-terminal fragments of BRCA1 without BARD1 are unstable in
cells [9,21], BARD1 was cotransfected. HUWE1 immunoprecipi-
tated BRCA1 (1-780) (Fig. 1F, black arrow) but not BRCAIl
(167-780), suggesting that the HUWET1 binding site within BRCA1
is located between amino acid residues 1 and 167. Interestingly,
this region of BRCA1 encompasses a degron domain that mediates
the ubiquitination and instability of BRCA1 [9,22]. The immuno-
precipitated BRCA1 1-780 fragment also showed a high molecular
weight band shift (Fig. 1F, bracket), indicating that HUWE1 may
contribute to a posttranslational modification of BRCA1. Based on
the known function of HUWE1 as an E3 ubiquitin ligase [12-
17,23], this shift is most likely attributed to ubiquitination. These
results suggest that the NLS-containing, acidic amino-rich region
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of HUWE1 (2000-2634 aa) interacts with the degron domain of
BRCA1 and may be associated with its ubiquitination.

3.2. HUWET decreases the stability of BRCA1

Ubiquitination by E3 ligases is often associated with degrada-
tion [24]. To determine whether HUWE1 regulates BRCA1 protein
stability, HUWE1 was expressed exogenously in HEK293T cells,
and levels of endogenous BRCA1 were assessed. BRCA1 levels were
slightly reduced by HUWET1 in a dose-dependent manner (Fig. 2A).
These results were verified in Hela cells by immunofluorescent
microscopy (Fig. 2B). However, the level of ectopic BRCA1 was
not significantly affected in cells co-expressing HUWE1 in 293T
cells (Supplementary Fig. S1). This result may be due to the in-
creased expression of BARD1 caused by BRCA1 over-expression,
which may in turn, have inhibitory effects on HUWET1. Conversely,
knockdown of HUWE1 in MCF-10F cells using two specific siRNAs
resulted in elevated BRCA1 and BARD1 protein levels (Fig. 2C).

To evaluate whether HUWE1 regulates BRCA1 in a
UPS-dependent manner, we determined the effects of HUWE1 on
BRCAT1 protein stability at defined intervals after treatment with
cycloheximide (CHX) to block de novo protein synthesis.
Overexpression of WT HUWET1, not the E3 ligase enzymatic-dead
mutant C4341A [13], accelerated BRCA1 degradation (Fig. 2D).
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Fig. 2. HUWET1 decreases the stability of BRCA1. (A) Dose-dependent degradation of endogenous BRCA1 by HUWE1. HEK293T cells were transfected with 0, 0.8 or 2.0 pg of

Flag-HA-HUWET1 plasmid, followed by immunoblotting with o-BRCA1 or o-HA a
endogenous BRCA1. Forty-eight hours after transfection with EYFP-HUWET1, HeLa
HUWET are circled with a white, dotted line, while DAPI stains all cells. A merged

ntibody. Tubulin is shown as a loading control. (B) HUWE1 expression downregulates
cells were fixed and immunostained with anti-BRCA1 antibody. Cells expressing EYFP-
photo of all three stains is shown. (C) HUWE1 knockdown stabilizes endogenous BRCA1

protein. MCF10F cells were transfected with non-specific siRNA (control), two siRNAs targeting different sites within HUWE1 (siHUWE1-1 and siHUWE1-2). After 72 h, cell
lysates were subjected to immunoblotting with the indicated antibodies. (D) Over-expression of HUWE1 accelerates the degradation of BRCA1. HEK293T cells were
transiently transfected with HA-BRCA1 plasmid alone or together with EYFP-HUWE1 WT or C4341A mutant plasmid. Forty-eight hours post-transfection, cells were treated
with cycloheximide (CHX), and lysates were collected for immunoblotting at the indicated times. (E) siRNA depletion of HUWE1 increases the half-life of BRCA1. MCF-10F
cells were transfected with siRNA and then incubated with CHX for the indicated times. Levels of endogenous HUWE1, BRCA1 and BARD1 were determined by
immunoblotting. Tubulin is shown as a loading control. (F) Levels of BRCA1 in panel E were quantified and normalized to 100% at 0 h CHX. All results are representative of

three independent experiments.
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Fig. 3. HUWE1 promotes BRCA1 ubiquitination. (A) Wild-type, but not C4341A
mutant HUWE1, promotes polyubiquitination of BRCA1. HA-Ub, Flag-HA-HUWE1
WT and C4341A plasmids were co-transfected into HEK293T cells. BRCA1 was
immunoprecipitated under denaturing conditions using o-BRCA1 antibody, and
polyubiquitinated BRCA1 (BRCA1-(Ub)n) and total BRCA1 were detected by
Western blotting with o-HA and a-BRCAlantibodies, respectively. a-Flag is shown
as a control for exogenous HUWET1 expression. (B) HUWE1 promotes polyubiqui-
tination of the BRCA1 C61G mutant. His-Ub, EYFP-HUWE1 and BRCA1-HA C61G
plasmids were co-transfected into HEK293T cells. Following Ni*2-NTApulldown,
ubiquitinated BRCA1 C61G was detected by immunoblotting with a-HA antibody.
Expression of HUWE1 (a-GFP), BRCA1 (a-HA) and tubulin in the input are shown as
control. (C) HUWET1 does not contribute to the ubiquitination of BARD1. HEK293T
cells were transfected and His-V5 tagged BARD1was pulled down with Ni*2-NTA
resin, followed by immunoblotting as indicated. BARD1 (a-V5), HUWE1 (a-GFP)
and tubulin in the input are shown as control. All results are representative of three
independent experiments.

Conversely, BRCA1 was stabilized in MCF10F cells by transfection
with siRNA against HUWE1 (Fig. 2E), leading to an extended
half-life (Fig. 2F). These results demonstrate that HUWE1 promotes
the degradation of BRCA1through UPS.

It is known that BRCA1 associates with BARD1 to form a RING
heterodimer, which is essential for stability [25,26]. Over-expres-
sion of BRCA1 could result in an increase in BARD1 protein, which
in turn could repress the ubiquitination of BRCA1 [7,9]. To avoid
the antagonistic effect of BARD1, we utilized the C61G BRCAI1
mutant that is unable to efficiently form a heterodimer with
BARD1 to examine the effect of HUWE1 on BRCA1 stability

[21,26,27]. Ectopic BRCA1 mutant C61G and EYFP-HUWE1Wt or
C4341A were co-transfected into HEK-293T cells and BRCA1
C61G protein stability was accessed. While BRCA1 C61G was
unstable in cells transfected HUWE1 Wt, but significantly
stabilized in C4341A mutant transfected cells (Fig. S2). This result
suggests HUWE1 preferentially promotes BARD1-uncoupled
BRCA1 for degradation.

3.3. HUWET promotes BRCA1 ubiquitination

Previous studies demonstrate that HUWET causes the degrada-
tion of its substrates through the ubiquitin-proteasome pathway
[12,15,18]. To determine whether HUWE1-dependent downregu-
lation of BRCAT1 is a consequence of BRCA1 ubiquitination, we em-
ployed HUWE1 C4341A mutant, which preserves the ability of
HUWET to bind the substrate but prevents the transfer of an ubiq-
uitin moiety [13]. Denaturing immunoprecipitation using an anti-
BRCA1 antibody revealed that overexpression of WT HUWE1, but
not the C4341A mutant, enhances the polyubiquitination of endog-
enous BRCA1 in HEK293T cells (Fig. 3A).

To verify these findings, we performed Ni+2-NTA pulldown as-
says of BRCAT1 following transfection of His-Ub. BRCA1 associates
with BARD1 to form a RING heterodimer, which represses BRCA1
ubiquitination [25]. To avoid the antagonistic effect of BARD1, we
used a free-state BRCA1 C61G mutant that cannot couple with
BARD1 [21]. Results show that HUWE1 co-expression enhances
the levels of BRCA1 C61G recovered by Ni+2-NTA pulldown
(Fig. 3B); further indicating that HUWE1 causes degradation of
BRCA1 through the ubiquitin-proteasome pathway.

Like BRCA1, BARD1 levels are enhanced by HUWE1 siRNA
(Fig. 2C and E). Therefore, we investigated whether HUWE1 can
target BARD1 for polyubiquitination. However, BARD1 ubiquitina-
tion was not significantly affected by either WT or mutant
HUWET1 (Fig. 3C), indicating that BARD1 is not a substrate for
HUWE1 ubiquitination. Collectively, these data indicate that
HUWET1 targets BRCA1, but not BARD1, for polyubiquitination
and degradation.

3.4. Biological relevance of HUWE1-dependent regulation of BRCA1

Because HUWE1 promotes BRCA1 ubiquitination and degrada-
tion, we wondered whether it might contribute to the reduced
BRCA1 protein levels in sporadic breast cancer. To determine
whether the levels of these proteins are inversely correlated, we
examined three breast cancer cell lines (MCF10F, MCF7 and
MDA-MB-231) as compared to normal human mammary epithelial
cells (HMECs). HUWE1 levels were high in MCF10F, MCF7 and
MDA-MB-231 cells, but low in HMECs; whereas the inverse pattern
was observed for BRCA1 (Fig. 4A). This finding is consistent with a
physiological role for HUWE1 in negatively regulating BRCA1 in
sporadic breast cancer.

Based on the function of BRCA1 in DNA damage repair,
cell-cycle checkpoint and apoptosis, cells deficient in BRCA1 are
highly sensitive to DNA damaging reagents [2,20]. To investigate
the biological consequences of HUWE1-mediated BRCA1 degrada-
tion, we assessed the effects of HUWE1 on the DNA damage and
repair response. MCF10F cells were depleted of HUWE1 by siRNA
and treated with IR or MMC, and then cell survival was assessed.
The results show that RNAi inhibition of HUWE1 confers increased
resistance of MCF-10F cells to IR and MMC (Fig. 4B and C), which is
consistent with a role for HUWET1 in repressing BRCA1-mediated
DNA damage repair. In addition, HUWE1 depletion also induced
an inhibitory effect on MCF-10F growth (Fig. S3). Thus, the results
suggested that HUWE1-dependent regulation of BRCA1 function
plays a critical role in various cellular processes.



294

A oo
&5
ELE K
~z~\*® AR\ -
"B " 8 HUWE1

S == = BRCA1

BN | Tubiin

survival rate(%)
F-

X. Wang et al./ Biochemical and Biophysical Research Communications 444 (2014) 290-295

C W Control
| ] C_ontrol 1001 * K siHUWE1-1
E] siHUWE1-1 O siHUWE1-2
O siHUWE1-2 80 T -,
§ - -
- g
. 60
S
= *
240
>
5
o » 20
M
4Gy 6Gy 10 20 30 (mM)
MMC

Fig. 4. Elevated HUWET1 expression in breast cancer cells inversely correlates with BRCA1 expression and HUWE1 siRNA confers resistance of MCF-10F cells to IR and MMC.
(A) Inverse correlation of BRCA1 and HUWET1 expression in breast cancer cell lines and normal human mammary epithelial cells (HMECs) as determined by immunoblotting.
MCF10F cells were transfected with control or HUWE1 siRNA and then treated with IR(B) or MMC(C). After 12 days, the cell survival rate (% of total population) was

quantified. Values represent the average + SD of three independent experiments.

4. Discussion

BRCA1 is a multi-functional tumor suppressor and plays critical
roles in the DNA damage repair, cell cycle and checkpoint control.
Fine tune of BRCAL1 levels is thus essential for the maintenance of
genome integrity and suppression of malignancy. BARD1 couples
with BRCA1 to form a RING heterodimer that is essential for BRCA1
stability, nuclear localization, and E3 ligase activity [25]. Recently,
several proteins have been identified to control BRCA1 protein
turnover, including HERC2 [9] and SCF™®%%44 [10]. These two E3 li-
gases display several differences in their shared role of BRCA1 deg-
radation. HERC2 associates with BRCA1 in the S phase and targets
BARD1-uncoupled BRCA1 for degradation [9]. However, FBX044
coprecipitates with BRCA1 and BARD1 and affects the stability of
both two proteins, suggesting an interaction with the BRCA1/
BARD1 complex [10]. In this report, we identified HUWET1 as a
new negative regulator of BRCA1, as demonstrated by both overex-
pression and silencing of HUWET1 in breast cancer cells. Our results
suggest that HUWET regulates BRCA1both in the presence and ab-
sence of BARD1. In this sense, HUWE1 may have a role in regulat-
ing BRCA1 that overlaps or is complementary to both HERC2 and
SCFBX044  Consistent with our findings, BRCA1 protein was also
found to be significantly accumulated in Mule-deficient MEF and
B cells [28]. These data strongly suggest BRCA1 is a substrate for
HUWET1 E3 ligase in vivo.

Similar to HERC2, HUWET is also a member of the HECT family
of E3 ligases, and seemed to preferentially target BARD1-uncou-
pled BRCA1 for ubiquitination (Figs. 3B and S2) [9]. Unlike HERC2,
HUWET1 possesses an ubiquitin-associated domain (UBA), which is
an ubiquitin receptor that exists in many proteins involved in di-
verse cellular functions [29]. As such, HUWE1 might bind to ubig-
uitinated BRCA1 through the UBA domain. Indeed, BRCA1 that
precipitated with HUWET1 displayed a shift in migration in the
immunoblot (Fig. 1B, D and F), indicating the existence of modifi-
cations to BRCA1. Moreover, BRCA1 can be auto-ubiquitinated
when dimerized with BARD1 through K6-linked polyubiquitin
chains [30,31], a modification that was reported to be bound by
the UBA domain of UBXN1 [32]. Importantly, this binding can inhi-
bit the E3 ligase activity of BRCA1/BARD1. It remains to be investi-
gated whether the UBA domain of HUWET has similar features as
that of UBXN1. However, given the existence of a large quantity
of cellular BRCA1/BARD1 heterodimers, this possibility would have
important implications in the regulation of BRCA1 protein levels as
well as its function. Based on the significant accumulation of
BRCA1 and BARD1 upon HUWET1 depletion in mammary cell lines
such as MCF-7 and MCF-10F (Fig. 2C and E), it is plausible that
HUWET1 could be a major negative regulator of BRCA1.

Consistent with a previous report [13], we have also shown that
cells exhibited increased resistance to IR and DNA damaging agents

including MMC and cisplastin when HUWE1 was depleted. This re-
sult is consistent with a role of increased BRCAT1 levels and function
in the DNA damage repair. The resultant increased BRCA1 would
favor DNA damage repair, especially DSBs, by HR, and thus im-
prove the survival rate after genotoxic stress. These data suggest
a crucial role of HUWET in the suppression of HR and thus favor
NHE] repair [33]. Indeed, Hao et al observed impaired IgH CSR in
Mule-deficient B cells [28]. These findings strongly suggest that
the HUWE1-dependent regulation of BRCA1 has profound impacts
on the choice of DNA repair mechanisms. In addition, HUWE1 has
also been demonstrated to be involved in DNA replication, base-
excision repair and ATM-dependent DNA damage response
[15-17,28]. Consistently, we also found that HUWE1 is promptly
downregulated and translocated to the nucleus in response to IR
(Supplementary Fig. S4). These findings strongly support a role of
HUWET1 in DNA damage repair [34].

In addition to its role in the control of BRCA1, HUWE1 was
also demonstrated to regulate p53and Mcl-1, two essential pro-
teins involved in the cell cycle control and apoptosis [12,13].
Therefore, dysregulation of HUWE1 would result in deficit in
BRCA1, p53 and Mcl-mediated cellular functions such as DNA
damage repair, cell cycle, and apoptosis, leading to genomic
instability and transformation, which is an important mechanism
for tumorigenesis. Consistent with this, HUWE1 was found to be
frequently over-expressed in many types of cancers including
breast cancer [19,23]. These data suggest that HUWE1 may have
oncogenic function, playing roles in the initiation, development,
and progression of breast cancer as well as other types of
cancers.

Author contributions

G.S. designed the research; XW.,, G.L, LL, J.Y., KY., YW, B.Z,
Y.W,, and J.K. performed the research; M.L. and S.Z. contributed
to protein purification; XW. and G.L. analyzed the data; X.W.
and G.S. wrote the paper.

Acknowledgments

We thank Dr. Xiaodong Wang at University of Texas Southwest-
ern Medical Center, Dr. Wei Gu at Columbia University, for gener-
ously providing the pFastBac-Mule and pcDNA3-ARF-BP1 plasmid,
respectively. This study was supported by the National Natural Sci-
ence Foundation of China (Grant 81272915); Beijing Natural Sci-
ence Foundation (Grant 7122099); and Grant (20110001110013)
from the Doctoral Program of Higher Education; The Scientific Re-
search Foundation for the Returned Overseas Chinese Scholars,
State Education Ministry (JWSL44-8); 985 Program, Ministry of
Education of China.



X. Wang et al./Biochemical and Biophysical Research Communications 444 (2014) 290-295 295

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2013.12.053.

References

[1] M. Jasin, Homologous repair of DNA damage and tumorigenesis: the BRCA
connection, Oncogene 21 (2002) 8981-8993.

[2] X. Xu, Z. Weaver, S.P. Linke, C. Li, ]. Gotay, X.W. Wang, C.C. Harris, T. Ried, C.X.
Deng, Centrosome amplification and a defective G2-M cell cycle checkpoint
induce genetic instability in BRCA1 exon 11 isoform-deficient cells, Mol. Cell 3
(1999) 389-395.

[3] A.R. Venkitaraman, Cancer susceptibility and the functions of BRCA1 and
BRCA2, Cell 108 (2002) 171-182.

[4] R. Wooster, B.L. Weber, Breast and ovarian cancer, N. Engl. J. Med. 348 (2003)
2339-2347.

[5] S. Staff, ]. Isola, M. Tanner, Haplo-insufficiency of BRCA1 in sporadic breast
cancer, Cancer Res. 63 (2003) 4978-4983.

[6] N. Turner, A. Tutt, A. Ashworth, Hallmarks of ‘BRCAness’ in sporadic cancers,
Nat. Rev. Cancer 4 (2004) 814-819.

[7] 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.

[8] A. Catteau, W.H. Harris, C.F. Xu, E. Solomon, Methylation of the BRCA1
promoter region in sporadic breast and ovarian cancer: correlation with
disease characteristics, Oncogene 18 (1999) 1957-1965.

[9] W. Wu, K. Sato, A. Koike, H. Nishikawa, H. Koizumi, A.R. Venkitaraman, T. Ohta,
HERC2 is an E3 ligase that targets BRCA1 for degradation, Cancer Res. 70
(2010) 6384-6392.

[10] Y.Ly, ].Li, D. Cheng, B. Parameswaran, S. Zhang, Z. Jiang, P.R. Yew, J. Peng, Q. Ye,
Y. Hu, The F-box protein FBX044 mediates BRCA1 ubiquitination and
degradation, ]. Biol. Chem. 287 (2012) 41014-41022.

[11] T. Ueki, J.H. Park, T. Nishidate, K. Kijima, K. Hirata, Y. Nakamura, T. Katagiri,
Ubiquitination and downregulation of BRCA1 by ubiquitin-conjugating
enzyme E2T overexpression in human breast cancer cells, Cancer Res. 69
(2009) 8752-8760.

[12] D. Chen, N. Kon, M. Li, W. Zhang, ]. Qin, W. Gu, ARF-BP1/Mule is a critical
mediator of the ARF tumor suppressor, Cell 121 (2005) 1071-1083.

[13] Q. Zhong, W. Gao, F. Du, X. Wang, Mule/ARF-BP1, a BH3-only E3 ubiquitin
ligase, catalyzes the polyubiquitination of Mcl-1 and regulates apoptosis, Cell
121 (2005) 1085-1095.

[14] X. Zhao, J.I. Heng, D. Guardavaccaro, R. Jiang, M. Pagano, F. Guillemot, A.
lavarone, A. Lasorella, The HECT-domain ubiquitin ligase HUWE1 controls
neural differentiation and proliferation by destabilizing the N-Myc
oncoprotein, Nat. Cell Biol. 10 (2008) 643-653.

[15] J.R. Hall, E. Kow, K.R. Nevis, C.K. Lu, K.S. Luce, Q. Zhong, J.G. Cook, Cdc6 stability
is regulated by the HUWET1 ubiquitin ligase after DNA damage, Mol. Biol. Cell
18 (2007) 3340-3350.

[16] S. Herold, A. Hock, B. Herkert, K. Berns, ]J. Mullenders, R. Beijersbergen, R.
Bernards, M. Eilers, Miz1 and HectH9 regulate the stability of the checkpoint
protein, TopBP1, EMBO J. 27 (2008) 2851-2861.

[17] J.L. Parsons, P.S. Tait, D. Finch, LI. Dianova, M.]. Edelmann, S.V. Khoronenkova,
B.M. Kessler, R.A. Sharma, W.G. McKenna, G.L. Dianov, Ubiquitin ligase ARF-
BP1/Mule modulates base excision repair, EMBO ]. 28 (2009) 3207-3215.

[18] T. Noy, O. Suad, D. Taglicht, A. Ciechanover, HUWE1 ubiquitinates MyoD and
targets it for proteasomal degradation, Biochem. Biophys. Res. Commun. 418
(2012) 408-413.

[19] F. Bernassola, M. Karin, A. Ciechanover, G. Melino, The HECT family of E3
ubiquitin ligases: multiple players in cancer development, Cancer Cell 14
(2008) 10-21.

[20] G. Shao, ]. Patterson-Fortin, T.E. Messick, D. Feng, N. Shanbhag, Y. Wang, R.A.
Greenberg, MERIT40 controls BRCA1-Rap80 complex integrity and
recruitment to DNA double-strand breaks, Genes Dev. 23 (2009) 740-754.

[21] R. Hashizume, M. Fukuda, I. Maeda, H. Nishikawa, D. Oyake, Y. Yabuki, H.
Ogata, T. Ohta, The RING heterodimer BRCA1-BARD1 is a ubiquitin ligase
inactivated by a breast cancer-derived mutation, ]. Biol. Chem. 276 (2001)
14537-14540.

[22] Y. Lu, A. Amleh, J. Sun, X. Jin, S.D. McCullough, R. Baer, D. Ren, R. Li, Y. Hu,
Ubiquitination and proteasome-mediated degradation of BRCA1 and BARD1
during steroidogenesis in human ovarian granulosa cells, Mol. Endocrinol. 21
(2007) 651-663.

[23] S. Adhikary, F. Marinoni, A. Hock, E. Hulleman, N. Popov, R. Beier, S. Bernard, M.
Quarto, M. Capra, S. Goettig, U. Kogel, M. Scheffner, K. Helin, M. Eilers, The
ubiquitin ligase HectH9 regulates transcriptional activation by Myc and is
essential for tumor cell proliferation, Cell 123 (2005) 409-421.

[24] Y. Kravtsova-lvantsiv, A. Ciechanover, Ubiquitination and degradation of
proteins, Methods Mol. Biol. 753 (2011) 335-357.

[25] ]J.E. Meza, P.S. Brzovic, M.C. King, R.E. Klevit, Mapping the functional domains
of BRCALT. Interaction of the ring finger domains of BRCA1 and BARD1, ]. Biol.
Chem. 274 (1999) 5659-5665.

[26] L.C. Wu, ZW. Wang, ].T. Tsan, M.A. Spillman, A. Phung, X.L. Xu, M.C. Yang, L.Y.
Hwang, A.M. Bowcock, R. Baer, Identification of a RING protein that can
interact in vivo with the BRCA1 gene product, Nat. Genet. 14 (1996) 430-440.

[27] P.S. Brzovic, J.E. Meza, M.C. King, R.E. Klevit, BRCA1 RING domain cancer-
predisposing mutations. Structural consequences and effects on protein-
protein interactions, J. Biol. Chem. 276 (2001) 41399-41406.

[28] Z.Hao, G.S. Duncan, Y.W. Su, W.Y. Li, ]. Silvester, C. Hong, H. You, D. Brenner, C.
Gorrini, J. Haight, A. Wakeham, A. You-Ten, S. McCracken, A. Elia, Q. Li, ].
Detmar, A. Jurisicova, E. Hobeika, M. Reth, Y. Sheng, P.A. Lang, P.S. Ohashi, Q.
Zhong, X. Wang, T.W. Mak, The E3 ubiquitin ligase Mule acts through the ATM-
p53 axis to maintain B lymphocyte homeostasis, J. Exp. Med. 209 (2012) 173-
186.

[29] I. Dikic, S. Wakatsuki, KJ. Walters, Ubiquitin-binding domains - from
structures to functions, Nat. Rev. Mol. Cell Biol. 10 (2009) 659-671.

[30] F. Wu-Baer, K. Lagrazon, W. Yuan, R. Baer, The BRCA1/BARD1 heterodimer
assembles polyubiquitin chains through an unconventional linkage involving
lysine residue K6 of ubiquitin, J. Biol. Chem. 278 (2003) 34743-34746.

[31] H. Nishikawa, S. Ooka, K. Sato, K. Arima, ]J. Okamoto, R.E. Klevit, M. Fukuda, T.
Ohta, Mass spectrometric and mutational analyses reveal Lys-6-linked
polyubiquitin chains catalyzed by BRCA1-BARD1 ubiquitin ligase, ]. Biol.
Chem. 279 (2004) 3916-3924.

[32] F. Wu-Baer, T. Ludwig, R. Baer, The UBXN1 protein associates with
autoubiquitinated forms of the BRCA1 tumor suppressor and inhibits its
enzymatic function, Mol. Cell. Biol. 30 (2010) 2787-2798.

[33] S.F. Bunting, E. Callen, N. Wong, H.T. Chen, F. Polato, A. Gunn, A. Bothmer, N.
Feldhahn, O. Fernandez-Capetillo, L. Cao, X. Xu, CX. Deng, T. Finkel, M.
Nussenzweig, ]J.M. Stark, A. Nussenzweig, 53BP1 inhibits homologous
recombination in BRCA1-deficient cells by blocking resection of DNA breaks,
Cell 141 (2010) 243-254.

[34] S.V. Khoronenkova, G.L. Dianov, USP7S-dependent inactivation of Mule
regulates DNA damage signalling and repair, Nucleic Acids Res. 41 (2013)
1750-1756.


http://dx.doi.org/10.1016/j.bbrc.2013.12.053
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0005
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0005
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0010
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0010
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0010
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0010
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0015
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0015
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0020
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0020
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0025
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0025
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0030
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0030
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0035
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0035
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0035
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0040
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0040
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0040
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0045
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0045
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0045
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0050
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0050
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0050
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0055
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0055
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0055
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0055
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0060
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0060
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0065
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0065
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0065
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0070
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0070
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0070
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0070
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0075
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0075
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0075
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0080
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0080
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0080
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0085
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0085
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0085
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0090
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0090
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0090
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0095
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0095
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0095
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0100
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0100
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0100
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0105
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0105
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0105
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0105
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0110
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0110
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0110
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0110
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0115
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0115
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0115
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0115
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0120
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0120
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0125
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0125
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0125
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0130
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0130
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0130
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0135
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0135
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0135
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0140
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0140
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0140
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0140
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0140
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0140
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0145
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0145
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0150
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0150
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0150
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0155
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0155
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0155
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0155
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0160
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0160
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0160
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0165
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0165
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0165
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0165
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0165
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0170
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0170
http://refhub.elsevier.com/S0006-291X(13)02112-8/h0170

	HUWE1 interacts with BRCA1 and promotes its degradation in the ubiquitin–proteasome pathway
	1 Introduction
	2 Materials and methods
	2.1 Plasmids and reagents
	2.2 Immunoprecipitation, immunostaining, CHX chase assay, and 	IR/MMC sensitivity assays

	3 Results
	3.1 HUWE1 interacts with BRCA1
	3.2 HUWE1 decreases the stability of BRCA1
	3.3 HUWE1 promotes BRCA1 ubiquitination
	3.4 Biological relevance of HUWE1-dependent regulation of BRCA1

	4 Discussion
	Author contributions
	Acknowledgments
	Appendix A Supplementary data
	References


