15.

16.

18.

20.

Hayden MS, Ghosh S. Signaling to NF-kappaB. Genes &
development. 2004; 18:2195-2224.

Sun SC. Non-canonical NF-kappaB signaling pathway. Cell
research. 2011; 21:71-85.

. Wang CY, Cusack JC Jr, Liu R, Baldwin AS Jr. Control

of inducible chemoresistance: enhanced anti-tumor therapy
through increased apoptosis by inhibition of NF-kappaB.
Nature medicine. 1999; 5:412-417.

Mateo J, Ong M, Tan DS, Gonzalez MA, de
Bono JS. Appraising iniparib, the PARP inhibitor that
never was—what must we learn? Nature reviews Clinical
oncology. 2013; 10:688-696.

Ali M, Telfer BA, McCrudden C, O’Rourke M,
Thomas HD, Kamjoo M, Kyle S, Robson T, Shaw C,
Hirst DG, Curtin NJ, Williams KJ. Vasoactivity of
AG014699, a clinically active small molecule inhibitor of
poly(ADP-ribose) polymerase: a contributory factor to che-
mopotentiation in vivo? Clinical cancer research: an official
journal of the American Association for Cancer Research.
2009; 15:6106-6112.

Murai J, Huang SY, Renaud A, Zhang Y, Ji J, Takeda S,
Morris J, Teicher B, Doroshow JH, Pommier Y.
Stereospecific PARP trapping by BMN 673 and comparison
with olaparib and rucaparib. Molecular cancer therapeutics.
2014; 13:433-443.

Rappold I, Iwabuchi K, Date T, Chen J. Tumor suppressor
p53 binding protein 1 (53BP1) is involved in DNA
damage-signaling pathways. The Journal of cell biology.
2001; 153:613-620.

Ayoub N, Jeyasekharan AD, Bernal JA, Venkitaraman AR.
HP1-beta mobilization promotes chromatin changes
that initiate the DNA damage response. Nature. 2008;
453:682-686.

. Li B, Dewey CN. RSEM: accurate transcript quantifi-

cation from RNA-Seq data with or without a reference
genome. BMC bioinformatics. 2011; 12:323.

Anders S, McCarthy DJ, Chen Y, Okoniewski M,
Smyth GK, Huber W, Robinson MD. Count-based dif-
ferential expression analysis of RNA sequencing data
using R and Bioconductor. Nature protocols. 2013;
8:1765-1786.

Kramer A, Green J, Pollard J Jr., Tugendreich S. Causal
analysis approaches in Ingenuity Pathway Analysis.
Bioinformatics. 2014; 30:523-530.

22.

23,

26.

27,

29,

31

Fernandez-Majada V, Aguilera C, Villanueva A,
Vilardell F, Robert-Moreno A, Aytes A, Real FX,
Capella G, Mayo MW, Espinosa [, Bigas A. Nuclear
IKK activity leads to dysregulated notch-dependent gene
expression in colorectal cancer. Proc Natl Acad SciU S A.
2007; 104:276-281.

Hideshima T, Chauhan D, Richardson P, Mitsiades C,
Mitsiades N, Hayashi T. Munshi N, Dang L., Castro A,
Palombella V, Adams J, Anderson KC. NF-kappa B as
a therapeutic target in multiple myeloma. The Journal of
biological chemistry. 2002; 277:16639-16647.

Hideshima T, Ikeda H, Chauhan D, Okawa Y, Raje N,
Podar K, Mitsiades C, Munshi NC, Richardson PG,
Carrasco RD, Anderson KC. Bortezomib induces canonical
nuclear factor-kappaB activation in multiple myeloma cells.
Blood. 2009; 114:1046-1052.

. Li C, Chen S, Yue P, Deng X, Lonial S, Khuri FR,

Sun SY. Proteasome inhibitor PS-341 (bortezomib) induces
calpain-dependent TkappaB(alpha) degradation. The Journal
of biological chemistry. 2010; 285:16096—-16104.
Hideshima T, Richardson P, Chauhan D, Palombella VI,
Elliott PJ, Adams J, Anderson KC. The proteasome
inhibitor PS-341 inhibits growth, induces apoptosis, and
overcomes drug resistance in human multiple myeloma
cells. Cancer research. 2001; 61:3071-3076.

Baud V, Karin M. Is NF-kappaB a good target for cancer
therapy? Hopes and pitfalls. Nature reviews Drug discovery.
2009; 8:33-40.

. Gilmore TD, Herscovitch M. Inhibitors of NF-kappaB sig-

naling: 785 and counting. Oncogene. 2006; 25:6887-6899.
Sato K, Sundaramoorthy E, Rajendra E, Hattori H,
Jeyasekharan AD, Ayoub N, Schiess R, Acbersold R,
Nishikawa H, Sedukhina AS, Wada H, Ohta T,
Venkitaraman AR. A DNA-damage selective role for
BRCAl E3 ligase in claspin ubiquitylation, CHK1
activation, and DNA repair. Current biology: CB. 2012;
22:1659-1666.

. Huang da W, Sherman BT, Lempicki RA. Systematic

and integrative analysis of large gene lists using DAVID
bioinformatics resources. Nature protocols. 2009; 4:44-57.
Huang da W, Sherman BT. Lempicki RA. Bioinformatics
enrichment tools: paths toward the comprehensive func-
tional analysis of large gene lists. Nucleic acids research.
2009; 37:1-13.

www.impactjournals.com/oncotarget

3839

Oncotarget



Author Manuscript Published OnlineFirst on January 29, 2015; DOI: 10.1158/0008-5472.CAN-14-2796
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

Wu, et al

Interaction of BARD1 and HP1 is required for BRCA1

retention at sites of DNA damage

Wenwen Wu" 2, Hiroyuki Nishikawa®, Takayo Fukuda' Vinayak Vittal', Masahide
Asano’, Yasuo Miyoshi(’, Rachel E. Klevit*, and Tomohiko Ohta" "

]Departmem of Translational Oncology, “Division of Breast and Endocrine Surgery,
Department of Surgery, Institute of Advanced Medical Science, St. Marianna University
Graduate School of Medicine, Kawasaki, 216-8511, Japan, *Department of Biochemistry,
University of Washington, Seattle, Washington 98195-7742, USA °Divisions of Transgenic
Animal Science, Advanced Science Research Center, Kanazawa University, Kanazawa,
920-8640, Japan, °Division of Breast and Endocrine Surgery, Department of Surgery,
Hyogo College of Medicine, Hyogo 663-8501, Japan.

*Correspondence should be addressed to T.O. (Phone: xx-81-44-977-8111, Fax:
xx-81-44-976-5964, E-mail: to@marianna-u.ac.jp)

Running title: HP1/BARDI1 direct BRCA1 retention at DNA damage sites
Keywords: BARD1; BRCA1; H3K9me2; HP1; DNA damage response.

Financial support: This study was supported by grants from Japan Society for the
Promotion of Science (TO and WW), the Ministry of Education, Science, Sports, Culture
and Technology of Japan (TO), the Ministry of Health, Labour and Welfare of Japan
(TO), the Japan Private School Promotion Foundation (TO), National Institute of General
Medical Sciences grants RO1 GM088055 (REK) and PHS NRSA 2T32 GM007270 (VV).

Conflicts of interest: The authors declare no competing financial interests.

Word count: 5494, Total number of figures: 7, Total number of tables: 0

Downloaded from cancerres.aacrjournals.org on March 14, 2015. © 2015 American Association for Cancer Research.



Author Manuscript Published OnlineFirst on January 29, 2015; DOI: 10.1158/0008-5472.CAN-14-2796
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

Wu, et al

ABSTRACT
Stable retgntion of BRCA1/BARDI complexes at sites of DNA damage is required for
the proper response to DNA double-strand breaks (DSB). Here, we demonstrate that the
BRCT domain of BARDI is crucial for its retention through interaction with HP1. In
response to DNA damage, BARDI interacts with Lys9-dimethylated histone H3
(H3K9me2) in an ATM-dependent but RNF168-independent manner. This interaction is
mediated primarily by HP1y. A conserved HP1-binding motif in the BARD1 BRCT
domain directly interacted with the chromoshadow domain of HP1 in vitro. Mutations in
this motif (or simultaneous depletion of all three HP1 isoforms) disrupted retention of
BARDI, BRCAI and CtIP at DSB sites and allowed ectopic accumulation of RIF1, an
effector of non-homologous end joining, at damaged loci in S phase. UNC0638, a small
molecule inhibitor of histone lysine methyltransferase (HKMT), abolished retention and
cooperated with the poly(ADP-ribose) polymerase inhibitor olaparib to block cancer cell
growth. Taken together, our findings show how BARDI promotes retention of the
BRCAI1/BARD1 complex at damaged DNA sites, and suggest the use of HKMT

inhibitors to leverage the application of PARP inhibitors to treat breast cancer.
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INTRODUCTION
BRCAL, a breast and ovarian cancer suppressor, is a scaffold protein that maintains
genome integrity through diverse molecular functions centered on the repair of DNA
double-strand breaks (DSBs) through homologous recombination (HR) and‘cell cycle
checkpoint activation (1). Loss of BRCAI function causes basal-like breast cancer or
serous ovarian cancer (2); both exhibit aggressive features with poor prognosis.

To carry out its tasks in HR and checkpoint activation, BRCA1 must be
recruited and retained at sites of DNA damage (3). The well-characterized pathway for
the retention of BRCAL1 is triggered by ATM activation and is dependent on the BRCT
domains of BRCA1 (BRCAI1-BRCT) (4). BRCA1-BRCT interacts with phosphorylated
Abraxas, promoting a BRCA1/Abraxas (FAM175A)/RAP80 (BRCA1-A) complex that is
retained at the damaged chromatin via the RNF8/RNF168-mediated polyubiquitin chains
(5-14). However, the role of BRCAI-Abraxas-RAP80 complex is to suppress HR by
inhibiting excess DNA resection (15, 16), and how the BRCA1 complex that promotes
HR is retained at the DSB sites remains enigmatic.

BRCA1 forms a stable core complex with BARDI (17). The N-terminus of
BARDI1 forms a RING heterodimer E3 ligase with BRCALl (18, 19); however, the
function of the BRCT domains of BARDI has long been unclear. A recent study
indicated that the BARDI-BRCT domains recognize poly(ADP-ribose) (PAR) (20).
Interaction of BARDI-BRCT with PAR is required for rapid recruitment of
BRCA1/BARDI1 to the damaged sites. PAR is synthesized within 20 seconds and
disappears within 10 minutes after DNA damage. PARP inhibitors or a K619A mutation

of BARDI, that disrupts the PAR interaction, abolish the early recruitment of
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BRCA1/BARDI to DSBs, whereas accumulation of the complex at later time points is
not impaired (20). Thus, it appears that both PAR-mediated early recruitment via the
BARDI-BRCT domains and ATM-mediated stable retention via the BRCAI1-BRCT
domains of the BRCA1/BARDI1 complex are important for a fully functional BRCAL1 at
the damaged site, although their separate roles in HR are not entirely understood. The
transient nature of PAR at the site of DNA damage suggests that BARD1-BRCT may be
free for the remainder of the DNA damage response; alternatively, it could interact with
another binding partner.

In the present study, we provide evidence that BARDI interacts with
K9-dimethylated histone H3 (H3K9me2) in response to DNA damage. The interaction is
mediated by heterochromatin protein 1 (HP1) through direct binding of the
chromoshadow domain of HP1 to a conserved PxVxL motif in BARD1-BRCT. The
BRCA1 complex retained by this mechanism executes HR by inhibiting the
non-homologous end-joining (NHEJ) pathway, and is a target for an HKMT inhibitor

UNCO0638, a putative anti-cancer agent.

MATERIALS AND METHODS
Cell lines and culture conditions
HeLa, HEK293T, T47D, MCF7, ZR-75-1 and U20S cells were cultured as described
(21). Transfections were performed using the standard calcium phosphate precipitation
method for HEK293T cells. Cells stably expressing BARD1- or HP1-specific shRNA in
a doxycycline (Dox)-inducible manner were established by the lentiviral infection of

CS-RfA-ETBsd-shBARDI, CS-RfA-ETBsd-shHP1y (CBX3),

4
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CS-RfA-ETPuro-shHP1a (CBX5), or CS-RfA-ETHygro-shHP1j (CBX]) (See
Supplementary Materials and Methods) followed by selection with blasticidin, puromycin,
or hygromycin, respectively. Cells expressing multiple Dox-inducible shRNAs (dnHP1
and tnHP1) were established by the multiple lentivirus infections and multiple antibiotic
selections. For the Dox-inducible replacement of endogenous BARDI with exogenous
BARDI (r-BARDI cells)) ~HeLa cells were  first infected  with
CSIV-TRE-RfA-UbC-KT-BARD1 and selected with puromycin, followed by
CS-RfA-ETBsd-shBARD1 infection and double-selection with blasticidin and puromycin.
The cells were treated with 1 pg/ml Dox for 48 hours and subjected to individual
experiments. HeLLa and U20S cells stably expressing wild type or mutant BARD1-EGFP
were isolated by lentiviral infection with BARDI-EGFP. For ionizing irradiation (IR),
the cells were exposed to X-irradiation (10 Gy) and cultured for one hour before analysis
unless otherwise indicated. For 5’-bromo-2-deoxyuridine (BrdU) staining of the S-phase

cells, the cells were incubated with 30 uM BrdU for 30 minutes before IR.

Cell extracts, immunoprecipitation, and western blotting

Immunoprecipitation and immunoblotting of the soluble fraction of transfected 293T
cells were performed as described (21). For precipitation of Strepll-tagged proteins,
StrepTactin resin was used according to the manufacturer’s instructions (IBA). For
immunoprecipitation of chromatin extract, 10 cells were incubated with 1 ml of 0.5%
NP-40 buffer (21) supplemented with 125 U/ml Benzonase nuclease (Novagen) at 4°C

for 120 minutes, and the reaction was stopped with 5 mM EDTA. The extract was
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centrifuged to isolate the chromatin-bound proteins in the soluble fraction, filtered

through a 0.45-um-pore-size filter, and used for immunoprecipitations.

Surface plasmon resonance (SPR) analysis

Purified His-FLAG-HP1 peptides or GST-BARD1-BRCT peptides were immobilized on
a CMS sensor chip using an amine coupling kit or a GST capture kit, respectively, and

the SPR with analyte was analyzed as described (22).

Immunofluorescence microscopy

Indirect immunofluorescence labeling of cells and fluorescence detection was performed
as previoixsly described (22). For staining of BRCA1l and BARDI, cells were
preextracted with CSK buffer containing RNase A as described elsewhere (23). For
staining of BrdU, cells were treated with 2N HCI for 10 minutes and neutralized with
50mM Tris-HCI [pH 9.0] twice for 5min. For staining of CtIP (RBBPS), cells were
treated with PBS containing 0.7% Triton X100, 3% paraformaldehyde and 2% sucrose
for 30min followed by 5min incubation with PBS containing 0.2% Triton X100. Nuclear
foci were mechanically counted using the Cellomics Image Analyzer (Thermo Fisher) for

BRCAI, endogenous BARD1 and RADS1.

Laser microirradiation
Cells were sensitized with 30 uM BrdU 12 hours prior to irradiation. Laser

microirradiation was performed one hour before analysis using a PALM UV-A pulsed
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nitrogen laser (100 Hz, A=355 nm; P.A.L.M. Microlaser, Bernried, Germany) mounted

on an AxioObserver Z1 microscope (Zeiss) on a custom-designed granite plate.

Plasmids, lentivirus, RNA interference, antibodies, purified proteins, chemical agents,

and clonogenic survival assay are described in the Supplementary Materials and Methods.

RESULTS

BARDI1 interacts with histone H3K9me2

We first screened modifications of histones in a BARDI1 immunocomplex. Hela cells
were harvested after IR or mock treatment and lysed with Benzonase nuclease to
solubilize the chromatin proteins. The BARDI immunocomplex was precipitated and
immunoblotted with antibodies specific to histone modifications that occur in response to
DNA damage (24) or are correlated with heterochromatin formation. H3K9me2 was
readily detected and the amount precipitated was increased by IR (Fig. 1A). Although
other modifications including H3K9me3, were detected with longer exposure, \‘ve focused
on H3K9me2 because its relative amount compared to its input was significantly high. A
competing antigen peptide completely blocked the BARDI precipitation and
co-precipitation of H3K9me?2, indicating a specific interaction of BARD1 with H3K9me2
(Fig. 1B). The IR-enhanced interaction was also observed in T47D, MCF7, and ZR-75-1
cells (Fig. 1C). Treatment with the topoisomerase I inhibitor CPT-11 also enhanced the

interaction (Fig. 1D).

7

Downloaded from cancerres.aacrjournals.org on March 14, 2015. © 2015 American Association for Cancer Research.



Author Manuscript Published OnlineFirst on January 29, 2015; DOI: 10.1158/0008-5472.CAN-14-2796
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

Wu, et al

BARDI1 interacts with HP1y

Because H3K9me?2 is recognized by HPI proteins during heterochromatin formation,
(25), we asked whether the BARD1-H3K9me2 interaction is mediated by HP1. Human
HP1 comprises three members: HPla, B and . Strikingly, HP1vy readily co-precipitated
with BARDI1, and the interaction was enhanced by IR and inhibited by competing antigen
peptide (Fig. 1E and F). HPla and 3 were also faintly detected in the precipitates with
increase of HP 1o after IR (Fig. 1E).

To clarify the configuration, we inhibited HP1y expression by siRNA and
reexamined the interaction between BARDI1 and H3K9me2. Depletion of HPly
dramatically inhibited the BARD1-H3K9me2 association (Fig. 1G), consistent with HP1y
mediating the BARDI1-H3K9me2 interaction. We verified the BARD1/HP1y interaction
with exogenously overexpressed proteins in 293T cells. FLAG-HP1y was pulled down
with StrepTactin when BARD1-Strepll was co-expressed, suggesting a direct interaction
between BARDI1 and HP1y (Supplementary Fig. S1A). Additionally, we co-transfected
plasmids encoding BARDI fused to the C-terminus of truncated Venus fluorescent
protein (BARDI-VC) and HPly fused to the N-terminus of Venus (VN-HPI1Y).
Successful assembly of the Venus protein, as detected by fluorescence, would indicate a
specific interaction between BARDI1 and HP1y. Cells transfected with BARD1-VC and
VN-HP1ly demonstrated laser-microirradiation-induced Venus fluorescence signals
colocalized with YH2AX, suggesting that BARDI interacts with HP1vy at sites of DNA

damage (Fig. 1H).
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The chromoshadow domain of HP1s interacts with the PxVxL motif in the BRCT
domain of BARD1
HP1 proteins contain an N-terminal chromodomain and a C-terminal chromoshadow
domain (Fig. 2A) (26, 27). While the chromodomain interacts with H3K9me2/3, the
chromoshadow domain recognizes conserved PxVxL motifs (28-31). Therefore, we
tested whether mutation of the W164 residue of HP1y, a key residue required for the
chromoshadow structure (27, 31, 32), would inhibit the interaction of BARD1 with HP17.
HEK293T cells were co-transfected with BARD1-myc and wild-type StrepIl-HP1y or its
W164A mutant. Whereas BARDI-myc was strongly detected in wild-type HPly
pull-downs, it was only detected at the back ground level in W164A pull-down (Fig. 2B).
Next, we mapped the HPIly interaction sites in BARDI. Whereas full-length
BARDI-myc was precipitated with HP1y, neither BARD1'™* nor BARDI'?** was
detectable, suggesting that BARDI interacts with HP 1y via its BRCT domain; (Fig. 20).
Consistent with the in vivo interaction, in vitro pulldown assays using purified proteins
(Supplementary Fig. S2A) revealed that the BRCT domain interacts significantly with
HP1y whereas ankyrin repeats and GST alone do not (Fig. 2D). SPR analyses with the
purified BARD1-BRCT and HP1y (Supplementary Fig. S2A and B) confirm the direct
protein-protein interaction, which was disrupted by the W164A mutation in HP1y (Fig.
2E). This was recapitulated using choromoshadow domain of HP1y (Supplementary Fig.
S3A and B).

Because the chromoshadow domain of HP1 recognizes PxVxL motifs, we
searched for this motif in the BARDI sequence and found that the BRCT domain

contains PLVLI, which resembles PxVxL (Fig. 2A). Importantly, SPR analysis
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