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Article

Poly(ADP-ribosyl)ation of BRD7 by PARP1 confers
resistance to DNA-damaging chemotherapeutic
agents
Kaishun Hu1,†, Wenjing Wu1,2,†, Yu Li1,†, Lehang Lin1, Dong Chen1,3, Haiyan Yan1, Xing Xiao4,

Hengxing Chen1, Zhen Chen1, Yin Zhang1, Shuangbing Xu5, Yabin Guo1, H Phillip Koeffler6,7,

Erwei Song1,2,* & Dong Yin1,**

Abstract

The bromodomain-containing protein 7 (BRD7) is a tumour suppressor
protein with critical roles in cell cycle transition and transcriptional
regulation. Whether BRD7 is regulated by post-translational modifi-
cations remains poorly understood. Here, we find that chemotherapy-
induced DNA damage leads to the rapid degradation of BRD7 in vari-
ous cancer cell lines. PARP-1 binds and poly(ADP)ribosylates BRD7,
which enhances its ubiquitination and degradation through the PAR-
binding E3 ubiquitin ligase RNF146. Moreover, the PARP1 inhibitor
Olaparib significantly enhances the sensitivity of BRD7-positive cancer
cells to chemotherapeutic drugs, while it has little effect on cells with
low BRD7 expression. Taken together, our findings show that PARP1
induces the degradation of BRD7 resulting in cancer cell resistance to
DNA-damaging agents. BRD7might thus serve as potential biomarker
in clinical trial for the prediction of synergistic effects between
chemotherapeutic drugs and PARP inhibitors.
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Introduction

Protein post-translational modifications (PTMs) are known to be

essential mechanisms exploited by eukaryotic cells to diversify their

protein functions and modulate their cellular signalling networks.

Emerging evidence suggests that PTMs play a key role in many

cellular processes including protein–protein interactions, protein

degradation, gene expression, signal transduction and cell differenti-

ation [1,2]. These modifications including phosphorylation, acetyla-

tion, ubiquitination, methylation, glycosylation, oxidation and

SUMOylation influence almost all aspects of normal cell biology and

pathogenesis. Defect of PTMs leads to human disease including

those associated with disorders of cell proliferation, highlighting the

importance of PTMs in maintaining normal cellular state [3]. There-

fore, identifying and understanding PTMs are of biologically and

clinically importance.

Poly(ADP-ribosyl)ation, also termed PARylation, is a unique

post-translational modification of proteins catalysed by ADP-ribosyl-

transferases and plays versatile roles in multiple biological processes

including chromatin reorganization, DNA damage response, tran-

scriptional regulation, apoptosis and mitosis [4–6]. It causes the

formation of poly-ADP-ribose (PAR) by transferring the ADP-ribose

moiety from nicotinamide adenine dinucleotide (NAD+) to specific

Lys/Glu/Asp/Arg/Cys amino acid residues on substrate proteins

[4,5,7–12]. Moreover, ADP-ribosylation is a reversible post-transla-

tional modification, which could be recognized and degraded by

ADP-ribosylhydrolases including Poly(ADP-ribose) glycohydrolase

(PARG), Terminal ADP-ribose protein glycohydrolase 1(TARG1),

ADP-ribosylhydrolase 1 (ARH1), ARH3, Macro D1 and D2, Nudix-

type-motif 9 and 16 (NUDT9 and NUDT16) [13–17]. Poly(ADP-

ribose) polymerases (PARPs) composed of 17 members play diverse

roles in multiple cellular processes [5,18]. PARP1, the most charac-

terized member of this family, regulates protein–protein interaction,

protein stabilization, cellular localization, energy metabolism and
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Figure 1. Chemotherapeutic drugs and irradiation deplete BRD7.

A Western blot analysis of BRD7 and cH2AX protein levels in breast cancer cell lines: MCF7 parental or doxorubicin-resistant MCF7/ADR (ADR, 0.5 lg/ml) and
irradiation-resistant MCF7/IR (IR, 10 Gy), MDA-MB-231 parental or doxorubicin-resistant MDA-MB-231/ADR (ADR, 0.5 lg/ml) or cisplatin-resistant MDA-MB-231/
DDP (1 lg/ml), non-small lung cancer cell lines: A549 parental or cisplatin-resistant A549/DDP (1 lg/ml).

B MCF7, MCF7/ADR and MCF7/IR, MDA-MB-231 and MDA-MB-231/ADR cells were harvested and mRNA levels of BRD7 were determined by real-time PCR (n = 3).
Values are mean � SEM.

C, D Western blot analysis of BRD7 protein levels in MDA-MB-468 and MDA-MB-231 cell after treatment with ADR (5 lM) or camptothecin (CPT) (1 lM) for different
intervals (n = 3).

E Representative images of endogenous BRD7 (green) and cH2AX foci (red) in paraformaldehyde-fixed MDA-MB-468 cells after treatment with CPT (1 lM) for
different intervals. Visualized by immunofluorescence using anti-BRD7 and Alexa Fluor 555 anti-cH2AX antibodies. DNA staining with DAPI; Scale bars, 2 lm.

F Quantification of average fluorescence intensity of BRD7 of cells in (E). Error bars indicate SEM; n > 100.

Source data are available online for this figure.
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cell fate determination through regulation of transcriptional and

post-translational activity of its substrates [19–21]. In response to

DNA damage, PARP1 is activated and promotes the formation of

poly(ADP-ribose) polymer (pADPr) on its substrates as well as itself,

which provides a signal to recruit DNA double-strand break proteins

to DNA-damaging site [4,22]. Through modulating histone modifi-

cation and chromatin structure, PARP1 is also involved in the regula-

tion of transcription process [23–27]. Considering its diverse and

important roles, PARP1 inhibitor Olaparib has been used in the treat-

ment of ovarian and breast cancers [28–30]. However, the mecha-

nism that PARP1 inhibitor in combination with DNA-damaging

reagents generates more inhibitory effects is still lacking.

Bromodomain-containing protein 7 (BRD7) is a member of the

family of bromodomain-containing proteins that contains a single

bromodomain involved in multiple cellular processes including cell

proliferation, apoptosis and epithelial–mesenchymal transition

(EMT) [31–33]. BRD7 has been reported to interact with p53 and is

required for p53-dependent replicative senescence [34,35]. More-

over, as a component of chromatin remodelling of SWI/SNF

complex, BRD7 has also been shown to function as either a tran-

scriptional co-activator or co-repressor [34–37]. For instance, BRD7

serves as a transcriptional co-activator through association with

tumour suppressors BRCA1 and p53 to regulate downstream gene

transcription [34,35,37]. Conversely, BRD7 can interact with PRMT5

and PRC2 to be involved in transcriptional repression of their target

genes [38]. BRD7 also plays a critical role in regulation of endoplas-

mic reticulum (ER) stress and glucose metabolism via association

with the p85 regulatory subunit of PI3K, resulting in suppression of

PI3K signalling [39,40]. Inactivation or mutation of BRD7 increases

sensitivity of tumour cell to interferon-c, resulting in elevated sensi-

tivity of cancer cells to PD-1 blockade, as well as, other forms of

immunotherapy treatment [41].

In this study, we identified BRD7 as a novel PARP1-binding

protein and demonstrated that PARP1 directly ribosylated BRD7 and

promoted BRD7 degradation, mediated by the E3 ubiquitin ligase

RNF146, further enhancing survival of cancer cells. Furthermore,

inhibition of PARP1 suppressed cell proliferation and promoted

sensitivity of cancer cells to DNA damage chemotherapy through

reduction of BRD7 PARylation. Therefore, our study uncovered a

novel mechanism that PARP1 modulated resistance to DNA-dama-

ging agents of cancer cells by promoting PARylation of BRD7,

providing new insights into the molecular rationale for combination

of chemotherapeutic drugs and PARP inhibitors in clinical

treatment, and suggested that BRD7 may be served as a potential

biomarker for predicting the synergistic effects of combining

chemotherapeutic drugs and PARP inhibitors in clinical trial.

Results

Drug- or irradiation-induced DNA damage promoted BRD7
protein degradation

To study the effect of BRD7 on the sensitivity of genotoxic drug in

cancer cell, BRD7 protein levels were examined using cells resistant

to either cisplatin (DDP), doxorubicin (ADR) or irradiation (IR).

BRD7 protein levels significantly decreased in these cells (Fig 1A).

Interestingly, quantitative real-time PCR data showed that mRNA

level of BRD7 was not altered between wild-type and ADR or IR-

resistant cells (Fig 1B). Notably, data from GEO database also

revealed that mRNA level of BRD7 was slightly increased in MCF7/

ADR-resistant cells compared with MCF7 normal cells

(Appendix Fig S1). To confirm further these findings, cells were

treated with either ADR or CPT for different time intervals. Both

ADR and CPT treatments in a time-dependent manner caused a

reduction of BRD7 at the protein levels in MDA-MB-468 and MDA-

MB-231 cell lines (Fig 1C and D). To determine whether downregu-

lation of endogenous BRD7 was not induced by cell death in

response to DNA damage, we performed cell death detection assay

measured by Fixable Viability Dye eFluor� 455UV reagent (eBio-

science) according to manufacturer’s instructions. As shown in

Appendix Fig S2B–F, there was no dramatic increase in cell death

within the treatment of indicated drugs and the ratio of dead cells

was very low no more than 2% of total cells in both MDA-MB-231

and MDA-MB-468 cells. Consistent with the Western blot results,

BRD7 fluorescence intensity was diminished dramatically in

response to CPT treatment (Fig 1E and F, Appendix Fig S2A). Taken

together, these findings suggested that BRD7 was involved in drug-

and IR-induced DNA damage and was downregulated at the post-

translational level rather than post-transcriptionally.

BRD7 interacted with PARP1

To identify proteins that interact with BRD7 in response to DNA

damage, proteomic analysis was performed. SFB-tagged (S-protein,

Flag and streptavidin-binding peptide) BRD7 was stably expressed

▸Figure 2. BRD7 interacts with PARP1.

A Silver staining of the BRD7 complex separated by SDS–PAGE. HEK293T cells stably expressing SFB-tagged BRD7 were used for tandem affinity purification (TAP) of
protein complexes. BRD7-interacting proteins, including PARP1 and PIK3R2, are indicated.

B Table summarizes proteins identified by mass spectrometry analysis.
C, D HEK293T cells transiently transfected with Flag-PARP1 and Myc-BRD7 for 24 h were lysed with RIPA buffer. Followed by immunoprecipitation (IP) using antibodies

to either Myc (C) or Flag (D) conjugated to agarose followed by Western blot with the indicated antibodies (n = 3).
E, F HeLa and MDA-MB-231 cells were lysed with RIPA buffer, and lysates were subjected to immunoprecipitation using either anti-IgG, or BRD7 or PARP1 antibodies,

and analysed by Western blot (n = 3).
G MDA-MB-231 cells were treated first with Olaparib (10 lM) for 6 h and lysed with RIPA buffer, and lysates were subjected to immunoprecipitation using either

anti-IgG or PARP1 antibodies, and analysed by Western blot (n = 3).
H, I Association of endogenous BRD7 with PARP1 in HeLa cells was performed by co-immunoprecipitation using anti-BRD7 or anti-PARP1 antibody. HeLa cell was

treated with CPT (1 lM, 1 h), followed by IP using indicated antibodies, and Western blot was performed. cH2AX was used as a marker of DNA damage induced by
CPT (n = 3).

Source data are available online for this figure.
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in HEK293T cell. After tandem affinity purification (TAP), proteins

associated with BRD7 were subjected to silver staining and mass

spectrometry (Fig 2A). In addition to known BRD7-binding

proteins, such as TP53 [34] and PIK3R [40], we identified PARP1 as

a novel binding partner of BRD7 (Fig 2B, Dataset EV1). PARP1 is a

key enzyme involved in DNA damage repair and cell survival [42].

To confirm the interaction between BRD7 and PARP1, we performed

transient transfection and co-IP experiments. As shown in Fig 2C

and D, a complex containing BRD7 and PARP1 was clearly detected

using either Flag agarose or Myc agarose in HEK293T cells express-

ing both Flag-tagged PARP1 and Myc-tagged BRD7. To examine

further the interaction between endogenous BRD7 and PARP1, HeLa

and MDA-MB-231 whole-cell extracts were prepared and subjected

to immunoprecipitation assays in the presence of either control IgG,

anti-BRD7 or anti-PARP1 antibody. Both BRD7 and PARP1 were

clearly detected in the immunoprecipitated complex (Fig 2E and F).

To further determine whether the interaction of BRD7 with PARP1

dependent on its poly-ADP-ribose (PAR) chains, we detected the

association of BRD7 to PARP1 with or without PARP1 inhibitor

Olaparib. As shown in Fig 2G, there was significant inhibition of the

interaction of PARP1 with BRD7 upon Olaparib treatment, indicating

that the PARylation of PARP1 is required to interact with BRD7. Most

importantly, the interaction between BRD7 and PARP1 was greatly

enhanced following exposure to CPT (Fig 2H and I). These data

together suggest that BRD7 is a PAR-binding protein.

Next, a serial of deletion mutants was generated to map the region

of interaction of BRD7 and PARP1. PARP1 contains a DNA-binding

domain, a BRCA1 C terminus, a tryptophan–glycine–arginine domain

(WGR) and a catalytic domain (CA) (Appendix Fig S3A). As shown

in Appendix Fig S3B, both the N-terminal DNA-binding/automodifi-

cation domain and C-terminal catalytic domain of PARP1 were

capable of binding BRD7. BRD7 has a conserved bromodomain (BD,

128–238 amino acids) which specifically binds to acetylated lysines

on histones, and an uncharacterized conserved domain (361–651

amino acids) (Appendix Fig S3C). Deletion of individual regions of

BRD7 demonstrated that the N-terminal bromodomain was not

required for BRD7 binding to PARP1, but depletion of 361–651

domain significantly decreased the binding ability to PARP1

(Appendix Fig S3D). These results reinforce the hypothesis that

BRD7 physically and specifically interacts with PARP1.

BRD7 was ADP-ribosylated by PARP1 in vitro and in vivo

Function of PARP1 is attaching the pADPr chain to specific gluta-

mate, aspartate, arginine, lysine or cysteine residues of target

proteins [4,5,7–12]. We tested if BRD7 is ribosylated by PARP1

directly. First, we used anti-PAR antibody to immunoprecipitate the

PARylated proteins in the absence and presence of CPT. As a positive

control, we detected increased ribosylated PARP1 in response to CPT

(Fig 3A). As expected, PARsylation of BRD7 was also greatly

increased after 3 h CPT exposure (Fig 3A). Second, we used anti-

BRD7 antibody to immunoprecipitate BRD7 followed by

immunoblotting for PAR and further confirmed that BRD7 is ribosy-

lated in vivo (Fig 3B). Moreover, to rule out the possibility of indirect

binding of BRD7 to PARylated proteins, we performed a denaturing

immunoprecipitation using either anti-BRD7 antibody or anti-PAR

antibody. As shown in Appendix Fig S4A and B, a clear band of

PARylated BRD7 was detected and suggested that BRD7 is covalently

modified by poly-ADP-ribose (PAR) in vivo. To determine whether

exogenous BRD7 could also be ribosylated, we used anti-myc

agarose to immunoprecipitate myc-tagged BRD7. Consistently,

exogenous BRD7 was also ribosylated, and the ribosylation could be

enhanced in the cells treated with either CPT or ADR (Fig 3C and D).

Next, we examined if BRD7 could be ribosylated by PARP1 in vivo.

As shown in Fig 3E, depletion of PARP1 profoundly decreased BRD7

ribosylation levels in vivo. Moreover, we identified nine ADP-ribosy-

lation sites between aspartic acid and glutamic acid resides on BRD7

by mass spectrometric analysis (Fig EV1 and Dataset EV2). Hence, a

novel post-translational modification of BRD7 has been discovered.

The above data demonstrated in vivo PAR-binding activity of

BRD7 prompted us to search for potential PAR-binding motif in

BRD7 (Fig 2G). PAR-binding proteins commonly contain a

conserved PAR-binding motif, consisting of eight amino acids

[HKR]-X-X-[AIQVY]-[KR]-[KR]-[AILV]-[FILPV] [43]. Through

sequence alignment, we identified three highly conserved residues

222Lys/223Lys, 545Arg/546Lys and 613Arg/614Lys in the BRD7

protein as potential PAR-binding motifs (Appendix Fig S4C and D).

To investigate whether the interaction of BRD7 against PARP1 and

subsequent ribosylation of BRD7 through its potential PAR-binding

motif, co-IP was performed. Unlike wild-type BRD7, each mutant of

these three candidate sites decreased the binding affinity for PARP1

◀ Figure 3. BRD7 is ADP-ribosylated by PARP1 in vitro and in vivo.

A HeLa cells were untreated or treated with CPT (1 lM) for 1 h followed by lysing with RIPA buffer, and lysates were then immunoprecipitated using anti-IgG or anti-
PAR antibodies and immunoblotted with the indicated antibodies (n = 3).

B HeLa cells were untreated or treated with CPT (1 lM) for 1 h, and cellular lysates were immunoprecipitated using anti-IgG or anti-BRD7 antibodies and
immunoblotted using the indicated antibodies (n = 3).

C HeLa and 293T cells transfected with Myc-BRD7 plasmid for 24 h were lysed with RIPA buffer. Lysates were then immunoprecipitated using anti-Myc agarose and
immunoblotted using the indicated antibodies. Ribosylation levels of exogenous BRD7 were detected using anti-PAR antibody (n = 3).

D HeLa cells transfected with Myc-BRD7 plasmid. After 24 h, cells were treated with either CPT (1 lM) or ADR (5 lM) combined with MG132 (10 lM) for indicated
times. Cellular lysates were immunoprecipitated using anti-Myc agarose and immunoblotted using the indicated antibodies (n = 3).

E HeLa PARP1 wild-type and PARP1 knockout cells were transfected with Myc-BRD7 for 24 h, and lysates were subjected to immunoprecipitation using anti-Myc
agarose and analysed by Western blot (n = 3).

F HeLa was transfected with BRD7 wild-type and various BRD7-mutant plasmids for 24 h, lysed with RIPA, followed by anti-Myc IP and Western blot with indicated
antibody (n = 3).

G Ribosylation of BRD7 by PARP1 in vitro. Recombinant BRD7 was subjected to in vitro ribosylation either in absence or presence of biotin-labelled NAD+. Recombinant
proteins were detected by indicated antibodies, and ribosylated proteins were determined with anti-biotin antibody (n = 3).

H PAR-binding motif of BRD7 is required for its ribosylation by PARP1. Recombinant Myc-BRD7-WT and Myc-BRD7-mutant were subjected to in vitro ribosylation assay
and analysed by Western blot as indicated (n = 3).

Source data are available online for this figure.
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and subsequent suppression of its ribosylation, and 613Arg/614Lys

may be the major PAR-binding motif responsible for association of

BRD7 with PARP1 (Fig 3F).

To verify further that whether BRD7 could be ribosylated by

PARP1 in vitro, an in vitro ribosylation assay was performed using

recombinant BRD7 and biotin-labelled NAD+. As shown in Fig 3G,

PARP1 ribosylated not only itself but also BRD7. Indeed, we gener-

ated 6A point mutations (222/223/545/546/613/614A) on the

PAR-binding motif of BRD7 (BRD7-6A) and the ribosylation on

BRD7-6A by PARP1 was significantly inhibited both in vivo and

in vitro (Fig 3H and Appendix Fig S4C), caused by dramatic reduc-

tion of binding affinity for BRD7 against PARP1. Taken together,

BRD7 binds PARylated PARP1 non-covalently via its PAR-binding

motifs and this interaction enables PARP1 to covalently PARylate

BRD7 on one (or more) of the sites identified in the mass spec

experiment, but PARP1 does not PARylate BRD7’s PAR-binding

motif. These data suggest that BRD7 is a bona fide substrate of

PARP1.

PARP1 regulated BRD7 degradation and ubiquitination

Poly(ADP-ribosyl)ation, as a crucial post-translational modification,

has been reported to regulate protein stabilization, cellular localiza-

tion and transcriptional activity [44]. Therefore, we tested whether

PARP1 contributed to BRD7 degradation. As shown in Fig 4A, over-

expression of PARP1 markedly promoted degradation of BRD7

protein. MG132, a specific proteasome inhibitor, substantially

rescued the decline of BRD7 protein caused by overexpression of

PARP1 in HeLa cells. Moreover, four different siRNA duplexes

specifically targeting different PARP1 coding regions markedly

increased BRD7 protein levels (Fig 4B). This negative regulation of

BRD7 by PARP1 did not occur at the transcriptional level, as the

mRNA level of BRD7 was not altered with silencing PARP1 in U2OS

cells (Appendix Fig S5B). Moreover, this negative correlation

between BRD7 and PARP1 was noted in multiple cancer cell lines

including MDA-MB-231 cells (Appendix Fig S5A).

To confirm further these results, CRISPR/Cas9 gene-editing was

used to generate a HeLa cell line specifically defective in PARP1

(Fig 4C). Similar with the siRNA-treated HeLa cells, either depletion

or inhibition of PARP1 led to BRD7 stabilization (Fig 4C,

Appendix Fig S5D). PARP2 is a conserved homolog of PARP1,

silencing PARP2 with siRNA did not change levels of BRD7 protein

(Appendix Fig S5C). Consistently, PARG inhibitor PDD00017273, an

inhibitor of poly(ADP-ribose) glycohydrolase (PARG) which cataly-

ses the degradation of the poly(ADP)ribose chain (an inverse step of

poly-ADP-ribosylation) [45,46], markedly decreased the protein

level of BRD7 in a concentration or time-dependent manner (Fig 4D

and E). Consistent with this notion, the half-life of endogenous and

exogenous BRD7 protein became longer in PARP1 knockout cells in

the presence of cycloheximide, an inhibitor of protein synthesis

(Fig 4F and G, Appendix Fig S5E and F). Collectively, these results

indicate that PARP1 negatively regulates BRD7 stability through the

proteasome-dependent pathway.

Ubiquitination-mediated proteasomal degradation of proteins is a

most common mechanism that regulates protein stability. Ribosy-

lated proteins lead to their degradation via a proteasome-dependent

pathway [47–51]. Here, we examined whether PARP1-mediated

degradation of BRD7 occurs through poly-ubiquitination. As shown

in Fig 4H, less ubiquitination of BRD7 was observed in PARP1-

depleted cells compared to PARP1-wild-type cells, indicating that

PARP1 may enhance BRD7 polyubiquitylation and promote it ubiq-

uitin-proteasome-dependent degradation. In general, polyubiquityla-

tion via either K48 or K11 commits the substrate to degradation by

the 26S proteasome, whereas either monoubiquitylation or K63-

linked polyubiquitylation does not accelerate protein degradation

[52]. To elucidate the styles of Ub chain linkages of BRD7, in vivo

ubiquitination assay was performed and showed that K48-linked

polyubiquitylation of BRD7 decreased and K63-linked polyubiquity-

lation was little change in PARP1-depleted cells (Fig 4I). In addi-

tion, overexpression of PARP1 led to decreased levels of wild-type

BRD7 but not BRD7-6A mutant (mutant of three PAR-binding motif

of BRD7) (Fig 4J). Consistent with this notion, half-life of BRD7-

mutant protein increased in HeLa cells (Appendix Fig S5G and H).

An in vivo ubiquitination assay showed that PARP1 can efficiently

promote ubiquitination of wild-type BRD7 but not the BRD7

mutant (Fig 4K). Taken together, these results indicate that PARP1

is involved in regulation of ubiquitylation and degradation of

BRD7.

◀ Figure 4. PARP1 regulates BRD7 protein stability through ubiquitination-dependent pathway.

A HeLa cells were transfected with Flag-PARP1 and Myc-BRD7 for 24 h, then treated with MG132 (10 lM) for additional 4 h, and proteins were detected by Western
blot with indicated antibodies (n = 3).

B HeLa cells were transfected with either scrambled or PARP1 siRNAs for 48 h, and protein levels were detected by Western blot with the indicated antibodies
(n = 3).

C Expression of BRD7, p21 and PARP1 measured in PARP1 wild-type and knockout HeLa cells using PARP1 sgRNA by Western blot (n = 3).
D MDA-MB-231 cell was treated with different concentration of PARG inhibitor PDD0017273 for 48 h, and cell lysates were analysed by Western blot (n = 3).
E MDA-MB-231 cell was treated with 10 lM of PDD0017273 for indicated times, and cell lysates were analysed by Western blot (n = 3).
F, G Wild-type and PARP1 knockout HeLa cells were incubated with 10 lg/ml cycloheximide (CHX) for the indicated times. Lysates were harvested and analysed by

Western blot. Quantification of BRD7 protein is shown in (G) (n = 3), and results represent mean � SEM. Relative amounts normalized to the BRD7 protein level at
0 h of Control or sgPARP1 cells, respectively.

H PARP1 wild-type and knockout HeLa cells were transfected with HA-ubiquitin for 24 h; MG132 (10 lM) was added for an additional 4 h, and cells were lysed with
RIPA buffer, followed by anti-BRD7 IP and analysed by Western blot with the indicated antibodies (n = 3).

I SFB-BRD7 stably overexpressing HeLa cells transfected with scramble or PARP1 siRNA for 24 h were transfected with vector or HA-ubiquitin (Lys48 or Lys63 only)
for 24 h, and MG132 (10 lM) was added for an additional 4 h, lysed with RIPA, subjected to IP using S tag beads followed by Western blot (n = 3).

J HeLa cells were co-transfected either wild-type or BRD7 mutant with Flag-PARP1 for 24 h and analysed by Western blot (n = 3).
K HeLa cells were co-transfected with either wild-type or BRD7 mutant plus HA-ubiquitin for 24 h, and MG132 (10 lM) was added for an additional 4 h and lysed

with RIPA buffer, followed by anti-Myc agarose IP and analysed by Western blot with the indicated antibodies (n = 3).

Source data are available online for this figure.
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E3 ligase RNF146 promotes ubiquitination and degradation
of BRD7

Recent studies reported that the E3 ligase RNF146 was responsible

for interacting with PARsylated proteins and promoting their degra-

dation [47,53–55]. Moreover, RNF146 has been shown to translo-

cate from cytoplasm to nucleus in response to laser-induced

damage, and further bind and ubiquitinate both PARsylated and

PAR-binding proteins, promoting these proteins for ubiquitin protea-

somal degradation [56].

We tested whether RNF146 can also act as an E3 ubiquitin ligase

for BRD7. First, depletion of RNF146 led to BRD7 stabilization

(Fig 5A). Half-life of endogenous BRD7 protein increased after

silencing RNF146 in HeLa cells in the presence of cycloheximide

(Fig 5B and C). As expected, BRD7 became more unstable in

RNF146 overexpressing cells (Fig 5D and E). Knockdown of

RNF146 significantly inhibited endogenous BRD7 ubiquitination

levels (Fig 5F). Similarly, the poly-ubiquitination level of BRD7 was

upregulated dramatically by addition of exogenous RNF146

(Fig 5G). Collectively, these results indicated that RNF146 is an E3

ligase that promotes BRD7 poly-ubiquitination and degradation via

a proteasome-dependent pathway.

The E3 ligase RNF146 interacted with BRD7 depending on PARP1-
mediated ribosylation of BRD7

A complex containing RNF146 and BRD7 was clearly detected in

HEK293T cells containing exogenous RNF146 and BRD7 (Fig 6A

and B) using co-IP assay. To confirm this interaction, an endoge-

nous complex containing RNF146 and BRD7 was also detected

(Fig 6C). Interestingly, interaction between RNF146 and BRD7 was

significantly enhanced with CPT treatment (Fig 6D). Knockout of

PARP1 significantly inhibited the interaction of BRD7-RNF146

(Fig 6E). Mutant BRD7 without of ribosylation failed to interact with

RNF146 (Fig 6F). These results suggested that PARP1-mediated

ribosylation was required for the interaction between BRD7 and

RNF146.

According to the protein structural analysis, RNF146 contains a

PAR recognition domain (WWE) and an E3 ligase activity domain

(RING). Deletions of these two domain were generated (RNF146-

DWWE and RNF146-DRING) (Appendix Fig S6A). We observed that

wild-type RNF146 and the RNF146-DRING mutant associated with

BRD7, but the RNF146-DWWE deletion mutant failed to do so

(Appendix Fig S6B), indicating that the PAR recognition domain

(WWE) of RNF146 was required for the interaction of RNF146 with

BRD7. To illustrate further the interaction between BRD7 and

RNF146, the domain of BRD7 critical for the interaction with

RNF146 was determined (Appendix Fig S6C). As shown in

Appendix Fig S6D, RNF146 interacted with the N-terminal part of

BRD7 bromodomain (residues 128–238) and the C-terminal part of

BRD7 (residues 361–651), but not the N-terminal region of BRD7

(residues 1–128).

To determine the effect of the PAR-binding motif of BRD7 on

RNF146-mediated BRD7 ubiquitination and degradation, we trans-

fected wild-type BRD7 or the indicated BRD7-mutant plasmids into

HeLa cells stably expressing SFB-RNF146. As indicated in

Appendix Fig S6E, wild-type BRD7 associated with RNF146 obvi-

ously, mutants of 613Arg/614Lys greatly prevent BRD7-RNF146

interaction, in consistent with previous data that R613/K614 may be

the major PAR-binding motifs. Similarly, in vivo ubiquitination

assays revealed that RNF146 triggered the ubiquitination of wild-

type BRD7 significantly but not R613/K614 mutant (Appendix Fig

S6F), again supporting the notion that RNF146-mediated BRD7 ubiq-

uitination and degradation depend on the ribosylation of BRD7.

PARylation of BRD7 mediated by PARP1 conferred resistance of
tumour cells to chemotherapy

Accumulating evidence demonstrates that BRD7 plays vital roles in

cell proliferation and tumorigenesis through modulating crucial

signalling pathway, such as Ras/Raf/MEK/ERK and PI3K/AKT

signalling [40,57–60]. Thus, we investigated if PARP1 can regulate

cell survival through BRD7. Indeed, decrease levels of BRD7

increased cell proliferation of MDA-MB-231 cells, but silencing

PARP1 in BRD7-depleted cells did not significantly reduce prolifera-

tion (Fig 7A and B), suggesting that PARP1 controlled cell prolifera-

tion at least in part in a BRD7-dependent manner.

Olaparib is a widely used PARP1 inhibitor which effectively

blocks PARP1 catalytic activity [45]. The sensitivity of cancer cells

to chemotherapy, including VP16, CPT and ADR, was significantly

increased by PARP1 inhibitor Olaparib (Fig 7C and Appendix Fig

S7A). Western blot analysis further confirmed that DNA damage

drug combined with Olaparib could reverse the BRD7 stabilization

caused by downregulation of BRD7 ribosylation (Fig 7D). However,

its effect was greatly compromised after depletion of BRD7 (Fig 7E

and Appendix Fig S7B). Moreover, rescue experiments using

shRNA-resistant wild-type and mutant BRD7 into BRD7-depleted

cells reversed cell viability to a normal level after treatment with

◀ Figure 5. E3 ligase RNF146 promotes BRD7 ubiquitination and degradation.

A HeLa and MDA-MB-231 cells were transfected with either scrambled or RNF146 siRNAs (48 h). Protein levels were detected by Western blot. PTEN, which is a known
RNF146-interacting protein, was included as a positive control (n = 3).

B HeLa cells were transfected with either scrambled or RNF146 siRNAs for 48 h, followed by incubation with 10 lg/ml cycloheximide (CHX) for the indicated periods of
time. Lysates were harvested and analysed by Western blot (n = 3).

C Quantification of BRD7 protein levels from (B), n = 3. Error bars indicate SEM. Relative amounts normalized to the BRD7 protein level at 0 h.
D Control and RNF146 stably overexpressing HeLa cells were transfected with Myc-BRD7-WT for 24 h, followed by incubation with 10 lg/ml cycloheximide (CHX) for

indicated periods of time. Lysates were subjected to Western blot analysis (n = 3).
E Quantification of BRD7 protein levels from (D), n = 3. Error bars indicate SEM. Relative amounts normalized to the BRD7 protein level at 0 h.
F HeLa cells transfected with either RNF146 or control siRNA for 24 h followed by transfection of HA-ubiquitin for another 24 h; MG132 (10 lM) was added for 4 h

and lysed with RIPA, followed by anti-BRD7 IP and analysed by Western blot with the indicated antibodies (n = 3).
G HeLa cells stably expressing RNF146 were transfected with HA-ubiquitin for 24 h; MG132 (10 lM) was added for an additional 4 h, followed by anti-BRD7 IP and

Western blot (n = 3).

Source data are available online for this figure.
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ADR alone; however, combining Olaparib with ADR treatment

suppressed cell viability only in cells expressing wild-type BRD7 but

not those expressing the mutant BRD7 (Fig 7F and Appendix Fig

S7C). Similar results were obtained by measuring the protein levels

of BRD7 (Appendix Fig S7D). Collectively, these results indicate that

PARP1 inhibition may be effective only in treating tumour cells

expressing wild-type BRD7.

Discussion

Accumulating evidence suggests BRD7 functions in regulating cell

proliferation, apoptosis, oncogene-induced senescence and epithe-

lial–mesenchymal transition [33,34,58,61–63]. BRD7 behaves as a

potent tumour suppressor in a number of human cancers

[34,35,40,61,63,64]. BRD7 has been documented to inhibit cell

growth and induce premature senescence through various mecha-

nisms [33,35]. Indeed, BRD7 regulates cell cycle inhibitor p21 in

response to both p53 and Smad2/3/4, suggesting that BRD7 may

interact with multiple transcription factor [33–35]. For instance,

BRD7 is recruited to the promoter regions of p53 target genes to

mediate p53-dependent oncogene-induced senescence and cell

cycle arrest. Moreover, BRD7 forms a complex with the p85a, a

regulatory subunit of p85 family, and induces nuclear translocation

of p85a, thereby attenuating PI3K signalling, suggesting that the

BRD7-p85a complex is distinct from the PBAF complex [40].

Notably, BRD7 forms a complex with Smad3/4 to potentiate TGF-b
induced transcriptional responses independent of the cellular p53

status, indicating that the BRD7/p53 complex and BRD7/Smad

complex are distinct. Taken together, these data indicate that BRD7

has alternative mechanisms contributing to the inhibition of cell

proliferation.

In this study, we demonstrated that BRD7 was a novel PARP1

substrate containing three conserved PAR-binding motifs, which

could promote PARsylation of BRD7 by PARP1 in vitro and

in vivo (Figs 2–4), consistent with recent finding by Gibson et al

[18]. We noted that ribosylated BRD7 was recognized by the

PAR-binding E3 ligase RNF146 which poly-ubiquitinated BRD7

leading to its degradation (Figs 5 and 6). Importantly, targeting

PARP1 with Olaparib significantly enhanced sensitivity of cancer

cells to chemotherapy only in cells expressing wild-type BRD7 but

not those BRD7-depleted cells or expressing the mutant BRD7

(Fig 7).

PARP1 is an abundant nuclear protein with weak enzyme activ-

ity that can be activated by DNA damage, reactive oxygen species

and inflammatory signals. The activation of PARP1 promotes the

poly(ADP-ribosyl)ation of its target proteins, which leads to the

modulation of stability of target proteins, as well as localization

and formation of new protein interaction scaffolds [7,8]. Our data

show that PARP1 regulates the suppressive function of cancer cells

through BRD7 poly(ADP-ribosyl)ation (Figs 2–4 and 7). However,

as shown in Fig 3E, poly(ADP-ribosyl)ation of BRD7 still occurred

in PARP1 knockout cells, suggesting that other PARP(s) may also

be involved in poly(ADP-ribosyl)ation of BRD7. Tankyrase 1

(TNKS1/PARP5a) and Tankyrase 2 (TNKS2/PARP5b) are members

of the poly(ADP-ribose) polymerase (PARP) family with diverse

functions [49,65,66]. Indeed, previous studies of tankyrases

showed it regulated cell proliferation by targeting axin for degrada-

tion in an ubiquitin-proteasome-dependent manner, thus suppress-

ing the WNT signalling pathway [48,49]. Interestingly, we found

▸◀ Figure 6. E3 ligase RNF146 interacted with BRD7 in a PARP1-dependent manner.

A, B HeLa cells transfected with the indicated plasmids; after 24 h, cells were lysed with RIPA buffer followed by immunoprecipitation (IP) using either anti-Myc or anti-
Flag agarose and Western blot with indicated antibody (n = 3).

C HeLa and MDA-MB-231 cells were lysed with RIPA buffer, and lysates were subjected to IP using either anti-IgG, anti-BRD7 or anti-RNF146 antibodies followed by
analysis with Western blot (n = 3).

D Association of endogenous BRD7 with RNF146 in HeLa cells was performed by co-IP using anti-RNF146 antibody. Cell lysates were incubated with protein G
agarose beads conjugated with indicated antibodies, and Western blot was performed (n = 3).

E HeLa cells with wild type or PARP1 knockout were transfected with Myc-BRD7-WT for 24 h, and their lysates were subjected to IP using anti-Myc agarose and
analysed by Western blot with indicated antibodies (n = 3).

F HeLa cells stably expressing Flag-RNF146 were transfected with either Myc-BRD7-WT or Myc-BRD7-mutant for 24 h, and lysates were subjected to IP using anti-
Flag agarose and analysed by Western blot with indicated antibodies (n = 3).

Source data are available online for this figure.

▸Figure 7. Inhibiting PARylation of BRD7 enhanced sensitivity of cancer cells to DNA-damaging agents.

A MDA-MB-231 cells were transfected twice with indicated siRNAs, and the absorbance values of indicated cell lines were measured at different time points by CCK8
assay (n = 3).

B Cell lysates treated in (A) were analysed by Western blot with indicated antibodies (n = 3).
C MDA-MB-231 cells were treated with Olaparib (10 lM) combined with ADR (0.5 lM), CPT (0.5 lM) or VP16 (10 lM) for 72 h, and CCK8 activity of the cells was

detected (n = 3).
D MDA-MB-231 cells were treated with Olaparib (10 lM) combined with ADR (0.5 lM) for 72 h, and their lysates were subjected to IP using anti-BRD7 antibodies and

analysed by Western blot with indicated antibodies (n = 3).
E MDA-MB-231 cells were transfected twice with BRD7 siRNAs, and these cells were subjected to CCK8 assay after treatment with Olaparib (10 lM) combined with

either ADR (0.5 lM) or VP16 (10 lM) for 72 h (n = 3).
F Resistance of BRD7-depleted cells to Olaparib was reversed by the expression of wild-type BRD7 but not mutant BRD7. shRNA-resistant BRD7 wild-type and BRD7-

mutant plasmids were transduced into BRD7-depleted MDA-MB-231 cells, and cell viability was determined as indicated above (n = 3).

Data information: In (A, C, E, F), results represent mean � SEM of three experiments. N.S., not significant; **P < 0.01, Student’s t-test.

Source data are available online for this figure.
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that BRD7 contained a highly conserved motif similar to the

RXXXDG binding motif (RRKPDG) of tankyrase, and our prelimi-

nary co-IP results showed that TNKS1 and TNKS2 were associated

with BRD7 (data not showed), indicating that tankyrases may be

important for function and regulation of BRD7. Further studies will

be needed to elucidate the relationship between these proteins.
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TGF-b signalling pathway takes part in numerous cellular

processes, including cell proliferation, apoptosis and epithelial–

mesenchymal transition (EMT) [67]. Liu et al showed that BRD7

forms a TGF-b-inducible complex with Smad3/4 to enhance Smad

transcriptional activity, and further potentiated TGF-b-mediated

EMT responses [33]. Notably, PARP1 can dissociate Smad

complexes from DNA through poly(ADP-ribosyl)ating Smad3 and

Smad4, therefore attenuating Smad-mediated transcription and

inhibiting TGF-b-induced EMT transition [68]. We have demon-

strated PARP1 directly ribosylated BRD7 and promoted its degrada-

tion (Figs 2–4), and PARP1 enhanced this process through

promoting degradation of BRD7.

Many tumour cells have defective DNA repair pathways. For

instance, BRCA1/2 mutations occur frequently in breast and ovarian

cancers [69,70], ARID1A (AT-rich interactive domain 1A) mutations

are present in multiple cancer types [71]. Targeting DNA repair

pathways is a promising strategy for achieving synthetic lethality of

cancers. PARP1 plays critical roles in DNA damage response. A

number of PARP1 inhibitors are either FDA-approved (Olaparib,

Rucaparib) or under clinical development (Veliparib) for treatment of

cancer including BRCA1/2-deficient ovarian or breast cancers

[29,30]. Nevertheless, there is still a substantial fraction of BRCA

deficient breast cancers do not respond to PARP inhibition [72],

raising the possibility that another uncovered mechanism involved in

this process. Our results showed that the combination of Olaparib

with chemotherapy efficiently inhibited proliferation of cancer cells;

however, these effects were greatly compromised after silencing

BRD7 (Fig 7E and F). Phosphoinositide 3-kinase (PI3K) activity is

important for regulating cell growth, survival and motility via

activation of the protein-Ser/Thr kinase, AKT [73]. It has been

documented that BRD7 forms a complex with PI3K regulatory subunit

p85a, and induces the nuclear translocation of p85a through its NLS,

resulting in instability of p110 monomers and attenuation of PI3K

signalling [39,40]. In accordance with previous finding that BRD7 can

attenuate the survival signals resulting from PI3K/AKT activation

[40], our study revealed that PARP1 promotes activation of AKT

phosphorylation at least in part in a BRD7-dependent manner through

which PARP1 directly ribosylated BRD7 and enhanced it ubiquitina-

tion by RNF146 (data not shown), indicating that BRD7 might play a

crucial role in coordination of PARP1-induced AKT activation.

In summary, our study uncovered for the first time that BRD7 is

directly ribosylated by PARP1 which is then ubiquitinated by a PAR-

binding E3 ubiquitin ligase RNF146, leading to degradation of BRD7

and survival of cancer cells (Fig 8). Inhibition of PARP1 suppressed

cell proliferation and promoted sensitivity of cancer cells to DNA

damage chemotherapy through reduction of BRD7 PARylation. Our

finding uncovered a novel mechanism that PARP1 modulated resis-

tance to DNA-damaging agents of cancer cells, and suggested that

BRD7 may be served as a potential biomarker for predicting the

synergistic effects of combining chemotherapeutic drugs and PARP

inhibitors in clinical trial.

Materials and Methods

Cells culture and transfection

HeLa, U2OS, HEK293T, MDA-MB-468 and MDA-MB-231 cells were

obtained from ATCC and cultured in DMEM (Life Technologies)

supplemented with 10% foetal bovine serum (FBS, Life Technolo-

gies) with 5% CO2 at 37°C. Non-small lung cancer cell line A549

and cisplatin-resistant A549/DDP (1 lg/ml) cells were cultured in

RPMI1640 (Life Technologies) supplemented with 10% FBS [74].

Breast cancer cell line MCF7, MCF7/doxorubicin (ADR, 0.5 lg/ml)-

resistant cell and MCF7/irradiation (IR, 10 Gy)-resistant cell line

were gifts from Prof. Herui Yao (Sun Yat-Sen University Memorial

Hospital, Guangzhou, China), and breast cancer cell line MDA-MB-

231, MDA-MB-231/doxorubicin (ADR, 0.5 lg/ml)-resistant cell and

MDA-MB-231/cisplatin (DDP, 1 lg/ml)-resistant cell line were gifts

from Prof.Qiang Liu (Sun Yat-Sen University Memorial Hospital,

Guangzhou, China). All the above breast cancer cell lines were

maintained in RPMI 1640 supplemented with 10% FBS.

Plasmid transfections were performed using Lipofectamine 2000

(Life Technologies). siRNA transfection was performed using Lipo-

fectamine RNAiMAX reagent (Life Technologies) according to its

protocol. 48 h post-transfection, cells were harvested and subjected

to Western blot. The PARP1 siRNA sequences were as follows

[75,76]: #1: 50-AAGCCTCCGCTCCTGAACAAT-30, #2: 50-AAGATAGA
GCGTGAAGGCGAA-30, #3: 50-GGCCAGGATGGAATTGGTA-30, #4:

50-CCAATAGGCTTAATCCTGT-30; the BRD7 siRNA sequences were

as follows [33,40]: 50-GTCCCTCATACAGAGAAAT-30, 50-GACTCGT-
GAGGAAGGAATG-30, targeting the 30 untranslated region (UTR);

the RNF146 siRNA sequences were as follows: #1: 50-GCACGTTTT
CTGCTATCTA-30, #2: 50-GGCTAGACTGTGATGCTAA-30, #3: 50-GC
TTTGCTGTCTAGTCTTATA-30, #4: 50-GGACGTCGCAGGAAGATT
A-30, #5: 50-GGATGTATCTGCAGTTGTT-30. PARP2 siRNA sequence

was as follows [77]: 50-AAGATGATGCCCAGAGGAACT-30.

Figure 8. Schematic model of the PARP1-RNF146-BRD7 pathway in
response to DNA damage.

BRD7 was ribosylated by PARP1 after DNA damage, promoting recognization by
E3 ligase RNF146 which targeted BRD7 for ubiquitination–proteasome-
dependent degradation enhancing cell survival.
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Plasmids construction

Full-length cDNAs coding for BRD7, PARP1 and RNF146 were

obtained from cDNA of human HEK293 cell by PCR and were then

cloned into either pcDNA3.1 or pcDNA6B-myc/his vector with indi-

cated tag sequence. SFB-BRD7 and SFB-RNF146 were first

subcloned into pDONR201 entry vector and then transferred into

destination vectors with the indicated SFB tag using Gateway Tech-

nology (Invitrogen, Camarillo, CA, USA). HA-tagged ubiquitin was

used previously [78]; HA-Ubk48 and HA-Ubk63 were gifts from

Prof. Ronggui Hu (Institute of Biochemistry and Cell Biology, SIBS,

CAS). Mutations were introduced using the Quick-Change Site-

Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA), and all

mutations were verified by DNA sequencing.

Antibodies and reagents

Human anti-BRD7 (A302-304A) antibody was from Bethyl Labora-

tories. Human anti-PARP1 (SC-8007), anti-RNF146 (SC-132440,

Western blot), anti-Rad51 (SC-8349) and anti-PTEN (SC-7974) anti-

bodies were from Santa Cruz Biotechnology. Human anti-RNF146

(ARP43340-T100, immunoprecipitation) was from Aviva Systems

Biology. Human anti-PAR (4336-BPC-100) antibody was from

Trevigen. Human anti-Flag (#8146), anti-Myc (#2278), anti-biotin

(#5571S) and anti-HA (#3724) antibodies were from Cell Signaling

Technology. Human anti-p21 (554262), anti-cH2AX antibodies

(560443, Western blot) and Alexa Fluor 555 anti-cH2AX (560446,

Immunofluorescence) were from BD biosciences. Human anti-

GAPDH (HC301-02) and anti-tubulin (HC101-02) antibodies were

from TransGen Biotechnology. Rucaparib, Olaparib, BMN673,

MG132, doxorubicin (ADR) and camptothecin (CPT) were

purchased from Selleck Company. Cycloheximide (CHX) was

purchased from Sigma Chemical Co. PDD00017273 was purchased

from TOCRIS.

CRISPR-Cas9 to generate PARP1 knockout HeLa cells

For CRISPR-Cas9 knockout of human PARP1 in HeLa cells, follow-

ing small guide RNAs (sgRNAs) were used: GAGTCGAGTACGC-

CAAGAGC. gRNA sequences were cloned into the vector pX330-

CRISPRv2 cloning vector according to the standard protocol [79].

Twenty-four hours after transfection with gRNA/Cas9 expression

construct, HeLa cells were cultured in the presence of puromycin

(2 lg/ml). Approximately 2 weeks later, puromycin-resistant

clones were picked and expanded. Lack of PARP1 protein expres-

sion in HeLa cells was confirmed by Western blot with PARP1

antibody.

Tandem affinity purification of SFB-tagged BRD7

For affinity purification, ten plates of HEK293T cells stably

expressing tagged proteins were lysed with NETN buffer (20 mM

Tris–HCl [pH 8.0], 100 mM NaCl, 1 mM EDTA, and 0.5%

Nonidet P-40 and a protease and phosphatase inhibitor cocktail

(Bimake, China)) for 20 min. Supernatants were cleared at

15,000 g to remove debris followed by incubation with strepta-

vidin-conjugated beads (Amersham Biosciences) for 12 h at 4°C.

Beads were washed three times with NETN buffer, and then

bead-bound proteins were eluted with NETN buffer containing

1 mg/ml biotin (Sigma). Elute was incubated with S-protein

beads (Novagen) for 2 h at 4°C. Beads were washed three times

with NETN buffer and subjected to SDS–PAGE. Protein bands

were excised and digested, and peptides were analysed by mass

spectrometry (MS).

For identifying ADP-ribosylation sites of BRD7, we used PARG

inhibitor to enhance the accumulation of PARylated BRD7 and

sample preparation for mass spectrometric analysis was performed

as previously described [10].

Western blot and co-immunoprecipitation

Cells were lysed in RIPA buffer (50 mM Tris–HCl [pH 8.0], 5 mM

EDTA, 150 mM NaCl, 0.5% Nonidet P-40 and a protease and phos-

phatase inhibitor cocktail (Bimake, China)). The clarified lysates

were resolved by SDS–PAGE and transferred to PVDF membranes

for Western blot using ECL detection reagents (Beyotime, China).

Immunoblots were processed according to standard procedures

using indicated antibodies. For immunoprecipitation, supernatants

were first incubated with either anti-Flag or anti-Myc agarose

(Sigma Chemical Co.) overnight at 4°C, followed by precipitation

being washed three times with NETN buffer. For denaturing

immunoprecipitation, cells were lysed with RIPA denaturing buffer

(50 mM Tris–HCl [pH 8.0], 5 mM EDTA, 150 mM NaCl, 0.5%

Nonidet P-40, 0.5% deoxycholate, 0.5% SDS) containing PARG inhi-

bitor PDD00017273 (10 lM) and protease inhibitor (Bimake,

China). Lysates were then immunoprecipitated using control or

anti-BRD7 antibodies followed by Western blotting as indicated. To

detect endogenous interaction, the cell lysates were divided into two

parts for incubation with anti-IgG or anti-PARP1, anti-BRD7 or anti-

RNF146 antibodies for 2 h and then protein G agaroses (Life Tech-

nologies) overnight. After washing three times with NETN buffer,

samples were boiled in 2× SDS loading buffer and resolved on SDS–

PAGE. Membranes were blocked in 5% milk in TBST buffer and

then probed with antibodies as indicated.

Establishment of shRNAs cell lines

pLKO.1 puro was a gift from Bob Weinberg (Addgene plasmid

#8453). The following oligonucleotides for human BRD7 were as

follows: 50-GACTCGTGAGGAAGGAATG-30, targeting the 30 untrans-
lated region (UTR). The non-silencing control sequence is 50-CCCA
TAAGAGTAATAATA-30. The shRNAs were packaged into lentiviruses

by cotransfecting with packaging plasmids pMD2G and pSPAX2

(kindly provided by Songyang Zhou, Baylor College of Medicine) into

293T cells. Forty-eight hours after transfection, the supernatant was

collected for infection of MDA-MB-468 cells. Infected cells were

selected with media containing puromycin (2 lg/ml) for 72 h.

In vivo ubiquitination assay

This procedure was performed as previously described [80]. Briefly,

HeLa cells were transfected with either indicated plasmids or

siRNAs for 24–48 h and then treated with 10 lM MG132 for addi-

tional 6 h prior to harvesting. Cells were lysed in RIPA buffer with a

cocktail of protease and phosphatase inhibitors (Bimake, China).

Endogenous BRD7 was immunoprecipitated using anti-BRD7
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antibody for 12 h at 4°C. Poly-ubiquitinated BRD7 was detected

using an anti-HA antibody.

In vitro PARylation assay

This procedure was performed as previously described with minor

modification [47]. Briefly, Flag-PARP1 was obtained by immunopre-

cipitation using anti-Flag agarose from lysates of HEK293T cells over-

expressing Flag-PARP1. Myc-BRD7-WT and Myc-BRD7-mutant were

synthesized in vitro using S30 T7 High-Yield Protein Expression

System (Promega). Flag-PARP1 and recombinant Myc-BRD7-WT, and

Myc-BRD7-mutant were incubated in 100 ll of PARP reaction buffer

(50 mMTris–HCl [pH 8.0], 4 mMMgCl2, 0.2 mM dithiothreitol) either

with or without 25 lM biotinylated NAD+ (Trevigen) for 30 min at

25°C. Reactions were terminated by addition of 2 × sample buffer and

analysed by immunoblotting using an anti-biotin HRP antibody.

Cell death detection assay

The proportion of death cells was measured by Fixable Viability Dye

eFluor� 455UV reagent (eBioscience) according to manufacturer’s

instructions. In brief, breast cancer cells were treated with drugs at

indicated time and then washed once with PBS buffer following by

trypsin digestion. Then, cells were suspended in Flow Cytometry

Staining Buffer (eBioscience). For each sample, 1 ll Fixable Viability
Dye was added and incubated for 30 min at 4°C, followed by subjec-

tion to FACS analysis. Experiments were repeated for three times.

CCK8 assays

Cells were transfected twice with either control siRNA or siRNAs

specifically targeting PARP1 or BRD7. Twenty-four hours after

second transfection, cells were seeded into 96-well plates for 24 h,

treated with Olaparib (5 lM) and either etoposide (VP16, 10 lM),

ADR (0.5 lM) or CPT (0.5 lM) for indicated times, then incubated

with CCK8 for another 2 h. CCK8 activity of cells was detected by

450 nm absorbance. All data are represented as mean � SEM of

three independent experiments.

Expanded View for this article is available online.
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