
SIRT2 promotes BRCA1-BARD1 heterodimerization through 
deacetylation

Elizabeth V. Minten1, Priya Kapoor-Vazirani1, Chunyang Li1, Hui Zhang1, Kamakshi 
Balakrishnan1, David S. Yu1,2,*

1Department of Radiation Oncology and Winship Cancer Institute, Emory University School of 
Medicine, Atlanta, GA 30322, USA

2Lead contact

SUMMARY

The breast cancer type I susceptibility protein (BRCA1) and BRCA1-associated RING domain 

protein I (BARD1) heterodimer promote genome integrity through pleiotropic functions, including 

DNA double-strand break (DSB) repair by homologous recombination (HR). BRCA1-BARD1 

heterodimerization is required for their mutual stability, HR function, and role in tumor 

suppression; however, the upstream signaling events governing BRCA1-BARD1 

heterodimerization are unclear. Here, we show that SIRT2, a sirtuin deacetylase and breast tumor 

suppressor, promotes BRCA1-BARD1 heterodimerization through deacetylation. SIRT2 

complexes with BRCA1-BARD1 and deacetylates conserved lysines in the BARD1 RING 

domain, interfacing BRCA1, which promotes BRCA1-BARD1 heterodimerization and 

consequently BRCA1-BARD1 stability, nuclear retention, and localization to DNA damage sites, 

thus contributing to efficient HR. Our findings define a mechanism for regulation of BRCA1-

BARD1 heterodimerization through SIRT2 deacetylation, elucidating a critical upstream signaling 

event directing BRCA1-BARD1 heterodimerization, which facilitates HR and tumor suppression, 

and delineating a role for SIRT2 in directing DSB repair by HR.

In brief

Minten et al. show that SIRT2, a sirtuin deacetylase and tumor suppressor protein, promotes 

BRCA1-BARD1 heterodimerization through deacetylation of BARD1 at conserved lysines within 
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its RING domain. These findings elucidate a critical upstream signaling event directing BRCA1-

BARD1 heterodimerization, which facilitates HR and tumor suppression.

Graphical Abstract

INTRODUCTION

Inherited mutations in BRCA1 predispose to breast and ovarian cancers (Foulkes, 2008; Roy 

et al., 2011; Silver and Livingston, 2012; Tarsounas and Sung, 2020; Venkitaraman, 2014). 

BRCA1 promotes genome integrity through pleiotropic functions, including double-strand 

break (DSB) repair by homologous recombination (HR) (Moynahan et al., 1999, 2001; 

Scully et al., 1997; Snouwaert et al., 1999), protection of stalled replication forks from 

nucleolytic degradation (Schlacher et al., 2012), cell cycle checkpoint activation (Xu et al., 

1999, 2001; Yarden et al., 2002), mRNA splicing and microRNA biogenesis (Chang and 

Sharan, 2012; Kawai and Amano, 2012; Kleiman and Manley, 1999; Kleiman and Manley, 

2001; Savage et al., 2014), and avoidance of replication-transcription conflicts (Hatchi et al., 

2015; Schlacher et al., 2012). In particular, BRCA1’s role in multiple steps in the error-free 

HR pathway, which helps repair DSBs and resolve stalled replication forks, is thought to be 

important for its tumor suppressor function (Irminger-Finger and Jefford, 2006; Jiang and 

Greenberg, 2015; Kolinjivadi et al., 2017; Moynahan and Jasin, 2010; Tarsounas and Sung, 

2020).
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BRCA1 forms a stable heterodimeric complex with BARD1 through the association of their 

amino (N)-terminal RING domains (Meza et al., 1999; Wu et al., 1996), which is important 

for their mutual stability (Hashizume et al., 2001; Joukov et al., 2001), nuclear localization 

(Fabbro et al., 2002; Rodriguez et al., 2004), recruitment to DNA damage sites (Fabbro et 

al., 2002; Rodriguez et al., 2004), and ubiquitin E3 ligase activity (Hashizume et al., 2001; 

Mallery et al., 2002; Ruffner et al., 2001; Xia et al., 2003). Mice deficient in Brca1 or Bard1 
develop indistinguishable basal-like mammary carcinomas (Shakya et al., 2008), suggesting 

that the tumor suppressor functions of BRCA1 and BARD1 are likely mediated through 

their heterodimerization. Indeed, the RING domain of BRCA1 is essential for tumor 

suppression in a conditional mouse model for BRCA1-associated breast cancer carrying 

C61G, a common pathogenic missense variant that disrupts BRCA1-BARD1 

heterodimerization (Drost et al., 2011). Furthermore, a number of additional germline 

mutations in the RING domains of BRCA1 and BARD1 have been found in patients with 

hereditary breast and ovarian cancers (Database: BRCA Exchange) (Brzovic et al., 2001a; 

Castilla et al., 1994; Friedman et al., 1994; Ruffner et al., 2001), highlighting the potential 

significance of BRCA1-BARD1 heterodimerization in tumor suppression. Mutational 

analyses based on the nuclear magnetic resonance (NMR) structure of the BRCA1-BARD1 

RING domain heterodimer complex, which consists of a pair of RING finger motifs and 

flanking anti-parallel α helices (which we will henceforth refer to as the RING domain) 

(Brzovic et al., 2001b), have shown that the BRCA1-BARD1 interface is mediated by 

residues important for hydrophobic interactions or that contribute to structural stabilization 

(Brzovic et al., 2003; Lee et al., 2015; Meza et al., 1999; Morris et al., 2002; Xia et al., 

2003); however, although suggested, the contribution of charged interactions has not been 

demonstrated (Brzovic et al., 2001b).

The interaction of BRCA1 and BARD1 is critical for their mutual stability (Hashizume et 

al., 2001; Joukov et al., 2001), likely by masking BRCA1’s degron domain, which is located 

in its first 167 amino acids (Lu et al., 2007), and is ubiquitinated by HERC2 (Wu et al., 

2010), HUWE1 (Wang et al., 2014), and FBXO44 (Lu et al., 2012) and deubiquitinated by 

USP9X (Lu et al., 2019). CTSS, a cysteine protease, has also been shown to promote 

BRCA1 ubiquitination and subsequent degradation after cleaving its C-terminal BRCT 

domains (Kim et al., 2019). BARD1 is also degraded in a ubiquitination-mediated process 

via the APC/C complex (Song and Rape, 2010). Furthermore, BRCA1-BARD1 stability is 

affected by their interaction with UBE2T (Ueki et al., 2009), GUARDIN (Hu et al., 2018), 

TACC3 (Kim et al., 2018), and TUSC4 (Peng et al., 2015), suggesting tight regulation of 

BRCA1-BARD1 stability.

Sirtuin 2 (SIRT2) is a sirtuin family NAD+-dependent deacetylase, which regulates multiple 

biological processes, including genome maintenance, aging, tumorigenesis, and metabolism 

(Finkel et al., 2009; Guarente, 2011; Saunders and Verdin, 2007; Zhang et al., 2016b). 

Significantly, mice deficient in Sirt2 develop breast and other cancers (Kim et al., 2011; 

Serrano et al., 2013), suggesting that SIRT2 functions in tumor suppression. We previously 

defined a role for SIRT2 in directing the replication stress response (RSR), a subset of the 

DNA damage response (DDR), through the acetylation status of ATRIP and CDK9 (Zhang 

et al., 2013, 2016a, 2016b) and furthermore showed that somatic cancer-associated SIRT2 
mutations impair the activity of SIRT2 in maintaining genome integrity (Head et al., 2017); 
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however, SIRT2’s role in downstream DNA repair is less well established. SIRT2 was 

recently reported to promote nucleotide excision repair (NER) (Zhang et al., 2020), but its 

role in promoting DSB repair by HR is unclear. Furthermore, BRCA1 function in the intra-S 

checkpoint is activated by K830 acetylation via a pCAF/SIRT1 axis (Lahusen et al., 2018); 

however, the role of SIRT2 deacetylation, or more generally of upstream signaling events, in 

governing BRCA1-BARD1 heterodimerization is not known.

In this study, we show that BARD1 deacetylation by SIRT2 at conserved lysine sites in its 

RING domain promotes BRCA1-BARD1 heterodimerization, thereby facilitating BRCA1-

BARD1 stability, nuclear retention, localization to DNA damage sites, and function in HR. 

Our findings define a mechanism for regulation of BRCA1-BARD1 heterodimerization 

through SIRT2 deacetylation, elucidating a critical upstream signaling event directing 

BRCA1-BARD1 heterodimerization and delineating a role for SIRT2 in promoting DSB 

repair by HR.

RESULTS

SIRT2 interacts with the BRCA1-BARD1 complex

To determine if SIRT2 interacts in a complex with BRCA1 and BARD1, we performed co-

immunoprecipitation (coIP) analyses. coIP of SIRT2-FLAG expressed in human embryonic 

kidney (HEK) 293T cells pulled down HA-BRCA1 and endogenous BARD1 (Figure 1A). In 

a reciprocal coIP, HA-BRCA1 pulled down GFP-SIRT2 and endogenous BARD1, and 

endogenous BARD1 pulled down SIRT2-FLAG and endogenous BRCA1 (Figures 1B and 

1C). The endogenous interaction of SIRT2 with BRCA1 and BARD1 was validated by coIP 

in HeLa cervical and HCT116 colorectal cancer cells (Figures 1D and 1E). Furthermore, the 

coIP of HA-BRCA1 with SIRT2-FLAG and endogenous BARD1 in HEK293T cells was 

preserved even following treatment with ethidium bromide, an intercalating agent, which 

disrupts protein-DNA interactions (Figure S1A). Thus, the interaction of SIRT2 with 

BRCA1 and BARD1 is physiologic, not cell type specific, and not mediated through DNA.

SIRT2 deacetylates BRCA1 and BARD1

To determine if SIRT2 deacetylates BRCA1, we performed an in vitro deacetylation assay 

with purified acetylated HA-BRCA1, SIRT2-FLAG, and NAD+ with or without 

nicotinamide, a sirtuin inhibitor. SIRT2-FLAG wild-type (WT) but not H187Y, a 

deacetylase-inactive mutant (North et al., 2003), deacetylated HA-BRCA1 in an NAD+-

dependent manner, in which deacetylation was inhibited by nicotinamide (Figures 1F and 

S1B). These findings were validated in HEK293T cells, in which SIRT2-FLAG WT but not 

H187Y deacetylated HA-BRCA1 (Figure 1G). Similar results were obtained for BARD1, in 

which SIRT2-FLAG WT but not H187Y deacetylated acetylated GFP-BARD1 in vitro in a 

NAD+-dependent manner that was inhibited by nicotinamide (Figure 1H), and SIRT2-FLAG 

deacetylated GFP-BARD1 expressed in HEK293T cells (Figure 4F).

SIRT2 deacetylase activity promotes BRCA1-BARD1 stability

To determine the functional significance of this interaction, BRCA1 protein levels were 

measured by western blot analysis in HCT116 cells after SIRT2 knockdown. BRCA1 levels 
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were decreased following SIRT2 knockdown (Figure 2A), which was also observed in 

U2OS cells (Figures S2A–S2B). As BRCA1 and BARD1 stabilize each other when in 

complex (Hashizume et al., 2001; Joukov et al., 2001), decreased BARD1 levels were also 

reduced after SIRT2 knockdown (Figures 2B and S2A). Treatment with AGK2, a SIRT2-

specific inhibitor (Outeiro et al., 2007), produced similar results, indicating that these results 

were dependent on SIRT2 deacetylase activity (Figures 2D and 2E). To determine if SIRT2 

regulates BRCA1 and BARD1 at the transcriptional level, we performed quantitative RT-

PCR following SIRT2 depletion or AGK2 treatment. No corresponding significant decrease 

in BRCA1 or BARD1 mRNA levels was observed (Figures 2C and 2F), suggesting that 

regulation occurs at the post-transcriptional level. To validate these findings, HEK293T cells 

were treated with cycloheximide, an inhibitor of translation, alone or with AGK2. A 

significantly greater decrease in BRCA1 protein levels was observed following AGK2 

treatment (Figures 2G and 2H). We observed no significant difference in BARD1 protein 

levels at this time point, consistent with prior reports of BARD1’s significantly longer half-

life (Choudhury et al., 2004), and combined AGK2 and cycloheximide treatment times 

beyond the 8 h required to detect noticeable BARD1 degradation (Choudhury et al., 2004) 

resulted in significant toxicity (data not shown). The decrease in BRCA1 and BARD1 

protein levels following SIRT2 knockdown or AGK2 treatment was alleviated by 

proteasomal inhibition with MG132 (Figures 2I, 2J, and S2C), suggesting that SIRT2 

deacetylase activity promotes BRCA1-BARD1 stability by impairing its degradation. The 

decrease in BRCA1 protein levels following SIRT2 knockdown was also observed in cells 

synchronized in G1, S, and G2/M phase (Figures S2D and S2E), implying a cell cycle-

independent effect, while a decrease in BARD1 protein levels following SIRT2 knockdown 

was observed in cells synchronized in G1 and to a lesser extent in G2/M but not S phase, 

which may be due to BARD1’s maximal mRNA expression in S phase and longer half-life 

(Choudhury et al., 2004). Moreover, SIRT2 knockdown and AGK2 treatment caused a 

significant decrease in BRCA1 and BARD1 protein levels in both the absence and presence 

of ionizing radiation (IR) (Figures S2F–S2J). Collectively, our data suggest that SIRT2 

deacetylase activity promotes BRCA1-BARD1 stability by impairing its degradation 

independent of cell cycle and DNA damage.

SIRT2 deacetylase activity promotes BRCA1-BARD1 nuclear retention, localization to DNA 
damage sites, and HR

The BRCA1-BARD1 interaction has been reported to mask each other’s nuclear export 

signals (NESs), thereby promoting their nuclear retention (Fabbro et al., 2002; Rodriguez et 

al., 2004). We thus hypothesized that SIRT2 deficiency might result in increased 

cytoplasmic localization. Indeed, a significantly greater increase in BRCA1 and BARD1 

cytoplasmic localization was observed in U2OS cells depleted for SIRT2 or treated with 

AGK2 (Figures 3A–3F). To determine if SIRT2 deficiency furthermore impairs BRCA1-

BARD1 localization to DNA damage sites, we examined U2OS cells treated with IR 

following SIRT2 depletion. A significantly greater decrease in cells with IR-induced 

BRCA1 and BARD1 foci co-localizing with γH2AX foci was observed following SIRT2 

deficiency (Figures 3G–3J). Moreover, SIRT2 deficiency impaired the co-localization of 

BRCA1 and BARD1 with mCherry-LacI-FokI endonuclease-induced DSBs in U2OS 

reporter cells integrated with lac operator repeats (Shanbhag et al., 2010) (Figures S3A and 
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S3B), suggesting that SIRT2 promotes BRCA1-BARD1 localization to DNA damage sites 

and that SIRT2 may direct BRCA1-BARD1 function in DSB repair. To determine directly if 

SIRT2 functions in HR, we examined SIRT2 depletion in U2OS cells integrated with a 

direct repeat (DR)-GFP reporter substrate in which expression of the I-SceI endonuclease 

generates a DSB that when repaired by HR restores GFP expression. SIRT2 depletion 

caused a significant impairment in HR, which could be rescued by SIRT2-FLAG WT but not 

H187Y (Figures 3K, 3L, and S3C). Moreover, in epistasis studies, combined SIRT2 and 

BRCA1 depletion caused no significant further impairment in HR compared with BRCA1 

depletion alone (Figures 3M, 3N, and S3D), implying that SIRT2 functions with BRCA1 in 

promoting HR. Interestingly, BRCA1 knockdown also caused an increase in SIRT2 protein 

levels (Figure 3N), suggesting that BRCA1 may be involved in a feedback loop to regulate 

SIRT2. Collectively, our results suggest that SIRT2 deacetylation promotes BRCA1-BARD1 

nuclear retention and localization to DNA damage sites, and thus facilitating HR.

SIRT2 deacetylates the BARD1 RING domain

The stability and nuclear retention of BRCA1-BARD1 is dependent on heterodimerization 

of its RING motifs and flanking α helices (RING domain) located in their respective N-

termini (Fabbro et al., 2002; Hashizume et al., 2001; Joukov et al., 2001). Moreover, the 

BRCA1 degron has also been mapped to its N terminus (Lu et al., 2007). To provide insight 

into the mechanism by which SIRT2 may regulate BRCA1-BARD1 stability, we mapped the 

regions of BRCA1 and BARD1 interacting with SIRT2. coIP of overlapping FLAG-HA-

NLS BRCA1 fragments (Lu et al., 2007) spanning full-length (FL) BRCA1 and GFP-SIRT2 

expressed in HEK293T cells revealed that FLAG-HA-NLS BRCA1 (1–324) but not BRCA1 

(263–551) or more C-terminal BRCA1 interacts with GFP-SIRT2 (Figure 4A). In further 

mapping experiments, His-SIRT2 co-immunoprecipitated with BRCA1 (1–167) (Figure 

S4A), suggesting that BRCA1 amino acids 1–167, where its degron is located, are sufficient 

for interaction with SIRT2. Interestingly, the BARD1-binding domain is also located in this 

region (Wu et al., 1996), and BARD1 has been reported to stabilize BRCA1 by protecting it 

from ubiquitination (Choudhury et al., 2004). Indeed, a FLAG-BARD1 fragment containing 

residues 1–202 but not a deletion mutant missing residues 34–126 (Laufer et al., 2007), 

corresponding to BARD1’s RING domain, co-immunoprecipitated with GFP-SIRT2 (Figure 

4B), suggesting that BARD1 amino acids 34–126 are necessary and 1–202 are sufficient for 

interaction with SIRT2. Moreover, HA-BRCA1 C61G, a pathogenic mutant with impaired 

ability to bind BARD1 (Brzovic et al., 1998), failed to pull down SIRT2-FLAG (Figure 4C), 

suggesting that BRCA1 interacts with SIRT2 through its interaction with BARD1. 

Collectively, these findings imply that SIRT2 interacts with the BRCA1-BARD1 complex 

through BARD1’s N-terminal RING domain.

To identify the specific lysine targets of SIRT2 deacetylation, we analyzed the NMR 

structure of the BRCA1-BARD1 heterodimer complex (Brzovic et al., 2001b) (Figures 4D 

and S4B). Of note, the positive charge of BARD1 lysine 96 (K96) forms a potential salt 

bridge with the negative charge of BRCA1 aspartic acid 40 (D40) measuring 2.2 Å, and to a 

lesser extent, potential electrostatic interactions measuring about 5 Å are formed between 

BARD1 K46 and BRCA1 glutamic acid 85 (E85) and BARD1 K100 and BRCA1 E10. All 

three BARD1 lysine sites are evolutionarily conserved (Figure S4C), and acetylation at these 
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sites may lead to a loss of electrostatic attraction with the corresponding negative charged 

residue on BRCA1. Although HA-BRCA1 is acetylated (Figure S4D), we found no evidence 

that BRCA1 is acetylated at its N terminus (1–167), which contains its RING domain, by IP 

of FLAG-HA-NLS BRCA1 (1–167) and western blot with an anti-acetyl K antibody (Figure 

S4E) or reciprocally, IP with an anti-acetyl K antibody and western blot for FLAG-HA-NLS 

BRCA1 (1–167) (Figure S4F). In contrast, GFP-BARD1 is acetylated, and mutation of 

BARD1 K46, K96, and K110 to arginines (3KR) caused a significant decrease in acetylation 

of BARD1 (Figure 4E). Mass spectrometry of purified GFP-BARD1 from cells identified 

additional candidate acetylation sites outside of the BARD1 RING domain at K130, K596, 

K630, and K593, although only GFP-BARD1 K596R showed a decrease in acetylation 

compared with GFP-BARD1 WT (Figure 4E). However, overexpression of SIRT2-FLAG 

caused a significant decrease in acetylation of GFP-BARD1 WT and K596R but not 3KR 

(Figure 4F), suggesting that SIRT2 primarily deacetylates BARD1 at its RING motif and 

flanking α helices among K46, K96, and K110 but not at K596R.

BARD1 RING domain deacetylation by SIRT2 promotes BRCA1-BARD1 heterodimerization

To determine whether SIRT2 regulates the interaction of BRCA1 and BARD1, we 

performed coIP of GFP-BARD1 in HEK293T cells treated with a short course of AGK2 to 

minimize significant degradation of BRCA1 and BARD1 and found that GFP-BARD1 

pulled down a lower amount of endogenous BRCA1 following AGK2 treatment than a 

control (Figure 5A). Similarly, a reciprocal coIP of HA-BRCA1 pulled down a decreased 

amount of GFP-BARD1 following AGK2 treatment (Figures 5B and S5A). Moreover, 

AGK2 treatment impaired the coIP of endogenous BARD1 and endogenous BRCA1 

(Figures S5B and S5C), suggesting that SIRT2 deacetylase activity promotes the interaction 

of BRCA1 and BARD1.

We then analyzed the interaction of endogenous BRCA1 with GFP-BARD1 WT, 3KR, or a 

mutant in which K46, K96, and K110 were replaced by glutamine (Q) to mimic an 

acetylated state (3KQ). Strikingly, coIP of GFP-BARD1 3KR pulled down a significantly 

greater amount of endogenous BRCA1 than GFP-BARD1 WT (Figures 5C and S5D), while 

coIP of GFP-BARD 3KQ pulled down a significantly decreased amount of endogenous 

BRCA1 compared with GFP-BARD1 WT (Figures 5D and S5D), suggesting that BARD1 

acetylation at its RING domain impairs interaction with BRCA1. In contrast, coIP of GFP-

BARD1 K596R mutant pulled down a comparable amount of endogenous BRCA1 as GFP-

BARD1 WT (Figure S5E), and coIP of FL HA-BRCA1 in which all 14 lysines within amino 

acids 1–167 that complex with SIRT2 were mutated to arginine (14KR) pulled down a 

comparable amount of GFP-BARD1 WT as HA-BRCA1 WT (Figure S5F). We next 

examined BRCA1 protein levels in HEK293T cells expressing GFP-BARD1 WT or GFP-

BARD1 3KR and treated with or without cycloheximide and AGK2. Four hours after 

cycloheximide treatment, a greater amount of endogenous BRCA1 was observed in cells 

expressing GFP-BARD1 3KR compared with WT (Figures 5E and 5F). Moreover, 

expression of GFP-BARD1 3KR rescued the degradation of BRCA1 caused by AGK2 

treatment (Figures 5G and 5H), implying that SIRT2 deacetylation of the BARD1 RING 

domain promotes BRCA1 stability. The decrease in coIP between GFP-BARD1 and 

endogenous BRCA1 following SIRT2 depletion was also rescued by expression of GFP-
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BARD1 3KR compared with WT (Figure 5I), demonstrating unequivocally that SIRT2 

promotes the interaction of BRCA1 and BARD1 through deacetylation of its RING domain. 

Furthermore, we observed a decreased amount of BRCA1 foci co-localizing with FokI-

induced DSBs when normalized to GFP-BARD1 foci fluorescence following SIRT2 

knockdown, with expression of GFP-BARD1 3KQ compared with WT and 3KR (Figure 

S5G), implying that BARD1 RING domain deacetylation by SIRT2 contributes, at least in 

part, to BRCA1 localization to DNA damage sites. Significantly, overexpression of RFP-

BARD1 WT and 3KR but not 3KQ restored the HR impairment of SIRT2 depletion to near 

control levels (Figures 5J, 5K, and S5H). Moreover, expression of GFP-BARD1 3KR and to 

a lesser extent WT but not 3KQ alleviated the impairment in co-localization of RAD51 to 

mCherry-LacI-FokI endonuclease-induced DSBs of SIRT2 deficiency (Figures S5I–S5K). 

Collectively, these data demonstrate that BARD1 functions downstream of SIRT2 in 

promoting HR and show unequivocally that SIRT2 promotes HR through deacetylation of 

BARD1 at its RING domain within K46, K96, and K110.

DISCUSSION

Our findings reveal a critical upstream regulatory mechanism governing BRCA1-BARD1 

heterodimerization through SIRT2 deacetylation and provide important insights into the 

interplay between the SIRT2 and BRCA1-BARD1 breast tumor suppressor proteins, 

whereby BARD1 deacetylation by SIRT2 at conserved lysine sites in its RING domain, 

critical for interfacing with BRCA1 through charged interactions, promotes BRCA1-

BARD1 heterodimerization, thereby facilitating their mutual stability, nuclear retention, 

localization to DNA damage sites, and function in HR. Furthermore, these findings identify 

BRCA1-BARD1 as an interacting partner and substrate for SIRT2, establish SIRT2 as a 

positive regulator of DSB repair by HR, and further our understanding of how Sirt2 
deficiency results in genomic instability and carcinogenesis.

BRCA1-BARD1 heterodimerization is critical for its functions in HR and tumor suppression 

(Jiang and Greenberg, 2015; Kolinjivadi et al., 2017; Moynahan and Jasin, 2010; Tarsounas 

and Sung, 2020). Indeed, a number of germline mutations in the RING domains of BRCA1 
and BARD1 have been found in patients with hereditary breast and ovarian cancers (Drost et 

al., 2011). Previous mutational analyses have reported that the BRCA1-BARD1 interface is 

mediated by residues important for hydrophobic interactions or that contribute to structural 

stabilization (Brzovic et al., 2003; Lee et al., 2015; Meza et al., 1999; Morris et al., 2002; 

Xia et al., 2003). Given that BARD1 3KR has increased interactions with BRCA1 and 

BARD1 3KQ has impaired interactions with BRCA1, our data support a model whereby 

BARD1 acetylation at its RING domain (K46, K96, and/or K110) leads to loss of 

electrostatic interaction with the corresponding negatively charged residues in BRCA1, 

thereby impairing BRCA1-BARD1 heterodimerization (Figure 5L). This leads to increased 

access to the BRCA1 N-terminal degron for ubiquitination and proteasomal degradation, 

which in turn destabilizes BARD1. Impairment of BRCA1-BARD1 heterodimerization also 

leads to unmasking of the BRCA1 and BARD1 NESs, leading to cytoplasmic accumulation, 

impaired localization to DNA damage sites, and impaired HR. BARD1 deacetylation by 

SIRT2 at its RING domain promotes charged interactions leading to BRCA1-BARD1 
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heterodimerization, thereby facilitating BRCA1-BARD1 stability, nuclear retention, 

localization to DNA damage sites, and function in HR.

Given that SIRT2 deficiency and BARD1 3KQ does not fully abolish interaction with 

BRCA1, it is likely that there are additional mechanisms contributing to BRCA1-BARD1 

heterodimerization. Although we have found that SIRT2 deacetylates BRCA1 in vitro and in 

cells, we have found no evidence that the N terminus of BRCA1 is acetylated and 

furthermore showed that a BRCA1 N-terminal 14KR mutant does not facilitate 

heterodimerization with BARD1. Moreover, as BARD1 3KR can rescue the 

heterodimerization impairment of SIRT2 deficiency, the functional significance of BRCA1 

deacetylation by SIRT2 is likely not related to BRCA1-BARD1 heterodimerization. In 

addition, it is possible that other factors, such as GUARDIN (Hu et al., 2018) and TACC3 

(Kim et al., 2018), may also contribute to BRCA1-BARD1 heterodimerization; however, 

their precise mechanisms have not yet been fully elucidated. Although our data suggest that 

SIRT2 deacetylation of the BARD1 RING domain facilitates BRCA1 localization to DNA 

damage sites, as we observed a decreased amount of BRCA1 foci co-localizing with FokI-

induced DSBs when normalized to GFP-BARD1 foci fluorescence following SIRT2 

knockdown with expression of GFP-BARD1 3KQ compared with WT and 3KR, our model 

does not exclude the possibility of BRCA1-BARD1 degradation also contributing to 

impaired localization. Finally, it is interesting that expression of GFP-BARD1 WT can 

rescue the HR impairment but not degradation or heterodimerization impairment of SIRT2 

depletion or inhibition. It is possible that when GFP-BARD1 WT is overexpressed, there is 

still sufficient albeit less BRCA1-BARD1 heterodimers to rescue HR.

We have previously shown that SIRT2 directs the RSR at least in part through deacetylation 

of ATRIP and CDK9 (Zhang et al., 2013, 2016a). Our finding that SIRT2 promotes DSB by 

HR provides further evidence that SIRT2 also has a role in downstream DNA repair in 

addition to its previously defined function in upstream checkpoint signaling. Furthermore, 

the identification of BARD1 as a binding partner and substrate of SIRT2 adds to the growing 

number of SIRT2 substrates that function in promoting genome integrity, providing support 

for SIRT2 in regulating a network of proteins involved in the DDR (Zhang et al., 2016b). 

Our finding that SIRT2 directs BRCA1-BARD1 function in HR provides an additional layer 

of insight into how SIRT2 dysregulation leads to genomic instability and carcinogenesis. In 

this regard, it is noteworthy that similar to BRCA1 and BARD1, SIRT2 also functions in 

breast tumor suppression (Kim et al., 2011; Serrano et al., 2013). Dissecting BRCA1-

BARD1’s precise contributions to SIRT2’s breast tumor suppressor function will be of 

significant future clinical interest.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, David S. Yu (dsyu@emory.edu).

Materials availability—All newly created reagents made during this study are available 

upon request to the lead contact.
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Data and code availability—This study did not create or analyze any codes or datasets.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—Human HEK293T (fetal), U2OS (female), and HCT116 (male) cell lines were 

originally purchased from the American Type Culture Collection (ATCC, Manassas, VA). 

U2OS-235 mCherry-LacI-FokI cell lines (female) were kindly provided by Dr. Roger 

Greenberg and have been described previously (Shanbhag and Greenberg, 2013). U2OS-

DR-GFP cell lines were kindly provided by Dr. Jeremy Stark and have been described 

previously (Pierce et al., 1999). All cell lines were grown in DMEM (GIBCO) with 7.5% 

FBS. All cell lines were grown at 37°C under humidified conditions with 5% CO2 and 95% 

air.

METHOD DETAILS

Transfections—Transfections were done on 5 million cells in 60 mm plates using 

Lipofectamine 2000 or 3000 (Invitrogen) and performed per the manufacturer’s instructions. 

5 to 10 μg of the indicated plasmids were used. Cells were split after 16 hours of incubation 

and allowed to recover for a further 24-48 hours post-transfection before harvest.

Immunoprecipitation—Briefly, cells were harvested and washed once with PBS. Cells 

were then lysed for 30 minutes on ice with CHAPS buffer (10% (vol/vol) glycerol, 150 mM 

NaCl, 50 mM Tris pH 7.5, 0.75% CHAPS) with the usual protease inhibitors added fresh. 1 

μM TSA and 20 μM of nicotinamide were added with the usual protease inhibitors when 

probing for acetylation. The cells were then spun down for 15 minutes at 4°C and the 

resulting pellet discarded. An equal volume of minus CHAPS buffer (10% (vol/vol) 

glycerol, 150 mM NaCl, 50 mM Tris pH 7.5) was added to the supernatant to dilute the 

CHAPS concentration to 0.375%. The lysate was precleared via incubation for an hour with 

30 μL of either protein G agarose beads (Invitrogen) or protein A agarose beads (Invitrogen). 

Protein G agarose beads were used when the IP antibody was mouse, while protein A 

agarose beads were used when the IP antibody was rabbit. The lysate was then added to 30 

μL of preconjugated beads overnight on a rotator at 4°C. FLAG-tagged proteins were IP’d 

using FLAG M2 affinity beads (Sigma) while HA-tagged proteins were IP’ed using HA 

agarose beads (a2095; Sigma). Endogenous IPs were done with the indicated antibody. 

Negative controls consisted of IP with lysate using IgG rabbit or mouse for endogenous IPs 

and lysate not expressing tagged proteins for non-endogenous IPs. The beads were then 

washed three times with the 0.375% CHAPS buffer. The beads were then resuspended in 15 

μL of 0.375% CHAPS buffer and 5 μL of 4× SDS before being boiled for 5 minutes at 

100°C before being run on an SDS-PAGE. Immunoprecipitation experiments were each 

performed at least 4 times total.

DR-GFP assay—To measure efficiency of HR-mediated DSB repair, 3 million U2OS cells 

stably expressing a DR-GFP reporter gene, described previously (Pierce et al., 1999), were 

transfected with 60 nM of siRNA using Lipofectamine RNAiMax (Invitrogen) as per the 

manufacturer’s instructions. The next day, media was removed, and cells were transfected 

with 5 μg I-SceI and/or 2 μg the indicated plasmid. 72 hours after transfection, cells were 

harvested for flow cytometry and the data analyzed to measure HR efficiency based on GFP 
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expression. Experiments were repeated at least three times and tested for significance using 

a paired one-tailed t test.

Immunoblot—Cells were harvested and washed once with PBS. Cells were then lysed for 

30 minutes on ice using a 1% Nonidet P-40 (NP-40), 250 mM NaCl, 50 mM HEPES pH 7.9, 

1 mM MgCl2, 1 mM DTT, and 0.5 mM EDTA buffer with freshly added protease inhibitors. 

Samples were then resolved by SDS-PAGE and probed with the antibodies indicated in the 

figure. Signal detection was done with a Li-Cor Odyssey system. All western blot 

experiments were done at least 3 times. Quantification was done using ImageJ and statistical 

analysis was done by GraphPad Prism 7 using a one-sample t test.

Antibodies and reagents—The following antibodies were used: BRCA1 (ab16780, 

Abcam: 1/1000 for western and 1/200 for IF) and (sc-6954, Santa Cruz Biotechnology: 

1/300 for western). BARD1 (A300-263A; Bethyl, 1/1000 for western), (E-11; Santa Cruz 

Biotechnology, 1/1000 for western), (ab226854; Abcam, 1/800 for IF), and (Antiserum 59P; 

a generous gift from Dr. Richard Baer we gratefully thank him for, 1/50 for IP). H2AX 

(s139; Cell Signaling Technology, 1/200 for IF) and (05-636 clone JB2301; MilliporeSigma, 

1/4000 for IF). GAPDH (sc-47224; Santa Cruz Biotechnology, 1/1000 for western). Acetyl 

lysine (ICP0380; Immunechem, 1/500 for western). SIRT2 (09-843; Millipore, 1/500 for 

western), and (custom-made; ThermoFisher, 1/1000 for western). α-tubulin (T6074; Sigma-

Aldrich, 1/1000 for western). Acetyl α-tubulin (ab179484; Abcam, 1/1000 for western). 

FLAG (2368S; Cell Signaling Technology, 1/1000 for western) and (sc-51590; Santa Cruz 

Biotechnology, 1/1000 for western). HA (H9658 clone HA-7; Sigma-Aldrich, 1/1000 for 

western) and (c29F4; Cell Signaling Technology, 1/1000 for western). GFP (ab290; Abcam, 

1/1000 for western and 1 μL antibody per 2 mg lysate for IP) and (sc-996; Santa Cruz 

Biotechnology, 1/1000 for western). RAD51 (PC130; Millipore, 1:1000 for IF). IgG 

(10500C; Invitrogen) and (NI03; MilliporeSigma). Secondary antibodies: Cy5 (Goat anti-

rabbit Alexa-Flour-647 secondary Ab) (A12244; Invitrogen, 1/1000 for IF), Alexa Fluor 488 

or 555, mouse or rabbit (Invitrogen, 1/1000 for IF, 1/10000 for western). MG132 (Sigma-

Aldrich; 1211877-36-9) was used at a 5 μM dose for 6 hours while AGK2 (Selleckchem; 

S7577) was used at a 32 μM or at the indicated concentration.

In vitro deacetylation assay—To purify SIRT2-FLAG from cells, HEK293T cells were 

transfected with 5 μg of SIRT2-FLAG. 48 hours post-transfection, cells were lysed using an 

in vitro deacetylase buffer (180 mM KCl, 20 mM HEPES pH 7.4,1.5 mM MgCl2, 0.2 mM 

EGTA, 20% glycerol, and 1% NP-40) supplemented with fresh protease inhibitors. A FLAG 

IP was performed overnight after an hour of preclearing with CL-4B Sepharose beads. After 

three washes with TBS buffer (50 mM Tris pH 7.5, 150 mM NaCl), the beads were 

resuspended in TBS buffer (50 mM Tris pH 7.5, 150 mM NaCl)where SIRT2-FLAG was 

eluted over the course of an hour on a cold rotator using 5 μL of FLAG peptide (Sigma) per 

100 μL TBS. The supernatant was then collected and stored at −80°C for future use. To 

determine enzyme concentration, a sample of the supernatant was run on a western along 

with a BSA standard. For the deacetylation assay, HEK293T cells were transfected with the 

indicated plasmid. After 36 hours, cells were treated with 10 mM of nicotinamide and 0.5 

μM of trichostatin A (TSA), a class I and II deacetylase inhibitor, for an additional 12 hours. 
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Cells were then harvested using the in vitro deacetylase buffer supplemented with protease 

inhibitors and 20 mM of nicotinamide and 1 μM of TSA. An IP was then done on the tag of 

the transfected plasmid. The beads were then washed three times with and resuspended in 

deacetylation buffer not containing nicotinamide or TSA. The beads were then split evenly 

between the different experimental groups. SIRT2-FLAG and the other indicated 

components were then added to their respective tube. The final amounts and concentrations 

per condition used were: ~1 μg of SIRT2-FLAG (WT or H187Y) per 24 μL of total volume, 

1 μM TSA (all conditions), 25 mM nicotinamide, 625 μM of MgCl2 (all conditions), and 10 

mM of NAD+ (all conditions). Tubes containing the beads and the indicated reagents were 

then added to a 30°C water bath where the beads were gently agitated every 15 minutes to 

maintain proper mixing. After 3 hours, 4× SDS was added to each sample and then run on a 

western blot for analysis. For BRCA1 (in vitro and in cells), 3 μg of the histone acetylases 

(HATs) p300, pCAF, and CBP were transfected with BRCA1 to increase the acetylation 

signal.

Immunofluorescence—For U2OS-265 mCherry-LacI-FokI cells, the cells were grown in 

2 μg puromycin and 100 μg/mL hygromycin. After 72 hours of siRNA treatment and 48 

hours of transfection with the indicated reagents, m-Cherry-FokI was induced for 4 hours 

with 1 μM of Shield-1 (Takara, 632189) and 1 μM of 4-hydroxytamoxifen (4-OHT; Sigma, 

H7904). For all cells, after the indicated treatment, the indicated cells were seeded on 

coverslips and allowed the indicated recovery time. Cells were then either permeabilized in 

CSK buffer with 0.5% triton-X for 5 minutes then fixed in 4% PFA for 10 minutes, or fixed 

in 4% PF1 for 10 minutes first and then permeabilized with 0.5% triton-X for 10 minutes in 

PBS buffer. Cells were blocked in PBS with 15% FBS for one hour then immunostained for 

one hour or overnight with the indicated primary antibodies in PBS with 15% FBS. Cells 

were then incubated with secondary antibody (Alexa Fluor 488 or 555 mouse or rabbit, 

Invitrogen) for one hour before being mounted onto slides using DAPI Fluoromount-G® 

(SouthernBiotech, 0100–20). The percentage of cells showing cytoplasmic BRCA1 or 

BARD1 localization in Figures 3A, 3C, and 3E was counted from 100 cells per replica with 

three replicas and significance between groups calculated using a paired one-tailed t test. In 

Figure S3A, the indicated number of cells had fluorescence quantified using using ImageJ. 

Statistical analysis between the groups was done via a two-way ANOVA using GraphPad 

Prism 7. In Figure S5K, cells were counted in triplicate and percentage of RAD51 

localization with FokI/GFP foci was determined. Statistical analysis between the groups was 

done via a two-way ANOVA using GraphPad Prism 7. Most images were captured on a 

Zeiss Observer Z1 microscope using AxioVision Rel 4.8 software at 63x magnification. 

Cells in Figures S3A and S5K were visualized for using the Leica SP8 inverted confocal 

microscope at 63X magnification.

RT-qPCR—Briefly, cells were first lysed with TRIzol. 200 μL of chloroform was added per 

mL of TRIzol then set on a rocker for 15 minutes at room temperature. The samples were 

centrifuged for 15 minutes at 12k rpm at room temperature and the aqueous phase collected. 

A 1:1 volume of isopropanol was added to the aqueous phase then allowed to incubate for 2 

hours on ice. The samples were again centrifuged for 15 minutes at 12k rpm to pellet the 

RNA. The RNA was washed once with 75% ethanol and allowed to air-dry before being 
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resuspended in nuclease-free water. cDNA was then created using an OligoT kit (18080–

051; Invitrogen) using a C1000© Thermal Cycler (Bio-Rad). Taqman probes to each DNA 

sequence of interest were then used for qPCR. The probes used were: BRCA1 (TaqMan 

Hs01556193_m1; ThermoFisher), BARD1 (TaqMan Hs00957646_m1; ThermoFisher), and 

GAPDH (TaqMan Hs99999905_m1; ThermoFisher). Each experiment was done in triplicate 

with four internal replicates per sample. qPCR was performed on a 7500 Fast Real-Time 

PCR system (ThermoFisher). Results were analyzed using a paired two-tailed t test using 

GraphPad Prism 7.

Knock down—Knockdowns were done using RNAi Max reagent (Invitrogen) and 

performed per the manufacturer’s instructions. Cells would be split after 24 hours of 

incubation and allowed to recover for a further 48 hours. The following siRNAs were used: 

BRCA1 (M-003461-02; Dharmacon). SIRT2-1 (D-004826-05; Dharmacon) and SIRT2-2 

(s105116657; QIAGEN).

Cell cycling—24 hours after siRNA transfection, 400,000 HCT116 cells were plated on a 

60 mm plate. On day 2, the 24-hour release cells were treated with 500 μM mimosine. On 

day 3, the mimosine was removed from the 24-hour release condition with 2x washes of 

PBS and media with a 1/50,000 dilution of 10 mg/mL nocodazole, while the 0-hour and 7-

hour conditions were treated with 500 μM mimosine. On day 4, the 7-hour condition was 

released with 2x washes of PBS with 1/50,000 dilution of 10 mg/mL nocodazole, and all 

samples were harvested at the same time. The samples were then split into two for flow and 

western analysis.

Plasmids—The following plasmids were used: HA-BRCA1 is 1xMyc-3xHA-BRCA1 in 

the pcDNA3.1 backbone, where HA-BRCA1 C61G was made from the same plasmid by the 

Emory Integrated Genomics Core. GFP-BARD1 was kindly provided by Dr. Xiaochun Yu 

and made has been described previously (Li and Yu, 2013). BRCA1 fragments, including 

167 BRCA1 and 14KR, were generously provided by Dr. Yanfen Hu and are as previously 

described (Lu et al., 2007). His-SIRT2 was a kind gift from Dr. Michael Tainsky’s lab and 

has been previously described (Dryden et al., 2003). SIRT2-FLAG WT is from Dr. Eric 

Verdin (Addgene 13813) and H187Y is a derivative. FLAG-BARD1 WT, 1-202, Δ34-126, 

and BARD1 antiserum 59P were graciously provided by Dr. Richard Baer (Laufer et al., 

2007; Wu et al., 1996).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of each experiment can be found in the Figure Legends. The number of 

experimental replicates are indicated in the figure legends or outlined in the Method Details. 

Statistical comparisons included one- and two-way ANOVA and Student’s t test as specified 

in the Figure Legends using Prism software (GraphPad version 7.04) or Excel. Statistical 

significance was set at * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.005. 

Data presented in graphs are mean and SD from three replicas are shown unless stated 

otherwise.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The SIRT2 sirtuin deacetylase binds and deacetylates the BRCA1-BARD1 

complex

• BARD1 RING domain deacetylation by SIRT2 promotes BRCA1-BARD1 

heterodimerization

• SIRT2 promotes BRCA1-BARD1 stability, nuclear retention, and localization

• BARD1 deacetylation by SIRT2 promotes homologous recombination repair
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Figure 1. SIRT2 interacts with and deacetylates the BRCA1-BARD1 complex
(A) Immunoprecipitation (IP) of SIRT2-FLAG pulls down HA-BRCA1 and endogenous 

BARD1 in HEK293T cells.

(B) IP of HA-BRCA1 pulls down GFP-SIRT2 and endogenous BARD1 in HEK293T cells.

(C) IP of endogenous BARD1 pulls down SIRT2-FLAG and endogenous BRCA1 in 

HEK293T cells.

(D) Endogenous SIRT2 IP in HeLa cells pulls down endogenous BRCA1.

(E) Endogenous SIRT2 IP in HCT116 cells pulls down endogenous BARD1.

(F) SIRT2-FLAG deacetylates HA-BRCA1 in vitro. NAD+ is a SIRT2 cofactor and 

nicotinamide inhibits class III deacetylases, including SIRT2.

(G) SIRT2-FLAG WT but not H187Y decreases HA-BRCA1 acetylation in cells.

(H) SIRT2-FLAG WT but not H187Y deacetylates GFP-BARD1 in vitro. Merge indicates 

the overlay of Ac-K (green) and GFP (red).
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For (F)–(H), Ac-K indicates acetylated-lysine.

See also Figure S1.
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Figure 2. SIRT2 deacetylase activity promotes BRCA1-BARD1 stability
(A–C) SIRT2 knockdown decreases BRCA1 and BARD1 protein levels but does not 

significantly change mRNA levels in HCT116 cells.

(D–F) AGK2 treatment for 24 h decreases BRCA1 and BARD1 protein levels but shows no 

significant change in mRNA levels in HCT116 cells.

(G and H) HEK293T cells were treated with cycloheximide with or without AGK2 for 0, 2, 

or 4 h. AGK2 increases the rate of BRCA1 degradation in HEK293T cells compared with a 

control. Mean and SD from four independent replicas are shown.
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(I) Treatment with MG132 for 6 h alleviates BRCA1 levels after SIRT2 knockdown in 

HCT116 cells.

(J) Treatment with MG132 for 6 h alleviates BARD1 levels after SIRT2 knockdown in 

HCT116 cells.

For (C) and (F), mean and SD from three independent replicas are shown. For (D) and (E), 

acetylated α-tubulin acts as a positive control for AGK2 treatment. *p < 0.05.

See also Figure S2.
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Figure 3. SIRT2 deacetylase activity promotes BRCA1-BARD1 nuclear retention, localization to 
DNA damage sites, and homologous recombination
(A–D) SIRT2 knockdown or inhibition with 10 μM AGK2 for 4 h in U2OS cells 

significantly increases cytoplasmic BRCA1.

(E and F) SIRT2 inhibition with 10 μM AGK2 for 4 h in U2OS cells significantly increases 

the amount of cytoplasmic BARD1.

(G–J) BRCA1 and BARD1 co-localization with γH2AX foci 4 h after 10 Gy of IR is 

significantly impaired in U2OS cells after SIRT2 knockdown.
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(K and L) DR-GFP assay in U2OS cells showing that SIRT2 knockdown impairs HR, which 

can be rescued by small interfering RNA (siRNA)-resistant SIRT2-FLAG WT but not 

H187Y. Asterisk indicates where SIRT2 runs.

(M and N) DR-GFP assay in U2OS cells indicating that combined SIRT2 and BRCA1 

knockdown does not further impair HR compared with knockdown of SIRT2 or BRCA1 

alone.

For the above, mean and SD from three independent replicas are shown. ***p < 0.005.

See also Figure S3.
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Figure 4. SIRT2 deacetylates BARD1 RING domain
(A) IP of BRCA1 fragments spanning FL BRCA1 indicates that GFP-SIRT2 pulls down 

BRCA1 (1–324) in HEK293T cells.

(B) IP of BARD1 fragments indicates that GFP-SIRT2 pulls down the N terminus of 

BARD1 (1–202), but not with BARD1 missing the RING domain (Δ34-126) in HEK293T 

cells.

(C) IP of HA-BRCA1 WT and C61G indicates that SIRT2-FLAG only pulls down HA-

BRCA1 WT in HEK293T cells.
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(D) Structure of the BRCA1-BARD1 RING domain heterodimer, indicating potential 

charged interactions between BARD1 K46, K96, and K110 with corresponding BRCA1 

residues. BARD1 K96 is ~2.2 Å from BRCA1 D40, which may indicate a salt bridge 

interaction. BARD1 K110 is in close proximity, ~5.1 Å, to BRCA1 E10. BARD1 K46 is 

~5.7 Å from BRCA1 E85.

(E) GFP-BARD1 WT is acetylated in cells and mutation of lysines K46, K96, and K110 to 

arginines (3KR) and K596 but not K130, K630, and K693 to arginines significantly 

decreases acetylation in HEK293T cells.

(F) SIRT2-FLAG decreases GFP-BARD1 WT and K596R but not 3KR acetylation in 

HEK293T cells.

For (E) and (F), merge indicates overlay of Ac-K (green) and GFP (red).

See also Figure S4.
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Figure 5. BARD1 RING domain deacetylation by SIRT2 promotes BRCA1-BARD1 
heterodimerization
(A) coIP of GFP-BARD1 before and after 4 h of AGK2 treatment shows decreased 

interaction with endogenous BRCA1 in HEK293T cells.

(B) coIP of HA-BRCA1 after 4 h of AGK2 treatment shows decreased interaction with 

GFP-BARD1 in HEK293 T cells.

(C and D) coIP of GFP-BARD1 3KR and 3KQ show respectively increased and decreased 

pull-down of endogenous BRCA1 compared with GFP-BARD1 WT in HEK293T cells.
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(E–H) GFP-BARD1 3KR stabilizes endogenous BRCA1 after 4 h of cycloheximide with or 

without AGK2 for 0 or 4 h in HEK293T cells.

(I) SIRT2 knockdown decreases the interaction between endogenous BRCA1 and GFP-

BARD1 WT but not 3KR in HEK293T cells.

(J and K) DR-GFP assay showing that RFP-BARD1 WT and 3KR but not 3KQ restore the 

HR impairment of SIRT2 depletion to near control levels in U2OS cells.

(L) Model showing BARD1 RING domain deacetylation by SIRT2 promoting BRCA1-

BARD1 heterodimerization, thereby facilitating stability, localization, and function in HR.

For the above, mean and SD from three independent replicas are shown. *p < 0.05, **p < 

0.01, and ***p < 0.005.

See also Figure S5.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-BRCA1 Abcam Cat# ab16780; RRID: AB_2259338

Rabbit polyclonal anti-BARD1 Bethyl Cat# A300-263A; RRID: AB_2061250

Rabbit polyclonal anti-SIRT2 ThermoFisher custom made; This paper N/A

Chemicals, peptides, and recombinant proteins

AGK2 Selleckchem Cat#S7577

MG132 Sigma-Aldrich Cat#1211877-36-9

Critical commercial assays

SuperScript III First-Strand Synthesis System Invitrogen Cat#18080-051

Experimental models: Cell lines

Human: HEK293T ATCC CRL-3216

Human: HCT116 ATCC CCL-247

Human: U2OS-265 mCherry-LacI-FokI Laboratory of Roger Greenberg (Shanbhag and 
Greenberg, 2013)

N/A

Human: U2OS DR-GFP Laboratory of Jeremy Stark (Pierce et al., 1999) N/A

Recombinant DNA

GFP-BARD1 Laboratory of Xiaochun Yu (Li and Yu, 2013) N/A

FLAG-BARD1 WT, 1-202, Δ34-126 Laboratory of Richard Baer (Laufer et al., 2007) N/A

SIRT2-FLAG Laboratory of Eric Verdin Addgene 13813

1xMyc-3xHA-BRCA1 pcDNA3.1 Scully et al., 1997 N/A

GFP-BARD1 3KR and 3KQ This paper N/A

BRCA1 Fragments Laboratory of Yanfen Hu (Lu et al., 2007) N/A

Software and algorithms

GraphPad Prism 7 GraphPad Software https://www.graphpad.com/

ImageJ Schneider et al., 2012 https://imagej.nih.gov/ij/

FlowJo FlowJo, LLC, BD Biosciences https://www.flowjo.com/solutions/flowjo

Other

Human: SIRT2-1 siRNA Dharmacon Cat#D-004826-05

Human: SIRT2-2 siRNA QIAGEN Cat#s105116657

Human: BRCA1 siRNA Dharmacon Cat#M-003461-02
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