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Abstract

Double-stranded breaks (DSBs) are toxic DNA damage and a serious threat to genomic integrity. 

Thus, all living organisms have evolved multiple mechanisms of DNA DSB repair, the two 

principal ones being classical-non homologous end joining (C-NHEJ), and homology dependent 

recombination (HDR). In mammals, C-NHEJ is the predominate DSB repair pathway, but how 

a cell chooses to repair a particular DSB by a certain pathway is still not mechanistically 

clear. To uncover novel regulators of DSB repair pathway choice, we performed a kinome-wide 

screen in a human cell line engineered to express a dominant-negative C-NHEJ factor. The 

intellectual basis for such a screen was our hypothesis that a C-NHEJ-crippled cell line might 

need to upregulate other DSB repair pathways, including HDR, in order to survive. This screen 

identified Bromodomain-containing Protein 3 (BRD3) as a protein whose expression was almost 

completely ablated specifically in a C-NHEJ-defective cell line. Subsequent experimentation 

demonstrated that BRD3 is a negative regulator of HDR as BRD3-null cell lines proved to 

be hyper-recombinogenic for gene conversion, sister chromatid exchanges and gene targeting. 

Mechanistically, BRD3 appears to be working at the level of Radiation Sensitive 51 (RAD51) 

recruitment. Overall, our results demonstrate that BRD3 is a novel regulator of human DSB repair 

pathway choice.
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1. Introduction

Most living organisms have evolved at least two discrete mechanisms to repair DNA 

double-stranded breaks (DSBs): homology dependent recombination (HDR) and classical 

non-homologous end joining (C-NHEJ). In HDR, a DSB is repaired using an undamaged 

homologue or sister chromatid in a process that generally requires extensive regions of 

homology between the damaged chromosome and the undamaged donor [1,2]. Most mitotic 

and meiotic recombination and the repair of DSBs in late S and G2 phases of the cell cycle 

[e.g., stalled replication forks; [3]] are carried out by HDR. Thus, HDR accounts for an 

important portion of the DNA DSB activity in a wild-type human cell. Not surprisingly 

therefore, mutations of many HDR genes are associated with cancer predisposition in 

humans [4,5]. One of the most critical HDR genes is Radiation Sensitive 51 (RAD51), 

which is responsible for the homology searches and strand exchanges required during HDR 

[6].

The bulk of DSB repair in higher eukaryotes proceeds, however, more frequently by a 

process that does not require large regions of homology. Specifically, mammalian cells have 

evolved an efficient ability to join nonhomologous DNA molecules together [7] using the C-

NHEJ pathway [8]. C-NHEJ is critically required for the proper development of the immune 

system and it is especially clinically relevant because it is the preferred pathway that cells 

utilize to repair ionizing radiation (IR)-induced DSBs [9,10]. Three important C-NHEJ 

genes are the protein kinase, DNA-activated, catalytic subunit (PRKDC or DNA-PKcs), 

and its DNA binding heterodimeric subunit, Ku70:Ku86 [11,12]. Relevantly, mutations in 

PRKDC have been associated with IRs (IR sensitivity), immune deficiency and/or cancer 

predisposition in humans [13–15].

Although much work has been carried out and great progress has been made over the last 

decade [16,17], a complete mechanistic understanding of how a cell decides to repair a 

DSB via HDR or C-NHEJ is still lacking. The mammalian DNA damage response (DDR) 

is regulated by PRKDC and the related kinases ataxia telangiectasia mutated (ATM), and 

ataxia telangiectasia and RAD3 related (ATR) [18,19]. Some of the relevant substrates 

for these kinases have been identified, but their pathways are also still not completely 

defined. In the past, this problem has been addressed by knocking out or knocking down the 

expression of ATM, ATR, and/or PRKDC in a favorite model system and then identifying 

those proteins phosphorylated in the control, but not the treated, cells following IR exposure 

[20]. Alternatively, mutations were made in one of these kinases and then mRNA was 

quantitated to identify genes that were either up or down regulated plus or minus IR 

exposure [21–23]. We have taken a unique approach to this problem. First, we generated 

human cell models for PRKDC including a knockout [24] and a kinase-dead knock-in [25]. 

We then used the kinase-dead and the parental cell line to perform “kinome” analyses 

[26] following IR exposure. In this approach, cellular extracts are incubated with beads 

onto which a dozen ATP-analog inhibitors have been immobilized. Since every kinase has 

an ATP-binding domain, these beads bind mostly kinases and other proteins containing 

ATP-binding domains (e.g., ATPases, chromatin remodelers, etc.). The beads are then 

centrifuged down, washed and subjected to quantitative proteomics. In this fashion, ~70 

% of all human kinases and a multitude of additional ATP-binding proteins can be queried 
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[26]. These analyses identified BRD3 (bromodomain containing protein 3) as a protein 

whose expression was almost completely downregulated in the PRKDC kinase-dead cell 

line. Importantly, although BRD3 is not a kinase, it is likely an ATP-dependent chromatin 

remodeler [27] and we believe that either its putative ATP-interaction domain [28] or its 

interaction with a bona fide ATP-binding protein, allowed it to be identified by this screen.

There are 46 bromodomain-containing proteins (BRDs) encoded in the human genome. 

A BRD subfamily, called the bromodomain (BD) and extra terminal (ET) domain (BET) 

family, consists of 4 members [BRD2, BRD3, BRD4, and BRDT (T = testis specific)] each 

of which contains two N-terminal BD domains and an “extra” C-terminal domain [29,30]. 

BDs are modules that facilitate a protein’s ability to bind to acetylated lysines [31]. Since 

acetylation is often associated with histone modification it is not surprising that the majority 

of BRDs (including the BET family members) are involved in chromatin regulation and 

transcription [27, 32]. The most intensely researched BET family member is BRD4, an 

important transcription factor [33] and a protein that has been implicated in the DDR [34,35] 

potentially by preventing the accumulation of R-loops [36]. Most recently, BRD4 has also 

been directly implicated in HDR-mediated DSB repair using an in vitro Xenopus extract 

system [37].

In stark contrast, there is little known about BRD3 and there are no reports of BRD3′s 

involvement in HDR. To date, the best function for BRD3 was inferred from an isolation 

of proteins on nascent DNA analysis where it was determined that BRD3 can bind to 

and regulate a protein called ATPase Family AAA domain containing 5 [ATAD5; [38]]. 

ATAD5, in turn, is the main component of a complex that unloads proliferating nuclear 

cell antigen (PCNA) from replicating DNA. Thus, BRD3, through its interaction with 

ATAD5, negatively regulates the amount of PCNA on a replication fork via ATAD5′s PCNA 

unloading activity [38–41]. Other than these few reports, however, there is little biochemical 

information available about BRD3.

Here we demonstrate that BRD3-null human cells are hyper-recombinogenic. Thus, human 

cells that have been genetically engineered to lack BRD3 expression show elevated levels of 

gene conversion, sister chromatid exchanges and gene targeting. Biochemically, this increase 

in HDR activity appears to be related to the altered kinetics of RAD51 recruitment at DSBs. 

Thus, we have identified BRD3 as a potent negative regulator of human HDR and this 

function may explain why BRD3 expression was specifically ablated in PRKDC/DNA-PKcs 

kinase-dead cells, which are incapable of performing C-NHEJ.

2. Materials and methods

2.1. Cell lines and cell culture

Human hTERT-RPE1 (ATCC® CRL-4000™) cells were cultured in Dulbecco’s modified 

Eagle’s medium F12 (DMEM-F12) supplemented with 10 % fetal bovine serum and 100 

U/ml penicillin and 100 μg/ml streptomycin. HCT116 (ATCC® CCL-247™) cells and U-2 

OS (ATCC® HTB-96™) cells were cultured in McCoy’s 5 A medium supplemented with 10 

% fetal bovine serum and 100 U/ml penicillin and 100 μg/ml streptomycin.
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BRD3-null cell lines were constructed using Clustered Regularly Interspaced 

Short Palindromic Repeats (CRISPR):CRISPR-associated 9 (Cas9)-mediated gene 

editing technology [42–44]. Human hTERT-RPE1 cells were electroporated 

with a pSpCas9(BB)–2A-GFP (px458) plasmid containing a single-guide RNA 

(AGCAATTCGAGAACATCAGC) targeting exon 7 of BRD3. These cells were then 

flow sorted to select for green fluorescent protein (GFP)-positive cells, which were then 

subsequently subjected to single cell subcloning. Candidates were screened by PCR and 

confirmed by DNA sequencing to obtain clones containing indels resulting in frameshift 

mutations.

To complement BRD3−/− cell lines, wild type (WT) and mutant BRD3 cDNAs were cloned 

into a PiggyBac transposon vector that co-expresses a neomycin resistance selection cassette 

[45]. Candidate clones were selected by resistance to G418 and then the expression of WT 

and/or mutant BRD3 proteins were identified/quantitated by western blot analysis.

2.2. Antibodies

The following antibodies were used in this study: anti-BRD3 (A302–367A, A302–

368A, Bethyl Laboratories), anti-53bp1 (Ab133534, Abcam), anti-RAD51 (PC-130, EMD 

Millipore Corp), anti-ATAD5 (Ab72111, Abcam), anti-actin (NB600–501, NOVUS Bio), 

anti-gamma H2A.X (phosphoS139; Ab81299, Abcam), anti-Flag (F31165–1MG, Sigma), 

anti-mouse IgG:HRP (170–6516, Biorad), anti-rabbit IgG:HRP (5213–2504, Biorad).

2.3. Multiplexed inhibitor bead (MIBs) affinity chromatography

MIBs chromatography was performed essentially as described [26]. Briefly, cells were lysed 

on ice for 20 min in buffer containing 50 mM HEPES (pH 7.5), 0.5 % Triton X-100, 

150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10 mM sodium fluoride, 2.5 mM sodium 

orthovanadate, 1X protease inhibitor cocktail from Roche, and 1 % each of phosphatase 

inhibitor cocktails 2 and 3 from Sigma. The cell lysate was sonicated (3×10 s) on ice, 

centrifuged for 15 min (13,000 rpm) at 4 °C and then the supernatant was collected and 

filtered through a 0.2 μM membrane. The filtered lysate was brought to 1 M NaCl and 

pre-cleared by flowing over 500 μl of blocked and washed NHS-activated Sepharose 4 

Fast Flow beads. The flow-through was collected and passed through a column of layered 

inhibitor-conjugated beads [Bisindoylmaleimide-X (50 μl), SB203580 (50 μl), Lapatinib 

(100 μl), Dasatinib (100 μl), Purvalanol B (100 μl), VI16832 (100 μl), PP58 (100 μl)] to 

isolate protein kinases from the lysates. Kinase-bound inhibitor beads were washed with 20 

ml of high-salt buffer and 10 ml of low-salt buffer, each containing 50 mM HEPES (pH 

7.5), 0.5 % Triton X-100, 1 mM EDTA, 1 mM EGTA, and 10 mM sodium fluoride, and 

1 M NaCl or 150 mM NaCl, respectively. A final wash of 1 ml 0.1 % SDS was applied 

to the columns before elution in 1 ml of a 0.5% SDS solution in high heat. Elutions from 

all columns were combined and cysteines were alkylated by sequential incubations with 

DTT for 20 min at 60 °C and iodoacetamide for 30 min at room temperature in the dark. 

The elution was spin-concentrated to 100 μl and detergents were removed by a chloroform/

methanol extraction. After a final mixing, the sample was centrifuged for 5 min to pellet the 

protein at the interface and the upper phase was removed with care to leave the protein pellet 

intact. The protein pellet and lower phase were resuspended in 300 μl of methanol, and the 
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sample was again vortexed and centrifuged for 5 min to pellet the protein at the bottom of 

the tube. The supernatant was removed and one or more methanol washes were performed to 

ensure the removal of detergents.

2.4. Immunoblotting

For whole cell lysates, cells were collected and resuspended in radioimmunoprecipitation 

assay (RIPA) buffer with protease inhibitors. The cells were incubated in RIPA for 30 min at 

4 °C and then centrifuged at 4 °C for 15 min

For chromatin fraction lysates, cells were collected and resuspended in Buffer A (10 mM 

Hepes, pH = 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10 % glycerol, 0.1 % Triton 

X-100, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 1 μg/ml leupeptin). The cells 

were incubated in Buffer A for 5 min at 4 °C and then centrifuged for 5 min at 4 °C. The 

pellets were then resuspended in TSE 500 buffer (20 mM Tris, pH = 8.0, 2 mM EDTA, 500 

mM NaCl, 0.1 % SDS, 1 % Triton X-100, 1 mM PMSF, and 1 μg/ml leupeptin), followed by 

sonication and centrifugation at 4 °C. The resulting protein concentrations were determined 

using a Bradford protein assay and appropriate samples were then subjected to sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to 

nitrocellulose membranes. The membranes were blocked with 5 % milk in Tris-buffered 

saline:0.1 % Tween (TBST) for 1 hr at room temperature followed by overnight incubation 

with the primary antibody (diluted in 5 % milk in TBST). Proteins were detected by 

incubating membranes with horseradish peroxidase-conjugated secondary antibodies for 1 hr 

at room temperature and an enhanced chemiluminescence kit.

2.5. Immunofluorescence staining

Cells were grown in chamber slides to 70 % confluency. Cells were washed with phosphate-

buffed saline (PBS) and then fixed with 4 % formaldehyde at room temperature for 10 

min. After fixing, cells were treated with 0.5 % NP-40 at room temperature for 10 min. 

Cells were blocked with 1 % bovine serum albumin (BSA) in PBS for 30 min. Slides were 

incubated with primary antibodies overnight at 4 °C followed by application of fluorescent 

secondary antibodies. Slides were mounted with ProLong™ Gold and Diamond Antifade 

Mountant with DAPI. Images were obtained with a Nikon inverted TI-E deconvolution 

microscope and analyzed with Image J.

2.6. Flow cytometry

Cells were collected in PBS and fixed in 4 % formaldehyde. After fixing, the cells were 

treated with FLAER (Alexa 488 proaerolysin variant) in a liquid format for in vitro 
detection. Cells were then processed on a Becton Dickson Fortessa X-20 machine and 

profiles were analyzed with Flowjo.

2.7. Sister-chromatid exchange (SCE) assay

Cells were seeded in 6-well plates and treated with thymidine for 18 hr. Cells were then 

washed with PBS and grown in fresh media for 9 hr. After first-round release, the cells 

were treated with thymidine and 5-ethynyl-2′-deoxyuridine (EdU) for 15 hr. Then, cells 

were washed with PBS and grown in fresh media with EdU for 9 hr. After the second-round 
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release, cells were washed with PBS and grown in fresh media for 33 hr. At this juncture, 

many cells were in metaphase.

The cells were then treated with 0.25 μg/ml colcemid for 1.5 hr. Cells were collected in PBS 

followed by 0.075 M KCl treatment at 37 °C. After KCl treatment, cells were slowly fixed 

by the addition of fixative (1:3 acetic acid to methanol) while vortexing. The cells were then 

dropped onto pre-warmed slides in a 37 °C water bath. Slides were then incubated in a 37 °C 

water bath for 5 min and air-dried overnight.

The slides were rehydrated in PBS for 5 min and fixed with fresh 3.7 % formaldehyde/

PBS. After washing with PBS, slides were incubated with click reaction buffer (10 μM 

biotin-azide, 10 mM sodium ascorbate, and 2 mM CuSO4 in PBS) for 1 hr. After washing 

with PBS, slides were blocked in ABDIL buffer (20 mM Tris, pH 7.5, 2 % BSA, 0.2 % 

fish gelatin, 150 mM NaCl, 0.1 % sodium azide) for 1 hr at room temperature followed 

by anti-streptavidin Alexa Flour 488 conjugate incubation for 1 hr at room temperature. 

After washing with PBS, slides were mounted with ProLong™ Gold and Diamond Antifade 

Mountant with DAPI.

2.8. Gene targeting assay

The gene-targeting assay was performed essentially as described [46] by first knocking out 

the expression of the Phosphatidylinositol Glycan Anchor Biosynthesis Class A (PIGA) 

gene and then restoring its expression via gene targeting using a donor plasmid. To first 

inactivate PIGA expression in RPE1-hTERT WT, BRD3−/−, and BRD3−/−:+BRD3cDNA 1–8 

cell lines, a TGATCGGGTATCAGTGGAAG sgRNA was used with CRISPR/Cas9 

methodology. To reconstitute the expression of PIGA and minimize the effect of the NHEJ 

pathway, we used a sgRNA (TGGGTGAAAGTGCTCACACT) targeting a distal intronic 

region. To perform the gene targeting assay, the following nucleic acids were transfected 

into RPE1-hTERT cells (1 × 106) using a Neon Transfection System: 1 μg CleanCap® 

Cas9 mRNA; 1 μg donor plasmid; 1 μg mCherry expression plasmid (from Clontech); 50 

pmol PIGA intron 5 sgRNA from Synthego Corporation. The cultures were grown for a 

subsequent ~14 days. All cells were then fixed with 4 % formaldehyde for 15 min. The fixed 

cells were then resuspended in phosphate buffered saline (PBS) at a low density and stained 

with 5 × 10−9 M fluorescent Alexa aerolysin (FLAER) 488 (Pinewood Scientific Services) 

for 15 min. Eventually, the percentage of FLAER-negative and FLAER-positive cells was 

quantitated by flow cytometry (FACSCanto II, BD Biosciences).

2.9. DNA repair assays

The pEGFP-Pem1-Ad2 plasmid based NHEJ assay was performed essentially as described 

[47]. Prior to transfection, the pEGFP-Pem1-Ad2 plasmid was digested by either the I-SceI 

or HindIII restriction enzymes (NEB) for 1 hr. After gel purification, 0.4 μg of digested 

plasmids and 0.1 μg of an mCherry transfection control expression plasmid (Clontech) were 

co-transfected into 24-well plates using Lipofectamine 3000 Reagent. Cells were collected 

48 hr post transfection and analyzed by flow cytometry for GFP expression as described 

[47].
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For the DR-GFP assay, 0.2 μg DR-GFP plasmid, 0.2 μg I-SceI expression plasmid (from 

Clontech), and 0.1 μg mCherry expression plasmid (from Clontech) were co-transfected into 

24-well plates. Cells were collected 48 hr post transfection and analyzed by flow cytometry 

for GFP expression as described [47].

2.10. Imaging and analysis

Images were captured on a Nikon inverted TI-E deconvolution microscope and analyzed 

with Image J.

2.11. Clonogenic survival assay

Cells were seeded in 6-well plates (300–500 cells/well based upon the doubling time of a 

specific cell line) and incubated at 37 °C with 5 % CO2 overnight. The cells were then 

treated with different doses of IR or etoposide and incubated at 37 °C with 5 % CO2. 

After approximately one week of incubation, the media was removed from each well by 

aspiration. The cells were then rinsed with PBS, fixed with 10 % methanol:10 % acetic 

acid at room temperature for 15 min. The cells were then stained with 0.5 % crystal violet 

staining buffer at room temperature for 30 min. After rinsing thoroughly with PBS, colonies 

(defined as > 50 cells) were ready to be counted.

2.12. Immunofluorescence staining

Cells were grown in chamber slides to 70 % confluency, washed with PBS and then fixed 

with 4 % formaldehyde (FA) at room temperature for 10 min. After fixing, cells were treated 

with 0.5 % NP-40 at room temperature for 10 min and then blocked with 1 % bovine serum 

albumin (BSA) in PBS for 30 min. Slides were incubated with primary antibodies overnight 

at 4 °C followed by incubation with fluorescent secondary antibodies. Slides were mounted 

with ProLong™ Diamond Antifade Mountant with DAPI. Images were taken on a Nikon 

inverted TI-E deconvolution microscope and analyzed with Image J. At least 50 images were 

scored for each experimental condition.

2.13. siRNA transfections

SMARTPool ATAD5 siRNA were ordered from Horizon Discovery Ltd., (Catalog ID: 

L-004738–00–0005) and transfected into RPE1-hTERT cell line using the DharmaFECT™ 

Transfection Reagents - siRNA transfection protocol.

In brief, siRNA was resuspended into DNase/RNase-free water at a final concentration or 

5 μM. To transfect siRNA into cells growing on 24-well plates, two tubes were prepared to 

dilute the siRNA and DharmaFECT 1 transfection reagent separately: tube 1- a 50 μl volume 

of the siRNA in serum-free medium was made by adding 2.5 μl of the siRNA to 47.5 μl of 

serum-free medium; tube 2- a 50 μl volume of diluted DharmaFECT 1 transfection reagent 

in serum-free medium was generated by adding 1.25 μl of DharmaFECT 1 transfection 

reagent to 48.75 μl of serum free-medium. The contents of tube 1 and tube 2 were then 

mixed by carefully pipetting them together and then incubating them for 20 min at room 

temperature. 400 μl of antibiotic-free complete medium was then added for a total volume 

of 500 μl transfection medium. This transfection medium was then added into each well of a 

24-well plate.
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2.14. Structure/function analyses

To complement BRD3−/− cell line, wild type BRD3 and structure mutant BRD3 cDNA were 

cloned into a PiggyBac transposase vector with neomycin selection cassette. The expression 

of WT and mutant BRD3 were identified by western blot.

2.15. Statistics and reproducibility

For the statistics of all experiments, p-values were calculated using the student test (t-

distribution).

For reproducibility: 1) the DR-GFP assay was repeated up to five times except for the 

ATAD5-knock down samples, which were repeated only twice). 2) The SCE assay was 

repeated three times except for the samples using a mutant BRD3, which were repeated only 

twice. A double-blind method was used for quantification. 3) The gene targeting assay was 

repeated three times. 4) The focus formation assay was repeated twice.

2.16. Nucleic acid sequences

All nucleic acid sequences can be found in Supplemental Table S1.

3. Results

3.1. Identification of BRD3 as a gene differentially regulated in PRKDC-KD cells

PRKDC is essential for C-NHEJ [11, 20, 48]. In the course of investigating the roles 

of PRKDC in C-NHEJ, we utilized gene editing methodologies to generate two PRKDC 

deficient cell lines: DNA‐PKcs
−/ −  [24] and DNA‐PKcs

KD/ −  [KD = kinase dead; hereafter 

PRKDC-KD cells; [25]] in the human colorectal carcinoma HCT116 cell background. 

In particular, the dominant negative activity of the KD version of PRKDC makes 

these cells exquisitely sensitive to IR and essentially ablates C-NHEJ in comparison to 

wild-type cells [25]. Despite this severe phenotype, PRKDC-KD cells are nonetheless 

viable [25]. We hypothesized that one explanation for this viability might be due to a 

compensatory upregulation of other DSB repair pathways, including HDR. On a simplistic 

level, this compensatory upregulation could be accomplished by up-regulating activators 

or inactivating inhibitors of other DSB pathways. Thus, we were interested in identifying 

proteins whose expression was either enhanced (potential activators) or decreased (potential 

inhibitors) in a PRKDC-KD cell line.

To identify such putative novel DSB repair factors, we performed a kinome-wide screen 

using multiplexed inhibitor beads (MIBs) and mass spectrometry (MS) [26]. MIBs are 

composed of a combination of sepharose beads with covalently immobilized kinase 

inhibitors of selected kinases or pan-kinases. Using this methodology, approximately ~70 

% of all human kinases can be queried [26]. Thus, this technology reveals the impact of a 

mutation NOT on downstream substrates per se, but on the other kinase signaling pathways 

in the cell. The rationale for utilizing this approach was the hope for identifying regulatory 

kinases/factors (activators or inhibitors) whose activity might be altered in the mutant cell 

lines.
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Accordingly, proteins were pulled-down by MIBs and then processed by MS using extracts 

prepared from HCT116 wild-type (WT) and PRKDC-KD cells. WT cells were used as 

a baseline and proteins whose expression level changed in the PRKDC-KD cells were 

identified (Fig. 1A). As a control and as expected, the level of PRKDC was only slightly 

reduced in the PRKDC-KD cells compared to the WT parental cell line (Fig. 1A). In total, 

3,088 proteins were identified whose relative abundance was either unchanged, enhanced or 

reduced (Supplemental Table S2). Of these, 51 proteins in the PRKDC-KD cells exhibited 

relative abundance changes (reduced) greater than five-fold (Table S3). A Gene Ontology 

(GO) analysis (data not shown) was not particularly informative, but one protein, the BET 

family member, BRD3, whose relative abundance was reduced the most (Table S3) in the 

PRKDC-KD cell line (Fig. 1A), caught our attention. This protein, which is not a kinase, is 

a putative chromatin remodeling protein and moreover the BET family of proteins have been 

implicated in DNA DSB repair [37]. A Western blot analysis of the parental WT HCT116 

and the PRKDC-KD cells confirmed that BRD3 abundance was reduced in the latter cell 

line (Fig. 1B).

3.2. Derivation of BRD3 knockout (KO) cell lines

To pursue BRD3 in more detail, we next generated human BRD3-KO cell lines. For these 

experiments, the parental cell line was the retinal pigment epithelial 1 cell line immortalized 

by the expression of human telomerase (hTERT-RPE1 or simply RPE1 cells). We chose 

this cell line, because it has a stable, diploid karyotype and although it is immortalized 

(allowing for easy propagation in tissue culture), it is not transformed (unlike the HCT116 

cell line) and thus conforms to a more “normal” human cell model. The KO cell lines were 

generated using CRISPR/Cas9 via the strategy of allowing a CRISPR-induced DSB to be 

mutagenically repaired by the endogenous C-NHEJ pathway. A sgRNA was designed that 

targeted exon 7, which encodes one of the BDs of BRD3 (Fig. 1C). Single cell clones were 

isolated, expanded and subjected to DNA sequence analysis. Three independent BRD3 KO 

(BRD3−/−) clones were obtained containing out-of-frame indels of − 1 and − 2 (#22), + 1 

and + 1 (#43) and − 2 and + 1 (#126). These cell lines were subsequently subjected to a 

Western blot analysis to confirm the absence of BRD3 protein expression (Fig. 1D). Since 

the KO clones showed no differences in growth properties (Fig. S1A) in comparison to the 

parental cell line we used them interchangeably in subsequent experiments.

3.3. BRD3-KO cell lines have aberrant DNA damage responses

We treated RPE1 WT and BRD3−/− cells with IR. BRD3−/− cells were more sensitive to 

IR (Fig. S1B) but the sensitivity was mild (D37 for WT = 1.2 Gy; D37 for BRD3-KO 

cells = 0.8 Gy). Consistent with this observation, the disappearance of γ-H2AX foci (Fig. 

S2A) following IR exposure (2 Gy) was slightly, but significantly, retarded in BRD3-KO 

cells (Fig. S2B). To assess if there was a frank defect in DSB repair, we utilized the pEGFP-

Pem1-Ad2 extrachromosomal reporter assay that has been vetted extensively [47,49,50]. 

This reporter permits the analysis of the relative C-NHEJ repair frequency. The plasmid 

contains an enhanced GFP (EGFP) gene interrupted by a 2.4 kb intron derived from the rat 

phosphatidylethanolamine methyltransferase 1 (PEM1) gene that is itself interrupted by an 

adenoviral (Ad2) exon. The Ad2 exon, in turn, is flanked on both sides with HindIII and 

I-SceI restriction enzyme recognition sites (Fig. S3A). In its unmodified form, the presence 
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of an adenoviral (Ad2) exon within the PEM1 intron prevents the expression of EGFP due 

to the Ad2 exon being incorporated into the GFP mRNA (Fig. S3C). Upon digestion with 

either a HindIII or I-SceI restriction enzyme, linearized plasmids lacking the Ad2 exon 

with either compatible cohesive ends (HindIII) or incompatible ends (I-SceI) are generated. 

While the digestion of the HindIII recognition sites results in cohesive 4-bp overlapping 

ends, the fact that the I-SceI sites have been arranged in an inverted orientation requires 

the processing of the DNA ends before they can be rejoined (Fig. S3B). Importantly, both 

undigested and partially digested plasmids will not contribute to the GFP positive readout 

for this assay as any inclusion of the Ad2 exon will create mRNAs with an interrupted EGFP 

coding region (Fig. S3C). In addition, the introns spanning the Ad2 exon provide a substrate 

that can undergo long-range resection events before losing the capability of expressing 

EGFP. Therefore, the impact of the loss of BRD3 expression on end joining could be 

assessed by FACS (fluorescent activated cell sorting) analysis. In order to determine the 

repair efficiency, cells are co-transfected with a pCherry expression vector that acts as a 

transfection control. The repair efficiency is reported as a percentage of cherry-positive cells 

that are also green (i.e., repaired). Using this assay, BRD3 KO cells appeared to have no 

quantifiable defect in C-NHEJ; neither with HindIII- nor with I-SceI-generated ends (Fig. 

S3D).

In summary, human BRD3 KO cells were mildly IR-sensitive and appeared to have 

difficultly completing repair in a timely fashion as indicated by the slower disappearance 

of γ-H2AX foci, but they did not appear to be defective in C-NHEJ.

3.4. BRD3-KO cell lines are hyper-recombinogenic

To interrogate the phenotype of BRD3 KO cells in more detail we next assessed their 

ability to perform HDR using a plasmid reporter. The DR-GFP reporter [51] (Fig. 2A) 

contains two inactive GFP genes along with a recognition site for the I-SceI meganuclease. 

Expression of I-SceI, can cleave one of the inactive GFP genes and if HDR occurs it can 

restore GFP expression resulting in easily-quantitated green fluorescing cells. This reporter 

measures non-crossover products generated by the HDR sub-pathway of gene conversion 

[2]. Two independent BRD3 KO clones showed ~2-fold and 2.5-fold, respectively, greater 

HDR activity relative to the parental cell line (Fig. 2B). A HCT116 parental cell line and 

a RAD52 KO cloned derived from it, the latter of which is known to be reduced for HDR 

activity [46], were used as controls and the RAD52−/− cell line showed an expected ~2-fold 

reduction in HDR activity. Thus, BRD3 KO cell lines appeared to be hyper-recombinogenic.

To confirm the hyper-recombination phenotype of BRD3−/− cells using endogenous 

chromosomes, we next conducted a sister chromatid exchange (SCE) assay. In this assay, 

chromosomes are labeled for 1 cell cycle with the nucleoside analog, EdU. After a 2nd 

round of replication in the absence of EdU, only one strand of one sister chromatid will 

contain the EdU label (Fig. 3A). If exchanges between the sister chromatids subsequently 

occur before mitosis, these exchanges can be visualized with a fluorescent dye using click 

chemistry (Fig. 3A). Thus, SCEs were quantitated in both the parental RPE1 +hTERT cell 

line as well as in the BRD3 KO clone #126 (Fig. 3B). The BRD3-null cells had a highly 

significant ~2-fold greater incidence of SCEs than the parental cells (Fig. 3C).
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Finally, we assessed HDR activity by measuring the frequency of gene targeting. To 

accomplish this assessment, CRISPR was first utilized to disrupt the phosphatidylinositol 

glycan anchor biosynthesis class A (PIGA) gene in both WT and BRD3−/− cells by inserting 

a single nucleotide into exon 6 to disrupt its reading frame (Fig. 4A). PIGA can serve as 

a screening marker because it is required for the biosynthesis of glycophosphatidylinositol 

(GPI) anchors and the inactivation of PIGA leads to the loss of GPI anchors. The absence 

of GPI anchors, in turn, can be quantitated using a specific stain (an Alexa-488 conjugated 

proaerolysin variant called FLAER) that normally binds to the anchors [46,52]. To correct 

the PIGA mutation, we induced a second CRISPR-mediated DSB into the intronic region 

47 bp away from the insertion site during gene-editing and provided a plasmid-based donor 

DNA (Fig. 4A) that should facilitate the conversion of PIGA-null (PIGAo/−) cells back to 

PIGA-proficient (PIGAo/+). Thus, the gene targeting efficiency can be calculated as the ratio 

of FLAER-positive (PIGAo/+) cells to FLAER-negative (PIGAo/−) [46,52]. In the parental 

cells, correction could be achieved about 1 % of the time. In two independent BRD3 KO cell 

lines, however, PIGA correction occurred at frequencies of ~3 % and 4 %, respectively (Fig. 

4B).

In summary, by 3 completely independent methodologies: 1) exogenous reporter assays, 2) 

SCEs and 3) gene targeting, BRD3-null cells were reproducibly hyper-recombinogenic.

3.5. Reconstitution of BRD3 expression rescues the hyper-recombination phenotype of 
BRD3−/− cells

Two endogenous BRD3 isoforms have been reported for human cells in the NCBI database 

(Fig. 5A). Isoform 1 conforms to the expected wild type BRD3 protein. Isoform 2 is 

identical to isoform 1 except that it is missing a single amino acid (alanine 647) in its 

C-terminus. Although isoform 2 is likely just a cloning artefact, we nonetheless isolated 

subclones of BRD3-null cells (clone #43) stably expressing either isoform 1 or isoform 2. 

Three subclones were selected for analysis. Subclones 1–2 and 2–6 (expressing isoforms 

1 and 2, respectively) expressed supra levels of BRD3 whereas subclone 1–8 (expressing 

isoform 1) expressed approximately wild-type levels (Fig. 5B). These cell lines were then 

tested for their ability to carry out HDR gene conversion (Fig. 5C), the frequency at which 

they generated SCEs (Fig. 5D) and the frequency at which they underwent gene targeting 

at the PIGA locus (Fig. 5E). In all cases, regardless of whether isoform 1 or isoform 2 was 

expressed and regardless of the level of that expression, the restoration of BRD3 expression 

complemented the hyper-recombination phenotypes of the BRD3-null cells. From these 

experiments we concluded that one of the normal functions of endogenous BRD3 is to 

suppress hyper-recombination.

3.6. The depletion of BRD3 facilitates the formation of RAD51 filaments and impairs 
53BP1 recruitment to DSB sites

To gain some mechanistic insight into the underlying role of BRD3 in hyper-

recombination/DSB repair, we queried the status of RAD51, 53BP1 and γ-H2AX as 

indicators of HDR, C-NHEJ and DSBs, respectively. Immunofluorescence staining was 

performed with both RAD51 and 53BP1 antibodies on IR-treated (2 Gy) or untreated WT, 

BRD3−/−, and BRD3−/−:+BRD3cDNA #1–8 cells at different time points (Fig. 6A). There was 
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no significant difference in the number of γ-H2AX foci introduced by IR exposure into the 

cell lines nor in their temporal resolution (Fig. 6B). These data suggested that the levels of 

initial DSB damage in the 3 cell lines was comparable and that in the short term (i.e., within 

16 hr) there was no significant difference in the number of DSBs resolved. BRD3-null cells 

did show a reduction in the formation of 53BP1 foci 2 hr after IR exposure (Fig. 6C). 

However, since this phenotype was not rescued by the re-expression of BRD3 and there 

was no difference at any other time points the potential significance of this reduction at 

this single time point was ambiguous (Fig. 6C). In contrast, the kinetics of RAD51 focus 

formation were clearly altered (Fig. 6D). In BRD3-null cells, RAD51 foci accumulated 

at the earliest time point examined (2 hr) and then were rapidly resolved. The parental 

WT cells and the complemented cell line, on the other hand, showed an expected slower 

accumulation of RAD51 foci (peaking at 4 hr) as well as a slower resolution (Fig. 6D). 

This alteration in RAD51 focus formation was observed in an independent experiment that 

was carried out for 18 hr, with the exception that the distinction between the nulls and the 

parental/complemented cell lines was even more extreme, principally because the parental/

complemented cell lines did not show a peak of RAD51 accumulation until 8 hr (Fig. S4). 

The slow [4 hr (Fig. 6D) to 8 hr (Fig. S4)] accumulation of RAD51 foci in the parental and 

complemented cell lines was consistent with the HDR repair kinetics observed in normal 

human cells [9] and contrasted sharply with the kinetics observed in BRD3-null cells (Fig. 

6D and Fig. S4).

3.7. The BD and ET domains are important for BRD3 activity

BRD3 is a presumed chromatin remodeler. One of the reasons for believing that BRD3 is 

a remodeler is that BRD3 contains two BD domains, which facilitate binding to acetylated 

lysines, a moiety often found on histones [31]. To investigate if these domains played 

a role in BRD3′s ability to suppress hyper-recombination, we generated stable cell lines 

containing cDNAs deleted for BD1, BD2 or the ET domain (Fig. 7A). To facilitate 

identification of the BRD3 variants a FLAG epitope moiety was appended onto their C-

termini. These variants were then stably introduced in BRD3-null cells and individual clones 

expressing the deletion variants were isolated (Fig. 7B) although it should be noted that for 

the BD1Δ isoform our best clone contained only a low level of expression. Each of the cell 

lines was then assessed for the frequency of SCEs. The BRD3-null cells once again showed 

an increase in SCEs compared to the parental WT cell line (Fig. 7C). Importantly, while the 

expression of a WT BRD3 cDNA completely rescued this hyper-SCE formation phenotype, 

BD1Δ-, BD2Δ- and ETΔ-expressing clones were just as hyper-recombinogenic as the null 

cells (Fig. 7C). From these experiments we concluded that the 3 known functional domains 

of BRD3 were all required for BRD3′s ability to suppress hyper-recombination.

3.8. ATAD5 is epistatic to BRD3

The inability of BD1Δ and BD2Δ BRD3 cDNAs to rescue the hyper-recombination activity 

of BRD3-null cells was somewhat expected as BD1 and BD2 are the domains through which 

BRD3 interacts with chromatin. We were, however, surprised that the ETΔ expressing clone 

was as equally inactive. Little is known about the biochemical activity of ET domains, 

other than that they appear to be protein:protein interaction modules [29,30]. One protein 

that the BRD3 ET domain is known to interact with is ATAD5. ATAD5, in turn, has been 
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implicated in the chromatin unloading of PCNA [38–41] and the loading of RAD51 [53], 

the latter protein being one whose recruitment kinetics are clearly altered in BRD3-null cells 

(Fig. 6D). Thus, we inquired whether BRD3′s anti-recombination activity required ATAD5 

expression. To answer this inquiry, we utilized siRNA to knockdown the expression of 

ATAD5 (Fig. 8 A). Importantly, the reduction in ATAD5 expression completely suppressed 

the hyper-recombination activity of BRD3-null cells using the DR-GFP assay (Fig. 8B). 

As importantly, a reduction in ATAD5 expression also completely suppressed the aberrant 

RAD51 recruitment kinetics to DSBs in BRD3-null cells (Fig. 8C). From these experiments, 

we conclude that ATAD5 is epistatic to BRD3 and this, in turn, is consistent with the 

requirement for the presence of the ET domain (i.e., the ATAD5 interaction domain) in 

BRD3 (Fig. 7).

4. Discussion

4.1. A kinome analysis approach to identifying novel regulators of DNA DSB repair

Although the regulation of DSB repair is complicated, this complexity has not detracted 

a veritable bevy of researchers from trying to identify the genes involved in, and the 

mechanism(s) required for, this process [1,2]. Because much of the mammalian DDR is 

regulated by kinases and kinase cascades [16, 18, 19] a significant amount of effort (which 

has yielded a corresponding significant amount of success) has gone into identifying the 

immediate downstream substrates for the regulatory kinases [20]. Alternatively, in a more 

indirect manner, differences in gene expression (generally measured at the mRNA level) 

have been quantitated in cells that were either genetically modified and/or exposed to DNA 

damaging agents [21–23]. To augment these strategies, we have taken what we believe is 

a unique approach to identifying novel regulators of DSB repair. In a kinome analysis, 

the difference in ATP-binding protein expression between two cell lines is determined. 

While not all cellular signaling occurs via kinases and phosphorylation events, much 

of it does occur this way. This is especially true of DSB repair, which appears to be 

regulated predominately by 3 PI-like kinases: ATM, ATR and PRKDC. Consequently, we 

hypothesized that if we were to inactivate one of these kinases (specifically PRKDC), we 

might be able to observe compensatory or rescuing alterations in other kinase cascades or 

kinase substrates and in so doing identified BRD3. This result confirms that the kinome 

approach can be added to the toolbox of approaches currently used to dissect signaling 

pathways. In addition, a kinome analysis offers the additional advantage of identifying 

proteins that are neither kinases nor kinase substrates, but which simply bind ATP. With 

all that said, it is nonetheless unclear why BRD3 was identified in this screen since 1) 

BRD3 is not a kinase, 2) BRD3 has never been reported to be a substrate for a kinase, 

3) nor does BRD3 contain canonical ATP-binding motifs, such as Walker A/B boxes 

[54]. It should be noted, however, that BRD3 does contain a cluster of residues (AA69 

to 78; NlpDYhKliK) that have been reported to be (at least theoretically) ATP-interacting 

[28]. Alternatively, if BRD3 does not directly interact with ATP, then it is also possible 

that it may have been identified because it was interacting with another protein that was 

binding to the ATP analogs on the MIBs [e.g., NuRD, BAF, ATAD5 or INO80 complexes; 

[55]]. Regardless, and importantly, the identification of BRD3 — a gene that has never 
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been directly implicated in regulating DSB repair — validates the utility of the kinome 

methodology.

Finally, we would like to note that the BRD3 downregulation observed in the DNA-PK-KD 

cell line used in this study [25] is not observed in the DNA-PK-null [24] cell line. Indeed, 

BRD3 expression is relatively unaltered in DNA-PKcs-null cells (data not shown). We, 

however, do not view this superficially disparate result as problematic, but actually quite 

interesting, because while these cell lines might ostensibly seem similar, mechanistically 

they are not. Thus, in the PRKDC kinase-dead cell line, a defective PRKDC protein 

is produced that binds onto the broken DNA ends, but is incapable of signaling any 

downstream steps of repair. Thus, this protein acts in a dominant-negative fashion. As a 

consequence, the ends are rendered irreparable and the phenotype is severe. In the PRKDC-

null cell line, the PRKDC protein is not expressed. This absence of the PRKDC, reduces 

C-NHEJ activity, but, importantly, it leaves the unrepaired ends available for processing 

by other subpathways of DSB repair. Consequently, we expected that the effect of these 
PRKDC mutations on signaling pathways would be different in these two cell lines and they 
are. To this end, it is not unreasonable to expect to identify different novel regulators by 

repeating the kinome screen using the PRDKC-null cells, an experiment that is underway.

4.2. The loss of BRD3 results in cells that are IR-sensitive

Cells defective in any of the C-NHEJ pathway components are uniformly IR-sensitive. 

While the BRD3 cells are not profoundly so, they are nonetheless IR-sensitive (Fig. S1), 

which was surprising since we could not detect a defect in C-NHEJ activity (Fig. S3). 

Importantly, there was no difference in DSB induction following IR exposure between 

the parental and BRD3-null cells and the frank resolution of those DSBs also appeared 

relatively unaltered (Fig. S3B). Thus, we hypothesize that in a BRD3-null cell, the DSBs are 

kinetically resolved in a manner similar to wild type, but that a significant fraction of those 

repair events is faulty such that ultimately they result in the cell lethality that is observed 

in the clonogenic survival assays (Fig. S1). Importantly, this faulty repair likely extends to 

other types of DSBs besides IR-induced lesions, as the knockdown of BRD3 also results in 

hypersensitivity to ATR inhibition as well hydroxyurea exposure [38].

HDR is often referred to as “error-free” repair and superficially one could envision that a 

hyper-recombination state might be hypomutable. This bias is, however, likely inaccurate. 

Thus, even when the donor for a recombination reaction is the sister chromatid, aberrant 

products of recombination such as loss-of-heterozygosity can result. One of the most 

well-described hyper-recombination situations involves mutations to the Blooms Syndrome 

(BLM) gene. While BLM-null cells are not particularly IR-sensitive, they have significant 

genomic instability and the patients are quite cancer-prone [56]. Similarly, when the C-

NHEJ factor Ku86 is depleted from human cells, HDR is increased throughout the genome 

[47] but with unfortunate consequences such that inappropriate HDR occurs at chromosome 

ends, where it results in lethal telomeric recombination events [57,58]. Thus, in the case 

of BLM and Ku86 deficiencies, too much HDR is unequivocally a pathological state. We 

believe that in the absence of BRD3, where a similar hyper-recombination atmosphere 

reigns, that many DSBs can be slowly (Fig. S2), albeit properly, repaired, but that some 
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fraction of them are also mis-repaired in a manner more deleterious than the indels 

associated with C-NHEJ processes and that these mutations ultimately result in reduced 

viability (Fig. S1).

Lastly, it is relevant to point out that other BR-containing proteins have been implicated 

in DNA repair. For example, Zinc Finger MYND-Type Containing 8 (ZMYND8) has 

been reported to recognize DNA damage in transcriptionally active regions and to 

interact with Chromodomain Helicase DNA binding Protein 4 (CHD4) to facilitate HDR 

[59,60]. Similarly, another BR-containing protein, BRD9, assists in the formation of a 

RAD51:RAD54 complex to promote HDR [61]. Finally, BRD4 has also been directly 

implicated in HDR-mediated DSB repair using an in vitro Xenopus extract system [37]. 

In addition to involvement in HDR, two BR-containing proteins, CREB Binding Protein 

(CBP) and p300, assist NHEJ by facilitating the localization of the Switch/Sucrose Non-

Fermentable) SWI/SNF complex to DSBs [62]. More importantly, a recent BR-containing 

protein screening has identified more than one third of all BR-containing proteins being 

recruited to DSB sites [59]. To these studies we now demonstrate that BRD3 appears 

to be a bona fide HDR inhibitor and its absence results in a hyper-recombination state. 

Illuminating the role of BR-containing proteins in DSBs repair is critical for understanding 

of the mechanism(s) of DSB repair and for fulfilling their potential clinical applications.

4.3. The loss of BRD3 results in cells that are hyper-recombinogenic by a mechanism 
that is ATAD5-dependent

Our data demonstrate that human somatic cells lacking BRD3 are hyper-recombinogenic 

for extrachromosomal HDR assays (Fig. 2), sister chromatid exchanges (Fig. 3) and 

chromosomal gene targeting (Fig. 4). An unequivocal conclusion from these observations 

is the finding that BRD3 is a bona fide inhibitor of HDR. The corollary of this conclusion 

is that inhibition of BRD3 could potentially be used to enhance HDR. The current 

commercially available inhibitors (e.g., JQ1) of BRD3 are pan-inhibitors of the whole 

BET family [63]. This is clearly sub-optimal as, for example, BRD4 is involved in the 

DDR, DSB repair, in the prevention of R-loops accumulation and its depletion results in 

accumulated endogenous DNA damage [34, 36, 37]. From that perspective, the development 

of a BRD3-specific inhibitor to enhance, for example, gene editing experiments seems 

eminently worthwhile.

Insight into the mechanism of how the loss of BRD3 expression in human cells causes 

hyper-recombination came from a structure:function analysis of the BRD3 protein. The 

absence of either BD (BD1 or BD2) resulted in the complete inability to rescue the hyper-

recombination phenotypes (Fig. 7). This observation was not unexpected as BD domains are 

used for interaction with acetylated histones in chromatin [32] and this interaction/activity 

is per force likely necessary for a chromatin binding protein. In contrast, the inability of 

BRD3 lacking the ET domain (a protein:protein interaction module) to complement the 

hyper-recombination phenotype (Fig. 7) was unexpected. One of the few proteins described 

to interact with BRD3′s ET domain is ATAD5. ATAD5 is a AAA domain ATPase and 

it has been implicated in regulating the loading [e.g., RAD51; [53]] or unloading [e.g. 

PCNA; [38–41]] of proteins onto chromatin, although how it precisely regulates these 
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activities is unknown. Importantly, however, subsequent experiments demonstrated that the 

hyper-recombination phenotype (Fig. 8B) and the aberrant chromatin binding kinetics of 

RAD51 (Fig. 8C) of BRD3-null cells were completely dependent upon the expression of 

ATAD5. Thus, our current model is that in BRD3-proficient cells BRD3 is recruited to DSBs 

via nearby acetylated nucleosomes via its BD modules (Fig. 9A). BRD3, in turn, uses its 

ET domain to interact with ATAD5 and we postulate that this interaction hinders ATAD5′s 

ability to load RAD51 onto DSBs (Fig. 9A). This scenario permits predominately C-NHEJ-

mediated repair of the DSB (Fig. 9A). In contrast, in BRD3-deficient cells, ATAD5 is 

now unrestricted and can (hyper)load RAD51 on the DSB and this extra RAD51 facilitates 

proportionately more HDR, which, as discussed above, is generally associated with ancillary 

genomic instability (Fig. 9B). In the case where BRD3 and ATAD5 are both deficient, the 

lack of ATAD5 to bolster RAD51 loading reverses the hyper-recombination phenotype and 

results in a scenario where C-NHEJ once again predominates (Figs. 8 and 9C). Lastly, 

this model predicts that BRD3-proficient, ATAD5-null cells should be HDR defective (due 

to the absence of ATAD5-mediated RAD51 loading; Fig. 9D). We are currently trying 

to test this prediction directly, but it should be noted that it was recently reported that 

ATAD5-reduced human A2780 cells were hypersensitive to poly(ADP)ribose polymerase 

inhibitors, a phenotype often associated with a HDR deficiency [64].
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Fig. 1. 
Kinome analysis identifies BRD3 as a protein whose expression is greatly reduced in 

PRKDC-KD cells. (A) The number of peptides that could be unequivocally identified 

as belonging to a particular protein are shown along the X and Y axes for the parental 

HCT116 and the PRKDC-KD cell lines, respectively. The red dashed line corresponds to 

the theoretical equal expression in both cell lines for any given protein and the points above 

and below the line correspond to proteins whose expression was enhanced or decreased, 

respectively, in the PRKDC-KD cells. The data points corresponding to PRKDC and BRD3 

are shown. (B) Western blot analysis confirms that BRD3 expression is greatly reduced 

in PRKDC-KD cells. Whole cell extracts were prepared from the indicated cell lines and 

subjected to a immunoblot analysis using either an antibody to BRD3 or, as a loading 

control β-actin. (C) Schematic of gene targeting approach for generation of BRD3 KO 

cell lines. Exon 7, which encodes one of the bromodomains of BRD3 was targeted using 

a CRISPR sgRNA. The sequence of the sgRNA is shown and the scissors indicate the 

predicted site of cleavage. The adjacent PAM site is shown in red. (D) Western blot analysis 

of RPE1 BRD3-KO cell lines. Whole cell extracts were prepared from the indicated cell 

lines (negative = PRKDC-KD and positive = HCT116 WT) and subjected to an immunoblot 

analysis using either an antibody to BRD3 or, as a loading control, β-actin.

Wang et al. Page 20

DNA Repair (Amst). Author manuscript; available in PMC 2023 July 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
BRD3-null cells are hyper-recombinogenic for gene conversion. (A) A schematic of the 

DR-GFP extrachromosomal reporter is shown. The reporter contains two inactive copies of 

the GFP open reading frame (ORF). One of the copies, however, contains the recognition 

site for the I-SceI restriction enzyme. Following cleavage by I-SceI, a non-crossover 

(NCO) HDR event will restore one of GFP copies into a functional ORF, which can be 

quantitated by scoring for green fluorescence using FACS. (B). BRD3-KO cells are hyper-

recombinogenic. The amount of green fluorescence was quantitated in the respective cell 

lines. The data shown represent 2 independent experiments, performed in duplicate.
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Fig. 3. 
BRD3-null cells have elevated levels of SCEs. (A) A schematic of the EdU labeling protocol 

used for measuring SCEs. (B) A representative metaphase image for the parental RPE1 

+hTERT (left) or the BRD3-null #126 (right) cell lines are shown including an enlargement 

of metaphase chromosomes that have undergone SCEs. (C) Quantitation of the SCEs for 

the parental (WT) and the BRD3-null clone #126. The data represent three independent 

experiments and a double-blind method was used for quantification.
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Fig. 4. 
BRD3-null cells are hyper-recombinogenic for gene targeting. (A) A schematic of the PIGA 

locus that was utilized for the gene editing experiments. In the first step, CRISPR/Cas9 

was used to introduce an out-of-frame mutation into exon 6 (scissors). In the second step, 

a second CRISPR/Cas9-mediated DSB was introduced 47 nt downstream of the mutation 

and then (step 3) a donor plasmid containing WT BRD3 exon 6 sequences was used to 

restore PIGA expression. (B) The percentage of PIGA-null cells that were converted to 

PIGA-positive for WT, and two independent BRD3-null clones (#43 and #126) are shown. 

The data shown are derived from three independent experiments.
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Fig. 5. 
Expression of a wild type BRD3 cDNA rescues all of the hyper-recombination phenotypes 

of a BRD3-null cell. (A) Schematics of two BRD3 wild-type cDNAs listed in the National 

Center for Biotechnology Information (NCBI) database. The cDNAs are identical except 

that isoform 2 lacks a single amino acid (647 A) in the C-terminus. (B) BRD3-null 

subclones stably expressing either isoform 1 or isoform 2 were subjected to Western blot 

analysis to demonstrate the re-expression of BRD3. A higher non-specific band is seen 

in all the lanes probed with the anti-BRD3 antibody whereas the red arrow indicates the 
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position of BRD3. Actin was used as a loading control. Three subclones (1–2, 1–6 and 1–8) 

expressing isoform 1 and two subclones (2–2 and 2–6) expressing isoform 2 are shown. (C) 

Complementation of the elevated HDR gene conversion activity in BRD3-null clone #43 

by the re-expression of either isoform 1–2 or 2–6. (D) Complementation of the elevated 

SCE activity in BRD3-null clone #43 by the re-expression of either isoform 1–2 or 2–6. (E) 

Complementation of the elevated PIGA gene targeting activity in BRD3-null clone #43 by 

the re-expression of isoform 1–8. The data shown are derived from two or three independent 

experiments.
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Fig. 6. 
The kinetics of RAD51 foci formation are altered in BRD3-null cells. (A) Representative 

images for immunofluorescent analyses of the parental cell line (WT), BRD3-null cells 

(clone #43) and BRD3-null cells complemented clone #1–8 at the indicated times following 

exposure to 2 Gy of X-irradiation. The images are arranged in sets of 3 with a DAPI image, 

the corresponding antibody-stained image (RAD51, 53BP1 or γ-H2AX as indicated) and a 

merged image. Panels (B) γ-H2AX, (C) 53BP1 and (D) RAD51 show the quantitation of 

the number of fluorescent foci per nucleus for at least 50 cells for each indicated antibody, 
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respectively. The data shown are derived from two independent experiments. n.s. = not 

significant; * = p < 0.05; ** = p < 0.01; *** = p < 0.0001.

Wang et al. Page 27

DNA Repair (Amst). Author manuscript; available in PMC 2023 July 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
The BD and ET domains of BRD3 are required for significant complementation. (A) 

Representative cartoons of the 3 BRD3 cDNA constructs lacking either BD1, BD2 or the ET 

domain that were used in the complementation experiments. (B) Immunoblot analysis using 

an anti-FLAG antibody to demonstrate the expression of the indicated BRD3 derivative 

proteins in BRD3-null cells. β-actin was used as a loading control. (C) Inability of the 

BRD3 deletion constructs to rescue the SCE hyper-recombination phenotype of BRD3-null 

cells. SCEs were scored as described in the Material and Methods and in the legend to 

Wang et al. Page 28

DNA Repair (Amst). Author manuscript; available in PMC 2023 July 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. As a positive control, a clone expressing a full-length, wild-type BRD3 cDNA 

(#1–8) was assessed, and this clone showed full complementation. The data are derived 

from two independent experiments. Each of the BD domain deletions reduces the wild-type 

protein size by ~10 kDa (95 AAs) whereas the ET deletion reduces the wild-type protein 

size by ~7 kDa (62 AAs). The actin band migrates around 40 kDa, whereas the wild-type 

BRD3 protein with a predicted MW of around 80 kDa and its deletion derivatives generally 

migrated higher in the gels around 110 kDa.
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Fig. 8. 
ATAD5 is epistatic to BRD3. (A) An immunoblot analysis demonstrates significant 

knockdown of ATAD5 expression in BRD3-null cells. An irrelevant band is marked by the 

asterisk (*) and ATAD5 expression by the arrow. Ku86 was used as a loading control. (B) 

The knockdown of ATAD5 expression suppresses the hyper-recombination of BRD3-null 

cells. Either wild type (WT) or BRD3-null (clone #43) cells are shown treated either with 

a control siRNA or one specific for ATAD5. The HDR activity was assessed by a DR-GFP 

assay as described in the Material and Methods and in the legend to Fig. 2. (C) The 
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knockdown of ATAD5 expression suppresses the aberrant RAD51 recruitment kinetics in 

BRD3-null cells. Either wild type (WT) or BRD3-null (clone #43) cells exposed to 2 Gy 

of IR are shown treated either with a control siRNA or one specific for ATAD5. n.s. = not 

significant; * = p < 0.05; *** = p < 0.0001.
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Fig. 9. 
A schematic for the action of BRD3. (A) In BRD3-proficient, ATAD5-proficient cells 

BRD3 can be localized to chromatin near a DSB via its BD domains (BD1 and BD2) to 

acetylated (AC) histones in nucleosomes. BRD3, in turn, via its ET domain can interact 

with ATAD5. This interaction impedes ATAD5′s activity (which is to load RAD51 on 

the DSB) thus encouraging C-NHEJ and limiting HDR. (B) In BRD3-deficient, ATAD5-

proficient cells BRD3 cannot be localized to chromatin near a DSB and hence ATAD5 is 

unrestricted in its RAD51 loading activity. As a consequence, RAD51 encourages enhanced 

HDR at the expense of C-NHEJ and results in a hyper-recombinogenic phenotype. (C) In 

BRD3-deficient, ATAD5-deficient cells the absence of ATAD5 diminishes RAD51′s ability 

to be loaded at a DSB and this reduction in RAD51 suppresses the hyper-recombination 

phenotype of a BRD3-deficiency. (D) In BRD3-proficient, ATAD5-deficient cells the 

absence of ATAD5 again diminishes RAD51′s ability to be loaded at a DSB and this 

reduction in RAD51 should result in a HDR-deficient phenotype.
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