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Bromodomain proteins: protectors against endogenous DNA
damage and facilitators of genome integrity
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Endogenous DNA damage is a major contributor to mutations, which are drivers of cancer development. Bromodomain (BRD)
proteins are well-established participants in chromatin-based DNA damage response (DDR) pathways, which maintain genome
integrity from cell-intrinsic and extrinsic DNA-damaging sources. BRD proteins are most well-studied as regulators of transcription,
but emerging evidence has revealed their importance in other DNA-templated processes, including DNA repair and replication.
How BRD proteins mechanistically protect cells from endogenous DNA damage through their participation in these pathways
remains an active area of investigation. Here, we review several recent studies establishing BRD proteins as key influencers of
endogenous DNA damage, including DNA–RNA hybrid (R-loops) formation during transcription and participation in replication
stress responses. As endogenous DNA damage is known to contribute to several human diseases, including neurodegeneration,
immunodeficiencies, cancer, and aging, the ability of BRD proteins to suppress DNA damage and mutations is likely to provide new
insights into the involvement of BRD proteins in these diseases. Although many studies have focused on BRD proteins in
transcription, evidence indicates that BRD proteins have emergent functions in DNA repair and genome stability and are
participants in the etiology and treatment of diseases involving endogenous DNA damage.
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INTRODUCTION
It has been estimated that the genome within each individual
human cell is subjected to tens of thousands of DNA lesions
per day1,2. The origins of the DNA damage that cause these
lesions, which include base damage, intra- and interstrand cross-
links, DNA–protein cross-links, and single- and double-strand
breaks (SSBs/DSBs), can come from both endogenous and
exogenous sources3. The most frequent DNA lesions result from
base damage and SSBs, whereas DSBs are rarer; their frequency is
estimated to be ~1 per cell per hour2,4. DSBs are considered to be
one of the most deleterious DNA lesions for genome integrity
owing to their potential for generating mutations and chromo-
somal aberrations1.
DSBs can be generated by exogenous stimuli such as ionizing

radiation and chemicals, as well as internal cellular processes such
as metabolism, errors in DNA replication, and/or transcription2. To
suppress deleterious outcomes from DSBs, cells employ two major
DSB repair pathways called homologous recombination (HR) and
nonhomologous end-joining (NHEJ). The HR pathway is high
fidelity and considered error-free because it engages a homo-
logous sequence, for example, a sister chromatid, as a template to
repair the break. NHEJ, on the other hand, is a more error-prone
repair pathway because it ligates DNA break ends together
without the use of a template. DNA damage response (DDR)
pathways coordinate these repair pathways during different
phases of the cell cycle. This enables cells to arrest the cell cycle
to allow efficient DNA repair and to engage the correct pathway in

the appropriate cell cycle phase. For example, HR is prevalent in
the S/G2 phase of the cell cycle, where sister chromatids are
available as templates for the repair of DSBs. The DDR also triggers
cell death or senescence in cells if DNA damage is insurmountable,
allowing the DDR to function in cell fate decisions and cancer
suppression pathways5.
Genome instability is an important contributor to tumorigenesis

in many human cancers, and this contribution is mediated, for
example, by the accumulation of genetic alterations ranging from
single-nucleotide mutations to chromosome rearrangements that
can predispose cells toward malignant transformation. Recent
large-scale genome sequencing studies, including those in the
International Cancer Genome Consortium (ICGC) portal and The
Cancer Genome Atlas (TCGA), have identified mutations in DNA
repair genes, tumor suppressor genes, and oncogenes that are key
driver mutations associated with different types of cancers6,7. The
Pan-Cancer Analysis of Whole Genome (PCAWG) Consortium
study of the ICGC and TCGA characterized mutational signatures
in most types of cancers. For example, they identified 49 single-
base substitutions, 11 doublet-base substitutions, 4 clustered-base
substitutions, and 17 small insertion-and-deletion signatures.
These analyses revealed that the overlapping mutational signa-
tures are potentially generated by multiple processes involving
DNA replication, transcription, and other DNA-damaging pro-
cesses that occur within cells and are actively being identified and
characterized8. For example, mutational signatures have been
identified in BRCA1- and BRCA2-mutant tumors and the signatures
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themselves can predict HR deficiency9. Assessment of mutation
burden through whole-genome sequencing of tumors or CRISPR
screens of putative mutation mitigators has also revealed many
other contributing factors, including mismatch repair deficiencies,
replication, carcinogens, and germline mutations10,11.
Chromatin consists of histone proteins arranged into nucleo-

somes that function to organize the genome, which regulates
chromatin structure and function. Histones, the basic building
blocks of chromatin, are modified by posttranslational modifica-
tions (PTMs), including acetylation, ubiquitination, and methyla-
tion12. Bromodomains (BRDs) are acetyl-lysine binding motifs that
are found in 42 proteins in mammalian cells13 and include ATP-
dependent chromatin remodelers, histone acetyltransferase
(HAT)-containing complexes, and transcriptional regulators.
Through their ability to recognize acetylation signals on chromatin
via their BRDs, these proteins play important roles in regulating
gene expression and DNA repair processes14,15. In this review, we
highlight recent work that establishes new functions for BRD
proteins in endogenous DNA damage suppression, with a focus
on transcription-mediated DNA damage and replication stress
responses (Fig. 1). Understanding how BRD proteins regulate
transcription/replication-associated DNA damage is significant
given the involvement of these pathways and DNA damage in
human diseases. BRD proteins represent current drug targets in
oncology; for example, BET inhibitors target a class of BRD
proteins and are currently in preclinical and clinical studies for use
in cancer16–19. New insights revealing how BRD proteins
contribute to the etiology and potential suppression of DNA
damage-associated human diseases may deliver a better under-
standing of these diseases and new therapeutic strategies
targeting these chromatin reader BRD proteins.

REPLICATION STRESS
The faithful duplication and transmission of genetic information
are vital for maintaining genome stability from one generation to
the next in eukaryotic cells20. Given that human diploid cells must
replicate over six billion DNA bases every cell division, defects in
this process are known to contribute to an increased risk for

human cancer21–23. A prime example comes from studies in
colorectal cancer where defects in mismatch repair genes result in
microsatellite instability and increased cancer risk not only for
colorectal cancer but also for other cancers24,25. Defects in the
replicative polymerases themselves are also found in cancers and
are associated with hypermutation26. Replication stress is a major
contributor to genome instability through several mechanisms
involving DNA lesions, abnormal DNA structures, conflicts with
transcription, or the depletion of nucleotide pools, which results in
slowing, stalling, or breakage of replication forks22,27,28. In this
section, we describe how BRD proteins regulate replication
processes to protect human cells from endogenous DNA damage
and genome instability.

BAZ1B
Several BRD proteins have been demonstrated to be involved in
the replication. The BRD protein BRD adjacent to zinc finger
domain, 1B (BAZ1B)/Williams syndrome transcription factor
(WSTF) is a core component of the WICH complex, a chromatin-
remodeling complex that mobilizes nucleosomes to maintain a
regular nucleosome structure. BAZ1B localizes to replication forks
through direct interaction with the replication processivity factor
PCNA29. BAZ1B helps to maintain an open chromatin structure
during replication. BAZ1B does not function alone but rather
recruits SNF2H (SMARCA5), which is an ATP-dependent chromatin-
remodeling factor. Depletion of BAZ1B results in increased
compaction of newly replicated chromatin and a concomitant
increase in the accumulation of heterochromatin marks, including
H3K9me3 and H3K27me229. The alteration of chromatin structure
in BAZ1B-deficient cells is associated not only with aberrant
heterochromatin histone modifications but also with nonhistone
proteins, including HP1α and HP1β. These effects were specific to
cells in S-phase, suggesting that BAZ1B functions to inhibit
heterochromatin formation during replication and that loss of
BAZ1B or SNF2 resulted in ectopic heterochromatin formation
(Fig. 2a). Although BAZ1B KO cells display unaltered cell cycle
distribution30, SMARCA5 deficiency leads to reduced replication
fork progression31. Whether increased heterochromatin formation
in cells deficient in BAZ1B and/or SMARCA5 is the root cause of
replication stress in these cells is unknown, and further analyses
will be required to determine the involvement of aberrant
heterochromatin formation and replication stress responses in
cells lacking these chromatin-remodeling complexes.
In an unbiased proteomic analysis using an isolation of proteins

on nascent DNA (iPOND) approach, BAZ1B was detected on
replicating DNA following treatment with camptothecin (CPT), a
topoisomerase I (TOP1) inhibitor that stalls replication forks30

through its ability to trap TOP1 on DNA and block the TOP1
cleavage/ligation cycle32. These TOP1-DNA cleavage complexes
(TOP1ccs) result in replication-mediated DSBs33. Ribeyre et al.30

found that the BAZ1B-SMARCA5 complex recruits TOP1 to
replication forks. Depletion of BAZ1B results in tolerance to CPT-
induced DSBs due to reduced TOP1 loading onto replication forks.
During normal replication, BAZ1B-SMARCA5 appears to promote
replication fork progression by recruiting TOP1 to forks to resolve
torsional stress that is associated with replication (Fig. 2a). Thus,
the BAZ1B BRD chromatin-remodeling protein has several
functions during replication that are required to avoid replication
stress.

HATS P300 AND CBP
The highly related HATs p300 and CREB-binding protein (CBP) are
transcriptional coactivators involved in signal transduction path-
ways that regulate multiple cellular processes, including cell
growth, differentiation, cell cycle progression, and cell death34–36.
In addition, p300/CBP has been shown to directly bind to ATR

Fig. 1 Endogenous DNA damage contributes to genome instabil-
ity and tumorigenesis. Formation of endogenous DNA damages
can be generated through several mechanisms. These include
transcription-associated stress involving R-loops, transcription-
replication conflicts, and defects in replication.
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kinase, which is required for CHK1 activation. Loss of p300/CBP
results in defects in the intra-S phase checkpoint and replication37.
p300/CBP acetylates several replication-associated proteins
involved in the protection of genome stability. For example,
Cazzalini et al.38 observed that p300/CBP acetylates PCNA, which
has many functions, including acting as a molecular platform for
recruiting numerous DNA replication proteins to the replication
fork39. PCNA is an essential protein requiring tight regulation to
maintain genome stability during DNA replication, as it orches-
trates multiple DNA replication processes through its scaffolding

function40,41. p300/CBP interacts with PCNA through a C-terminal
transactivation domain and acetylates PCNA, with CBP displaying
increased activity toward PCNA compared with p300. These
acetylation marks on PCNA promote the removal of chromatin-
bound PCNA, which is degraded upon DNA damage after
ultraviolet light (UV) exposure. Four p300/CBP-mediated acetyla-
tion sites on PCNA were identified by mass spectrometry analysis,
and site-specific mutation of these sites was shown to prevent
PCNA release from DNA damage sites by blocking ubiquitination-
mediated proteasomal degradation38. These mutations also led to

Fig. 2 Bromodomain (BRD) proteins function in replication stress responses. a BAZ1B recruits SNF2H and topoisomerase I (TOP1) to
replication forks, which inhibits HP1/SUV39H1-mediated H3 methylation and heterochromatin. p300/CBP acetylates PCNA, FEN1, and DNA2,
which promote genome stability during replication. b SMARCA4/BRG1 regulates origin firing to protect genome stability. c BRPF3/HBO1
regulates origin activation by promoting H3K14ac and CDC45 loading. d BET proteins regulate PCNA levels at replication forks by regulating
ATAD5 activity. PCAF acetylates H4K8 to recruit MRE11/EXO1 to stalled replication forks in BRCA-deficient cells. PCAF activity at stalled forks is
limited by ATR phosphorylation.
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impaired DNA replication and repair synthesis, indicating that
p300 and CBP regulation of PCNA levels is required for genome
stability during both normal replication and following DNA
damage by UV radiation.
Flap endonuclease I (FEN1) and DNA2 endonuclease/helicase

(DNA2) are also acetylated by p30042,43. FEN1 and DNA2
sequentially coordinate their nuclease activities for efficient
resolution of flap structures that are created during the maturation
of Okazaki fragments and repair of DNA damage. p300-mediated
acetylation differentially regulates FEN1 and DNA2 functions. The
acetylation of FEN1 by p300 suppresses its endonuclease
activity42, whereas the acetylation of DNA2 promotes its nuclease
and helicase activities43. Inhibition of FEN1 activity by acetylation
after UV damage may trigger the error-free repair system
mediated by HR. Acetylation of DNA2 by p300 significantly
increases the binding efficiency of DNA2 to DNA substrates43. The
p300-mediated acetylation of FEN1 and DNA2 increases DNA2
activity with concomitant FEN1 inhibition, thereby enhancing the
processing of longer flaps. At sites of replication, this regulation
might be more effective for the removal of incorrect bases
possibly introduced by error-prone DNA Pol alpha during DNA
repair. Given the functions of p300/CBP acetylated substrates,
including FEN1, DNA2, and PCNA, during replication, these
findings highlight the important role that p300/CBP plays in
protecting genome stability during replication as well as after
DNA damage events that involve DNA synthesis, including UV
damage (Fig. 2a).

MLL1/2
Myeloid/lymphoid or mixed-lineage leukemia (MLL) is a histone
methyltransferase involved in transcription during early develop-
ment and hematopoiesis44–46. The MLL protein catalyzes H3K4
methylation through its SET domain, which mediates chromatin
modifications for epigenetic transcriptional activation47. The levels
of MLL protein are controlled differently during the cell cycle and
are regulated by SCFskp2 E3 ligase and APCcdc20 at the S and M
phases45,48,49. In the normal S phase, MLL is ubiquitinated and
degraded by the SCFskp2 E3 ligase; however, the interaction
between MLL and the SCFskp2 E3 ligase is disrupted by genotoxic
stress, including hydroxyurea (HU) treatment, which accumulates
cells in S phase due to the depletion of nucleotide pools. Liu H
et al.50 showed that MLL acts during the mammalian S-phase
checkpoint response through phosphorylation by the checkpoint
kinase ATR. Indeed, MLL is phosphorylated at serine 516 by ATR,
which disrupts the interaction between MLL and the SCFskp2 E3
ligase, leading to the accumulation of MLL in S phase. The
accumulated MLL methylates histone H3K4 at late replication
origins and inhibits the loading of CDC45. This MLL-mediated
inhibition delays DNA replication, which is required to coordinate
DNA repair and replication progression. The functional importance
of these observations is supported by observations made in MLL-
deficient cells, which display defective DNA synthesis following
DNA damage and chromatid-type chromosomal aberrations,
phenotypes consistent with MLL functioning in replication and
S-phase checkpoint control. How the BRD domain within MLL
contributes to these replication-associated functions is unknown.
Given that MLL fusions are found in mixed-lineage leukemia and
that these fusions remove the BRD domain51, it is tempting to
speculate that this domain, along with other chromatin reader
domains affected by MLL fusions, may contribute to replication
stress and leukemogenesis.

SMARCA4/BRG1
BRG1/SMARCA4 is a catalytic subunit of the SWI/SNF ATP-
dependent chromatin-remodeling complex52,53. BRG1 was
observed to colocalize with origin recognition complexes, GINS

complexes, and PCNA using extended chromatin fiber analysis54

(Fig. 2b). BRG1 mutant mouse embryos and knockdown cells
display growth defects and a decline in cell proliferation, which
may be caused by a reduction in replication fork progression,
which was observed in these cells using DNA fiber assays54. BRG1
interacts with TOPBP154,55, a replication stress response factor, and
RB, a cell cycle inhibitor whose loss results in an aberrant S-phase
checkpoint response to DNA damage56. Thus, several potential
mechanisms involving BRG1 activity within the SWI/SNF complex
can be envisioned concerning how this factor supports replication.
It has also been reported that BRG1-mediated chromatin
remodeling is critical for maintaining genome stability to prevent
cancer. In nonsmall cell lung cancers (NSCLCs), BRG1 is frequently
inactivated, and deletion of BRG1 leads to replication stress by
unregulated origin firing57. In eukaryotic cells, replication origin
firing proceeds from the formation of a prelicensing complex
protein that includes ORC1–6, CDC6, CDT1, and MCM2–7 proteins.
After the prelicensing complex is assembled, origins are activated
by S-phase kinases58,59. In BRG1-deficient cells, origin firing was
observed to increase, and mass spectrometry analyses identified
the single-strand binding protein RPA as an interaction partner
with the SWI/SNF complex57. Unregulated origin firing has been
shown to promote replication fork defects and increase chromo-
somal breakage60. In the case of BRG1 deficiency in lung cancer
cells, these cells were shown to be sensitive to ATR inhibitors,
which may provide a therapeutic strategy for targeting tumors
deficient in the BRD protein BRG1 or other potential loss-of-
function mutations that may be present in other SWI/SNF protein
complex members53,61. These results highlight how BRG1 and
associated SWI/SNF complex partner proteins regulate replication
processes that are involved in the suppression of both replication
stress and tumorigenesis, functions that may ultimately be linked.

BRPF3
Origin hyperactivation by oncogenic signaling contributes to
genome instability and tumorigenesis62–64. Mutation of the
retinoblastoma/E2F pathway or dysregulation of CDK activity
leads to perturbation of licensing or initiation, which in turn
causes the unscheduled firing of origins64. When dysregulated, the
oncogene RAS can induce a hyperproliferation phase accompa-
nied by increased origin firing65. Thus, tight regulation of
replication initiation is vital for maintaining genome integrity to
prevent tumorigenesis62. BRD and PHD finger containing 3
(BRFP3) is a scaffold protein for various HAT proteins, including
MOZ/MORF and the HBO1 complex66–68, with the KAT7/HBO1-
BRFP3-containing complex acetylating histone H3K14 (Fig. 2c).
Feng et al.67 showed that BRPF3/HBO1 promotes H3K14 acetyla-
tion at select replication origins and that loss of BRPF3 resulted in
reduced origin activation. BRPF3, HBO1, and H3K14ac were found
to accumulate at active replication origins and upon replication
stress. BRPF3-deficient cells displayed reduced DNA damage
signaling and increased replication following release from HU-
treated cells. These results suggest that the BRD protein BRPF3
regulates origin firing (Fig. 2c), which may impede recovery upon
replication stress. Replication stress is known to reduce histone
acetylation69, and these effects are likely to also impact chromatin
recognition and recruitment of BRD proteins. How acetylation at
the replication fork impacts BRPF3 and its chromatin localization
through BRD reader functions is unknown. Alterations in acetyla-
tion during replication and stress responses are likely to affect this
and potentially other BRD proteins, a question warranting future
investigations.

BET PROTEINS
Bromodomain and ExtraTerminal motif (BET) proteins, which
consist of BRD2, BRD3, BRD4, and BRDT, harbor two BRDs and one
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extraterminal (ET) domain. The two BRDs recognize acetylated
histones, and the ET domain interacts with various other proteins
to regulate transcription and DNA repair70. Large-scale quantita-
tive mass spectrometry analyses revealed that several BET proteins
are recruited to replication forks71. Two studies identified that BET
proteins, including BRD2, BRD3, and BRD4, interact with
ATAD571,72, a factor that promotes PCNA sliding clamp unloading
from DNA73–76. PCNA loading and unloading are critical for
efficient DNA replication/repair. If PCNA unloading is not properly
controlled, DNA replication can be prematurely terminated,
resulting in genome instability. Wessel et al.71 determined that
BRD3 interacts with ATAD5 through its ET domain and inhibits the
ATAD5 complex to control PCNA levels on chromatin. Mapping of
ATAD5 interaction regions with BET proteins identified an ET
domain-binding motif spanning amino acids 596–692 within
ATAD5, which mediated the interactions with BRD2, BRD3, and
BRD4. Interestingly, the ATAD5–BRD4 complex coimmunoprecipi-
tated acetylated histones, including H4K5ac (Fig. 2d)72. An inability
of BRD4 to interact with ATAD5 would result in increased ATAD5
association with PCNA and a reduction in PCNA loading.
Treatment with the BET inhibitor JQ1 reduced the interaction
between ATAD5–BRD4 and acetylated histones on chromatin,
suggesting that BET inhibition is likely to diminish replication in
part by inhibiting the binding of ATAD5–BRD4 to chromatin.
Defects in DNA replication initiation resulting from JQ1 treatment
have also been reported, a defect linked to regulation of the
prereplication factor CDC6 by BRD477. BRD2 and BRD4 were also
found to interact with TICRR/TRESLIN, another protein required for
DNA replication initiation, which helps explain the requirement for
BET proteins for DNA replication78. Interestingly, increased cancer
cell killing was observed in JQ1- and ATRi-treated cells, consistent
with replication stress being present in cells deficient for BET
proteins. Therefore, transcriptional regulators of the BET family
play additional roles during replication that are required to
maintain genome integrity but that, if deficient, may represent
therapeutic strategies using replication stress-targeting drugs,
including ATR inhibitors.

PCAF
DNA damage during S-phase must be repaired to avoid
replication stress, which, if left unchecked, can result in stalled,
collapsed, broken, and degraded replication forks. To prevent
these dangers to the replication fork apparatus, stalled replication
forks can reverse and undergo branch migration in the direction
opposite to that of the progressing fork. These activities on the
fork are catalyzed by several DNA translocases, including ZRANB3,
HLTF, and SMARCAL179–82. These proteins are able to promote
fork reversal and the formation of a “chicken foot” structure that
protects forks from degradation through the loading of RAD51 by
BRCA1 and BRCA283,84. Fork reversal is a protective mechanism
that ensures fork stabilization, prevents collapse, and promotes
fork restart. In BRCA-deficient cells, PARP inhibitor-induced DNA
damage generates stalled and degraded replication forks.
Endonucleases are able to degrade replication forks in these cells
because RAD51 cannot be loaded onto the reversed fork to
protect nascent DNA. Treatment of BRCA-deficient cells with PARPi
results in cell death through fork degradation, highlighting how
replication fork stability is a critical factor for PARP inhibitor
responses in BRCA-deficient cancers85.
In recent work, p300/CBP-associated factor (PCAF) was identified

as a regulator of replication fork stability in BRCA-deficient cells86.
PCAF, also known as K (lysine) acetyltransferase 2B (KAT2B), has
BRD and HAT activity. PCAF was found to acetylate histone H4K8,
which facilitated the recruitment of the nucleases MRE11 and EXO1
to stalled replication forks in BRCA1- and BRCA2-deficient cells.
Biochemical assays with purified proteins and modified peptides
revealed that MRE11 and EXO1 likely bind to this histone mark,

despite the lack of any discernable acetyl-lysine binding motif. In
BRCA-deficient cells, MRE11 and EXO1 degrade stalled replication
forks, which leads to replication fork degradation and sensitivity to
PARP inhibitor treatment85,87–89. Interestingly, PCAF levels were
found to be reduced in several BRCA-deficient breast cancer cell
lines and BRCA2-mutant breast cancer tumors. Depletion of PCAF
in BRCA1- or BRCA2-deficient cancer cells resulted in resistance to
PARPi and stabilization of stalled replication forks86. Recruitment of
PCAF to stalled replication forks still occurred in PCAF mutants
lacking either the HAT or BRD domains. Engagement of stalled
forks by PCAF was mapped to the N-terminus of PCAF (amino acids
1–320). However, HAT activity of PCAF was required to promote
fork degradation, consistent with H4K8ac mediating the interaction
between MRE11 and EXO1 and the reversed forks that occur in
BRCA-deficient cells upon replication stress. Taken together, these
findings indicate that PCAF is a critical chromatin-modifying factor
involved in replication fork stability and PARP inhibitor sensitivity in
BRCA-deficient cells86,90. It cannot be ruled out, however, that PCAF
may also perform functions during replication and stress responses
in BRCA-proficient cells.

TRANSCRIPTION–REPLICATION CONFLICTS
Transcription involves the movement of large, multiprotein
molecular machines of RNA polymerases that synthesize RNA
from the DNA template. The movement of RNA polymerases
occurs on the same DNA template as replication machinery and,
when encountered, can result in a conflict resulting in endogen-
ous DNA damage, a potential source of genome instability in
many cancers91. During transcription, RNAs can bind to template
DNA to generate a three-stranded DNA–RNA hybrid known as an
R-loop (Fig. 1). An inability to resolve R-loops results in an
inhibition of transcription, which itself can increase the incidence
of conflicts with replication. To prevent R-loop formation and
accumulation, cells express several R-loop regulators that include
helicases, topoisomerase, and RNase H enzymes that are capable
of processing and removing R-loops during transcription92–95.
Given the well-known involvement of BRD proteins in transcrip-
tion, it is perhaps not too surprising that BRD proteins also play a
role in transcription–replication conflicts and R-loop suppression
and/or resolution in mammalian cells.

BET PROTEINS
The BET proteins BRD2, BRD3, BRD4, and BRDT are regulators of
transcription, including global transcription elongation96. For
example, BRD4 recruits and activates the positive transcription
elongation Factor b, P-TEFb. BRD4 interacts with P-TEFb to release
it from the inactive complex that contains 7SK-snRP (7SK RNA,
HEXIM1, LARP7, and MEPCE)97,98 (Fig. 3a). BRD4 stimulates the
kinase activity of P-TEFb by promoting the phosphorylation of the
C-terminal domain (CTD) of RNA polymerase II97. Interestingly,
inhibition of BET proteins either by siRNA or the use of small-
molecule inhibitors results in R-loop formation and DNA
DSBs14,99,100. A comprehensive BRD proteomic approach revealed
that BRD2 directly interacts with TOP1. TOP1 relaxes torsional
stress within DNA by transiently breaking one of the two strands
of DNA, relaxing the strand before reannealing the SSB101. TOP1 is
known to function on R-loops and to remove torsional stress that
builds up during transcription102,103. Using purified proteins, BRD2
was found to directly promote TOP1 activity via a region mapped
to the C-terminus. In BRD2-depleted cells, TOP1 activity was likely
diminished, explaining the increased R-loop formation that was
observed in BET-inhibited cells (Fig. 3b). It was also found that in
BRD2-deficient cells, topoisomerase II (TOP2) generates DSBs.
These results suggest that BET inhibition can result in DSB
formation through aberrant R-loop formation, which may be
relevant to the use of BET inhibitors in the clinic.
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Transcription and replication conflicts can trigger DSBs, leading
to genome instability (reviewed in 91,104). BET inhibition also
induces transcription and replication conflicts99,100,105. BRD4 loss
generates an increase in R-loops, resulting in DNA damage owing
to the collision of these structures with the replication machin-
ery100. R-loops were found to accumulate within BRD4, JMJD6, and
CHD4 coregulated genes. Interestingly, the DDR protein TOPBP1,
which is required for activation of the ATR-CHK1 pathway, was
transcriptionally suppressed by BRD4 inhibition. The increased
damage owing to transcription–replication conflicts resulted in
replication stress, and these cells were unable to mount an
effective replication stress response owing to the additional effect
of depleting TOPBP1 that resulted in cell death. BRD4 inhibition
appears to kill cancer cells through multiple mechanisms,
including increased transcription–replication induced DNA

damage and suppression of the ATR pathway. In another study,
loss of BRD4 was also shown to induce R-loop formation and DNA
damage99. Here, BRD4 deficiency was shown to induce pausing of
RNA polymerase II pausing on BRD4-occupied chromatin, which
caused R-loop formation and transcription–replication conflicts99.
BRD4 interactions with P-TEFB through a CTD were required to
suppress R-loop formation, supporting the involvement of RNA Pol
II elongation defects in transcription–replication conflict forma-
tion. Consistent with these results, BET inhibition by either JQ1
treatment or BRD4 depletion resulted in an overall increase in RNA
synthesis105. This was accompanied by a reduction in replication
fork speed that occurred in a transcription-dependent manner,
suggesting the presence of transcription–replication conflicts. Of
note, these authors found that the HR protein RAD51 and the
P-TEFB inhibitor HEXM1 protected cells from BRD4 deficiency-

Fig. 3 The role of bromodomain (BRD) proteins in transcription-mediated DNA damage. a BRD4/P-TEFb-mediated RNAPII phosphorylation
and TRIM28-mediated PCNA SUMOylation coordinate transcription and replication to avoid R-loop-mediated conflicts. b BRD2 promotes
topoisomerase I (TOP1) activity to suppress R-loop formation and DNA damage. c SMARCA4/BRG1 suppresses R-loop formation to limit
transcription–replication conflicts in a pathway epistatic with the Fanconi anemia repair factor FANCD2. γH2AX indicates DNA breaks.
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mediated replication fork slowing induced by DNA damage. Taken
together, these studies highlight the complex relationship
between replication and transcription, which must be managed
to suppress any potential conflicts that can result in aberrant
transcription and replication responses. Failure to do so can lead
to DNA damage and altered transcriptional regulation that
collectively can trigger genome and epigenome instability.

TRIM28
SUMOylation is a PTM that is known to be involved in the
regulation of PCNA and replication25,106,107. For example, SUMO1-
conjugated PCNA recruits the PARI helicase to restrict unsched-
uled HR at replication forks108,109. Unscheduled recombination at
replication forks can generate DSBs and sister chromatid
exchanges. PARI suppresses HR by suppressing the formation of
RAD51-DNA structures during replication. In addition to SUMO1,
the BRD protein TRIM28 catalyzes SUMO2 conjugation onto
PCNA110. In addition to containing a BRD within its C-terminus,
TRIM28 harbors an N-terminal RING domain, which has ubiquitin
and SUMO E3 ligase activity. RECQ5 and RNAPII complex proteins
regulate SUMOylation of PCNA, which suppresses the formation of
transcription–replication conflicts111–117. TRIM28 contains a PIP
(PCNA-interacting protein) motif that is found with its BRD and
cooperates with RECQ5 for SUMO2 conjugation of PCNA110 (Fig.
3a). This activity antagonizes SUMO1 conjugation of PCNA and is
required to avoid transcription–replication conflict-induced DNA
breaks.
Conflicts between transcription and replication are major

contributors to DNA breaks at common fragile sites (CFSs) that
are responsible for the fragility of these genomic loci118–120. CFSs
are hotspots for genomic rearrangements and mutations in
cancers, which are often associated with the deletion of tumor
suppressor genes and the amplification of oncogenes121–123. The
stability of CFSs is vital for inhibiting cancer development. Using
proteomics, SUMO2-PCNA was found to interact with the histone
chaperones CAF1 and FACT, allowing for the accumulation of
these factors at the replisome and a reduction in RNA Pol II within
CFSs124. In this context, it was found that TRIM28 was the SUMO
E3 ligase for PCNA and was required to prevent DNA breaks
associated with transcription–replication conflicts at CFSs110 (Fig.
3a). The BRD protein TRIM28 is responsible for preventing
transcription–replication conflicts to protect genome stability
through its ability to SUMOylate PCNA. These activities by TRIM28
coordinate these processes through chromatin modulation at
CFSs to ensure the resolution of any potential conflicts and the
suppression of DNA break formation, which can be a threat to
genome integrity.

SMARCA4/BRG1
The BRD ATP-dependent chromatin remodeler SMARCA4 (BRG1) is
involved in replication and transcription-associated DNA damage
repair. Depletion of the ATPase BRG1 results in a genome-wide
increase in R-loops and DNA breaks4 (Fig. 3c). Most of the R-loops
identified were pre-existing structures found in control cells, but
their frequency increased upon BRG1 knockdown. Given that the
resultant DNA damage from BRG1 deficiency occurs preferentially
in S-phase, the authors explored the involvement of BRG1 in
resolving R-loop-mediated transcription–replication conflicts.
Indeed, the loss of BRG1 reduced fork velocity and increased
the association between replication forks and elongating RNA Pol
II. These defects, including DNA damage, were suppressed by the
expression of the R-loop resolver RNaseH1. BRG1 loss appeared to
be epistatic with FANCD2, a factor involved in the Fanconi anemia
pathway of DNA damage repair and a gene whose reduced
expression also results in an increase in R-loop-mediated DNA
damage. These findings suggest that BRG1 cooperates with the FA

pathway to suppress and/or resolve R-loops involved in DNA
damage that stems from transcription–replication conflicts (Fig.
3c). The BAF complex is one of several SWI/SNF ATP-dependent
chromatin-remodeling complexes in mammals, and ARID1A is a
core DNA-binding subunit of the BAF complex. Tsai S et al.125

discovered that loss of ARID1A induces transcription–replication
conflicts and R-loop accumulation. Of note, an analysis of subunits
of several SWI/SNF complexes revealed that not all promote
R-loops and DNA damage when depleted, suggesting that specific
SWI/SNF complexes have these functions. Finally, it has been
reported that 20% of human cancers contain mutations or
alterations in SWI/SNF complex-containing genes126. It is worth
investigating whether tumors containing mutations in BRG1 or
other SWI/SNF protein complex members display increased
R-loops and DNA damage. These findings could reveal tumor-
promoting roles for R-loop dysregulation and potential therapeu-
tic strategies targeting R-loops and/or DNA damage pathways.

CONCLUSION
While endogenous DNA damage contributes to tumorigenesis,
identifying how this occurs through mechanistic studies has been
challenging. A recent genome-wide sequencing study reported
that endogenous DNA damage is the major source of genome
instability and mutational signatures in specific cancers8. Future
work must address the causes and consequences of endogenous
DNA damage induction and identify which alterations in cells
result in these changes and the ability of cells to be transformed in
the presence of intrinsic DNA damage mechanisms. For BRD
proteins, we reviewed several studies that point to defects in
replication, including transcription–replication conflicts and R-
loops, in BRD-deficient cells as potential instigators of mutations
and tumorigenesis. BRD proteins also represent therapeutic
targets in cancers, as they are mutated, misexpressed, and found
as oncogenic fusion partners in various cancers17,127,128. Although
these studies focused mainly on targeting transcriptional path-
ways involving BRD proteins, the studies discussed here suggest
that additional targets such as R-loops and replication stress
response pathways are worth consideration in the context of
therapeutic strategies129.
Large-scale proteomic studies have identified numerous BRD

protein interactions with R-loops and replication forks71,130. Over
half of BRD proteins also promote DSB repair, and many BRD
proteins function in complex with other BRD proteins14,131. Given
the involvement of BRD proteins in several genome integrity
pathways and the complexity of their interactions, additional
studies are needed to mechanistically identify how BRD protein
loss or cancer-associated mutations affect these pathways. In
addition, the development of new BRD inhibitors as anticancer
therapies has outpaced our understanding of how BRD proteins
contribute to genome integrity (Fig. 4). Determining how BRD
proteins function in normal and cancer cells is essential not only
for understanding the mechanisms involved in tumorigenesis but
also for developing therapeutic strategies to target these proteins.
One could imagine that BRD inhibitors could have deleterious
consequences for genome integrity, similar to those for BET
inhibitors, which could contribute to cellular toxicity and
unwanted side effects (Fig. 4). Although much progress has been
made in understanding endogenous DNA damage and how it
promotes mutations2, additional work is needed to fully appreci-
ate the contributions of BRD proteins and the inhibitors being
developed to target them in influencing the regulation and
production of endogenous DNA damage that contributes to
mutagenesis, tumorigenesis, and therapeutic responses. In con-
clusion, given the intricate relationship between replication,
transcription, and DNA repair, additional studies aimed at
revealing how BRD chromatin reader proteins function within
chromatin to coordinate these activities on DNA will provide
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deeper insights into the essential functions of BRD proteins as
protectors of endogenous DNA damage that persistently threa-
tens epigenome and genome integrity.
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