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Abstract

Higher-order chromatin packing serves as a structural barrier to the recognition and repair of 

genomic lesions. The initiation and outcome of the repair response is dictated by a highly 

coordinated yet complex interplay between chromatin modifying enzymes and their cognate 

readers, damage induced chemical modifications, nucleosome density, transcriptional state, and 

cell cycle dependent availability of DNA repair machinery. The physical and chemical properties 

of the DNA lesions themselves further regulate the nature of ensuing chromatin responses. 

Here we review recent discoveries across these various contexts, where chromatin regulates the 

homology-guided double-strand break repair mechanism, homologous recombination, and also 

highlight the key knowledge gaps vital to generate a holistic understanding of this process and its 

contributions to genome integrity.
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INTRODUCTION

Central to the maintenance of genomic stability is the ability of cells to repair lethal 

DNA double-strand breaks (DSBs) or damaged replication forks in an error-free manner 

by homologous recombination (HR). HR is a multi-step process that entails DSB resection 

to generate 3’single stranded (ss)-DNA, followed by a homology search, templated DNA 

synthesis and finally resolution of the repair intermediate. Emerging studies discussed here 

illustrate how the initiation and nature of homology repair are dictated by the chromatin 

environment. We also highlight examples where BRCA proteins, key mediators of HR 
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and tumor suppression, contribute to maintaining chromatin integrity. Understanding the 

molecular intricacies of this multifaceted chromatin-HR interaction brings forth possibilities 

of decoding disease etiologies and developing targeted therapies.

γH2AX-MDC1: an apical notch of chromatin response to DSBs

Irrespective of the damaging source, one of the earliest chromatin responses to a DSB is 

the phosphorylation of serine139 in the histone variant H2AX, referred to as γH2AX[1], 

by one of three phosphatidylinositol 3-kinase-like kinases (PI3KK): ATM, DNA-PK and 

ATR. Although dispensable for the initial recognition of DSB by repair proteins, γH2AX 

is critical for the conglomeration of repair complexes in the vicinity of DSBs[2]. This 

is achieved via rapid spreading of the γH2AX mark over megabase pairs (Mbp) of the 

chromatin by a positive feedback loop mechanism. The initial γH2AX mark, which likely 

arises by the binding of ATM to break sites, is recognized by MDC1 which then recruits 

the end-resection machinery, MRN complex (MRN11-Rad50-NBS1)[3]. NBS1 in turn 

recruits and activates ATM, which then generates the γH2AX mark across several Mbp of 

chromatin. Analogous to Nbs1, Ku80 and ATRIP mediate damage recruitment of DNA-PK 

and ATR, respectively,[4]. How γH2AX spreading events on chromatin are exclusive to 

ATM and cannot be established by DNA-PK and ATR kinases remains unclear[5].

A recent study demonstrated the contribution of chromatin loop extrusion to rapid 

establishment of γH2AX territories across millions of base pairs in the genome. 

ATM phosphorylates H2AX on both sides of the break as the chromatin is threaded 

unidirectionally through the cohesin ring. Looping stalls at the topologically associated 

domains (TADs), highlighting how the predefined chromatin structure contributes to DNA 

repair signalling[6••]. In the future, it would be informative to examine if DSB repair is 

regulated differently at regions closer to the TAD boundaries, the identities of chromatin 

motors mediating this response, and if and how ATM activity contributes to this extrusion 

differentially from DNA-PK or ATR kinase.

Chromatin modifications that regulate DSB repair pathway choices

Once associated with chromatin, MDC1 serves as a lynchpin for several downstream 

repair signalling events. ATM-mediated phosphorylation of MDC1 serves to recruit the 

E3 ubiquitin (Ub) ligase, RNF8, to the DNA lesion[7,8]. RNF8 in conjunction with K63-

ubiquitin specific E2 ligase, Ubc13, was reported to catalyze polyubiquitination of H1 linker 

histone and L3MBTL2, which serve to recruit the E3 Ub ligase RNF168[9,10]. RNF168 in 

concert with E2 ligase, UbcH5c, catalyzes the mono ubiquitination (mUb) of H2A/H2AX 

at K13/K15[11]. The studies identifying a role for RNF168 in DSB repair response also 

proposed that this E3 ligase can catalyze K63 linked PolyUb[12,13]. However, the substrates 

RNF168 polyubiquitinates need further examination in the light of recent findings[9,11] 

(Fig.1a).

An intricate network of chromatin modifications and cell cycle states modulate the fate of 

downstream events emanating from ubiquitinated chromatin. A critical event in dictating 

the fate of DSBs is the process of resection which involves nuclease mediated generation 

of 3’ ss-DNA for homology search. Resection is contingent on the eviction of nucleosomes 
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at the break site by RSC and SWI/SNF remodelers[14]. In the absence of resection, the 

two broken DNA ends are ligated via Ku-DNAPK-XRCC4-ligase IV through a process 

called non-homologous end joining (NHEJ). In contrast, resection of DSBs tips the balance 

towards homology-directed synthesis and repair via BRCA-mediated HR. The master 

chromatin regulator of this resection is the scaffolding protein p53-binding protein 1 

(53BP1). RNF168-catalyzed H2AK15Ub serves as a binding platform for the ubiquitination-

dependent recruitment (UDR) domain of 53BP1[15]. Damage induced assembly of 53BP1 

with Rif1SHLD1–3-Rev7 complex on chromatin serves as a regulatory node to prevent 

accumulation of BRCA1 and the downstream resecting nucleases[16].

Effective 53BP1 binding to chromatin is established only on nucleosomes that carry both 

H2AK15Ub and H4K20me2 marks[15,17]. H4K20me½ marks are abundant on old histones 

and these are enriched on the chromatin during the G1 and M phase of the cell cycle. 

In contrast, the obligate BRCA1 binding partner BARD1 binds via its ankyrin repeat to 

mononucleosomes with H4K20me0, a signature of histones that are newly incorporated 

during replication[18,19••]. These observations highlight the ingenuity with which the 

chromatin biases the repair pathway choice towards HR in S/G2 and NHEJ in G1 (Fig.1b).

Different BRCA1 complex may have distinct chromatin recruitment signatures

The BRCA1 protein exists in multiple distinct complexes[20] and it is unclear if 53BP1 

equally regulates their recruitment. Based on the available evidence, 53BP1 complex serves 

as a steric block to MRN-CtIP activity. By the virtue of preventing 53BP1 occupancy on 

chromatin, BRCA1 promotes MRN-CtIP mediated resection[21]. Resection can be further 

facilitated by the ubiquitination of H2AK125/127/129 by the BRCA1-BARD1 complex. 

These Ub marks serve to recruit the Swr1-like remodeler, SMARCAD1, which is proposed 

to displace the 53BP1 bound nucleosomes [22,23]. Deubiquitinase, USP48 was recently 

shown to antagonize this BRCA1-BARD1 E3-ligase activity [24]. How selectivity of this 

ubiquitin mediated chromatin reorganization is restricted to 53BP1 bound nucleosomes 

remains to be determined. Recruitment of BRCA1 complexes can be regulated by multiple 

other factors and this indeed seems to be the case. The BRCA1-A is a six member-

complex consisting of BRCA1 and its associated proteins, RAP80, BRCC36, Abraxas, 

MERIT40 and BRCC45. The Ub-interacting motif (UIM) domain of RAP80 mediates 

localization of this complex to damaged chromatin via binding to K63-linked PolyUb 

chains, albeit the identity of chromatin associated protein carrying these K63 chains is 

still obscure[8,25,26]. In contrast to the canonical function of BRCA1 in promoting HR, 

the BRCA1-A complex was shown to negatively regulate resection[27,28]. This intriguing 

observation was supported by subsequent studies showing that loss of BRCA1-A complex 

and not 53BP1 imparted resistance to the topoisomerase I poison, topotecan or Poly (ADP-

ribose) polymerase inhibitors (PARPi) in ATM-deficient cells[29]. More recent proteome 

analysis of camptothecin-damaged fork revealed enrichment of the BRCA1-A complex 

upon ATM inhibition[30•]. Together these studies suggest that analogous to 53BP1 at 

DSBs, BRCA1-A may compete with HR-mediated repair at broken replication forks. 

Enrichment of H4K20me0 on the replication fork may mediate preferential involvement 

of the BRCA1-A complex over 53BP1 in this anti-resection response. How chromatin marks 

at replication forks change upon ATM deficiency, what mediates RNF168 recruitment in 
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the absence of ATM and how the BRCA1-A complex counteracts resection remain open 

questions. Additionally, chromatin modifications that regulate recruitment of the BRCA1-

B (BRCA-FANCJ-TopBP1) and BRCA1-P (BRCA1-PALB2-BRCA2-RAD51) complexes 

remain enigmatic. Recent studies suggest a role for RNF168 in bypassing BRCA1 function 

in Rad51 loading, albeit how the ubiquitinated chromatin mediates recruitment of PALB2-

BRCA2-RAD51 is unclear[31,32•].

Transcriptionally active chromatin preferentially recruits HR proteins

Cells have evolved multiple levels of regulation to promote HR during the S/G2 phase 

of the cell cycle given that S-phase nucleosomes still carry equal proportions of new 

and old histones with the H4K20me0 and H4K20me2 signatures, respectively. The lysine 

acetyltransferase 60kDa Tat-Interactive Protein (TIP60/KAT5) represents an important 

chromatin directed determinant of repair mechanism. TIP60 dependent histone H4 and H2A 

acetylation has been shown to reduce 53BP1 damage site localization, promoting BRCA-

mediated HR[33,34]. Consistent with an open chromatin state dictating this competition, 

inducible transcription at a defined locus increased BRCA1, resection and Rad51 delivery 

while reducing 53BP1, establishing direct evidence that active transcription is a key 

chromatin determinant that preferentially deploys HR at DSBs[33]. Subsequent genome 

wide studies lend further support to this notion by revealing that genomic loci prone to 

homology-mediated repair are enriched for SETD2-dependent H3K36me3, a chromatin 

mark for transcriptional elongation (Fig.1c)[35,36]. While a HR-permissive environment 

at loci with active transcription may ensure the integrity of gene bodies, it would be 

informative to track the fate of such sites if they are damaged in the G1 phase of the cell 

cycle.

Unique contributions of BRCA proteins in resolving R-loop chromatin

Beyond post-translational modifications, the presence of nascent RNA at transcriptionally 

active regions can also present physical challenges that necessitate resolution by the BRCA1 

and 2 proteins. Notable amongst those is emerging evidence that highlights the roles of 

BRCA proteins in resolving R-loop, a three-stranded nucleic acid structure, wherein a RNA 

hybridizes with a template DNA displacing the non-templated strand. One of the initial 

indications came from studies showing that BRCA2 loss in cells depleted of messenger 

ribonucleoprotein biogenesis and export proteins resulted in an increased accumulation 

of R-loops. Intriguingly, no increase in R-loops was observed upon depletion of Rad51 

suggesting a HR-independent function of BRCA2 in mediating this response[37]. BRCA1 

and BRCA2 have also been implicated in releasing aberrantly stalled RNA PolII and 

hence preventing intergenic R-loop accumulation[38–41]. Based on available evidence, the 

functions of BRCA1 and BRCA2 in resolving R-loops appear to be mostly non-epistatic. 

The function of BRCA1 in limiting these aberrant R-loops, however, seems to be subject 

to the genetic background[39,40]. R-loops have also been attributed physiological functions, 

particularly in terminating transcription on a subset of highly transcribed genes[42]. BRCA1 

is reported to protect ss-DNA at R-loops that accumulate on transcriptional termination 

sites[43]. More recently it was demonstrated that BRCA1 forms a complex with helicase 

SETX, RNAse type III enzyme DICER and Protein argonaute-2 in a R-loop dependent 

manner and promotes the generation of single-stranded, DNA-damage-associated small 
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RNA (sdRNA). sdRNA, via the PALB2-Rad52 complex, in turn protects ss-DNA breaks 

generated by R-loops at transcriptional pause sites[44••]. This study also helped unravel 

the mystery of how non-coding RNAs could contribute to DNA repair signalling[45]. A 

recent study also uncovered a role for RNA-DNA hybrids in protecting resection generated 

3’ss-DNA, albeit the molecular details of how these structures are resolved for subsequent 

steps of RAD51 loading remains to be explored[46]. Together, these findings have set 

the stage for appreciating the roles of BRCA proteins in tumor suppression beyond DSB 

repair and replication fork protection (Fig.2a). Future investigations are essential to clarify 

if common themes exist across various genetic settings for recognition and resolution of 

R-loop by the BRCA1 and BRCA2 proteins.

Chromatin architecture dictates telomeric integrity and lengthening mechanisms

A special chromatin context where regulation of DSB repair pathways becomes essential 

is telomere maintenance. Inactivation of end-joining responses at telomeres is achieved by 

a six-member protective complex called shelterin[47]. A key component of this complex 

necessary to preclude DNA repair responses is TRF2, which not only re-models telomeric 

ends into t-loop to sequester the reactive DNA ends from recombining, but also suppresses 

ATM and RNF168 signalling (Fig. 2b)[48–50]. Strikingly, recent studies in pluripotent stem 

cells revealed that the functions of TRF2 in averting toxic end-joining are dispensable in 

this cell type[51•,52•]. Although the molecular details for this unique rewiring in stem 

cells needs to be delineated, it was shown that TRF2 loss upregulates the ZSCAN4 cluster 

which possibly along with other genes ensures continued telomere lengthening that subverts 

telomeric fusions[52].

BRCA2 along with Rad51 also contribute to maintaining telomeric chromatin architecture 

by mediating the recruitment of Telomeric-repeat-containing RNA, a central component in 

protecting the chromosomal ends[53••]. Alterations in the chromatin landscape at telomeres 

can attenuate shelterin binding. This is exemplified in the settings of cancers that rely 

on telomerase independent-telomere length maintenance mechanism called Alternative 

lengthening of telomeres (ALT). ALT telomeres are characterized by interspersed repeats 

that vary from the canonical 5′-TTAGGG-3′ tandem repeats. These sequences serve as 

binding sites for NR2C/F class orphan nuclear receptor, which in turn can recruit zinc finger 

protein ZNF287 and the nucleosome remodelling histone deacetylation (NuRD) complex, 

displacing shelterin and accentuating replication stress[54,55]. Further alterations in the 

chromatin environment at ALT telomeres arise due to the frequent loss of function mutations 

in histone 3.3 chaperone, Alpha thalassemia/mental retardation syndrome X-linked 

chromatin remodeler (ATRX) or its interacting protein, Death domain-associated protein 

(DAXX). Irrespective of telomere length, loss of ATRX/DAXX was shown to result in 

telomeric chromatin de-condensation resulting in replication dysfunction and necessitating 

homology-directed repair mechanisms as the only viable means of survival[56,57•]. ATRX 

deficiency also correlates with the transient loss of H2A1.2, resulting in frequent fork 

stalling and replication stress at ALT telomeres[58]. Chromatin assembly factor HIRA 

was proposed to compensate for ATRX function in promoting homology-synthesis at ALT 

telomeres[59]. Induction of damage in this altered chromatin environment induces ALT-like 

features, including homology-directed telomere clustering, synthesis of telomeric DNA 
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and frequent association of telomeres with promyelocytic leukemia bodies (APBs)[60]. 

APBs display liquid-liquid phase separation properties which promote telomere clustering 

and hence can facilitate homology repair and recombination[61,62]. Intriguingly, homology-

directed synthesis at ALT telomere can happen in a BRCA½-independent manner and 

can extend along the entire telomere length of >50 kbp[63] (Fig.2b). This non-canonical 

synthesis resembles the long-tract break-induced repair pathway in yeast and employs a 

unique replisome that does not involve many canonical S-phase replication proteins[63–65]. 

R-loops were also shown to be pivotal in triggering recombinogenic activity and hence 

telomere maintenance specifically in ALT cells[66]. Together, these studies highlight how 

chromatin alterations can necessitate non-canonical homology repair mechanisms.

Communication between PAR-dependent chromatin remodelling and HR

Chromatin accessibility represents another scenario that necessitates coordination with 

HR to maintain genome stability. Recent findings demonstrate that PARP dependent 

chromatin remodellfing is essential for the proliferation of BRCA-deficient cells. PARPi are 

synthetically lethal with HR-deficiency and to date four different PARPi are FDA-approved 

for the regimen of HR-deficient breast, ovarian, pancreatic and prostate cancers[67–69]. 

PARP enzymes are one of the earliest sensors of different genomic lesions and DNA 

binding allosterically activates their catalytic ability to PARylate histones[70]. Chromatin 

PARylation serves as a platform to recruit downstream repair proteins involved in a myriad 

of repair pathways. Additionally, PAR modification results in chromatin de-condensation, 

a discovery made nearly 40 years ago[71] yet its implications in the viability and PARPi 

response of HR-deficient cells remained unclear. Recent studies identified the PAR-binding 

nucleosome sliding enzyme, Amplified in Liver Cancer 1 (ALC1) as a key determinant 

of viability and PARPi responses in BRCA-mutant cells[72–74]. The enhanced PARPi 

therapeutic window upon ALC1 loss helped mitigate several clinical known resistance 

mechanisms. ALC1 is the only SNF2 ATPase with a PAR-binding macrodomain, which 

recognizes tri-ADP ribose with a 10nM Kd[75–77]. This high binding affinity could permit 

ALC1 to alter chromatin at a low damage level when PARylation is limiting. Perhaps 

this explains why unlike PARP1 which is essential for resolving damage to a myriad 

of damaging agents, ALC1 deficiency imparts sensitivity to only base and nucleotide 

damaging agents. ALC1 cooperates with PARP activity in creating chromatin accessibility 

to endogenous base lesions. Persistent accumulation of damaged bases could instigate the 

increased genesis of replication-coupled single-strand gaps and DSBs, lesions that trap 

PARP1 and PARP2 enzymes, creating a hyper-reliance on HR[73••,74••] (Fig.2c). These 

findings uncover chromatin accessibility to base damage as a mechanistically distinct aspect 

of PARPi response. Examining the nature of endogenous base lesions in BRCA-mutant 

cells may help inform on intrinsic events that precipitate genetic instability in HR-deficient 

cancers.

The studies discussed here highlight how communication between chromatin and HR 

underline several fundamental processes including DNA repair, replication, transcription, 

chromosome structure maintenance, as well as responses to targeted therapy. These findings 

also illustrate that chemical and physical alterations to chromatin modulate HR not only 

at local chromosomal loci but also can make the repair choice cell-cycle and cell-type 
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specific. It is noteworthy that much of our recent knowledge has emerged from the 

implementation of advanced methodologies such as CRISPR editing technology, quantitative 

chromatin proteomics, genome-wide deep sequencing and chromosome conformation 

capture techniques to address several long-standing questions in the DSB repair biology. 

Collectively, these findings and emerging methodologies will be pivotal to develop a 

comprehensive understanding of how chromatin alterations are temporally regulated to 

coordinate homology directed repair and how disease specific alterations in chromatin 

directed factors impact genome integrity.
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Figure 1. 
(a) Initial events of DSB response signaling on chromatin. Loop extrusion promotes 

bidirectional spreading of ATM-catalyzed γH2AI marks within the boundary elements. 

(b) Recognition of H4K20me0 by BARD1-BRCA 1 complex on the nascent nucleosome 

precludes 53BP1 binding at DSBs. (c) Transcriptionally active chromatin preferentially gets 

repaired by BRCA-dependent HR.
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Figure 2. 
(a) Different contexts in which BRCA proteins resolve R-loops. (b) Altered chromatin 

environment at ALT telomeres instigate homology-directed telomeric DNA synthesis. 

RF’Cl-5 loads the PCNA clamp onto damaged telomeres. DNA polymerase δ relies on 

PoID3 interaction with PCNA to execute kilobases of DNA synthesis at damaged ALT 

telomeres in a homology directed repair mechanism that is BRCA-independent. (c) Model 

showing the proposed basis for PARPi hypersensitivity in ALC 1-deficient BRCA mutant 

cells. Nucleosome sliding by ALC1 cooperates with PARP activity to generate chromatin 

accessibility for lesions generated by base damage. DNA lesions in ALC1 deficient cells 
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result in replication-coupled gaps and DSBs, that accentuate PARPi trapping and increase 

reliance on BRCA-dependent HR.
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