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Abstract

Mutations in BRCA1 and BARDI predispose carriers to breast and ovarian cancers. The
BRCAL and BARDLI proteins form a heterodimeric complex (BRCAL1/BARD1) that regulates
many biological processes including transcription and DNA double-stranded break repair. These
functions are mediated by BRCA1/BARD1’s only known enzymatic function as an E3 ubiquitin
ligase and its role as a central hub for many large protein complexes. But the mechanisms

by which BRCA1/BARD1 interfaces with chromatin, where it exerts its major functions, have
remained unknown. Here, we review recent advancements in structural and cellular biology that
have provided critical insights into how BRCA1/BARDL1 serves as both a nucleosome reader and
writer to facilitate transcriptional regulation and DNA repair by homologous recombination.
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BRCA1/BARD1 performs chromatin-associated functions

The breast-cancer susceptibility gene BRCAI was linked to heritable breast and ovarian
cancers over thirty years ago [1-4]. More recently, mutations in the BARD1 gene were also
linked to breast cancer [5-7]. The BRCAL and BARD1 proteins associate to form a large
obligate heterodimeric complex (BRCA1/BARDL1) that localizes to the nucleus, where it
acts as a central regulator of DNA-centric activity throughout the cell cycle. Well-established
roles for BRCA1/BARDL1 include transcriptional regulation (see Glossary) and promotion
of DNA double-stranded break (DSB) repair by homologous recombination (HR) [8-
10].
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Formation of the BRCA1/BARD1 heterodimer is essential for its nuclear function. The two
proteins associate via interactions governed by their N-terminal RING domains [11] (Figure
1). This region constitutes the sole known enzymatic activity of BRCA1/BARD1 which
functions as a RING-type E3 ubiquitin (Ub) ligase [12,13]. Both proteins also contain folded
C-terminal domains (BRCT for BRCAL; Ank-BRCT for BARD1) and expansive intervening
stretches of intrinsically disordered regions (IDR). Sites throughout both subunits of the
heterodimer serve as hubs for many protein interactions, including several extremely large
complexes involved in transcriptional regulation and DNA damage repair [14,15] (a relevant
subset of these are indicated in Figure 1). For example, BRCAL has been shown to interact
with a variety of transcription factors, including the core transcriptional machinery [16].
BRCA1/BARDL is also recruited to DNA damage sites, forming so-called ‘foci’ with repair
factors until the breaks are fixed [17-20]. What remains to be determined, however, is a
detailed understanding of the molecular logic that governs the recruitment and function of
BRCA1/BARD1 on chromatin, where it exerts its major functions.

Based on several recent studies, a new paradigm has emerged for BRCA1/BARD1
recruitment and enzymatic activity at nucleosomes, the basic organizing units of chromatin.
In support of its chromatin “writer” function, the BRCA1/BARD1 RING domains

bind nucleosomes directly, facilitating mono-ubiquitylation of non-canonical sites in the
unstructured C-terminal tail of H2A. In support of its chromatin “reader” function, the
BARD1 C-terminal domains bind to H2A K13/15-ubiquitylated nucleosomes that are
unmethylated at H4K20 (H4K20me0). These marks are hallmarks of damaged chromatin

in the S/G2 phase of the cell cycle when a newly replicated sister chromatid is present to be
used as a template for HR. Presently, the connection between the two activities remains to
be fully defined. Here, we discuss recent advances in BRCA1/BARD1 structural and cellular
biology and their implications in transcriptional regulation and DNA DSB repair.

BRCA1/BARD1 is an H2A-specific Ub ligase

In its capacity as a RING-type E3 Ub ligase, BRCA1/BARD1 facilitates the direct transfer
of the small signaling protein ubiquitin (Ub) from an E2 Ub-conjugating enzyme to
substrate proteins. The action of BRCA1/BARDL1 as a Ub ligase is two-fold; it elicits a
reactive conformation of an E2~Ub conjugate and simultaneously binds a substrate for Ub
transfer [21,22]. While several BRCA1/BARD1 Ub ligase substrates have been described,
few have provided compelling links to its major functions in transcriptional regulation

and DNA DSB repair [23]. Moreover, whether the ligase function of BRCA1/BARD1
contributes to its role as a tumor suppressor has been the subject of controversy [24-27].
Early genetic and biochemical studies revealed that highly penetrant cancer-predisposing
mutations concentrated in the BRCAL1 RING domain cause inactivation of E3 Ub ligase
function, but also disrupt heterodimerization with BARD1 - a critical interaction for tumor
suppression [12].

Providing a direct link to chromatin regulation, nucleosomal histone H2A was identified
as a target for BRCAL/BARD1 Ub ligase function /n vivo. BRCA1/BARD1-mediated H2A
ubiquitylation was shown to promote heterochromatin-mediated silencing of a.-satellite
DNA regions in a murine model [28] (see Figure 3A). These genomic regions are normally
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transcriptionally repressed, and the loss of BRCAL or ectopic over-expression of a-satellite
RNAs both cause genomic instability — a hallmark of BRCA1 deficiency. Expression of
a-satellite RNAs was subsequently shown to induce breast cancer in mice, potentially
linking BRCA1/BARD1 H2A-Ub ligase function to cancer phenotypes [29].

BRCA1/BARD1 transfers mono-ubiquitin to a region with three closely spaced sites

on the unstructured extreme C-terminal tail of canonical histone H2A in nucleosomes
(K125/127/129, referred to here as K127-Ub) [30]. Importantly, these lysine sites differ from
those targeted by other RING Ub ligases (H2A K13/15, referred to as K15-Ub, by RNF168;
K119 by RING1B/BMI1; and H2B K120 by RNF20/40), discussed later in this review. The
unique lysine sites suggest that BRCA1/BARD1-dependent ubiquitylation is a novel histone
post-translational modification that is functionally non-redundant with marks deposited by
other RING Ub ligases. Nucleosomes harboring H2A K127-Ub are likely recognized by
specific chromatin-associated factors, as has been observed for other Ub-nucleosome signals
[31-34]. It is also possible that BRCA1/BARD1-dependent H2A-Ub may directly influence
chromatin structure, as has been reported for chromatin fibers containing H2A K15-Ub and
H2A K120-Ub [35,36].

Specialized H2A isoforms regulate transcriptional processes and DNA DSB repair, and may
also be substrates for BRCA1/BARDL [37]. Though the folded histone core sequences are
highly conserved, isoforms contain variable sequences in the H2A C-terminal tail where
BRCA1/BARDL1 directs its Ub signal. Nucleosomes containing the isoform H2A.X/yH2A.X
are a molecular marker of DNA damage and repair and form functional complexes with
BRCA1/BARD1 [38]. Additionally, residues within the H2A.X C-terminal tail have been
identified as the targets of BRCA1/BARDL in vitro [39]. MacroH2A1 was also identified

as a substrate for BRCA1/BARDL in a screen for Ub ligase substrates [40]; MacroH2A
isoforms have been shown to regulate DNA DSB repair pathway choice in cancer cells

and are associated with transcriptionally repressive chromatin [41-43]. Primary human
fibroblasts expressing mutant macroH2A1 lacking the BRCA1/BARD1 ubiquitylation sites
were deficient in cellular senescence and exhibited increased growth rates [40]. Other

H2A isoforms H2A.J, H2A.V, and H2A.Z all have lysine residues in their C-terminal tails
predicted to be efficiently ubiquitylated by BRCA1/BARD1 [44,45]. Ubiquitylation of H2A
isoforms by BRCAL/BARD1 may mediate distinct functional outcomes in different nuclear
processes.

Structural basis for site-specific H2A ubiquitylation

The H2A targeting specificity of BRCA1/BARDL is fully encoded within the RING
domains of BRCA1 and BARD1, implying that the RING/RING Ub ligase domain binds

a nucleosome substrate and an E2~Ub conjugate simultaneously [30]. Although RINGs

are canonically employed as E2~Ub binding units, the BARD1 RING has no E2-binding
activity [46]. Cancer-predisposing mutations in the BARD1 RING domain specifically
abrogate nucleosome binding and H2A ubiquitylation, revealing a substrate-binding function
for this RING domain in the context of its nucleosomal activity [5]. While most RING-type
Ub ligases employ auxiliary substrate binding domains or even adaptor proteins [47,48],
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direct substrate binding by RING domains appears to be a common feature among those that
mono-ubiquitylate nucleosomes [39,44,49-51].

In addition to BRCA1/BARD1, two other RING-type Ub ligases, RNF168 and RING1B/
BMI1, are known to mono-ubiquitylate distinct H2A lysine residues. RNF168-mediated
H2A K15-Ub serves as a signal in the DNA DSB repair cascade that recruits repair factors
to DSB sites [20]. RING1B/BMI1 is a component of the Polycomb repressive 1 (PRC1)
complex that is a critical regulator of transcription and responsible for the majority of
H2A-Ub, namely H2A K119-Ub, in many cell-types [52,53]. Like BRCAL/BARD1, H2A
targeting-specificity for these ligases is encoded within their RING domains [50,54].

A series of recent structural studies has revealed the basis for site-specific ubiquitylation

of H2A by RNF168, RING1B/BMI1, and BRCA1/BARDL1 (Figure 2A). All three ligases
exploit a basic arginine anchor residue to bind to the same region of the H2A/H2B acidic
patch — a surface used by many (if not most) chromatin-binding factors [55]. For the
monomeric RING RNF168, additional interactions orient the E2 (UBE2D) towards the
N-terminal region of H2A where K15 is located [49] (Figure 2A, left). The E2~Ub active
site is oriented directly above its H2A target lysines, revealing how they are selectively
ubiquitylated. In the RING1B/BMI1/UBE2D/nucleosome complex, the E2-binding RING1B
contacts the acidic patch via a canonical arginine anchor [50] (Figure 2A, middle). In
addition, a loop at the base of the non-E2-binding BMI1 RING domain forms interactions
with the H3 a1-L1 elbow. Together, these interactions orient the RING1B E2-binding
interface towards the nucleosome DNA entry/exit and position the E2~Ub active site directly
over H2A K119 for Ub transfer. The RING1B-bound E2 also forms interactions with
nucleosomal DNA, contributing to its affinity for the nucleosome substrate.

RNF168 and RING1B/BMI1 ubiquitylate H2A lysine residues within ordered regions of
the nucleosome. In contrast, BRCA1/BARD1 mediates the transfer of Ub to lysines in a
flexible disordered region of the C-terminal tail fewer than ten residues away from the target
of RING1B/BMI1, calling to question how this is orchestrated (Figure 2B). Two studies
reporting cryo-EM structures of BRCA1/BARD1/UBE2D/nucleosome complexes have
elucidated the RING-mediated specificity determinants of site-specific H2A ubiquitylation
[39,44] (Figure 2A, right, 2D, 2E). The structures show that the E2-binding BRCA1
subunit utilizes a canonical arginine-anchor to interact with the H2A/H2B acidic patch
akin to RING1B. However, the non-E2-binding BARD1 RING domain forms interactions
with histones that are distinct from its counterpart, BMI1. These differences in non-E2
binding RING-histone interactions lead to a unique “stance” of the BRCAL/BARD1 RING
heterodimer on the nucleosome compared to RING1B/BMI1. This stance positions the E2
bound by the BRCA1 RING away from the ordered histone surface where H2A K119 is
located, providing a rationale for why this E3 ligase does not efficiently ubiquitylate the
RING1B/BMI1 target lysine (K119, Figure 2C). Instead, the flexible H2A C-terminal tail
has sufficient mobility in the complex to sample the BRCA1-bound E2 active site for Ub
transfer to H2A K127 [39,44]. Unlike the RING1B-bound E2, the BRCAL1-bound E2 does
not interact with nucleosomal DNA.
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Notably, the BARD1 RING-histone interactions differ between the two published structures
(Figure 2D, 2E). In Witus et al., the BARD1 RING binds close to the H3 a1-L1

elbow, inserting its W91 sidechain in a cleft formed by H2B and H4 [44]. This

interaction is consistent with the requirement for a nucleosome substrate as opposed to an
H2A/H2B dimer for BRCA1/BARD1-dependent H2A ubiquitylation activity (unpublished
observation). In Hu et al, the BARD1 RING domain interacts with the H2B a.C helix,

again using the W91 sidechain [39]. These interactions are not located near the H3 a1-L1
elbow region as observed in the Witus et al. structure. Despite these differences, the E2 is
positioned away from the histone surface in both complexes, consistent with H2A K127
being selectively ubiquitylated (Figure 2C).

The source of differences in the two RING orientations in the BRCA1/BARDL structures

is unclear. Variability analysis of the Hu et al. cryo-EM map indicates a large amount

of structural heterogeneity of the RING domains on the nucleosome, accounting for the
lower resolution in this region compared to the histone core observed in both maps [39].

To overcome the modest affinity of the complexes, each group used a genetic fusion
strategy, but the details of the constructs employed differ. Importantly, although both groups
utilized a truncated minimal RING/RING heterodimer for structural studies, the full-length
BRCA1/BARD1 complex exhibits stronger binding and increased activity for a nucleosome
substrate, suggesting that other regions of the ligase promote functional interactions with
mono-nucleosomes [39,44]. A complete understanding of relevant regions in the full-length
complex that facilitate BRCA1/BARD1-dependent H2A-Ub will be important to understand
its activity and the effects of patient mutations outside the RING domains.

H2A K127-Ub in transcriptional regulation

BRCA1/BARD1 was first identified as a regulator of transcription, but this aspect of
BRCA1/BARD1 activity is less well studied than its DNA damage repair function [56,57].
To date, BRCA1/BARD1-mediated H2A-Ub has primarily been associated with repressing
gene expression, but studies are limited to relatively few genes identified through candidate-
based approaches (Figure 3A, 3B).

For example, BRCA1/BARD1-mediated H2A-Ub has been implicated in the transcriptional
regulation of estrogen metabolism, a process known to be disrupted in breast and ovarian
cancers [58,59]. In non-cancerous breast epithelial cells (MCF10a), depletion of BRCAL
or BARDL1 is associated with elevated transcript levels of certain estrogen-metabolizing
cytochrome P450 (CYP450) genes [5] (Figure 3B). Several of these CYP450 proteins
mediate the hydroxylation of estradiol, forming toxic intermediates that damage DNA
and have been linked to hormone-related cancers [60]. CYP450transcript levels were
elevated in BARD1-deficient MCF10a cells and restored to near wild-type levels by
ectopic expression of wild-type BARD1 or an H2A-Ub fusion gene [5]. In another

study, BRCAL deficiency led to increased levels of toxic estrogen metabolites that
induced DNA breaks in MCF10a cells [61]. While not explicitly tested, it is likely

that these effects are similarly linked to BRCA1/BARD1-directed H2A-Ub. Relevant to
patient cancer phenotypes, both studies revealed substantial effects of BRCAI or BARD1
haploinsufficiency in regulating transcription [5,61]. Together, the data indicate that
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transcriptional repression is a downstream effect of H2A ubiquitylation by BRCA1/BARDL1.
They also imply that estrogen-utilizing cells with BRCA1/BARD1-ligase deficiencies
potentially experience over-exposure to DNA-damaging toxic estrogen metabolites, a
compelling hypothesis that links BRCA1/BARD1 deficiency to tissue-specific cancers.
Identification of a comprehensive set of genes regulated by BRCA1/BARD1-dependent
H2A-Ub in relevant cell-types is an important goal.

BRCA1/BARD1 has also been shown to interact with other transcriptional regulators.

These include the core transcriptional machinery, histone modifying enzymes, and a cadre
of transcription factors [8]. Interactions with sequence-specific transcription factors (e.g.,
ERa, OCT1, ZBRK1, c-Myc, and others) may recruit the ligase to specific chromatin
regions where it deposits H2A-Ub, thereby directly regulating transcription. It will be
important to fully elucidate the role of BRCA1/BARD1 in modulating transcription via
H2A-Ub, and how this process interfaces with the large and diverse array of transcriptional
regulators with which it functions. It is also possible that specific histone modifications may
influence BRCA1/BARD1’s presence and/or H2A-Ub enzymatic activity at genomic regions
to regulate transcription of target genes.

Recruitment of BRCA1/BARD1 to damaged chromatin

Double-stranded DNA breaks are mainly repaired through two competing pathways
depending on the cell cycle [10]. HR is facilitated by BRCA1/BARDL1 in S/G2 phases,
where broken DNA ends are resected to expose single-stranded DNA and a sister chromatid
serves as a template to guide high-fidelity repair. Alternatively, an error-prone repair
pathway called non-homologous end joining (NHEJ) promoted by the protein 53BP1
rapidly ligates broken DNA ends to avoid catastrophic chromosome breakages. It is well
established that competition between BRCA1/BARD1 and 53BP1 determines pathway
choice between HR and NHEJ and, hence, the maintenance of genome integrity following
DNA DSBs [62-65]. Previously, two mechanisms have been implicated in the recruitment
and retention of BRCA1/BARD1 at DSB sites. These include interactions between the
BRCA1-A complex (BRCA1/ABRAXAS1/RAP80) and K63-linked Ub chains deposited
on linker histone H1 and/or interactions between the BARD1 BRCT domains and poly
(ADP-ribose) (PAR; Figure 1) [18,66,67]. Specifically lacking, however, is an explanation
for BRCA1/BARDLY’s ability to compete with the NHEJ factor 53BP1 for DSB site
occupancy to promote HR in S/G2 phase of the cell cycle when a sister chromatid is present.

Recent studies have elucidated a mechanism for sensing the cell cycle through multivalent
interactions between the BARD1 C-terminal domains (Ank-BRCTSs; Figure 1) and
specifically modified nucleosomes [68,69]. This is dependent on co-occurrence of the
DNA DSB signal H2A K15-Ub deposited by RNF168 and the presence of H4K20meO,

a marker of replicative chromatin and sister chromatid availability. Together, these marks
serve to recruit the BRCA1/BARD1 complex to DNA DSBs to facilitate HR [69,70].
53BP1 specifically binds to H2A K15-Ub and H4K20me2 nucleosomes, so this serves as
a logic switch to determine whether BRCA1/BARD1 or 53BP1 is retained at DSB sites to
license HR or NHEJ, respectively [32,71] (see figure 5A, left pathway). Notably, H4K20
methylation status is a potent marker of the cell-cycle, with around 80% of post-replicative
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chromatin containing H4K20me1/2/3 and newly synthesized histones in S/G2 largely devoid
of this mark [72].

Structures of the BARD1 Ank-BRCT C-terminal region bound to nucleosomes with H2A
K15-Ub and H4K20meO0 have revealed a highly specific network of interactions that are
centered around an arginine anchor in the BARD1 BRCTSs and the H2A/H2B acidic patch
[39,73] (Figure 4A, 4B). The BARD1 Ank and BRCT domains also form intramolecular
interactions that are not detected outside of a nucleosomal context [74]. The Ank domain
binds to the H4 tail, utilizing a conserved pocket observed in other HR proteins that

bind to H4K20me0 [68] (Figure 4C). Mutation of binding pocket residues BARD1 E467A/
N470A/D500A (called BARD1-3A) or introduction of H4K20me2 impairs nucleosome
binding /n vitro. In cells, BARD1-3A causes defects in HR by disrupting accumulation of
BRCA1/BARD1 at DSBs, thereby limiting DNA end-resection [68]. Consequently, 53BP1
accumulates at DSB sites and NHEJ becomes the dominant repair pathway.

Interactions between the BARD1 BRCT domain and Ub attached to H2A K15 involve
conserved, charged residues on the second BARD1 BRCT repeat termed the BRCT domain
ubiquitin-directed recruitment motif (BUDR) [39,69,73] (Figure 4D). The BARD1 BUDR
motif interacts with an atypical surface of Ub that spans residues N60-T66 and is distinct
from the highly utilized 144 or 136 patches recognized by scores of other proteins [75]. The
Ub K63 sidechain is engaged with the BARD1 BRCT, blocking extension of K63-linked
chains on H2A K15-Ub by RNF8 [39]. Like the BARD1-3A Ank mutation, substitution

of conserved BUDR residues yields enhanced poly (ADP-ribose) polymerase inhibitor
(PARPI) sensitivity and decreased recruitment to DSBs [69,73]. The putative PAR-binding
pocket in BARD1 BRCT1 is unobstructed in the structure of the complex, possibly allowing
for higher-order assemblies. Adding further complexity, phosphorylation of Ub-T12 in
nucleosomal H2A K15-Ub decreases recognition by 53BP1 but allows for binding of
BRCA1/BARD1 and other HR factors [76]. This feature is consistent with the different

Ub surfaces recognized by the BARD1 BUDR and 53BP1 ubiquitin-directed recognition
motif (UDR).

Finally, two redundant Ub-mediated pathways reliant on RNF168-mediated H2A K15-Ub or
the BRCAL-A complex (ABRAXAS1/RAP80) serve to recruit BRCA1/BARD1 to damaged
chromatin, adding an additional layer of complexity to the emerging picture [70,77] (Figure
5A). Of the two, only the RNF168-mediated pathway is dependent on BRCA1’s Ub

ligase activity [77]. Simultaneous disruption of the BRCA1/ABRAXAS1/RAPS80 interaction
and BRCA1-E2 binding (BRCA1-126A) caused complete loss of recruitment of BRCA1/
BARD1 to ionizing radiation induced foci (IRIF). Furthermore, a nucleosome-binding
mutant in the RING domain of BRCA1 (K70A/R71A) also displayed defective IRIF
recruitment only upon co-depletion of RAP80 as observed for the BRCA1-E2 binding
mutant, although with a smaller effect [77]. Together, the data suggest that BRCA1/BARD1
Ub ligase activity functions in the same pathway as RNF168 in HR and contributes to its
own retention at DSB sites. It is unclear why BRCA1/BARD1 ligase function is required

for its retention at DSB sites. Hypotheses that BRCA1/BARD1 Ub ligase activity serves

to displace 53BP1 and potentially influence the activities of multiple BRCA1/BARD1
substrates (including but not limited to H2A) should be entertained. Importantly, this work
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may provide an explanation for the lack of HR phenotypes observed in other studies using
BRCA1/BARD1 Ub ligase-deficient mutants discussed in the section below, in that the
effects of the BRCA1/BARD1 mutants used may be masked by intact BRCA1-A complex
interactions [24,68].

H2A K127-Ub in DNA double-stranded break repair

In addition to BARD1’s role as a nucleosome reader to recruit BRCAL/BARDL to
nucleosomes near DSB sites, BRCA1/BARD1-mediated ubiquitylation of nucleosomal H2A
was found to promote HR after pathway commitment by facilitating long-range DNA end-
resection [78] (Figure 5B). HeL a cells depleted of endogenous BARD1 by siRNA and
expressing a BARD1 mutant reported to be a less effective ligase with certain E2 enzymes
(BARD1-R99E) exhibited phenotypes consistent with HR deficiency, suggesting that the
E3 ligase activity of BRCA1/BARDL is important for HR. Notably, expression of an H2A-
Ub genetic fusion presumed to mimic the natural product of BRCA1/BARD1-dependent
ubiquitylation restored HR in BARD1-deficient cells, implying that the H2A-Ub signal
promotes DNA end-resection. The H2A modification is required to recruit SMARCAD], a
SWI/SNF-like ATP-dependent chromatin remodeler that helps reposition nucleosomes and
excludes 53BP1 from DSB sites to promote DNA end-resection (Figure 5B). In a cryo-EM
structure of SMARCARD1 bound to a mono-nucleosome, its ATPase domains are bound
in proximity to the H2A C-terminal region, but the flexible tail is not detected in the
cryo-EM image [79]. Further investigation is needed to elucidate how H2A-Ub plays a role
in SMARCARD1 recruitment or remodeling activity.

Further evidence in support of a role for BRCA1/BARD1 Ub ligase function in HR

comes from studies involving de-ubiquitylation. Ubiquitylation is a dynamic and reversible
modification that can be removed from substrates by deubiquitylating enzymes (DUBS). The
DUB USP48 was shown to be recruited to sites of DNA damage in cells and to preferentially
remove BRCA1/BARD1-mediated H2A-Ub marks (K127-Ub) over those deposited by
RNF168 (K15-Ub) or RING1B/BMI1 (K119-Ub) /in vitro [80]. USP48 acts in the same
pathway as BRCA1 and SMARCAD1, and its depletion resulted in over-resected DNA ends,
exclusion of 53BP1 from IRIF, decreased HR efficiency, and decreased cellular survival
following PARPI treatment. Together, the findings indicate that USP48 antagonizes BRCA1/
BARDL1 Ub ligase-dependent activities in HR, creating a balance that regulates DNA end-
resection tract length [78, 80] (Figure 5B). Additional support for BRCA1/BARD1’s Ub
ligase activity in HR comes from studies in hTERT RPE-1 cells, where only concomitant
deletion of the BRCA1 BRCT domain and introduction of an E2-binding deficient mutation
in the BRCA1 RING domain caused PARPI survival defects [77]. However, whether this
dependency on BRCA1/BARD1 Ub ligase function is due to H2A-Ub or other substrates
remains to be determined.

Notably, the role of BRCA1/BARD1 as a Ub ligase in HR is not universally embraced,

as several studies have arrived at differing observations and conclusions. Each study was
performed in a different cell-type and used different methods to perturb or deplete BRCA1/
BARDL1 ligase functionality. For example, a study using an auxin inducible degron (AID)
system to deplete endogenous BARD1 in HCT116 cells did not observe the same HR
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defects upon expression of BARD1 R99E (the mutant used in the study [78] described
above) [68]. Additionally, in the BRCA1-deficient MDA-MB-436 cell line, several ligase-
inactivating mutants did not yield PARPI survival defects and IRIF formation of HR

factors was not dependent on Ub ligase function [70]. Lack of Ub ligase dependency in

HR is also consistent with previous findings using a BRCAL mutant that is defective in
binding to and activity with the E2 enzyme UBE2D (BRCA1-126A) [24,25]. Although

the differences could be cell-type specific, each approach has intrinsic limitations, making
it impossible to reach a unified understanding at present. Further investigation using
separation-of-function mutants is warranted to clarify the requirements for BRCA1/BARD1
H2A-Ub activity in HR. Although challenging, it will be critical to examine BRCA1/
BARDL1 Ub ligase functions in HR in non-cancerous mammary and ovarian epithelial

cells to ascertain cell-type specific dependencies. Current experimental limitations have
also impeded characterization of BRCA1/BARD1-dependent H2A-Ub in cells and animals,
underscoring the critical need for novel reagents and tools (Box 1).

Concluding Remarks

The BARD1 C-terminal Ank-BRCT “reader” domains and the N-terminal BRCA1/BARD1
RING “writer” domains bind to a fully overlapping surface on a nucleosome, precluding
their simultaneous binding to one “face” of a nucleosome. Notably, a protein species
containing only the BRCA1 RING domain but full-length BARD1 has increased H2A-Ub
enzymatic activity for a mono-nucleosome substrate with pre-installed H2A K15-Ub [39].
This observation implies the possibility of a complex where the BRCA1/BARD1 RING
domains and BARD1 Ank-BRCTs are simultaneously bound to opposite faces of one
nucleosome through a wrapping mechanism, promoting its Ub ligase activity (i.e., the
“writer” function; Figure 4E). It is also possible that such interactions may occur between
neighboring nucleosomes as has been observed with other nucleosome-modifying enzymes
[81], but this remains to be tested. In addition to H2A K15-Ub, a variety of other histone
post-translational modifications (PTMs) may influence BRCA1/BARD1-dependent H2A-Ub
activity as has been reported for the H2B K120-Ub-specific Ub ligase RNF20/40 [82]. A
more complete understanding of BRCA1/BARDL interactions with chromatin, the PTMs
involved, and associated higher-order protein complexes will be critical to understand

its many biological functions and to assess potentially pathogenic patient mutations of
unknown significance (see outstanding questions).
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GLOSSARY

BRCAL-A complex

A complex composed of ABRAXAS1, RAP80, BRCC36, BRCC45, and MERIT40
that recruits BRCA1/BARD1 to DNA DSBs. This is mediated by direct binding of
phosphorylated ABRAXASLI to the BRCTs of BRCAL, and an interaction between the
RAP80 Ub interaction motif (UIM) and K63-linked poly-Ub chains deposited on linker
histone H1 by the Ub ligase RNF8

DNA double-stranded break (DSB) repair

a collection of biological pathways including (but not limited to) HR and NHEJ that
recognize and repair double-stranded DNA breaks. DNA DSBs are caused by a variety of
chemical and environmental mutagens in addition to normal cellular processes, resulting in
fragmented chromosomes. Disruptions to normal DNA DSB repair processes can introduce
mutations, sometimes leading to cancer phenotypes

Haploinsufficiency
a genetic model of dominant gene action in diploid organisms where the presence of one
wild-type allele and one mutant allele does not produce a wild-type phenotype

Homologous recombination (HR)

a DNA repair pathway that utilizes the genetic information on a sister chromatid to perform
template-based repair of the damaged chromosome. DNA repair by HR generally does

not produce mutations, thereby promoting genome integrity and stability. HR is facilitated
by BRCA1/BARDL1 and associated repair factors in S/G2 phases of the cell-cycle when a
sister chromatid is present. HR and non-homologous end-joining are competing DNA repair
pathways

Non-homologous end-joining (NHEJ)

a non-templated DNA repair pathway promoted by 53BP1. In NHEJ, broken DNA ends are
rapidly ligated back together to avoid catastrophic chromosomal breakage. However, this
process is error-prone and can lead to mutations

Nucleosome

The fundamental organizing unit of chromatin. A mono-nucleosome is composed of a
histone octamer formed by two copies each of histones H2A, H2B, H3, and H4 wrapped

by about 147 base-pairs of double-stranded DNA. The histone octamer contains an ordered
core region and dynamic histone tails that are subject to a wide variety of regulatory
post-translational modifications (PTMs). Mono-nucleosomes are connected in chromatin via
linker DNA and may contain linker histone H1. Many chromatin-regulating factors bind to
nucleosomes directly, including BRCA1/BARD1 and 53BP1

Poly (ADP-ribose) polymerase inhibitors (PARPI)

a class of small-molecule drugs that target PARP enzymes. These drugs exacerbate DNA
damage by preventing early DNA damage signaling by PARP enzymes. Cells that are
deficient in HR, such as those harboring certain BRCA1 and BARDI mutations, are
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especially sensitive to PARPI drug treatment. Therefore, PARPI treatment can be used to
assess the effects of mutations on BRCA1/BARD1 function in HR

TP53 binding-protein 1 (53BP1)

a protein that promotes DNA DSB repair through NHEJ by directly competing with
BRCA1/BARD1 to occupy damaged chromatin sites. 53BP1 uses its tandem Tudor domain
and ubiquitin-directed recognition motif to bind to nucleosomes containing both H4K20me2
and H2A K15-Ub

Transcriptional regulation

a collection of biological pathways that determine which and when genes are expressed

in cells. In general, transcriptional regulation is influenced by the collection of histone post-
translational modifications and regulatory enzymes/factors found at a particular genomic
region
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Box 1. Current experimental limitations in understanding H2A K127-Ub.

An impediment to biological characterization of BRCA1/BARD1-dependent
ubiquitylation of nucleosomal H2A is the lack of tools for robust detection and
manipulation of this post-translation modification. Unlike the other H2A-Ub marks (K15-
Ub and K119-Ub), no commercial antibodies are currently available. The lysine-rich
extreme C-terminal H2A tail also precludes traditional mass spectrometry techniques that
employ trypsin digestion, which generates peptide fragments that are likely too small

to detect. Furthermore, the basal cellular amount of BRCA1/BARD1-mediated H2A-Ub
appears to be extremely low compared to that of PRC1-mediated K119-Ub. Although
expressing an H2A-Ub C-terminal genetic fusion to bypass ligase deficiency has proven
to be an effective strategy, it is possible that overexpression of this fusion construct
causes global perturbation of chromatin that could introduce artifacts. Together, these
circumstances indicate a critical need for the development of reagents and tools capable
of monitoring and manipulating BRCA1/BARD1-dependent H2A-Ub in cells.
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OUTSTANDING QUESTIONS

Full-length BRCA1/BARDL binds more strongly and has increased activity
for unmodified nucleosomes than the isolated RING/RING complex. How do
regions outside the RING domains contribute to chromatin interactions?

In addition to H2A K15-Ub and K4K20me0, what combinations of histone
PTMs regulate BRCA1/BARDL recruitment to nucleosomes and H2A-Ub
activity?

What are the patterns and dynamics of the H2A K127-Ub mark in different
cell-types? This requires a method for nucleosome-Ub PTM detection that is
currently lacking.

What is the full subset of genes regulated by BRCA1/BARD1-dependent
H2A-Ub? How is BRCA1/BARD1 targeted to these genomic regions to
deposit H2A-Ub? How does this differ between cell types?

What are the direct and indirect effects of BRCA1/BARD1-dependent H2A
K127-Ub on chromatin? What factors other than SMARCAD1 and USP48
recognize and regulate this mark?

Studies have drawn conflicting conclusions regarding BRCA1/BARD1 Ub
ligase participation in DNA DSB repair. What are the requirements for
BRCAL/BARD1 Ub ligase activity in DNA DSB repair and how is H2A-Ub
involved? Is BRCA1/BARD1-dependent H2A K127-Ub important for tumor
suppressor function?

What is the interplay between BRCA1/BARD1 recruitment to damaged
chromatin via its C-terminal domains and its Ub ligase activity in HR?
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HIGHLIGHTS:

BRCA1/BARD1 binds directly to nucleosomes in chromatin via multiple interaction sites
to regulate transcription and DNA double-stranded break repair.

BRCA1/BARD1 functions as a ubiquitin ligase to promote site-specific ubiquitylation of
residues in the unstructured C-terminal tail of H2A (K125/127/129), a unique and novel
histone modification.

The BARD1 C-terminal Ank-BRCT domains recognize nucleosomes carrying H2A
K13/15-Ub and H4K20me0, hallmarks of damaged chromatin in S/G2 phases when
a newly replicated sister chromatid can be used as a template for homologous
recombination.

Redundant BRCA1/BARD1 nucleosome-based recruitment pathways reveal specific
requirements for BRCA1/BARD1 RING function and Ub ligase activity in DNA double-
stranded break repair.
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Figure 1. Domain structure of the BRCA1/BARD1 heterodimer.
Folded domains are represented by shapes, with the intervening sequences composed

of intrinsically disordered regions (RING, really interesting new gene; BRCT, BRCAL
C-terminal; Ank, ankyrin repeat domain; CC, coiled-coil). A subset of interacting proteins
and nucleosome regions relevant to this review are labelled under the BRCA1/BARD1
domains to which they bind.
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Figure 2. Structural basis for site-specific ubiquitylation of nucleosomal H2A.
(A) Structural models of RING/E2/nucleosome complexes (PDB-Dev: 00000028, PDB:

4R8P, 7JZV). The active site Ca of the E2 (UBE2D, green) in each model is shown as

a pink sphere and H2A is yellow. (B) Locations of representative target lysine residues
for H2A-modifying Ub ligases on a nucleosome (PDB: 1KX5). The C-terminal tail of
H2A beyond K119 is unstructured and not observed in x-ray or cryo-EM structures but

is modelled in PDB 1KX5. (C) Positions of the E2 active site (Ca, pink spheres) from
the indicated RING/E2/nucleosome structural models (PDB: 4R8P, 7JZV, 7LYB) relative
to H2A K119 in the RING1B/BMI1/nucleosome complex (PDB: 4R8P, orange sphere).
The Ca-Ca distances from H2A K119 to the respective E2 active sites in the E3/E2/
nucleosome complexes (dashed red lines) are reported inside the active site spheres. For the
measurements, models were aligned by H2B in the nucleosome. (D, E) BRCA1/BARD1
RING-histone interactions from two published structural models (PDB: 7JZV and 7LYB).
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The models are aligned by H2B on the E3/E2-bound face of the the nucleosome (see H2B
aC helix) and shown side-by-side instead of overlaid for clarity. The largest difference
between the two structures is in the positioning of the BARD1 RING domain. Critical
histone-binding BRCA1/BARDL1 sidechains and the H3 K79 sidechain in the H3 a1-L1
elbow are shown as sticks. Histone colors are indicated in the legend, and BRCA1 is red and
BARDL is blue.
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Figure 3. BRCAL1/BARD1-dependent H2A-Ub in transcriptional regulation.
(A) Proposed model for heterochromatin-mediated silencing of a-satellite DNA regions

by BRCA1/BARD1-dependent H2A-Ub. (B) Proposed model for regulation of estrogen
metabolism through modulation of CYP450expression levels in breast epithelial cells
(MCF10a) by BRCA1/BARD1-dependent H2A-Ub.
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Figure 4. Recognition of damaged chromatin by BARD1.
(A) Top-down view of the BARD1 Ank-BRCT domains (blue) bound to a nucleosome

containing H2A K15-Ub and H4K20meO (PDB: 7E8I). (B) Interactions between the
BARD1 BRCT domain and the H2A/H2B acidic patch. (C) Interactions between the
BARD1 Ank domain and the H4 N-terminal tail. Residue sidechains mutated in the
“BARD1-3A” mutant are shown as blue sticks. (D) Interaction between the BARD1 BRCT
Ub-directed recognition motif and H2A K15-Ub. The BARD1 “Arg anchor” sidechain
interacting with the H2A/H2B acidic patch is shown in sticks. (E) Proposed model of
binding for the RING heterodimer BRCA1/BARD1/E2 complex and the BARD1 Ank-
BRCTs to both sides of the same nucleosome (overlay of PDB models 7JZV and 7ES8I).
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Figure 5. Nucleosome-based recruitment and activity of BRCA1/BARD1 in DNA DSB repair.
(A) Schematic of BRCA1/BARD1 and 53BP1 recruitment pathways and retention at

damaged chromatin. The left two pathways are reliant on RNF168-mediated H2A K15-Ub,
while the right pathway (separated by dashed line) is reliant on RNF8-mediated K63-linked
poly-Ub deposited on linker histone H1. The center pathway reliant on H2A K15-Ub

and H4K20meO requires the BRCAL RING domain and ligase proficiency for DSB site
retention and HR, indicated by the curved arrow with an asterisk. (B) Schematic of BRCAL/
BARD1-dependent H2A-UDb activity in the DNA end-resection step of HR. BRCA1/BARD1
is recruited to DSB sites and ubiquitylates H2A K127 (1, top). HR is licensed through
limited end-resection of broken DNA ends via association of BRCA1/BARD1 with CtIP
and MRN (1 and 2, top and middle, light green arrow). SMARCADL is recruited via
BRCA1/BARD1-dependent H2A K127-Ub, excludes the NHEJ factor 53BP1 from break
sites, and performs ATP-dependent nucleosome repositioning to facilitate long-range DNA
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end-resection (2, middle). This is antagonized by the action of the deubiquitylating enzyme
USP48, which specifically removes H2A K127-Ub to prevent over-resected DNA tracts and
facilitate HR (3, bottom). Question marks in panels denote unknown interactions (A) or
speculative complexes (B).
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