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Abstract

Mutations in breast cancer type 1 susceptibility protein (BRCA1) and its heterodimeric binding
partner BARD1 confer a high risk for the development of breast and ovarian cancers. The sole
enzymatic function of the BRCAL/BARD1 complex is as a RING-type E3 ubiquitin (Ub) ligase,
leading to the deposition of Ub signals onto a variety of substrate proteins. Distinct types of

Ub signals deposited by BRCA1/BARDL (i.e., degradative vs. non-degradative; mono-Ub vs.
poly-Ub) on substrate proteins mediate aspects of its function in DNA double-stranded break
repair, cell-cycle regulation, and transcriptional regulation. While cancer-predisposing mutations
in both subunits lead to the inactivation of BRCA1/BARDL1 ligase activity, controversy remains as
to whether its loss is directly linked to tumorigenesis. Investigation of BRCA1/BARD1 substrates
using rigorous, well-validated mutants and systems will ultimately clarify the role of its ligase
activity in cancer and possibly establish prognostic and diagnostic metrics for patients with
mutations. In this review, we discuss the Ub ligase function of BRCA1/BARD1, highlighting
experimental approaches, mechanistic considerations, and reagents that are useful in the study

of substrate ubiquitylation. We also discuss the current understanding of two well-established
BRCA1/BARD1 substrates (nucleosomal H2A and estrogen receptor a) and several recently
discovered substrates (p50, NF2, Octl, and LARP7). Lessons from the current body of work
should provide a road map to researchers examining novel substrates and biological functions
attributed to BRCA1/BARDL1 Ub ligase activity.

Introduction

Mutations in the BRCAI gene were first linked to increased risk for familial breast cancer
over 30 years agol—4.Since then, BRCAI and its protein product BRCA1 (breast cancer type
1 susceptibility protein) have been investigated by clinical researchers and basic scientists
alike. Thousands of BRCA1 variants of unknown significance still require classification

as pathogenic or benign, potentially influencing medical decisions of individuals carrying
such mutations. More recently, mutations in the BARD1 gene associated with high risk

for breast and ovarian cancer have been identified>’. Together the two gene products

form a heterodimeric protein complex, BRCA1/BARD1, that acts as a tumor suppressor

by serving as a central regulator and guardian of genomic integrity throughout the cell
cycle8. Although most past research has focused mainly on BRCAL, conditional knockout
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of either BRCA1 or BARD1 in mouse mammary epithelial cells leads to genomic instability
and indistinguishable carcinomas, supporting the prevailing view that the proteins’ critical
tumor-suppressor functions arise from the heterodimer®.

BRCA1/BARDL1 is largely localized to the nucleus and is best characterized in its critical
role in double-stranded DNA break repair by promoting homologous recombination (HR).
It also functions in transcriptional regulation, cell-cycle control, centrosome regulation,
metabolic regulation, and DNA decatenation1%-13, In general, these functions are attributed
to the molecular scaffolding properties of BRCA1/BARD1, which is a component of
numerous extremely large multi-protein complexes!415. The sole biochemical function
defined for BRCA1/BARDL is as a ubiquitin (Ub) E3 ligase16:17. It is well established that
the ligase activity is required for BRCA1/BARD1’s role in the maintenance of genome
integrity and transcriptional regulation, but whether the activity is required for other
processes in which BRCA1/BARD1 is implicated remains unclear. A direct link between
BRCA1/BARDL1 E3 ligase activity and its role as a tumor suppressor is not universally
accepted, with studies arriving at conflicting conclusions'8-20. A major hurdle to a more
complete understanding of BRCA1/BARD1 ligase function and its ties to tumor suppression
is a lack of clarity regarding how ubiquitylation of each of the numerous cellular protein
targets identified to date regulates their function and the processes in which they participate
(Table I). Here we focus on aspects of BRCA1/BARD1 related to its E3 ligase function,
paying special attention to challenges and strategies that can address remaining gaps in
knowledge.

BRCA1/BARDL1 is a RING-type E3 ligase

BRCAL and BARD form a large obligate heterodimer via their N-terminal RING domains,
creating a structure that is an archetypal RING-type E3 ligase?122 (Fig 1A, B). Members

of this large E3 class (more than 600 in humans) simultaneously bind a substrate and a
Ub-conjugating (E2) enzyme that holds activated Ub (“E2~Ub”) and must therefore contain
distinct substrate-and E2-binding regions23. RING domains bind E2s, potentially leaving the
remainder of the complex for substrate binding. Intriguingly, BRCA1 and BARDL1 are the
only two proteins in the human proteome that contain both an N-terminal RING (Really
Interesting New Gene) domain and C-terminal tandem BRCT (BRCA1 C-terminal) domains
and both contain substantial intrinsically disordered content characteristic of molecular
scaffolds (FIG 1a)24. BARD1 also has an ankyrin-repeat domain (Ank) adjacent to its BRCT
domain; these are usually associated with protein-protein interactions.

A challenge faced in the study of RING E3s is that they do not possess a catalytic residue
that is directly involved in the Ub transfer reaction. Instead, RINGs facilitate direct transfer
of Ub from an E2~Ub to a substrate. While prevalent cancer-associated mutations in BRCA1
RING zinc-coordinating cysteine residues eliminate E3 ligase activity towards all known
substrates, they do so by disrupting the structural integrity of the RING and possibly by
destabilizing BRCA1 and BARD1 in cells16:25-27 No single mutation has been discovered
that can both generate a completely “ligase-dead” BRCA1/BARDL1 and leave the structure
and other potential functions intact?8. Without such a tool, it is difficult to parse out the role
of ligase activity from other potential cellular functions. As discussed below, this situation
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has contributed to the ongoing controversy regarding the role of E3 ligase activity in BRCAL
tumor-suppressor function because a BRCAL RING mutation presumed to be “ligase-dead”
(11le26Ala) is not truly dead?®. There are multiple substrate-binding regions in both subunits
of BRCA1/BARD1 (Table ).

Substrates may also bind the ligase indirectly via other binding partners. Numerous BRCA1/
BARDL binding partners have been identified, any of which could be substrates. However,
only a subset of reported BRCA1/BARD1-binding proteins have been demonstrated
explicitly to be ubiquitylated and an even smaller subset has been rigorously validated

as BRCA1/BARD1-dependent substrates. Regions known to interact with established
substrates are noted in Figure 1A. The number of possible substrates combined with the
large range of possible interaction sites has made characterization of relevant substrates
challenging.

Gold standards for understanding Ub E3 ligase function are 1) the ability to reconstitute
the activity of interest with high fidelity using specified components and 2) structural
information for complexes containing E2, E3, and substrate. Below, we identify challenges
posed by features of BRCA1/BARDL1 that must be considered when designing in vitro,
cellular, or animal studies.

Challenges associated with E2s.

RING E3s must assemble the relevant ubiquitylation machinery to promote substrate
modification. Thus, a first step needed to understand RING E3 function requires knowing
the relevant E2(s) with which it works. BRCA1/BARD1 can bind to and function with

nine of the ~36 human E2s, adding complexity to the study of BRCA1/BARD1 function0,
Despite this, the vast majority of studies use only the Ube2D family of E2s. Though
general mechanistic principles are likely similar for all the E2s, there are bound to be
idiosyncratic differences that can confound interpretation of results. An important case in
point is the widely used 126 A-BRCAL variant. Originally reported to lack detectable activity
in association with the E2 Ube2D3 (UbcH5c) /n vitro, it has subsequently been observed
that 126A-BRCAL1 retains residual activity with other BRCA1/BARD1-partnering E252%:31,
This raises the possibility that I26A-BRCA1 has sufficient ligase activity to mask potential
effects of true loss-of-function in cells or animals.

The general rule is that an E2 specifies the Ub product generated in RING E3-directed
reactions: attachment of a single Ub (mono-Ub) or one of seven possible poly-Ub chain
types32. Different ubiquitin products lead to distinct cellular outcomes (e.g., degradative
and non-degradative) that alter how best to investigate them in cells. Different pairings of
E2s and BRCA1/BARD1 produce mono-Ub attached to lysine sidechains (Ube2E1/2/3),
mono-Ub attached to the N-terminus of a substrate (Ube2W), and several different poly-Ub
chain types (Ube2D1/2/3, Ube2K, Ube2N)30:33, BRCA1/BARD1 preferentially catalyzes
atypical, non-degradative K6-linked polyubiquitin chains with the E2 enzymes Ube2D1/2/3
in autoubiquitylation reactions in vitro and in cells3435. The molecular functions of K6-
linked Ub chains synthesized by BRCA1/BARD1 remain a major unanswered question,
though they likely play a role in some aspect of DNA DSB repair3¢. BRCA1/BARD1
catalyzes K48- and K63-linked chain formation with the E2s Ube2K and Ube2N/UBE2V,
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respectively3C. In vitro, BRCA1/BARD1-directed synthesis of these chain linkages requires
a different E2 to attach the first Ub to substrate, in a so-called priming step, as these
chain-building E2s are inefficient at performing Ub transfer to a lysine that is not on an
acceptor Ub. In contrast, Ube2D family members can catalyze both types of reactions,

with the specificity determined at least in part by the substrate itself. For example, the
E2/E3 pairing of Ube2D1/2/3 and BRCA1/BARD1 generates K6-linked chains in auto-
ubiquitylation reactions but mono-ubiquitylates nucleosomal H2A and ERa529:34, This
indicates that BRCAL1/BARD1 and Ube2D assemble into mechanistically distinct structures
with the various substrates that allow for either mono- or poly-ubiquitylation. Deciphering
the nature of the ubiquitin product deposited on a novel BRCA1/BARD1 substrate is likely
to yield insights into the consequence of the modification as well as the E2s that may be
involved. This can be accomplished using mass spectrometry, ubiquitin lysine mutations,
chain-linkage specific Ub antibodies, or a combination of these tools.

The BRCA1-binding E2s recognize a similar binding surface on the RING domain, making
it virtually impossible to find mutations that specifically ablate one E2’s interaction while
leaving others intact®L. Furthermore, no single-site mutation other than those that disrupt
RING structure has been discovered that will render BRCA1/BARD1 “dead” to all its E2s.
The E2s that work with BRCA1/BARD1 include several with overlapping and/or redundant
activities, especially the three isoforms of Ube2D. This feature may make a strategy of
using single E2 knock-out strains uninformative or, at least, confounding. Furthermore,

the requirement for both a priming E2 (i.e., an E2 that can place the first Ub onto

a substrate) and a chain-building E2, both of which work with BRCA1/BARD1, adds
further complications to parsing out BRCA1/BARD1-dependent substrate ubiquitylation.
Best practices for in vitro studies are to test the entire panel of E2s, alone and in pairs, with
any putative substrate.

Approaches that may overcome challenges.

A triple mutant BRCAL 126 A/L51A/K65A abrogates ligase function with all BRCA1-
interacting E2s and does not appear to have defects in BARD1 heterodimerization or
protein stability?® (Fig 1B, C). Introduction of the triple-mutant in cells and animals could
clarify the controversial role of BRCA1/BARD1 ligase activity in DNA damage, tumor
suppression, and other cellular processes. A designed BARD1 mutation (R99E) inactivates
E3 activity toward all substrates tested to date for reactions using Ube2D family members
as the E237 (dark green, Fig 1B, C). Complementary mutation of ubiquitin suggested that
Arg99 helps to stabilize the more active closed state of the E2~Ub conjugate, a general
mechanism of action among RING-type E3 ligases3’~39. However, it is not known whether
the BARD1 Arg99 mutation eliminates activity with all E2 partners of BRCA1/BARD1, so
results obtained using this BARD1 mutant in cells should be interpreted with caution.

In addition to approaches that rely on loss of ligase activity to identify substrates and/or
to assess the cellular consequences of their BRCAZ1-directed ubiquitylation, use of a
hyperactive E3 ligase may be informative. Such species may yield increased levels of
products without the potential pitfalls that over-expression at non-physiological ligase
protein levels can entail. A deep mutational screen identified residues in the BRCA1
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RING that, when mutated, enhance its ligase activity2%49. Specifically, tandem introduction
of L51W and K65R in BRCAL1 yields a hyperactive ligase. However, the hyperactive

variant has lower specificity for E2 pairings and ubiquitin linkages (mono-Ub vs. chain
building) in substrate and autoubiquitylation assays, indicating that wild-type BRCA1

ligase activity is tuned to work with specific E2s to promote different Ub linkages in

a context-dependent manner (substrate vs. autoubiquitylation). Notably, combination of
hyper-activating mutations with the ligase-dead C61G mutant in ¢/s (L51W/K65R/C61G)
restores activity of the Zn2*-coordinating mutant to wild-type levels, implying there could be
strategies that stabilize the cancer-associated mutant protein to restore its activity.

Considerations about BRCA1/BARD1 constructs used for in vitro and cellular/in vivo
investigations

A minimal BRCA1/BARD1 RING heterodimer consisting of the first ~110 residues of
each subunit is sufficient to bind to an E2 and to stimulate the discharge of ubiquitin.

These constructs contain the RING domain and flanking a.-helices that are necessary and
sufficient for formation of the BRCA1/BARD1 heterodimer?. Although both BRCA1 and
BARD1 contain RING domains, only the BRCA1 RING binds E2s3%31, The minimal
RING constructs of BRCA1/BARD1 have provided important biochemical and structural
insights into the underlying mechanism of Ub transfer from an associated E2~Ub. However,
additional BRCA1/BARD1-based reagents are required to tackle questions regarding
substrate-specific modification.

Robust methodology has been developed to observe RING E3 ligase-mediated
ubiquitylation in vitro and all required components to reconstitute a ubiquitylation
reaction (E1, E2, Ub) are available commercially or through services such as Addgene?L,
Biochemically pure recombinant BRCA1/BARD1 heterodimer constructs can be generated
by co-expression in E. coli3l. There are two widely used versions: 1) a minimal RING
construct composed of BRCA1(1-112)/BARD1(26-142) and 2) a longer construct that
contains the RING heterodimer and portions of both IDRs BRCA1(1-302)/BARD1(26—
327). The minimal construct is sufficient to bind to an E2 and to stimulate the discharge of
ubiquitin in so-called E2~Ub discharge reactions that monitor enhancement of Ub release
from an E2 by BRCA1/BARD1#2. This construct is not detectably auto-ubiquitylated and,
with the exception of nucleosomal histone H2A, does not contain a substrate-binding
region*3, The longer construct can serve as a proxy substrate in autoubiquitylation assays,
making it useful in direct assessment of the intrinsic ligase activity of point mutations on
BRCA1/BARD1 or an E2 of interest. BRCA1(1-302)/BARD1(26-327) is also active in
substrate-level ubiquitylation reactions with estrogen receptor-a 2944,

The truncated BRCA1/BARD1 constructs described above likely lack recognition domains
for most substrates. For example, the C-terminal BRCTs of BRCAL or BARDL1 are required
for binding the substrates CtIP, RPB1, NF2, p50, and LARP74°-51 (Fig 1A). Furthermore,
substrates may interact with multiple regions of BRCA1/BARDL, necessitating thorough
analysis of all possible interaction sites, for example ERa and -y-tubulin®4:5253 (Fig 1A).
Production of biochemical quantities of highly purified intact full-length BRCA1/BARD1
has long been a roadblock due to the large size and high amount of intrinsic disorder of the
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full-length proteins. A robust expression and purification scheme to generate sub-milligram
quantities of high-quality full-length BRCA1/BARD1 using a baculovirus-based expression
system in insect cells is now available>*. This important development provides a new

gold standard for production of BRCA1/BARDL1 for substrate ubiquitylation assays. The
published protocol employs FLAG immunoprecipitation of the complex followed by ion-
exchange chromatography, but this can be adapted to incorporate a twin Strep-tag appended
to the N-terminus of BARD1, yielding comparable results at a significantly decreased cost®.
The ability to generate biochemical-quality full-length BRCA1/BARD1 represents a major
advance that should propel studies of native substrates.

Post-translational modifications (PTMSs) either on the substrate, on BRCA1/BARD1,

or both may affect ligase activity. PTMs including acetylation, phosphorylation,

proline isomerization, ubiquitylation, and SUMOylation have been reported on BRCA1/
BARD1%6-60, Several have been observed to modulate ligase function in vitro and possibly
in vivo. Phosphorylation and ubiquitylation are often engaged in crosstalk and BRCAL is
modified by DNA damage checkpoint kinases throughout the protein37-61. Phosphorylation
of BRCA1/BARDL by aurora kinase A has been shown to dampen its ligase activity, and
the cell-cycle kinase CDK2/cyclin E1 has been observed to suppress the E3 ligase activity of
BRCA1/BARD1 indirectly through depletion of its protein levels62:63, The BRCT domains
of each subunit bind to phosphorylated substrates and other binding partners, allowing for
the possibility that additional BRCA1/BARD1 substrates are recruited via recognition of
phosphorylated sites. In the future, methods to generate defined modified protein reagents
and/or to manipulate specific sites of modification on BRCA1/BARD1 and/or its substrates
will be needed to sort out these important aspects of regulation.

BRCA1/BARDL1 itself can serve as a substrate for ubiquitylation, either through its

own ligase activity (i.e., autoubiquitylation) or by other cellular ligases54-69. How or

if ubiquitylation of BRCAL1/BARD1 directly affects its ligase activity remains an open
question. The modification could affect intrinsic ligase activity and/or could serve to recruit
certain substrates. BRCA1/BARD1 autoubiquitylation is reported to enhance its ligase
activity in vitro on free histones as a proxy substrate®?. But neither a mechanism by
which this effect works nor evidence that it affects ubiquitylation of a bona fide substrate
are yet available. Ubiquitylated BRCAL can be detected in cells after DNA damage. The
ubiquitin binding domain of UBXN1 was shown to bind to autoubiquitylated BRCA1/
BARD1 and suppress its ligase function in vitro and in cells’%. However, the significance
of ubiquitylation of BRCA1/BARDL1 as a regulatory signal with an outcome other than
degradation remains to be clearly defined’?.

BRCA1 is SUMOylated at lysine residues proximal to the RING domain®0. The responsible
SUMO ligases are important for HR following DNA damage, and SUMOylation of BRCA1
was found to enhance its E3 ligase activity in vitro as judged by its ability to form poly-Ub
chains. Mutation of a BRCAL1 lysine targeted for SUMOylation or of part of the SUMO
ligase recognition motif decreased the co-localization of BRCA1 with conjugated ubiquitin,
suggesting that this modification may also contribute to its ligase activity in cells. As
BRCA1/BARDL1 is the target of myriad PTMs that influence its biochemical properties
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including Ub ligase function, a full understanding of substrate ubiquitylation will require
careful and thorough parsing of these effects.

Finally, an important consideration for BRCA1/BARDL1 studies is ensuring proper
maintenance of the heterodimer. BRCA1/BARD1 heterodimerization is not only required
for nuclear localization but also for ensuring the stability of the complex16:72.73,
Heterodimerization is thought to mask degron sequences located near the RING domains of
each subunit8.74, Attempts to deplete one subunit can result in concomitant depletion of the
other’®. Subsequent replacement of one subunit by overexpression via transient transfection
does not necessarily restore the new BRCA1/BARD1 complex to endogenous levels®76.77.
Therefore, it is important to co-transfect both BRCA1 and BARD1 and to confirm proper
heterodimerization of the ectopically-expressed protein by immunoprecipitation when
designing rescue experiments to test the effects of mutations. A superior method is to
generate stable cell lines expressing siRNA-resistant BRCA1 or BARD1, and subsequently
deplete the endogenous protein. This approach has been successfully employed for both
BRCAL and BARDLI to study ligase activity using the FIp-FRT recombination system in
multiple cell-types!®37. Additionally, a BARD1 auxin-inducible degron (AID) system in
HCT-116 cells has been developed and employed to study its function in DNA damage
repair’879, However, these two methods (Flp-FRT and AID) have yielded conflicting data
about the requirements for BRCA1/BARDL ligase activity in DNA damage repair using

the Ube2D-deficient BARD1 Arg99GIlu mutant, necessitating further comparison of the two
methods and clarification of the effects of this mutant37.78,

Cellular Substrates of BRCA1/BARDL1 ligase activity

The biological outcomes of BRCA1/BARDL ligase activity are ultimately mediated through
its cellular substrates. A full understanding of the cellular function of BRCA1/BARD1
requires knowledge of its cellular substrates, the Ub signals generated, and the functional
consequences of the substrate modification. In addition to the difficulty of identifying E2s
associated with modification of a particular substrate, many substrates may be targeted by
more than one E3 ligase, so the effects of depletion of a particular E3 may be difficult

to discern. Furthermore, BRCA1/BARD1 can generate non-degradative signals, so the
powerful methods that rely on changes in protein levels associated with E3 ablation will

not be applicable. Finally, in vitro validation of substrate modification may require use of
full-length BRCAL1/BARD1 which, until recently, has not been a viable option. Despite these
challenges, putative BRCA1/BARDL substrates have been identified primarily by testing
known interaction partners for BRCA1/BARD1-dependent ubiquitylation. Several previous
reviews provide in-depth summaries on all but the most recently discovered substrates80-83,
The identities of known substrates reveal that BRCA1/BARDL can target a diverse subset of
nuclear proteins and deposit different ubiquitin marks that can serve degradative, stabilizing,
or signaling roles (Table ). To illustrate some best practices and highlight the biological
functions of several substrates, we elaborate on two exemplary BRCA1/BARDL substrates —
nucleosomal histone H2A and ERa. and discuss four recently identified substrates that have
not been presented in previous reviews (p50, Octl, NF2, and LARP7).
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Discovery of BRCA1/BARD1 substrates

In addition to candidate-based approaches, putative substrates have been identified by
affinity enrichment of ubiquitylated proteins upon overexpression of BRCA1/BARDL1 in
293T cells®485 Over one-hundred proteins with increased ubiquitylation were detected,
providing a rich pool of potential substrates to be validated. Among them, the histone variant
macroH2A1 was identified and mono-ubiquitylation of a specific lysine residue (K123)

was shown to be involved in regulation of cellular senescence8®. Two proteins involved in
transcriptional regulation and DNA damage repair, GADD45GIP1 and HLTF, were observed
to be ubiquitylated in a BRCA1/BARD1-dependent manner in the mass-spectrometry screen
and verified by Western blotting, although biological roles for ubiquitylation of these
putative substrates have yet to be investigated. However, increased ubiquitylation levels

of previously validated BRCA1/BARDL1 substrates nucleophosmin (NPM1), ERa, and
canonical H2A ubiquitylated at K125/127/129 were not detected. Substrates may be missed
due to transient ubiquitylation/deubiquitylation, cell-type specific effects (e.g., mammary vs.
non-mammary), or lack of peptide coverage in mass spectrometry analysis.

Considerations in substrate characterization

For substrate ubiquitylation to occur, BRCA1/BARD1 must simultaneously bind an
activated E2~Ub conjugate and a substrate protein, bringing the two into proximity. As
mentioned previously, substrates may bind throughout BRCAL or BARDL1 or, possibly, may
interact indirectly. The possibility of multiple interacting regions should be entertained
when characterizing substrate ubiquitylation. Pull-down assays using isolated domains

as bait can be an effective method to identify substrate binding domains. Sequential
C-terminal truncation constructs of BRCAL and BARD that leave the N-terminal RING
heterodimer unit intact are useful reagents for in vitro ubiquitylation assays with substrate
candidates. However, relevant substrate-binding interactions and ubiquitylation may be
decoupled. For example, the interaction of LARP7, a 7SK RNA binding protein that
controls RNAPII pausing, is likely mediated through the BARD1 C-terminal BRCT
domain in a phospho-dependent manner in cells®®. But a construct that lacked the

BRCTs (BRCA1(1-304)/BARD1(26-327)) catalyzed poly-ubiquitylation of LARP7 in
vitro, suggesting differential requirements for cellular recruitment compared to in vitro
Ub modification. Such considerations are especially important when characterizing the
ubiquitylation of putative substrates.

An emerging feature of BRCA1/BARD1-dependent ubiquitylation is that in many cases
specific substrate lysine residues are targeted, in contrast to most cases in which poly-

Ub chains are attached to a substrate with no apparent lysine discrimination. Specifically-
targeted residues may play a critical role in downstream signaling, so their identification
using mutagenesis or mass-spectrometry analysis is a worthwhile endeavor. Lysine to
arginine mutations that abrogate substrate ubiquitylation may be a viable way to characterize
the effects of BRCA1/BARD1 ligase activity. Important considerations for such an approach
include the possibility that other substrate lysines may be modified in the absence of

its preferred target residues, or that the mutated lysine residues are also targeted for
alternative PTMs such as acetylation?4:86, An additional strategy in which substrates with
Ub genetically fused to their C-terminus has been successfully employed to study substrates
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that are mono-ubiquitylated by BRCAL/BARDL1 at or near their C-terminus. Despite the fact
that the N-terminus of Ub is tethered to the substrate in the genetic fusions while bona fide
products are attached to the Ub C-terminus, such chimeras have been shown to rescue the
effects of BRCA1/BARDL ligase deficiency for both nucleosomal H2A and p505:37:49.87.88,

Case Studies and recently discovered substrates.

Below we discuss the two best-characterized BRCA1/BARDL substrates, estrogen receptor
(ERa) and histone H2A, and recently discovered substrates. The examples include
substrates that are modified with non-degradative Ub signals (mono-ub and K63-linked
poly-Ub) and others that are modified with degradative K48-linked chains, highlighting the
spectrum of biological outcomes experienced by BRCA1/BARDL substrates.

Estrogen Receptor-a—Although BRCA1 and BARDL are expressed in a wide range of
cell types, inherited mutations in the genes are associated with breast and ovarian cancers.
Therefore, identification of substrates that might provide insight into the tissue-specificity of
BRCA1-associated cancers are a key goal. The hormone-responsive estrogen receptor (ERa)
was such a candidate, based on early observations that overexpression of wild-type BRCAL,
but not a cancer-associated BRCA1 mutant (C61G) results in repressed ERa transcriptional
activity89:90, A direct interaction between BRCA1/BARD1 and ERa was inferred from
pull-down experiments in which the first 302 residues of BRCA1 co-purified with ERa.89.

In reconstituted systems, ERa. is mono-ubiquitylated by BRCA1/BARDL in the linker
region between the ERa. DNA-binding and ligand-binding domains*4. Substitution of

the modified residues identified by mass spectrometry (K302/303) with arginine did not
completely suppress ERa ubiquitylation, suggesting that BRCA1 can ubiquitylate other
lysine residues in the absence of its preferred targets*. Of the E2s that work with BRCA1/
BARDL, only Ube2D family members modify ERa in collaboration with BRCA1/BARD1,
revealing an E2/substrate specificity that has not been observed with other substrates2%:43
(Table I).

BRCAL-dependent ERa monoubiquitylation was subsequently demonstrated in cells
overexpressing BRCAL1 and by ubiquitin immunoprecipitation with endogenously expressed
BRCA1 and ERa8691, Consistent with the E2 specificity observed /n vitro, cells expressing
the Ube2D-incompetent BRCA1 mutant (1I26A-BRCAL) failed to display repressed ERa
transcriptional activity®6.

ERa binding regions on BRCA1/BARD1 were mapped using in vitro ubiquitylation assays
with purified components. BRCA1/BARD1 constructs that included the minimal RING
heterodimer region required for enzymatic activity and incrementally larger regions of the
BRCA1/BARD1 IDRs were assayed for their ability to ubiquitylate ERa. The shortest
construct that produced detectable ERa ubiquitylation contained BRCAL residues 1-258,
from which it was concluded that an ERa binding site is located between IDR residues 177
and 258* (Fig 1A). However, more distal regions of either BRCA1 or BARD1 have not
yet been tested for ERa binding, so there may be additional sites that contribute to a higher
affinity interaction.
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Identification of the E3/substrate interaction sites and substrate ubiquitylation sites enabled
investigation of BRCA1-dependent ERa ubiquitylation in cells. Mutation of ERa residues
Lys 302/303 resulted in lower levels of mono-ubiquitylated ERa and decreased suppression
of ERa transcriptional activity by BRCA186. Importantly, acetylation of Lys 302/303 is
involved in ERa activation, so mutation of these residues disallows both their ubiquitylation
and their acetylation. The balance between acetylation and ubiquitylation may therefore
modulate ERa activity in cells. Consistent with this mechanism, overexpression of wild-type
BRCAL in cells, but not 126A-BRCAL, decreases levels of acetylated ERa86. The ERa
situation highlights caveats that need to be considered when interpreting effects of substrate
lysine mutation, as loss of a ubiquitylation site could have unintended effects that may or
may not be relevant to the role of the ubiquitylation process under investigation.

Nucleosomal histone H2A—Early studies identified the core histones (H2A, H2B,

H3, H4) and the DNA damage-specific H2A isoform H2Ax as substrates for BRCA1/
BARD1 ligase activity in vitro®®76.92_ Although BRCA1/BARD1 can attach mono-Ub

to these histone proteins when presented individually (i.e., not in the context of histone
dimers, octamers, or nucleosomes), these lysine-rich polypeptides likely serve as “proxy-
substrates” rather than true cellular targets®3. In the context of the nucleosome, BRCA1/
BARD1 mono-ubiquitylates histone H2A and this activity is required for maintenance

of heterochromatic centers and constitutive transcriptional repression of satellite DNA
regions in mice®:94.93.95 Histone H2A ubiquitylation by BRCA1/BARD1 was subsequently
shown to play a role in DNA double-strand break repair, promoting cell survival after
treatment with a subset of DNA damaging agents3’. Specifically, the H2A-Ub promotes end
resection of broken DNA ends by recruitment of the SWI/SNF-like chromatin remodeler
SMARCAD1 to chromatin, resulting in a repositioning of 53BP1, an opposing DNA repair
factor that stimulates non-homologous end joining, at DNA breaks3”:87. Thus, BRCA1/
BARD1-dependent ubiquitylation of nucleosomal H2A is required for specific steps of
homology-directed repair (HDR).

BRCA1/BARD1-dependent H2A-Ub also transcriptionally represses certain estrogen-
metabolizing cytochrome P450 (CYP450) genes in breast epithelial cells®. These two
enzymes catalyze quinol formation and hydroxylation of estradiol, generating metabolites
that can form adducts with DNA and cause double-stranded breaks%. De-repression of
CYP450 transcription due to BRCA1/BARD1 deficiency in BARD1+/- CRISPR MCF10a
knockout cells was rescued by ectopic expression of an H2A-Ub genetic fusion, but not
BARD1 cancer-predisposing RING mutants that are unable to bind H2A in nucleosomes®
(Fig 1B). Notably, these BARD1 mutants do not affect intrinsic ligase function of the
heterodimer and are active with other substrates, indicating a direct nucleosome-specific
effect (Fig 1C). A comprehensive catalog of genes that are transcriptionally regulated by
BRCA1/BARD1-dependent H2A-Ub and how these genes are selected remains an important
outstanding question.

Nucleosomal H2A is the only BRCA1/BARDL1 substrate for which atomic-level structural
information is currently available*3. A cryo-EM structure of a BRCA1/BARD1/Ube2D3/
nucleosome complex revealed that the non-E2 binding BARD1 RING domain makes
unique contacts with the nucleosomal surface (Fig 2). The interaction tilts the BRCA1
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E2-binding surface upward and elevates the BRCA1-bound E2 enzyme away from the
nucleosomal surface, explaining why lysine residues on the H2A C-terminal tail, rather

than the surface, are targeted by the ligase complex. The highly dynamic flexible H2A
C-terminal tail retains its flexibility in the E3/E2/nucleosome complex, and the native H2A
lysine targets of BRCA1/BARD1 have adequate reach to access the E2 active site for
efficient ubiquitin transfer. Importantly, the structure revealed that the non-E2 binding RING
domain of BARD1 directs the nucleosomal H2A specificity of BRCA1/BARD1. The study
also provided an explanation for known and putative cancer-associated mutations in the
BARD1 RING domain, showing that these abrogate nucleosome binding and, therefore,
ubiquitylation.

Altogether, the described studies establish histone H2A as an important and specific
BRCA1/BARD1 substrate. While greater detail is known about the biological functions of
BRCA1/BARD1-mediated H2A ubiquitylation than most other putative cellular substrates,
many questions remain. For example, how is BRCA1/BARDL1 recruited to nucleosomes

for H2A ubiquitylation, and does it involve other histone PTMs? Studies have established
that the BARD1 C-terminal domains (Ank-BRCTSs) specifically recognize nucleosomes
containing H4K20me0 and H2A K15-Ub, binding to a fully overlapping histone surface

to that used by the RING heterodimer’87951 While these interactions were shown to be
essential for DNA DSB repai, a link to BRCA1/BARD1-dependent H2A ubiquitylation has
not been established. It is possible that these interactions encode a nucleosome read/write
mechanism. Future investigation of this specific H2A-Ub mark and its cellular ramifications
are impeded by the lack of a detection system: there are currently no validated antibodies
that discern this mark from other H2A-Ub marks. Development of tools and systems to
study BRCA1/BARD1-dependent nucleosome ubiquitylation is likely to yield rich insight
into its cellular E3 functions and dysregulation in cancer.

p50—The p50 protein is a component of the transcription factor NFkB that is activated by
cellular signals that includes cytokines, oxidants, free radicals, ultraviolet irradiation, and
bacterial or viral products®’. BRCA1 deficiency is associated with dysregulation of NFkB
signaling and NFKB signaling is also associated with chemoresistance in BRCAL1-proficient
tumors?8-100, Use of a phosphorylation-resistant p50 mutant in 293T cells revealed that
phosphorylated p50 binds to the BARD1 C-terminal BRCT domain®® (Fig 1A, Table I).

The interaction facilitates BRCA1/BARD1-dependent mono-ubiquitylation near the p50
C-terminus at K354 or K356, tandem mutation of which abrogated p50 ubiquitylation®?.
Expression of a p50-Ub genetic fusion as a proxy for p50 that is mono-ubiquitylated at

one of its C-terminal lysine residues revealed that mono-ubiquitylation 1) stabilizes p50,

2) decreases its recruitment to chromatin, and 3) promotes its cytoplasmic localization.
Furthermore, mice injected with cells expressing a ubiquitylation-resistant mutant of p50
formed larger tumors than wild-type. Ubiquitylation of p50 was also shown to be important
for genome maintenance; BARD1 cancer-predisposing mutants in the BRCT domain disrupt
the interaction with p50, impair its ubiquitylation, and decrease its stability. Finally, analysis
of patient neuroblastoma and breast cancer tumor samples reveal that BARD1 and p50 levels
are positively correlated.
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The p50 study provides an excellent framework for the investigation of BRCA1/BARD1-
dependent ubiquitylation of putative substrates?®. The biological findings were contingent

on several key insights: (1) identification of the binding sites for both BRCA1/BARD1

and the p50 substrate (including p50 PTM requirements), (2) identification of mutations

that selectively disrupt the association, (3) identification of the type of Ub mark and

its location on the substrate, and (4) design of Ub-resistant lys to arg mutants and a
“constitutively-ubiquitylated” genetic fusion. Together, these findings helped guide design of
a robust set of constructs with which to characterize the biological consequences of BRCA1/
BARD1-dependent p50 ubiquitylation. While not all substrates may be amenable to all these
approaches, it presents a best-case scenario and roadmap for future investigations.

NF2—NF2 is a scaffolding component of the Hippo growth-signaling pathway that
controls organ size development by regulating cell proliferation, apoptosis, and stem cell
self-renewall®l, While components of the Hippo pathway are known to be regulated by
ubiquitylation, it has only recently been discovered that BRCA1/BARD1 ubiquitylates
NF2 to keep Hippo signaling “off” in the presence of nutrient-rich media conditions?8.
Ubiquitylated NF2 is unable to interact with the kinase LATS, which in turn prevents

the phosphorylation, cytosolic relocation, and proteasomal degradation of the Hippo
transcriptional regulator YAPL, in a process mediated by a ligase other than BRCA1/
BARDL. Consistent with these findings, luciferase assays revealed that BRCAL is required
for proper YAP1 function. Mass spectrometry analysis of ubiquitylated NF2 from cells
revealed mostly non-degradative K63-linked ubiquitin modification at sites throughout the
protein. Ubiquitylation of NF2 was decreased upon shRNA knockdown of BRCA1 and
BARDL independently, and a direct interaction between BRCA1 and NF2 was mapped

to the C-terminal BRCTs of BRCA1 and the NF2 N-terminal FERM domain (Fig 1A,
Table I). However, whether BRCAL1/BARD1 collaborates with multiple E2s or other E3s to
synthesize the observed K63-linked chains on NF2 is unknown. Although YAP1 stability
is contingent on BRCA1-dependent ubiquitylation of NF2, expression of a constitutively
active YAP1 mutant resistant to degradation rescued growth defects in BRCAZ1-deficient
breast epithelial cells (MCF10a) and caused invasive structure formation in 3D-culture
experiments. Injection of BRCAZ1-deficient MCF10a cells expressing the constitutively
active YAP1 mutant into mice caused tumorigenesis that was not observed upon BRCA1
knockdown alone or in conjunction with knockdown of the known tumor-suppressor p53.
These findings indicate that YAP1 reactivation may confer a growth advantage in BRCA1-
deficient cells and drive the formation of cancers. Together, these data reveal an important
role for BRCAL1/BARD1 ligase activity as a regulatory node in Hippo signaling. Remaining
questions to be addressed include the relevance and function of the observed K63-linked
chains and whether BRCA1/BARD1 are directly and/or solely responsible for them.

Oct1—Oct1 (also called POUF1) is a widely expressed transcription factor that is related
to the pluripotency master regulator Oct4102, Oct1 insulates critical genes against oxidative
stress, dampens reactive oxygen species, promotes glycolytic metabolism, and promotes
normal and cancer stem cell phenotypes. A physical interaction between BRCA1 and Octl
has been established that regulates the transcriptional activation of multiple genes, notably
including £SR1 that encodes ERa193-108, These observations prompted investigation as
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to whether BRCAL regulates Octl through its ligase activity. An in vitro ubiquitylation
assay using Octl-containing cell lysate as substrate showed that poly-ubiquitylation of
Octl was dependent on all components of the Ub cascade including BRCAL and was

not observed using a Ub-resistant Octl mutant (K9/403R)197. Although exogenous Ube2D
was used, it cannot be ruled out that other E2s in the lysate were active in this assay.
However, Octl levels were stabilized in cells expressing BRCA1-126 A (Ube2D-incompetent
form of BRCAL) and cells treated with proteasome inhibitor (MG132) accumulated Octl
with K48-linked ubiquitin chains. Taken together, the data strongly suggest that BRCA1/
BARDL serves as a degradative ligase for Octl by targeting specific lysine residues for

Ub attachment. Important gaps in understanding regarding how this occurs remain. Does
BRCA1/BARD1 perform both priming and K48-linked chain building reaction with a
UBEZ2D, or does it use another E2 (for example, UBE2K) as the chain extender, or does

it perform the critical first step (priming) and another E2/E3 pair builds the chains?

The observed stabilization of Octl in BRCAL1-126A-expressing MEFs enabled identification
of ~1000 genes whose expression patterns were altered, with “metabolic disease” emerging
as a significantly affected pathway197. Consistent with this, the cells had an increased
glycolytic phenotype measured by a decrease in oxygen consumption, increase in
extracellular acidification rates, and increase in glycolytic metabolites. Notably, Octl levels
correlate with tumor aggressiveness and inversely correlate with BRCA1 protein levels in
patient tumor samples. Overall, the findings point to a link between BRCA1/BARD1 Ub
ligase activity and metabolic processes in cancer.

LARP7—La-related protein 7 (LARP7) has been reported to act as a potential tumor
suppressor in gastric and breast cancers198.109 | ARP7 binds to distinct small nuclear RNAs,
stabilizes the 3" hairpin of non-coding 7SK RNA, and is known to negatively regulate
RNAPII pausing release!10, LARP7 levels negatively correlate with cell survival upon DNA
damage in MEF and HeLa cells>0. Following IR treatment, LARP7 is rapidly shuttled

from the nucleus and degraded. A potential interaction between LARP7 and BARD1 that
appeared in the BioGRID database was confirmed via immunoprecipitation experiments®C.
While both the BRCA1 and BARD1 BRCTs interact independently with LARP7, only

the BARDL interaction is stimulated by IR treatment (Fig 1A, Table 1). BRCA1/BARD1
binding and ubiquitylation of LARP7 was shown to be dependent upon ATM-mediated
phosphorylation of LARP7 at T440. BRCAL1 and BARD co-expression in 293T cells was
associated with proteasome-dependent depletion of LARP7. Use of single-lysine Ub mutants
revealed the majority of ubiquitylated LARP7 contains K48-linked Ub chains, consistent
with a degradation outcome. While full-length BRCA1/BARD1 was needed to induce
poly-ubiquitylation of LARP7 in cells, a truncated construct lacking the BRCTs of both

E3 subunits was observed to build poly-Ub chains on LARP7 in vitro with Ube2D3 as the
E2, raising questions as to why requirements differ in the two contexts. Analysis of LARP7
ubiquitylation using full-length BRCA1/BARD1 and an E2 panel may provide insight into
the mechanism by which such K48-linked chains are built. As discussed for other substrates,
the possibility that another E2 and/or E3 is involved in LARP7 poly-ubiquitylation remains
open.
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As LARP7 depletion leads to increased HDR efficiency, loss of BRCA1/BARDL1 ligase
function towards LARP7 might result in DNA damage defects. Indeed, high LARP7 levels
are correlated with increased survival times in patients receiving chemotherapy, and LARP7-
overexpressing cells are especially sensitive to ionizing radiation and cisplatin. These data
suggest that LARP7 may be a useful drug target or prognostic marker in BRCAL1-deficient
cancers.

Concluding Remarks

An important initiative in BRCA1/BARDL research involves the accurate classification of
thousands of observed patient variants, of which a majority of missense variants remain
unclassified variants of unknown significance in the ClinVar database11. To date, efforts
towards this end have relied upon detecting processes such as HDR efficiency, drug
resistance, and cell viability!12-115_ Such phenotypes may be linked to BRCA1/BARD1
function indirectly and, at the very least, the underlying mechanisms are undefined. Given
that E3 ligase activity is the sole biochemical function, it is in principle possible that all,

or a majority of, known phenotypes have substrate ubiquitylation at their source. Therefore,
identification of substrates whose ubiquitylation is associated with processes linked to tumor
suppression will provide critical information regarding the potential effects of unclassified
variants in either the BRCAL or BARDL1 genes. In principle, quantitative assessment of
variant BRCA1/BARD species’ ability to ubiquitylate relevant substrates could have the
power to predict the impact of a mutation and, ultimately, inform decision-making in
prophylactic treatment. Clearly, there will be more than one critical substrate, suggesting

an ultimate goal in which multiple substrates are monitored in patient samples. An important
intermediate step towards such a goal is the assessment of relevant substrate ubiquitylation
by known BRCA1/BARD1 variants and their association with processes such as DNA
damage response, transcriptional regulation, etc. With tools and reagents currently available,
we may be entering a time when this goal is achievable (though non-trivial) with the existing
BRCA1/BARD1 substrates and can be pursued anew for each additional substrate identified
in the future.
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Figure 1. An overview of the features of the BRCA1L/BARD1 Ubiquitin ligase.
A) The domain structure and function of BRCA1 and BARD1 domains. Folded domains of

BRCAL and BARD1 are depicted with ovals and their corresponding domain names: really
interesting new gene (RING), BRCAL C-terminal (BRCT), and ankyrin repeats (ARD).
Substrate binding domains within the intrinsically disordered regions are represented

with rectangles. Domain functions related to E3 ligase activity are listed above domains.
Substrates are listed below the region of protein with which they interact. B) The solution
structure of RING domains from BRCA1 and BARD1 (PDB 1JM7) are shown in magenta
and pink respectively. The sidechains at mutation sites used to study the structure/function
relationship are shown in spheres or sticks: BARD1 mutations are underlined, cancer-
associated mutations are either labeled with an asterisks or in the case of zinc-coordinating
mutation sites depicted in cyan sticks (BRCA1 C24R, C39S/R/Y/IW, C44S/Y/F, CATSIYIF,
C61G, C64R/Y/W and BARD1 C53W, C71Y, and C83R). The colors of mutation site
sidechains correspond with their functions in Panel C. C) Mutations are categorized in a
Venn diagram according to the properties and functions they affect.

Biochem J. Author manuscript; available in PMC 2022 January 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Witus et al. Page 22

BRCA1 and BARD1
Interface Residues

Figure 2: BRCA1 and BARD bind the nucleosome substrate and E2 simultaneously.
The cryo-EM structure (PDB 7JZV) reveals that both BRCA1 and BARD1 RING domains

(magenta and pink, respectively) contain critical residues (BRCAL Arg 71 and BARD1
Trp 91, blue) that contact the nucleosome surface (gray). The E2, Ube2D3 (green), binds
to a distinct interface on BRCA1 allowing the heterodimer to coordinate substrate and E2
simultaneously. The complex allows for transfer of ubiquitin from the E2 onto the dynamic
C-terminal end of H2A (unresolved in the structure).
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Table I.
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BRCA1
i ; Observed (BCY/ Substrate
Substrate Biological | "o | BARD1 Substrate Ub-attachment site E2- binding Ref()
function(s) vitro? (BD) (linkage-type) enzyme site
’ binding
site
Aurora Kinase CCR YIN nd. nd. nd. nd. 116
Cdc25C CCR YIY BRGTS n.d. (poly-Ub, degradative) Ube2De n.d. 117
Claspin DDR YIY n.d. K60/K96 (mono-Ub 7 vitro) Ube2D® 1-331 18
BC: . 322-333 45, 46,
CtIP DDR, TR YIY BRCTs n.d. (poly-Ub, non-degradative) Ube2D® (pSer327) 120
. BC: . Ube2K,
Cyclin B1 CCR YIY BRGTS n.d. (poly-Ub, degradative) Ube2D n.d. 117
. Ligand 29, 44,
estrogen TR YIY AR K302 (mono-Ub) Ube2D | binding | 86,90,
receptor a BD: IDR domain 91
BC: histone
RING Ube2D, surface, 37, 43,
H2A DDR, TR YIY BD: K125/127/129 (mono-Ub) Ube2E acidic 93, 94
RING patch
BC:
BRCT: : around
LARP7 CCR, DDR YIY BD: n.d. (poly-Ub, K48-linked) Ube2D® oThra40 50
BRCTs
A likely
macroH2A1 CCR, TR YIY BD: K123 (mono-Ub) Ube2D® same as 85
RING H2A
. K159/269/274/364/387/396/439/449
Hippo growth BC: ) ; 3 . i FERM
NF2 signaling YIN BROTS (poly-Ub Keli’nﬁé)' K29-, K63 n.d. domain 48
BC: 1-
nd 222
Nuclephosmin (colocalizes YIY BD:1- n.d. (poly-Ub, K6-, K29-linked) Ube2D* n.d. 121
in mitosis) Y
320
octl Metaholic YIY K9/403 (poly-Ub, K48-linked) Ube2De nd 107
regulation y-Uh, -
CCR
! BD: around
P50 chromosome YIY BRCTs K354/356 (mono-Ub) Ube2De pSer337 49
stability
progesterone : -
receptor TR YIY n.d. n.d. (poly-Ub, degradative) Ube2D n.d. 122
BC: C-terminal 47,
RPB1 DDR, TR YIY BRCTs n.d. (poly-Ub, degradative) Ube2D® domain 123,
(pSer5) 124
; Ube2D®, 33,
RPB8 DDR, TR YIY n.d. n.d. (poly-Ub K6-linked) Ube2W n.d. 125
TFIE TR N/Y n.d. n.d. (likely mono-Ub) Ube2D® n.d. 124
Topoisomerase DNA .
™ decatenation Y/N n.d. n.d. (poly-Ub, non-degradative) n.d. n.d. 13
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BRCA1
o (BC)/
Substrate Blologlcal* S\bcselerléﬁ BARD1 Substrate Ub-attachment site E2- S;izﬁirr?ée Ref(9)
function(s) vitro? (BD) (linkage-type) enzyme site
’ binding
site
CCR BC: 52 53
y-tubulin (centrosome YIY BRCTs K48/344 (mono-Ub) Ube2De n.d. 126
regulation) & IDR
)

(Ube2D%) other E2s not tested
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DDR, DNA damage repair; TR, transcriptional regulation; CCR, cell-cycle regulation. Reported functions limited to those from references
reporting BRCA1/BARD1-mediated Ub of substrate.
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