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BARDL1 is a very important BRCAL binding partner and plays a key role in the development of a variety of tumors. Similar
to BRCAL, BARD1 has been implicated in the development of breast and gynecological cancers. In addition, BARD1 also
plays a role in the development of non-breast and non-gynecological cancers.
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| 1. Definition

Breast Cancer 1 (BRCA1) gene is a well-characterized tumor suppressor gene, mutations of which are primarily found in
women with breast and ovarian cancers. BRCAl-associated RING domain 1 (BARD1) gene has also been identified as
an important tumor suppressor gene in breast, ovarian, and uterine cancers. Underscoring the functional significance of
the BRCA1 and BARDL1 interactions, prevalent mutations in the BRCA1 gene are found in its RING domain, through
which it binds the RING domain of BARD1. BARD1-BRCAL heterodimer plays a crucial role in a variety of DNA damage
response (DDR) pathways, including DNA damage checkpoint and homologous recombination (HR). However, many
mutations in both BARD1 and BRCAL also exist in other domains that significantly affect their biological functions.
Intriguingly, recent genome-wide studies have identified various single nucleotide polymorphisms (SNPs), genetic
alterations, and epigenetic modifications in or near the BARD1 gene that manifested profound effects on tumorigenesis in
a variety of non-breast and non-gynecological cancers.

| 2. Introduction

BARD1 was discovered in 1996 by Baer’s group who sought out to identify proteins that interacted with the N-terminus of
BRCAL through a two-hybrid screening . Of the 16 candidates identified, only BARD1 was able to directly interact with
and form a stable complex with BRCA1 in mammalian cells through its RING domain, hence its name, BRCA1-associated
RING domain 1 (BARD1) gene. BARD1 gene is localized to 2935 and encodes a full-length (FL) protein (BARD1-FL)
composed of 777 amino acids (a.a.) LBl There are many structural similarities between BRCA1 and BARD1 (Figure
1A). The RING domain of BARD1 consists of a.a. 49-100 and is rich in cysteine and histidine, which bind to two zinc ions
(4] However, the RING domain of BARDL is slightly shorter and lacks the central a-helix as well as the third B-pleated
sheet when compared to that of BRCAL. It is flanked by two o-helices (a.a. 36—48 and 101-116), which interact with the
helices adjacent to the RING domain of BRCA1 to form a heterodimer. Similar to BRCA1, BARD1 also contains two
tandem copies of the BRCAL1 C-terminal (BRCT) domain located at a.a. 568-777 BlEl. The domain is composed of
BRCT1 (a.a. 568-654) connected to BRCT2 (a.a. 669-777) by an a-helix. BRCT1 has a hydrophilic binding pocket, which
binds to phospho-peptides, just like BRCA1. The second binding pocket is located between the two BRCT domains and is
relatively hydrophobic. The amino acid sequences of the second binding pocket of BARD1 are different from those in
BRCAL, suggesting unique ligand interactions. BARD1, like BRCAL, contains a nuclear export sequence (NES) at a.a.
102-120 that allows for its transport out of the nucleus and into the cytoplasm . It also contains six nuclear localization
signals (NLS) which allow the protein to move back into the nucleus 8. The NLS sequences are located at a.a. 127-130,
139-155, 321-337, 365-371, 657-663, and 706—709.
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Figure 1. The structure and functions of BARD1 (A) BARD1 and BRCA1 domain structures. BARD1 and BRCAL have
similar RING domains located at their N-termini, BRCT domains located at their C-termini, as well as NES and NLS. The
ANK repeats and the ANK-BRCT linker region are unique to BARD1. (B) A summary of the biological functions of BARD1.
BRCA1-dependent: The BARD1 RING domain interacts with the RING domain of BRCA1. (1) The E3 ligase activity of
BARD1-BRCAL. (2) The HR function of BARD1-BRCA1. BRCAl-independent: (3) CDK2-CyclinA1l/E1 and CDK1-CyclinB
phosphorylate BARD1, which then facilitates mitotic progression. (4) BARD1 forms a complex with Tip60 and Pirin that
interacts with p50 and Bcl-3 through BARD1's ANK and BRCT domains. This complex binds the NF-kB promoter and
regulates its transcription. (5) BARD1, together with DNA-PK, stabilizes p53 through its ANK-BRCT linker region, which
allows phosphorylation by ATM and induction of apoptosis. (6) The ANK-BRCT linker region also binds CstF-50 and
together they prevent polyadenylation of mRNA in response to DNA damage. (7) BARDL1 binds the poly (ADP-ribose)
through its BRCT domain and recruits BRCA1 to the DNA damage sites.

BARDL1’s structure differs from BRCAL also due to the presence of ankyrin (ANK) repeats at a.a. 425-555 B8, Thjs
domain consists of four ANK repeats that compose a hydrophobic helical core. The fourth ANK repeat differs in its
sequence and is shortened but maintains an overall similar structure. The non-traditional orientation of the fourth ANK
may be attributed to a span of 20 amino acids (a.a. 547-567), which include and extend beyond the C-terminal ANK
repeat domain. This region, which has no secondary structure, is thus called the ANK-BRCT linker region. Overall, the
structural domains of BARD1 are critical for their biological functions because they are vital for various protein-protein and
protein-DNA interactions.

Due to the pronounced role of BRCA1 and BRCAZ2 in hereditary breast and ovarian cancer, different mutations and
variants of BARD1 were first investigated in breast cancers and various gynecological cancers in the late 1990s and early
2000s LAILA2 The genetic changes in BARDI include missense mutations, nonsense mutations, and deletions. For
example, women with the missense mutation C557S, just before the BRCT1 domain of BARD1, have an increased
susceptibility to breast cancer 12 Many studies have also identified various isoforms of BARD1 that result from
alternative splicing (Figure 2A). The a isoform removes exon 2, while the B isoform splices out exons 2 and 3 23, The y
isoform loses either exon 4 18] or exons 4-11 24, The & isoform lacks exons 2 through 6 13I8l while the € isoform
removes exons 4 to 9 3. The n isoform has exons 2-9 removed, and the ¢ isoform lacks exons 3 through 6. The w
isoform lacks exons 1-3 and encodes proteins of different lengths due to different translation starting sites in exons 4 and
5 17, The most recently identified isoforms are 1, which has the C-terminal portion of exon 4 deleted, and k, which lacks
exon 3 and the N-terminal portion of exon 4 24181 The RING domain of BARD1 is mapped to exons 2 and 3 19, |ts ANK
repeats span from the end of exon 4 to exon 7 while its BRCT domain encompasses exons 8-11. It is thought that the
different isoforms may play a role in tumorigenesis through the disrupting of BARD1's important protein-protein
interactions. These variations have been well-studied in hereditary breast and ovarian cancers, however, the presence
and functional consequences of these alterations in other cancer types are still being investigated.
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Figure 2. BARD1 variants in non-breast and non-gynecological cancers (A) BARD1 isoforms. Full-length BARD1
(BARD1-FL) and different variants that occur due to alternative splicing. The table depicts in which cancer types the
isoforms are oncogenic or tumor suppressors. * indicates multiple forms of alternative splicing. The y isoform is either
composed of only exons 1-3 or exons 1-3, 5-11. The w1 isoform is depicted in this figure, which begins at a.a. 382. The
w2 isoform begins in exon 4 at a.a. 407 while the w3 isoform begins in exon 7 at a.a. 538. NB: neuroblastoma. CRC:
colorectal cancer. NSCLC: non-small cell lung cancer. AML: acute myeloid leukemia. (B) SNPs and genetic mutations in
the BARD1 gene. BARDL1 is composed of 11 exons (white) and introns (gray) and includes 5 and 3' UTR (black lines).
Genetic variants of BARD1 in NB (red), CRC (blue), pancreatic cancer (green), nephroblastoma (pink), and Ewing
sarcoma (purple) are depicted as lines localized to the region of the mutation. Only exons are drawn to scale.

| 3. BRCA1-Dependent Function of BARD1

3.1. BARD1-BRCA1 E3 Ubiquitin Ligase Activity

BARD1 and BRCAL interact via the RING domains located at their respective N-termini. This interaction allows for the
formation of a heterodimer with E3 ubiquitin ligase activity (2021 As an ubiquitin ligase, BARD1-BRCA1 promotes
ubiquitination of targeted proteins and their proteasomal degradation; however, its atypical K6 ubiquitin linkages, though
poorly understood, are thought to act in signal transduction [22[23124] BARD1-BRCA1 can even auto-ubiquitinate to
increase its own activity levels and stability [22[25]. The heterodimer formation may be vital for the stabilization of BARD1
and BRCAL as the loss of one protein drastically decreases the amount of the other protein 21,

Many of the heterodimer’s roles relate to facilitating mitosis. For example, BARD1-BRCAL1 has been shown to localize to
and ubiquitinate centrosome proteins, particularly y-tubulin and the y-tubulin ring complex, to inhibit microtubule
nucleation at the centrosomes (281271281291 | 55 of BARD1-BRCAL at this step results in the rapid accumulation of
fragmented or extra centrosomes (27]29], Intriguingly, BRCAL1, likely with the help of BARD1, can also promote DNA
damage-induced centrosome amplification, possibly as a defense mechanism in response to prolonged DNA damage 29,
BARD1-BRCA1 ubiquitination activity is also required for TPX2, a spindle fiber organizer, to properly aggregate at the
spindle poles . Together, these studies confer both centrosome-dependent and -independent functions in spindle
apparatus assembly during metaphase and anaphase. During telophase and cytokinesis, BARD1-BRCA1 ubiquitinates
Aurora B kinase, a chromosomal segregation kinase, which leads to its turnover B2, BARD1-BRCA1's action against
Aurora B is thought to confine it to the mitotic contractile ring. Interestingly, this likely occurs via Aurora B binding to
TACCL at the midbody with protection by BARD1 [S1221[33],

Finally, BARD1-BRCAL1 E3 ubiquitin ligase activity has also been implicated in nucleosome and chromatin modulation for
DNA repair as well as for signal transduction of estrogen and progesterone [22134135][36][37](38]



3.2. BARD1-BRCA1 in Homologous Recombination

BRCA1-BARD1 has long been implicated in homologous recombination (HR). Although the heterodimer has many
biological functions, its role in HR is perhaps the most thoroughly investigated and likely contributes the most to its tumor-
suppressing functions. Therein, the BARD1-BRCA1 complex has been primarily implicated in DNA end resection and
presynaptic complex formation.

3.2.1. DNA End Resection

To commit to HR, two processes must occur. First, the 53BP1-RIF1-Shieldin complex, which aggregates to protect dSDNA
ends after double-strand break (DSB) formation, needs to be removed B4 The BARD1-BRCAL1 heterodimer is thought
to facilitate this process by ubiquitinating histone H2A. This enables SMARCADL1 recruitment, a chromatin remodeler,
which facilitates the removal of the 53BP1-containing complex 8. Second, the 5' ends of DSBs are resected to generate
3’ overhangs of ssDNA. These overhangs then serve as docking sites for the assembly of pro-HR proteins and commit
DNA repair to the HR pathway. CtIP binds the BRCT domain of BRCA1 as well as the MRE11-RAD50-NBS1 (MRN)
complex 4142 Together with other nucleases, the MRN-CtIP complex processes the DSB ends and promotes HR [43],
BARD1-BRCAL1 interacting with CtIP indicates a potential function in DNA end resection. In line with this, studies have
demonstrated that BRCA1 improved resection speed 44, However, in all, this process is not exclusively BRCA1-
dependent 421[48],

3.2.2. Presynaptic Complex Formation

The presynaptic complex, or the presynaptic filament, refers to the RAD51-ssDNA nucleoprotein filament that is formed at
the 3' ends of resected DNA, which then searches and invades the homologous strand and forms a D-loop “Z.
Immediately after DNA end resection, Replication Protein A (RPA) binds to and protects the ssDNA until RAD51 is loaded
onto the ssDNA to replace them 48, RAD51, a DNA recombinase, is a key catalyst for strand invasion, homology search,
and pairing of DNA during HR. Both BARD1 and BRCAL are capable of physically interacting with RAD51 and DNA;
however, it is the BRCA2-DSS1 complex that facilitates the replacement of RPA with RAD51 42, PALB2 binds both
BRCA1 and BRCA2 and functions as a bridge between them. BRCAL and PALB2 interact via their respective coiled-coil
domains %, Once bound to BRCAL1, the PALB2's WD40 domain enables the recruitment of BRCA2-DSS1 to DSBs [24],
BARD1-BRCA1-PALB?2 effectively serves as a scaffold for BRCA2-mediated RAD51 loading. Additionally, the binding of
BARD1-BRCA1 to RAD51 is thought to aggregate RAD51 for improved efficiency and success of RPA replacement by
BRCA2-DSS1, but this idea has yet to be tested 52, The formation of the BARD1-BRCA1-PALB2-BRCA2-DSS1 complex
occurs in a stepwise fashion. Mutations therein alter DNA foci in a parallel stepwise manner with BRCA1 mutations
impairing the complex from forming entirely 23, Thus, BARD1-BRCAL is central to the recruitment of BRCA2-DSSL1 to
DSBs in HR.

3.3. BARD1-BRCAL1 in Mismatch Repair

Both BARD1 and BRCAL have been shown to interact with MSH2 and MLH2, two important mismatch repair (MMR)
proteins B4I55I56]. These molecular interactions suggest that BARD1-BRCAL may contribute to MMR. However, evidence
supporting this is conflicted, as genetic studies suggest a functional interaction between BRCA1 and MSH2 in HR [58],
Overall, BARD1-BRCALl involvement in MMR is underexplored, but this connection could explain the incidence of
colorectal cancer (CRC) in BRCA1- and BARD1-mutated CRC patients as MMR defects have long been known to
predispose individuals to CRC 7,

| 4. BRCA1l-Independent Functions of BARD1
4.1. Regulation of p53 and Apoptosis

BARDL1 has been implicated in the regulation of apoptosis. BARD1 overexpression induces apoptosis, while the tumor-
related mutation, Q564H, diminishes BARD1'’s pro-apoptotic ability when exposed to genotoxic stress 28],

The function of BARD1-related apoptosis is associated with binding to p53, Ku70, and the phosphorylation of p53 at
Serine-15 51581 Binding of p53 occurs in the ANK-BRCT linker region and the BRCT domain 125960 | cell lines that
are apoptosis-resistant and deficient in phosphorylated Serine-15 of p53 (NuTu-19 and HEK 293T cell lines), BARD1
overexpression can restore the phosphorylation capacity. This suggests that BARD1 promotes the formation of p53 and
DNA-PK complexes, which then allows for p53 phosphorylation by ATM and results in apoptosis X2, Additionally,
mutations associated with breast, ovarian, and uterine malignancies lack sequences in the ANK-BRCT linker region that



are vital for BARD1-dependent apoptosis 2. BARD1 has also been shown to stabilize p53 in a slightly different setting. In
cervical cancer progression, human papillomavirus (HPV) 16 E6 transforming protein aims to inactivate p53, however,
BARD1 adds a layer of protection by increasing and stabilizing p53 while inactivating E6 611,

BARD1 exerts its pro-apoptotic function in the cytoplasm after BARD1 is shuttled out of the nucleus 59, Schiichner et
al. discovered three NLS within BARD1 that are centrally located and do not overlap with other functional domains [8l. Just
one NLS sequence is sufficient for translocating BARD1 into the nucleus, which is independent of BRCA1 29, BARD1
also contains a CRM1-dependent NES at the N-terminus following the RING domain, allowing for nuclear export through
CRM1 [, Interestingly, BRCA1 suppresses BARD1 apoptotic activity by interfering with its export, shifting BARD1 towards
its BRCA1-dependent cell survival activity 58] without the influences of BRCA1, BARDL1 can localize to the cytoplasm
and induce apoptosis A9,

Furthermore, Tembe et al. showed that BARD1-p53 localizes to the mitochondria where BARD1 disrupts the mitochondrial
membrane potential and induces apoptosis (62621 BARD1 also has the ability to relocate to the mitochondria without p53,
however, p53 likely acts as an intermediary in BARD1-related downregulation of Bcl-2 leading to Bax oligomerization €3],
BARD1'’s ability to induce Bax oligomerization and apoptosis relies on an intact BRCT domain €%, The deletion of its
BRCT domain not only limits the ability of BARD1 to bind p53, but it also inhibits its export out of the nucleus and
localization to the cytoplasm and mitochondria (69,

On the other hand, BARD1 promotes the import of BRCAL to the nucleus, whereas p53 regulates BRCAL export by
interfering with BRCA1-BARD1 binding 3164 BRCA1, similar to BARD1, also induces apoptosis in the cytoplasm [A[6d
(4] However, BARD1 inhibits the export of BRCA1 out of the nucleus and disrupts the ubiquitin E3 ligase activity, both of
which disrupt BRCA1-dependent apoptosis [4. Mutating the NLS of BARDL results in BRCA1 localizing to the cytoplasm,
thus supporting the hypothesis that BARD1 acts as a chaperone to transport BRCA1 into the nucleus [&l.

4.2. Cell Cycle Regulation/Mitosis

The amount of BRCAL protein increases during S-phase, while the level of BARD1 protein remains constant from G1 to
G2 but increases during mitosis [62168] BARD1 does play a vital role in S-phase progression €8, Cell cycle-dependent
kinase complexes, CDK2-cyclin A1/E1 and CDK1-cyclin B, phosphorylate BARD1 resulting in potentiation of its function in
mitosis &7,

Localization and overexpression of BARD1 in the nucleus, but not the cytoplasm, results in G1 cell cycle arrest &, Similar
to the BARD1 location-dependent apoptosis described above, cell cycle regulation may be dependent on whether BARD1
is localized to the nucleus or the cytoplasm.

4.3. NF-kB

BARD1 can also bind NF-kB and regulate its transcriptional activity 6863, BARD1, in addition to Pirin and Tip60, forms a
Bcl-3 interacting proteins (BIP) network that then forms a quaternary complex with Bcl-3 and p50 €8], Specifically, from
half of the ANK into the BRCT domains, BARD1 binds the ANK repeats of Bcl-3 68l The complex then interacts with the
promoter of the NF-kB gene and activates its transcription. Regarding BRCA1, BARD1 has been shown to inhibit the
ability of BRCA1 to activate transcription through NF-kB 79,

4.4. Inhibition of mRNA Processing in Response to DNA Damage

A polyadenylation factor, CstF-50, has been shown to bind BARDL1 in the nucleus to inhibit polyadenylation of mRNA [,
CstF-50 binds the ANK-BRCT linker region of BARD1, thus involving BARD1 in mRNA processing and stabilization of
RNA polymerase |l (RNAP II) in response to DNA damage [BIZHZ2] \ithin the RNAP Il holoenzyme, BARD1 can
recognize sites of DNA damage, and, through inhibition of polyadenylation of mRNA, BARD1 acts to prevent the
processing of immature transcripts that may otherwise be translated to deleterious proteins FAIZ8l The inhibition of
transcription is further ensured through BRCA1-BARD1 mediated ubiquitination of RNAP II (4] In response to DNA
damage, cells have decreased levels of polyadenylation with concurrent increases in the CstF-50-BARD1-BRCA1
complex [Z8l. BARD1 is phosphorylated by CDK-cyclin at Threonine-734, which is important for its interaction with CstF-50
[B5II75] The role of BARD1 in mRNA processing has implications in tumorigenesis. For example, the Q564H mutation of
BARDL1 found in ovarian, breast, and uterine tumors, reduces the BARD1-CstF-50 interaction, and prevents their inhibition
of polyadenylation 3], Interestingly, p53 associates with BARD1-CstF-50, and tumor-related mutations in p53 also result
in decreased BARD1-CstF-50 association and inhibition of mRNA cleavage 8.



4.5. ADP Ribosylation, Poly (ADP-Ribose) Polymerase and BARD1

The transfer of ADP-ribose from NAD* to a target protein is called ADP ribosylation. A group of enzymes, called poly
(ADP-ribose) polymerases (PARPs), further catalyze the polymerization of ADP-ribose (PAR) 4. These later reactions
are termed PARsylation. Nuclear PARPs play a critical role in DDR and genome stability 8. Inhibition of PARPs has been
implemented in the treatment of BRCA1/2 mutated cancers Z2BABLIB2)83] BARD1 plays an essential role in the PAR
signaling in response to DNA damage. Specifically, BARD1's BRCT domain directly binds the ADP-ribose within PAR and
recruits BRCAL to the damage sites (79,
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