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The role of the tumor suppressor BRCA2 has been shaped
over 2 decades thanks to the discovery of its protein and
nucleic acid partners, biochemical and structural studies of
the protein, and the functional evaluation of germline
variants identified in breast cancer patients. Yet, the
pathogenic and functional effect of many germline mutations
in BRCA2 remains undetermined, and the heterogeneity of
BRCA2-associated tumors challenges the identification of
causative variants that drive tumorigenesis.

In this review, we propose an overview of the established
and emerging interacting partners and functional pathways
attributed to BRCA2, and we speculate on how variants
altering these functions may contribute to cancer
susceptibility.

Introduction

Inherited mutations in the human BRCA2 gene are responsible
for about half the cases of early-onset breast cancer.1 The effect of
many of these mutations remains unknown, representing an
important burden for patient care. A detailed characterization of
the function and partners of BRCA2 may help define the mecha-
nisms by which mutations in BRCA2 contribute to pathogenicity.

BRCA2 protein displays no significant sequence similarity to
other known human proteins, and little conservation in mamma-
lian evolution. As an example, mouse Brca2 shows only 59%
amino acid identity with the human BRCA2.2 Thus, the impact
of mutations in BRCA2 function can only be predicted when
they are located in regions where the domains are well defined,
i.e., the central region and the C-terminus of the protein.

Since it was discovered as a breast cancer predisposition gene,3

BRCA2 has been shown to interact with a large number of pro-
teins, illustrating its functional complexity. Although the func-
tion of BRCA2 has been revised multiple times, how its
interacting partners influence its function and which of these
interactions might be relevant for cancer predisposition has not
been discussed in detail.

In this review, we describe the interacting partners and regula-
tory mechanisms of BRCA2 that have molded our understanding

of its function over the last 2 decades and discuss the possible
implications for the clinic. Because we focus on the interactions
that may have an impact on tumorigenesis, the function of
BRCA2 in meiosis is not discussed here. For clarity, we have bro-
ken down the text into sections describing the functions of BRCA2
arbitrarily ordered from better- to lesser-known (see Fig. 1).

DNA double-strand break repair
Brca2 deficiency in mice leads to embryonic lethality causing

radiation hypersensitivity4 and gross chromosomal rearrange-
ments (GCRs),5 providing evidence for a role of BRCA2 in the
maintenance of genome stability.

BRCA2 was first identified as a DNA repair protein due to its
physical interaction with the recombination protein RAD51.6,7

Specifically, BRCA2 and RAD51 act on the homologous recom-
bination (HR) repair pathway, a high-fidelity mechanism to
repair DNA double-strand breaks (DSBs). During HR, RAD51
and BRCA2, together with other factors, promote a reaction in
which a damaged chromatid pairs with an intact partner resulting
in the exchange of genetic information from the latter to the for-
mer. This process requires the resection of the DSB to generate a
30-ssDNA overhang that can be used by the recombination
machinery to search for homology. The formation of a displace-
ment loop (D-loop) between resected DNA and the template
chromatid is formed to prime DNA synthesis. This structure is
then resolved resulting in the repair of the damaged chromatin.

In humans, the principal RAD51 binding site of BRCA2 is
located in the BRC repeats, 8 consecutive interspersed motifs in
the central region of the primary sequence.6 An additional
RAD51 interaction site maps to the C-terminal region.8

Through the BRC repeats, BRCA2 stimulates RAD51 assembly
on single-stranded DNA (ssDNA) over double-stranded DNA
(dsDNA) and promotes its HR function.9-11

BRCA2 binds DNA through a DNA binding domain (DBD)
located in the C-terminal region containing 3 oligonucleotide/
oligosaccharide binding folds (OB folds), a helical domain, and a
tower domain.12 The DNA binding and RAD51 interacting sites
of BRCA2 are sufficient to promote the assembly of RAD51
onto ssDNA and ssDNA/dsDNA junctions.11,13 In addition,
consistent with a mediator function, BRCA2 enables the dis-
placement of replication-protein A (RPA) from ssDNA to form
an active RAD51 nucleoprotein filament that promotes DNA
strand exchange11,14,15 (panel A). These findings established
human BRCA2 as a mediator of HR in somatic cells and are
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consistent with a role in the repair of DSBs but also in daughter
strand gap (DSG) repair, a process that repairs DNA lesions gen-
erated during replication across a damaged DNA template.16

The DBD of BRCA2 harbors a DSS1 (deleted in split hand/
split foot)12 binding site. In the fungus Ustilago maydis, this acidic
protein regulates the association of the ortholog of BRCA2
(Brh2) with DNA,17 in agreement with the crystal structure of
the mammalian DBD of BRCA2 and DSS1.12 Although in
humans the role of DSS1 in HR was described as indirect by
enhancing the stability of BRCA218 or its cellular sublocaliza-
tion19; recently, DSS1 has been shown to promote the loading of
BRCA2-RAD51 to RPA-coated ssDNA through its ability to
bind RPA and attenuate its affinity for ssDNA, supporting a
direct role for DSS1 in HR.14,20 The importance of the interac-
tion of DSS1 with BRCA2 in HR is further supported by the fact
that deletion of DSS1 phenocopies BRCA2 deficiency.18,21,22

Besides promoting HR, BRCA2 might also have a role in regu-
lating illegitimate HR. The crystal structure of BRC4-RAD51 pla-
ces BRC4 at the interface of RAD51 oligomers, and by
’mimicking’ this interface it blocks filament formation.23 This
structural mechanism supported the findings showing that overex-
pression of BRC424,25 or full length BRCA226 downregulates HR.

Blocking HR could be necessary
to suppress recombination in
mitosis as it has been suggested.27

Phosphorylation of S3291 at the
C-terminal RAD51 binding site
of BRCA2 is involved in this
switch-off mechanism by inhibit-
ing the interaction with
RAD51,8 (see “BRCA2 regu-
lation” section below).

Another factor that promotes
HR by interacting with BRCA2
is PALB2 (partner and localizer
of BRCA2). PALB2 interaction
site maps to the N-terminus of
BRCA2.28,29 In vitro, both pro-
teins cooperate in stimulating
RAD51-mediated D-loop for-
mation, a critical step in HR.30

The depletion of PALB2 leads
to a decrease in HR efficiency,
mitomycin C (MMC) hypersen-
sitivity and reduction of the
retention of BRCA2 in the
nucleus.28 PALB2 forms a com-
plex with BRCA1 and BRCA231

providing an indirect link
between the 2 BRCA proteins.
As BRCA1 and BRCA2, PALB2
is also considered a breast cancer
predisposing gene.32

Inter-strand crosslink repair
Fanconi anemia (FA) is an

autosomal recessive inherited syndrome characterized by congen-
ital and developmental abnormalities, bone marrow failure, and
a strong cancer predisposition. In around 3-5% of cases, FA is
caused by biallelic mutations in BRCA2. The Fanconi anemia
pathway, defective in these patients, is involved in repairing
inter-strand crosslinks (ICLs), toxic lesions that preclude replica-
tion and transcription by inhibiting DNA strand separation.33

Broadly used chemotherapeutic drugs such as cisplatin or MMC
induce these types of lesions.33 The finding that BRCA2 gene is
identical to FANCD1 and that transient expression of BRCA2
can restore the repair of ICL in BRCA2-deficient cells demon-
strated a direct implication of BRCA2 in the FA pathway.34,35

The FA relies on more than 15 FA factors and various DNA
repair processes, nucleotide incision, translesion synthesis (TLS),
HR and Nucleotide excision repair (NER). ICLs are first proc-
essed by an incision flanking the ICL region promoted by
FANCD2 ubiquitination, which generates a DSB. TLS restores
the DNA template, and HR is required to repair the DSB. To
promote the faithful repair of DSB, FA proteins such as
FANCD2 and BRCA1 favor HR by inhibiting the binding to
DSB ends of factors from the error-prone repair pathway Non
Homologous End Joining (NHEJ).36,37

Figure 1. Schematic representation of the structural domains of BRCA2 showing the binding sites for its pro-
tein partners. The panels illustrate the established and suggested functions of BRCA2 in: (A) HR-mediated
repair. (B) Protection of DNA replication forks. (C) D-loop extension at stalled replication forks. (D) R-loop
metabolism. (E, F) Mitosis progression and cytokinesis. (G) Transactivation activity. The phase of the cell cycle is
indicated in red. The color-coding of the binding sites in the scheme corresponds to the colors of the panels in
which the proteins are involved. DBD, DNA binding domain; H, helical domain; NLS, nuclear localization signal;
NES, nuclear export signal; OB, oligonucleotide/oligosaccharide binding fold; SAC, spindle assembly check-
point; TAD, Transactivation domain; AR, Androgen receptor. Ac, acetylation; P, phosphorylation; Ub,
ubiquitination.
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As in DSB repair, the HR step in ICL repair requires the load-
ing of RAD51 (FANCR) onto the resected DNA followed by
strand invasion to resolve the DSB. Therefore, HR proteins such
as BRCA2 (FANCD1), PALB2 (FANCN), BRCA1 (FANCS),
among others38 are essential in this step. Then, the NER excises
the remaining DNA adducts and fills the gap.

DNA replication stress
MEFs carrying a truncated form of BRCA2 display chromo-

somal breaks and GCRs.39 Because these cells were lacking DNA
replication intermediates arising from stalled replication forks as
measured by 2-D gels,40 the above observations suggested a role
of BRCA2 in stabilizing RAD51 nucleoprotein filaments during
replication.40 Later on, it was found that the C-terminal RAD51
binding region of BRCA2 can protect the newly synthesized
DNA from degradation by the nuclease MRE11 in such context,
establishing a BRCA2 DNA-end protection function at stalled
forks.41 BRCA1 and FANCD2 also participate with BRCA2 in
this process,42 (panel B). Interestingly, the deficiency of these
proteins can be overcome by overexpression of RAD51, a feature
found in tumors with acquired resistance to chemotherapeutic
drugs.43

BRCA2 and PALB2 also interact and stimulate the polymer-
ase Polh (XPV). The three proteins co-localize at replication
stress-induced foci upon treatment with hydroxyurea (HU) or
aphidicolin (APH), and stimulate DNA synthesis by Polh on D-
loop substrates in vitro.44 Together, these findings suggest a role
for BRCA2 in both preventing the newly synthesized DNA from
nucleolytic degradation at stalled replication forks and in pro-
moting the DNA synthesis necessary to restore the damaged tem-
plate after DNA strand invasion at replication-dependent DSBs
(panel C).

Although a defect in replication restart was not observed in
BRCA2 deficient cells in previous works, a recent article shows
that together with FANCJ and FANCD2, BRCA2 might be
implicated in the suppression of origin firing and replication
restart independently of other FA factors.45

Telomere maintenance
Because of its linear structure, the ends of eukaryotic chromo-

somes are potential targets for the DNA damage repair pathways,
which could have dramatic consequences for the cell. Homolo-
gous recombination prevents chromosome ends from degrada-
tion and fusion, therefore maintaining telomere integrity. By
loading RAD51 onto telomeric DNA, BRCA2 facilitates telo-
mere replication and protection. BRCA2 depletion results in the
accumulation of fragile telomeres and increase telomere sister
chromatid exchange.46

Interestingly, BRCA2- but not BRCA1-deficient tumors show
telomere shortening and telomere fragility, suggesting that the
absence of this function in BRCA2-mutated cells could promote
tumorigenesis.47 This aspect may contribute to the difference in
tumor subtypes observed in BRCA1 versus BRCA2-related
tumors.

R-loop metabolism
R-loops are RNA-DNA hybrids that result as normal byprod-

ucts of transcription. However, when persistent, they can cause
the collision between the replication and transcription machiner-
ies and can be at the origin of replication fork stalling.48 As in
the absence of the R-loop processing enzyme Senataxin,49 cells
depleted for BRCA2 but not for RAD51, accumulate R-loops,
implicating BRCA2 in processing or preventing such structures50

(panel D). Insight on this role of BRCA2 comes from the
BRCA2 interacting protein DSS1 that, together with PCID2
and other factors, constitute the TREX-2 complex. This complex
is located at the nuclear pore and is involved in the biogenesis
and export of messenger ribonucleoprotein (mRNP). The find-
ings that BRCA2 co-localizes with PCID2 and is recruited to
DNA-RNA hybrids in cells, suggest a RAD51-independent role
for BRCA2 in preventing or processing R-loops.50

G2/M checkpoint, mitosis and cytokinesis
BRCA2 and PALB2 have been implicated in G2 checkpoint

control maintenance after DNA damage as depletion of either
leads to premature checkpoint abrogation.51 g-Irradiated cells
overexpressing BRC424 show a G2/M but not G1/S checkpoint
defect, supporting the idea of a specific role of BRCA2 in the
G2/M checkpoint maintenance upon DNA damage.

BRCA2 interacts with the histone acetyl-transferase P/CAF
through the N-terminus.52,53 P/CAF acetylates BUBR1, an
essential component of the spindle assembly checkpoint (SAC)
in mitosis. BRCA2 has been shown to act as a scaffold protein
bringing together P/CAF and BUBR1 for proper SAC activa-
tion54 (panel E). Thus, by regulating BUBR1 acetylation,
BRCA2 may also participate in the proper segregation of chro-
mosomes. A defect in the G2/M checkpoint or SAC disruption
could account for some of the mitotic abnormalities observed in
BRCA2-deficient tumors.

Although not without controversy,55 mounting evidence sug-
gests a role for BRCA2 in cytokinesis.56-58 A number of identi-
fied interacting partners support this hypothesis; for example,
disrupting the interaction of BRCA2 with the kinesin-like
coiled-coil high mobility group protein HMG20b (BRAF35)
leads to cytokinesis defects; specifically, delayed cell division,
which triggers the accumulation of binucleated cells.59 The
recruitment of BRCA2 to the midbody is modulated by Polo-
Like Kinase 1 (PLK1) phosphorylation at S193, which in turn
allows the interaction of BRCA2 with Myosin IIC (NMCII), a
molecular motor protein that binds to cytoskeletal actin and reg-
ulates cytokinesis.58 The association of BRCA2 with the actin-
binding protein Filamin A is also required for BRCA2 localiza-
tion to the midbody (panel F). Both the S193A substitution or
the untimely dissociation of BRCA2-Filamin A lead to cytoki-
netic defects. In addition to NMCII and Filamin A, the interac-
tion of BRCA2 with other members of the midbody and
components of the endosomal sorting complex (ESCRT) such as
Alix, Tsg101 and CEP55 is required for proper abscission.57 The
function of the midbody is controlled by Aurora B, which also
co-immunoprecipitates with BRCA2.56,57 Together, these obser-
vations support a role for BRCA2 as a scaffold protein in the
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midbody that facilitates abscission independently of its role in
HR.57,59 This activity may provide an explanation for the numer-
ical chromosomal aberrations observed in BRCA2 associated
tumors.60

Transcription control
The third exon of BRCA2 has been shown to be involved in

transcriptional activation.61 Although its targets are still not well
characterized, this function is regulated by multiple interactions
(panel G). For example, EMSY protein associates with the N-ter-
minal region of BRCA2 and represses its transactivation activity.
Because EMSY is amplified in sporadic breast cancer and high-
grade ovarian tumors, this interaction linked BRCA2 to sporadic
breast cancer for the first time.62 BRCA2 is also associated with
acetyltransferase activity through interaction with the transcrip-
tion co-activator protein P/CAF,52 which could be an indirect
means for BRCA2 to regulate transcription by the histone modi-
fying activity of P/CAF. BRCA2 cooperates with both BRCA1
and P/CAF to enhance AR (Androgen Receptor) and GRIP1
(coactivator of AR)-mediated transactivation, promoting the
anti-proliferative effect of AR.63

In addition, BRCA2 associates with the tumor suppressor and
transcription regulator protein p53 through the DBD. Interest-
ingly, overexpression of BRCA2 inhibits the apoptotic and tran-
scriptional activity of p53 reducing the expression levels of its
targets genes such as p21 and Bax. Because p53 transactivation
deficiency leads to HR suppression, the association of BRCA2
and p53 could play an important role in the regulation of HR.64

BRCA2 regulation
BRCA2 is regulated by several kinases in a cell-cycle depen-

dent manner. Phosphorylation at S3291 by CDKs takes place in
G2/M transition of the cell cycle and prevents the interaction of
the C-terminus of BRCA2 and RAD51, which in turn promotes
disassembly of RAD51 filaments to block HR.8 Interestingly,
abrogation of the BRCA2 C-terminal interaction with RAD51
by the S3291A substitution can still restore HR function in an I-
SceI meganuclease-induced HR repair assay but not the replica-
tion fork protection activity of BRCA2. These findings suggest
that the BRCA2 C-terminal interaction with RAD51 is essential
for protection of stalled replication forks but is dispensable for
the repair of DSB by HR.41

In response to genotoxic stress and subsequent activation of
the checkpoint signaling kinase ATR, CDK2 interacts with the
kinase from the Hippo tumor suppressor pathway, LATS1, and
limits the phosphorylation of S3291 to maintain genome stabil-
ity during stalled replication.65 The equivalent phosphorylation
event in avian cells couples the disassembly of RAD51 foci with
the entry into mitosis, consistent with the idea that phosphoryla-
tion of S3291 would act as a switch-off mechanism of HR.27 In
addition to the C-terminus, CDK1 and CDK2 phosphorylate
the BRCA2 N-terminal region at T77 during G2/M phase facili-
tating the association with the mitotic regulator PLK1. This
interaction is important to coordinate the additional phosphory-
lation of RAD51 by PLK1 which allows its association with
stalled replication forks.66

BRCA2 localization to the nucleus depends on 2 nuclear
localization signals (NLS) located in the last 156 amino acids of
the C-terminus.67 The BRC repeats of BRCA2 harbor a nuclear
export signal (NES) required for its centrosome localization,68

while another NES occluded by BRCA2-DSS1 binding, regulat-
ing its export to the cytoplasm.19 In addition, in the U. maydis
ortholog of BRCA2, Brh2, the Dss1 binding site also regulates
the oligomerization state of BRCA2. In the absence of Dss1,
Brh2 forms a dimer whereas Dss1 binds to the monomeric form
of Brh2 which is proposed to be the active form for HR.69 A
recent EM structure of human BRCA2 is consistent with a
dimer70 but whether the same regulation by DSS1 applies is still
unclear.

Concluding remarks and implications for tumorigenesis
BRCA2 germline mutations documented in breast cancer

databases are spread throughout its primary sequence, therefore,
which function(s) or region(s) might be more relevant for tumor
suppression remains an open question.

Gathering information from deleterious missense variants can
be very informative as, contrary to truncating mutations, they
can be ascribed to a specific function. However, because most of
the missense variants are rare their clinical classification is chal-
lenging. Thus, considerable efforts are underway to collect clini-
cal and functional information to determine their causality.71 As
of today, BRCA2 missense variants classified as deleterious have
only been described in the C-terminal region.72 One reason for
this might be that several interactions accumulate in the C-termi-
nal part of BRCA2, in particular, in its DNA-binding domain.
These include, DSS1, DNA, midbody components such as Fila-
min A and NMCII, or other partners such as p53. For example,
D2723H is a known deleterious mutation disrupting the DSS1
binding site, this mutation results in the exposure of a NES of
BRCA2 and renders the protein cytoplasmic.19 Other deleterious
mutations that lie in the DNA binding domain include
W2626C or R3052W.73 However, it is striking that the principal
role of BRCA2 in HR is dependent on its interaction with
RAD51 through the BRC repeats and yet, no deleterious mis-
sense variants have been located in that region. One reason for
this might be that the other BRC repeats can compensate for the
mutated one. However, this explanation is at odds with the pre-
diction from the structural analysis of variants affecting this
region by which the BRC repeats would form a Velcro-strip like
structure where the mutation of one BRC repeat would affect the
interaction of the other BRC repeats with RAD51.23 Another
possibility is that the mutations in this region are rare and there
might not be enough family history information to calculate the
odds of causality with accuracy. This is in fact a general problem
for many BRCA2 missense variants, collectively known as VUS
(Variants of Unknown clinical Significance).74

In spite of the established importance of the DNA-binding
domain of BRCA2 for HR, some studies point out a partial res-
toration of HR activity of cells expressing a BRCA2 truncation
that lacks this region.75,76 Hence, suggesting that other regions
of the protein may substitute or complement for this function.
Interestingly, in many instances, the N- and C-terminal regions
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of BRCA2 are linked to the same function. For example, there
are at least 3 regions particularly important for HR activity: the
BRC repeats, the N-terminal PALB2- binding site and the C-ter-
minal region that binds DNA and RAD51. Likewise, the N- and
C-terminal regions are both involved in interactions important
for maintaining the structure of the midbody. For example, the
variant T582P located in the N-terminus and R3005A located in
the C-terminus impede interactions with midbody proteins that
lead to aberrant cytokinesis.57 Whether the cytokinetic function
of BRCA2 is associated to cancer is still inconclusive, as the mis-
sense mutations specifically leading to this phenotype without
affecting HR have not been classified yet.

Although no BRCA2 missense variant has been reported as
pathogenic in the N-terminal region so far, functional analy-
sis of VUS blocking PALB2 interaction (ex. W31R, W31C)
disrupt BRCA2 function in HR rendering cells sensitive to
DNA damage.77 In addition, mounting evidence from co-
segregation analysis indicates that deletion of exon 3, com-
prising the transactivation core, EMSY and PALB2 binding
sites, is pathogenic.78

Another example of the connection between the N- and C-ter-
minal functions is the fact that BRCA2 is phosphorylated at the
N- and C-terminal ends by CDK1/CDK2, which in turn regu-
lates RAD51 phosphorylation by PLK1 and control HR.66 Two
VUS altering the phosphorylation in the N- and C-terminus by
CDKs, T77A and P3292L, have been reported in breast cancer
cases, however, their implications for cancer causality are still
unknown. Nevertheless, these observations and the plasticity of
BRCA2 reported using truncations of the protein75 rise the ques-
tion of whether the N-terminal and C-terminal modules are
functionally connected. In support of this idea, the recent elec-
tron microscopy reconstruction of BRCA2 suggests that the N-

and C-terminus of BRCA2 engage to form a dimer.70 If con-
firmed, these observations would have important implications
making even more relevant the functional evaluation of missense
variants in the context of the full-length protein.

The active research on (i) the different functions and partners
of BRCA2, its structure and regulation, (ii) the new gene editing
techniques that allow the functional evaluation of variants in
their physiological context and (iii) the advent of next generation
sequencing technologies facilitating genetic testing promises an
improved calling of cancer predisposing mutations. These find-
ings should bring opportunities for preventing the development
of BRCA2-associated tumors.
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