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Abstract

RADS51 paralog gene mutations are observed in both hereditary breast and ovarian
cancers. Classically, defects in RAD51 paralog function are associated with
homologous recombination (HR) deficiency and increased genomic instability. Several
recent investigative advances have enabled characterization of non-canonical RAD51
paralog function during DNA replication. Here we discuss the role of the RAD51
paralogs and their associated complexes in integrating a robust response to DNA
replication stress. We highlight recent discoveries suggesting that the RAD51 paralogs
complexes mediate lesion-specific tolerance of replicative stress following exposure to
alkylating agents and the requirement for the Shu complex in fork restart upon fork
stalling by dNTP depletion. In addition, we describe the role of the BCDX2 complex in
restraining and promoting fork remodeling in response to fluctuating dNTP pools.
Finally, we highlight recent work demonstrating a requirement for RAD51C in
recognizing and tolerating methyl-adducts. In each scenario, RAD51 paralog complexes
play a central role in lesion recognition and bypass in a replicative context. Future
studies will determine how these critical functions for RAD51 paralog complexes

contribute to tumorigenesis.

Introduction

The RAD51 paralogs regulate RAD51 filament formation, an essential step in DNA
double-strand break (DSB) repair and in tolerance of DNA damage that arises during
replication. RAD51 and its regulators principally function in the homologous

recombination (HR) pathway to facilitate error-free DSB repair [1]. However, recent



evidence has provided additional functions for RAD51, and its paralogs, in repair of
replicative damage independent from their canonical HR functions and will be the focus

of this review.

There are six RAD51 paralogs in mammalian cells including RAD51B, RAD51C,
RAD51D, XRCC2, XRCC3, and the recently identified, SWSAP1 (Fig. 1;[2-7]). The
RAD51 paralogs share between 20-30% sequence identity with RAD51, except for
SWSAP1, which shares an equivalent proportion of amino acid sequence identity with
the archaeal recombinase, RadA [7, 8]. The majority of this sequence identity is at the
conserved Walker A and Walker B motifs, which fold into domains that enable ATP-
binding and hydrolysis [9]. In RAD51C, the ATP-binding activity is critical for function as
demonstrated by increased sensitivity to the crosslinking agent, mitomycin C, in cells

with a mutated Walker A motif [10].

The RAD51 paralogs were initially shown to form two distinct complexes with RAD51B-
RAD51C-RAD51D-XRCC2 forming the BCDX2 complex and RAD51C-XRCC3 forming
a separate CX3 complex (Fig. 1; [7, 11-14]). The BCDX2 complex preferentially binds
single-stranded DNA (ssDNA), which also stimulates its ATPase activity [15]. Similar
DNA-binding activity was also observed for the CX3 complex and is ATP independent
[15]. Uniquely, RAD51C is common to both the BCDX2 and CX3 complexes, and also

associates with a third complex containing PALB2, RAD51, and BRCA2 (Fig. 1;[16]).



The newest RAD51 paralog member, SWSAP1, forms a complex with the SWIM
domain-containing protein, SWS1, and is referred to as the Shu complex, based upon
its yeast orthologs (Fig. 1;[7, 17, 18]). Recent investigation of the human Shu complex
revealed additional associated factors to include SPIDR and PDS5B [19, 20]. SPIDR is
a scaffolding protein known to bind RAD51 and the ATPase, FIGNL1 [21-23].
Interestingly, PDS5B also binds RAD51, PALB2 and BRCAZ2 [24]. Together, these four
RADS51 paralog containing complexes have unique and important functions in repair and
tolerance of replication associated DNA damage, replication fork restart, and/or

replication fork protection.

Role of the RAD51 paralogs in tolerance and bypass of specific replicative DNA
lesions

When a replication fork encounters a fork blocking lesion, such as an abasic site or
DNA crosslink, the fork can stall or collapse [25, 26]. Fork stalling enables time and
space for the lesion to be repaired and/or bypassed, whereas fork collapse creates a
toxic DNA DSB. These lesions are bypassed through several error-prone pathways,
such as translesion synthesis (TLS), but emerging evidence has revealed a novel role
for RAD51, and its paralogs, in error-free bypass of replication fork blocking lesions
(Fig. 2). As there are a wide array of fork blocking lesions, recent studies suggest that
recognition of these lesions is specific to unique RAD51 paralog complexes and maybe
the reason why so many RAD51 paralogs are needed to modulate RAD51 function (Fig.

2).



Suggesting that the RAD51 paralogs aid in the repair and tolerance of specific
replication associated DNA damage, the specialized functions of the RAD51 paralog
complexes stems from their unigue DNA damage sensitivity. In budding yeast, Shu
complex mutants are primarily sensitive to the alkylating agent, methyl
methanesulfonate [18, 27]. DNA alkylation damage is primarily repaired by the base
excision repair (BER) pathway [28]. However, if DNA alkylation or their BER repair
intermediates persist into S phase, these aberrant structures can cause replication fork
stalling, collapse, and eventually DSB formation [25]. Thus, the Shu complex may play a
role in the tolerance of specific MMS-induced DNA lesions during DNA replication. For
example, Shu complex mutants have exquisite MMS sensitivity when combined with
specific BER mutants such as the DNA glycosylase, magl4, or the AP
endonucleases/lyases, which generate and process abasic sites, respectively [29]. In
contrast, Shu complex mutants are not sensitive to ultra-violet light, ionizing radiation,
bleomycin, hydroxyurea, hydrogen peroxide further indicating lesion specificity of the
Shu complex [29]. Work from Rosenbaum et al., (2019) identified preferential binding of
the Shu complex to double-flap substrates in vitro and with highest affinity for substrates
containing an abasic sites analog, tetrahydrofuran, at the fork junction [30, 31]. While at
the fork, the Shu complex protects the lesion by inhibiting the activity of BER enzymes,
such as the AP endonucleases. AP endonucleases would normally process the abasic
site by creating a ssDNA nick in the dsDNA template that would subsequently become a
DSB as the fork progressed. Alternatively, AP endonuclease cleavage in ssDNA at a
fork junction would directly result in a DSB. Note that DSBs formed as a result of

replication fork collapse are unique from those processed during canonical HR because



they are single-ended breaks rather than double-ended [25]. By promoting tolerance of
these lesions, the Shu complex provides time for later processing of the damage, post-

replication.

RAD51 permits tolerance of DNA damage by switching replication templates to the
available sister chromatid DNA such that the lesion is bypassed and left for later
processing (Fig. 3). Work in budding yeast and mice has shown that during meiosis, the
Shu complex plays an important role in homolog bias and; therefore, is likely important
for enabling recombination with a sister chromatid, rather than a homologous
chromosome, in this context as well [32, 33]. Like the yeast Shu complex, the human
Shu complex is also sensitive to alkylating agents (Fig. 1). Consistent with a conserved
role for the human Shu complex in tolerance of MMS-induced DNA damage, Martino et
al., (2019) showed that the human Shu complex aids in RAD51 recruitment to DNA
damage sites [19]. Thus, the human Shu complex may similarly aid RAD51 in the

bypassing DNA alkylation damage during replication.

In addition to the Shu complex, RAD51C, may also play a role in the recognition and
tolerance of specific types of DNA damage during replication. A recent paper by Mohan
et al., (2019) identified an interaction between RAD51C and ALKBH3 [34], an alpha-
ketoglutarate-dependent dioxygenase that demethylates and repairs bulky adducts, N1-
methyladenine (ImeA) and N3-methylcytosine (3meC) (Fig. 2). These methylated DNA
lesions can form predominately in single-stranded DNA upon MMS exposure. It was

suggested that RAD51C is required for ALKBH3-mediated repair of 3meC and that



RAD51C loss resulted in accumulation of 3meC in DNA. Thus, RAD51C may play a role
in tolerance and repair of 3meC during DNA replication outside its canonical role in DSB
repair. It remains unknown whether RAD51C function with ALKBH3 occurs
independently or in the context of the BCDX2, CX3, or RAD51C-PALB2-RAD51-BRCA2
complexes. Suggesting a conserved function for processing of 3meC, a recent study
demonstrated that the yeast Shu complex may similarly recognize and bypass fork-like

substrates containing 3meC [35].

The role of the RAD51 paralog complexes in fork protection and restart

In DNA replication lesion bypass, two carefully orchestrated processes enable cells to
avoid generating toxic DNA breaks that would arise from the uncontrolled collapse of
stalled DNA replication forks, fork protection and restart. These mechanisms rely on
either protecting stalled forks from degradation, thereby providing time to remodel the
fork structure to bypass the lesion, or alternatively, by triggering the controlled collapse
and restart of the fork. In both cases, RAD51 plays an important role, albeit at distinct
stages of these mechanisms (Fig. 3). Crucially, this raises significant questions as to
the requirement for RAD51 paralog proteins, or specific complexes, in mediating these
processes. Several recent studies have highlighted the non-canonical functions of these
proteins in tolerating DNA replicative lesions — further exemplifying the conservation

between yeast and humans.

Indicating a role for the RAD51 paralogs in replication fork progression, Henry-Mowatt

et al identified a role for XRCC3 and RADS51 in chicken DT40 cells [36]. More recently,



the RADS51 paralogs have been implicated in fork protection in mammalian cells, where
Somyaijit et al., (2015) demonstrated increase fork collapse in RAD51 paralog knock-out
Chinese Hamster Ovary (CHO) cells treated with HU [37]. By introducing RAD51C and
XRCC3 Walker A mutants, Somyaijit et al., (2015) showed that CX3 is specifically
required for the efficient restart of stalled forks. Replication fork restart and stability was
assessed using DNA fiber spreading, where replication forks are labeled before or after
fork stalling by hydroxyurea using thymidine analogues, such as IdU and CldU. While
fork restart required both RAD51C and XRCC3 ATP-binding and hydrolysis, fork
stability only required ATP-binding activity. Reciprocally, work from Saxena et al.,
(2018) also confirmed a non-canonical role for XRCC2 and RAD51D in sensing
changes in dNTP pools [38]. In this context, XRCC2 loss led to unrestrained DNA
synthesis despite decreased dNTP pools, thereby further demonstrating the disparate

functions of the distinct RAD51 paralog complexes in replication fork stability.

Crucially, restraining DNA synthesis and maintaining fork stability enables remodeling to
take place prior to restart. Fork reversal generates a ‘chicken foot-like’ structure that
uses the newly synthesized leading strand to read through the lesion by synthesizing
the complementary strand (depicted in Fig. 3). Recent research from Berti et al., (2020)
highlighted the role of the BCDX2 complex in promoting fork reversal also by preventing
unrestrained fork progression [39]. Members of the BCDX2 complex were identified by
screening an siRNA library and looking for factors that, when depleted, led to a
decrease in RADS51 foci formation following treatment with a topoisomerase inhibitor,

camptothecin (CPT), as a marker of reversed forks. The authors note that the



characteristic fork collapse observed in BRCA2 deficient cells, appears to be preceded
by the activity of the BCDX2 complex. Though the exact mechanism of this remains
enigmatic, it may utilize the dNTP sensing activity of XRCC2 through RRM2 [38].
XRCC3, the unique member of the CX3 complex, showed only mild impact on RAD51
foci formation when depleted, suggesting its role is again distinct from BCDX2 complex
function. In support of this, the CX3 complex is dispensable for stalled fork reversal but
is required for efficient restart [39]. The notion of non-canonical functions of HR
mediators in response to different replicative stresses was further demonstrated by
Rickman et al., (2020) who showed that mutation of the DNA-binding domain of BRCA2
produced a separation-of-function mutation that conferred sensitivity to interstrand
crosslinking agents, but not HU induced replicative stress [40]. This provides evidence
to suggest there are diverse mechanistic responses, initiated by common mediators, to

tolerate either direct damage to DNA or sense and tolerate fluctuating dNTP pools.

Martino et al., (2019) provided further evidence for conservation of function between
yeast and humans Shu complex in which cells lacking Shu complex components, SWS1
and SWSAP1, are unable to efficiently restart stalled forks; however, fork protection is
unabated [19]. This suggests that the human Shu complex also acts at a later stage in
lesion bypass, potentially by modulating the flexibility of RAD51 filaments formed [41].
Ultimately, further work is required to tease out the intricate specificities provided by the
RAD51 paralogs, but it is clear the modularity of these proteins provides a basis for

mechanistically diverse responses.



Future Challenges

Several challenges remain in studying the function of the RAD51 paralogs, primarily
pertaining to their properties — low in vitro solubility, cellular abundance, and embryonic
lethality in mouse knock-out models [11, 33, 37, 42-44]. Despite strong associations
with breast and ovarian cancer susceptibility and their inclusion on hereditary
breast/ovarian cancer screening panels, very few missense variants in the RAD51
paralog genes have any defined impact and are therefore, so called “variants of
uncertain significance” (VUS). This presents a significant challenge within the field to
classify genetic changes based on whether they are pathogenic or benign. Previous
attempts to experimentally validate the pathogenicity of RAD51D mutants has identified
specific missense mutations adjacent to the Walker A motif that led to impaired
interaction with its binding partner, XRCC2 [45]. A new tool developed by Garcin et al.,
(2019) helped address this shortfall, in which human RAD51 paralog knock-out cell lines
were generated [46]. This feat was achieved in multiple cell lines including MCF10A,
HEK293 and U20S. These cell lines complement the RAD51 paralog knockouts
generated in Chinese Hamster Ovary cells such as CL-V4B®RAPS1C) jrg] XRCC2-7) gnd
irs1-SFXRCC3-) ysed by Somyaiit et al to study RAD51 paralog cancer variants [2, 37,
47]. Importantly, these cells recapitulated the decreased RAD51 stability and displayed
sensitivity to the crosslinking agent, mitomycin C, and to Olaparib (conferred by HR-
deficiency). Furthermore, the inclusion of direct repeat and sister-chromatid exchange
green fluorescent protein reporter constructs (DR-GFP and SCR-GFP) enabled direct
assaying of recombination proficiency. Crucially, only knock-out cells complemented

with the wild-type cDNA of the missing RAD51 paralog restored recombination and



RAD51 focus formation. The authors were then able to introduce specific point
mutations to demonstrate the functional requirement of the Walker A and B motifs in
RAD51B. Using these cellular models, it is now possible to address whether cancer-
associated variants impact unique functions of the RAD51 paralogs in replication

associated processes [37].

Excitingly, the development of Poly-ADP Ribosyl Polymerase (PARP) inhibitors has
enabled the synthetic lethal relationship between PARP and HR-deficiency to be
exploited to selectively kill cancerous cells (Reviewed in [48]). PARP inhibition results in
DSB formation by trapping PARP1 on ssDNA breaks that are subsequently converted to
DSBs upon replication fork progression, which would require HR for repair. Taken
together, the novel RAD51 paralog knock-out cell lines along with the ability to screen
recombination proficiency with specific missense mutations will elucidate the impact of
the many VUS, which in turn will help drive-forward precision medicine approaches for
treating cancer patients. Synonymous with the BRCA2 separation-of-function mutation
identified by Rickman et al., (2020) in tolerating different replicative stress,
characterization of RAD51 paralog VUS has the potential to delineate these non-
canonical replicative functions for the RAD51 paralogs in cancer [40]. Furthermore, this
may help to reconcile the diverse lesion specificity in relation to each of the RAD51
paralogs and complexes formed. Excitingly, recent development of an inhibitor that
disrupts the protein-protein interaction between BRCA2 and RAD51, known as
CAMB833, demonstrated synergy with the PARP inhibitor, Olaparib [49]. Inhibiting the

formation of RAD51 filaments may enable lowering the effective dose of



chemotherapeutics required for targeted cellular killing or may even help to combat

resistance to PARP inhibitors [50].
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in dNTP sensing and preventing unrestrained replication fork progression following
treatment with HU. The authors uncover a mechanistic switch revealing that this
function relies on phosphorylation of XRCC2 by ATR.

*Baldock et al., DNA Repair, 2019. Ref 45

Baldock et al. characterized the effect of specific cancer-associated missense mutations
in RAD51D on HR proficiency and the ability to interact with binding partner, XRCC2.
This publication identifies two residues (G107V and G96C) close to the Walker A motif
that are required for its protein interactions and homologous recombination function.
Furthermore, Baldock et al showed that isoform 1 of RAD51D is the only isoform
proficient for homologous recombination.

**Berti et al 2020. Nature Communications, 2020. Ref 39

Berti et al. analyzed fork progression in camptothecin treated cells and demonstrated
the requirement for the BCDX2 complex, but not CX3 complex, in fork slowing and
remodeling. Furthermore, the authors demonstrated that the BCDX2 complex precedes
fork collapse in BRCA2-deficient cells.

**Mohan et al., Nucleic Acids Research, 2019. Ref 34

Mohan et al. uncovered the interaction of RAD51C with ALKBH3 in recognition and
processing of specific DNA methyl-adducts, 3-methyl-cytosine; further demonstrating
modular lesion specificity provided by RAD51 paralog complexes.

*Rickman et al., Genes and Development, 2020. Ref 40



Rickman et al. identified a separation-of-function mutation in the DNA binding domain of
BRCAZ2 that confers cellular sensitivity to ICL agents, but not HU induced damage;

indicating different lesion-specific functions.

Figure Legends:

Figure 1. The human RAD51 paralog containing complexes. From top left to bottom
right; the CX3 complex (RAD51C, XRCC3), the human Shu complex (SWS1, SWSAP1,
SPIDR, PDS5B, and possibly FIGNL1), the BCDX2 complex (RAD51B, RAD51C,
RAD51D, XRCC2) and the PALB2-RAD51-RAD51C-BRCA2 complex. Note that
FIGNL1 may be a Shu complex accessory protein since it directly interacts with SPIDR.
The RADS51 paralogs in blue ovals whereas other proteins are indicated with purple

ovals.

Figure 2. RADS51 paralog function in fork-blocking lesion bypass and recognition.
When the replication fork encounters a fork-blocking lesion that stalls the fork, these
lesions can be bypassed through recombination-dependent or recombination-
independent mechanisms such as translesion synthesis (TLS). The RAD51 paralogs aid
in recombination-dependent bypass by recognizing the context of the stalled forks. For
example, recent studies demonstrate that RAD51C in combination with ALKBH3
recognizes 3meC lesions, the BCDX2 complex recognizes low dNTP pools, and the
yeast Shu complex recognizes abasic sites. Red lines show parent strands, black-
dashed arrowed lines newly synthesized DNA as well as direction of synthesis and

black box represents a DNA lesion.



Figure 3 — Summary of RAD51 paralog function recombination-dependent lesion
bypass mechanisms in DNA replication. Schematic depicts a DNA replication fork
stalled by a DNA lesion (red lines show parent strands, black-dashed arrowed lines
newly synthesized DNA as well as direction of synthesis; 5’ to 3’, black box represents a
DNA lesion and purple circles denotes the presence of RAD51). When a DNA
replication fork encounters a DNA lesion, cells can use recombination-based
mechanisms to bypass the DNA lesion initiated by either fork reversal (i) or by triggering
fork collapse and restart (ii) (shaded-blue regions and solid black arrows show the
direction of pathways for each type of repair). (i) Fork reversal requires regression of the
replication fork by annealing of the two newly synthesized daughter strands (black-
dashed lines), DNA synthesis away from the fork creates a four-way junction that, when
resected, can yield an overhang capable of strand-invading ahead of the DNA lesion.
The newly displaced strand (red D-loop) can be synthesized back to fill in the remaining
sequence to bypass the lesion. The BCDX2 complex, highlighted in red text, functions
during fork protection by restraining fork progression. (ii) Persistent stalling of a
replication fork may result in its collapse, generating a single-ended DNA double-strand
break. Replication can be restarted by strand-invasion and recombination with the
unbroken strand. Both the CX3 and Shu complex function during fork restart and are

highlighted in red text.
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