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Abstract

Accurate DNA repair and replication are critical for genomic stability and cancer prevention. 

RAD51 and its gene family are key regulators of DNA fidelity through diverse roles in double-

strand break repair, replication stress, and meiosis. RAD51 is an ATPase that forms a 

nucleoprotein filament on single-stranded DNA. RAD51 has the function of finding and invading 

homologous DNA sequences to enable accurate and timely DNA repair. Its paralogs, which arose 

from ancient gene duplications of RAD51, have evolved to regulate and promote RAD51 function. 

Underscoring its importance, misregulation of RAD51, and its paralogs, is associated with 

diseases such as cancer and Fanconi anemia. In this review, we focus on mammalian RAD51 

structure and function and highlight the use of model systems to enable mechanistic understanding 

of RAD51 cellular roles. We also discuss how misregulation of the RAD51 gene family members 

contributes to disease and consider new approaches to pharmacologically inhibit RAD51.
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INTRODUCTION TO DOUBLE-STRAND BREAK REPAIR

Double-strand breaks (DSBs) are one of the most cytotoxic DNA lesions, and their misrepair 

leads to mutations and translocations. DSBs can arise from exogenous sources, such as 

radiation and chemotherapy, as well as from endogenous sources, such as metabolic 

byproducts, reactive oxygen species, replication stress, and even scheduled endonucleolytic 

activity [V(D)J recombination and meiosis]. Homologous recombination (HR) and 

nonhomologous end joining (NHEJ) are two major DSB repair pathways. NHEJ is a fast, 

although potentially error-prone, mechanism that religates the DNA ends. NHEJ is active 

during all phases of the cell cycle and is the preferred DSB repair pathway in higher 

eukaryotes (91). On the other hand, HR uses a homologous DNA template for repair and in 

mammalian cells is most active during the S and G2 phases of the cell cycle (61). HR is 

favored over NHEJ at DSBs with dirty ends or when only one DNA end is available, such as 

in replication-associated DSBs (53).Thus, HR offers a high-fidelity and versatile alternative 

for DSB repair.
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HR, and the recombinase activity of RAD51, is central to three main DSB repair pathways: 

gene conversion (GC), synthesis-dependent strand annealing (SDSA), and RAD51-

dependent break-induced replication (BIR) (Figure 1a). The defining feature of these 

pathways is the strand exchange of homologous sequences that serve as a template to restore 

broken DNA. The initial steps of these pathways are shared. Briefly, the MRE11-RAD50-

NBS1 (MRN) complex with CtIP recognizes and binds to DSBs (128). This enables short-

range resection to expose 3′ single-stranded DNA (ssDNA) overhangs. Subsequent long-

range resection is achieved by the 5′ to 3′ exonuclease activity of EXO1 or with the 

combined activities of DNA2 and BLM (72). This ssDNA is rapidly coated by replication 

protein A (RPA), preventing the formation of ssDNA secondary structures and degradation 

(27). RAD51 then displaces RPA to assemble nucleoprotein filaments with the 3 ssDNA 

ends. This central HR step is highly regulated to prevent unscheduled recombination. 

RAD51 filament assembly is stimulated by RAD51 mediators such as the RAD51 loader, 

BRCA2, and the RAD51 paralogs (RAD51B, RAD51C, RAD51D, XRCC2, XRCC3, and 

SWSAP1) (Figure 1b). The RAD51 nucleoprotein filaments invade a homologous region, 

forming a displacement loop (D-loop). The way that this heteroduplex DNA intermediate is 

resolved following DNA synthesis determines which pathway, GC, SDSA, or BIR, occurs 

(49) (Figure 1a). Most recombination events are likely resolved through SDSA, where after 

DNA synthesis the D-loop is disrupted, allowing the newly synthetized DNA end to anneal 

to the other end of the broken DNA molecule. During GC, the second end of the DSB is 

captured, forming a Holliday junction. This structure is then processed by endonucleases, 

helicases, and topoisomerases to allow separation of the DNA molecules. Alternatively, 

when the second end of the DSB is not captured, then DNA synthesis at the D-loop 

proceeds, resulting in BIR.

RECA/RAD51 ORIGIN AND EVOLUTION

The Escherichia coli RecA and eukaryotic RAD51 superfamily of recombinases is present 

across all domains of life, with the only exceptions being some intracellular bacteria with 

extremely small genomes (87, 111). In fact, the universal distribution of this gene group has 

led to its use as an alternative to the 16S ribosomal RNA in phylogenetic analysis (142).The 

recA/RAD51 superfamily originates from an ancient common ancestor before the 

appearance of Archaea and Eukarya. Early seminal work by Lin et al. (70) divided this 

family into three groups: recA, RADα, and RADβ (28). The recA group includes all 

bacterial recA genes as well as eukaryotic recA genes present in plants, protists, and some 

fungi (70). The RADα group includes the primary recombinases in eukaryotes (RAD51 and 

DMC1) and Archaea (radA). Vertebrate RAD51 share ~74% amino acid sequence identity 

with yeast and plants, while RAD51 from humans and mice are 99% identical (3). The 

RADβ group includes the canonical eukaryotic RAD51 paralogs (RAD51B, RAD51C, 

RAD51D, XRCC2,and XRCC3) and the archaeal radB. Members of the RADβ group have 

typically evolved distinctive functions that have yet to be fully characterized (44, 123). The 

RADβ group exhibits a great deal of diversity, with highly divergent and rapidly evolving 

genes that share little sequence identity with yeast and plants, while RAD51 from humans 

and mice are 99% identical (3). The RADβ group includes the canonical eukaryotic RAD51 

paralogs (RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3) and the archaeal radB. 
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Members of the RADβ group have typically evolved distinctive functions that have yet to be 

fully characterized (44, 123). The RADβ group exhibits a great deal of diversity, with highly 

divergent and rapidly evolving genes that share little sequence homology. In light of this, 

several proteins from different organisms have been proposed as RAD51 paralogs based on 

small conserved motifs, structural and/or functional conservation. These are often referred to 

as noncanonical RAD51 paralogs and include Schizosaccharomyces pombe rlp1 and rdl1 
(63); Saccharomyces cerevisiae CSM2, PSY3, and SHU1 (76, 104, 150); human SWSAP1 
(73); and Caenorhabditis elegans rip-1 and rfs-1 (131). Sequence alignment of the RADα, 

RADβ, and noncanonical paralog SWSAP1 highlights that while sequence is highly variant, 

key regions like the Walker A and B motifs are conserved (Figure 2).

The current diversity observed in the recA/RAD51 superfamily in Archaea and eukaryotes is 

a result of ancestral gene duplications followed by diversification in function as well as 

horizontal gene transferring after endosymbiotic events (70). Most bacteriophages have 

proteins that perform DNA recombination, with several of them being recA homologs 

(UvsX, SAR1) (74, 142). More recent studies propose that the bacterial sms (also known as 

radA) are recA paralogs (30), as well as a group of archaeal radA paralogs named radC (50). 

This analysis suggests that there are likely additional undiscovered members of the RADβ 
gene group. Given the limits of phylogenetic analyses, functional and structural criteria will 

be critical to further define additional RAD51 gene family members.

Throughout this article, we use RAD51 when referring to general properties common across 

species, whereas species-specific properties use a species-designated name (i.e., Homo 
sapiens RAD51 as hRAD51, murine RAD51 as mRAD51, and Saccharomyces cerevisiae 
Rad51 as scRad51). Similarly, proteins that are species specific are not indicated 

(i.e.,BRCA2),whereas species-specific observations for complexes that are shared between 

species use a species designation (i.e., hShu complex versus scShu complex).

RAD51 AND THE RAD51 FILAMENT: STRUCTURE AND FUNCTION

The defining feature of HR is the use of a homologous DNA molecule as a repair template. 

To achieve this, the broken DNA molecule needs to find and invade homologous DNA. The 

RAD51 recombinase, assembled on ssDNA as an oligomeric nucleoprotein filament, is 

responsible for carrying out these activities. In this section, we describe the structure of the 

RAD51 filament, its properties, the molecular basis of its formation, and how it performs 

homology search and strand invasion.

The RAD51 protein itself contains an α/β ATPase core domain similar to those present in 

helicases and other proteins that hydrolyze nucleotide triphosphates. This domain comprises 

a Walker A motif (GXXXXGKT/S) and a Walker B motif (R/K-XXX-G-XXX-LhhhD), 

which are important for ATP binding and hydrolysis (114, 143) (Figure 3a). hRAD51 ATP 

hydrolysis is dependent on DNA, with observed kcat of 0.16 to 0.21 ATP/min and 0.05 

ATP/min in the presence of ssDNA and double-stranded DNA (dsDNA), respectively (135). 

Compared to RecA, hRAD51 is a weak ATPase, with 150–200-fold lower activity even 

when stimulated by ssDNA and dsDNA. However, the significance of this difference 

remains unknown. Monomeric hRAD51 protein binds three nucleotides of DNA. However, 
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maximal ATPase activity is observed when there are six to eight nucleotides of ssDNA per 

hRAD51 monomer, suggesting multiple binding sites (135). Other conserved domains in 

hRAD51 include an N-terminal domain containing five α-helices and a β-strand that 

mediates monomer–monomer interactions, two disordered loops that bind DNA (Figure 3c), 

and a flexible interdomain linker (Figure 3b).

Helical Parameters and Dynamic Rearrangements of RAD51 Nucleoprotein Complexes

Since the RAD51 filaments are dynamic structures, different biophysical approaches such as 

single-molecule scanning force microscopy, cryo-electron microscopy (cryoEM), and X-ray 

crystallography have captured RAD51 filaments in several conformations. Moreover, the 

conformations of the RAD51 filament are influenced by experimental conditions such as 

DNA substrate, nucleotide cofactors, and cations (100, 138).

The DNA in the hRAD51 filament is nonuniformly extended 1.5-fold compared to the 

canonical B-form DNA confirmation (100, 114, 143). The experimental helical parameters 

obtained for RAD51 filaments across several studies vary depending on the bound 

nucleotide analog (114). While crystallography and cryoEM structures capture ordered 

conformations of the hRAD51 nucleoprotein complex, experiments using scanning force 

microscopy show that hRAD51 rarely displays regular ordered complexes on ssDNA in 

solution (100). The observation of irregular filaments supports the idea that hRAD51 on 

ssDNA samples many conformations and is dynamic in solution. All atomic structures have 

several conserved features. For example, ATP or analog molecules bind between two 

hRAD51 monomers, and the RAD51-ATP/analog complexes demonstrate several possible 

hRAD51 conformations (Figure 3a). The flexibility of the interdomain linker likely enables 

the observed conformational states, since the free energy difference between the two states is 

small (4 kBT per hRAD51 protomer), and interconversion between states is proposed to 

occur independently of ATP hydrolysis (17).The hRAD51 monomers interact with each 

other in an antiparallel manner through a β-strand (143) (Figure 3b). Recent cryoEM 

structures of the hRAD51-ssDNA filament bound to ATP analog adenylyl-imidodiphosphate 

(AMP-PNP) revealed an open conformation of the filament with 6.4 monomers per turn on 

ssDNA (pitch 103 Å and rise 16.1 Å) (114, 143) and 6.3 hRAD51 monomers per turn on 

ssDNA (pitch 110 Å and rise 15.8 Å) in the presence of the meiosis-specific cofactor 

mHop2-mMnd1 (143). In the presence of nonhydrolyzable ATP analogs or ssDNA, captured 

RAD51 conformations have similar helical parameters (114, 143, 146). These conformations 

with similar helical parameters are likely due to dynamic changes upon ATP hydrolysis 

(118).

RAD51 DNA Binding and Nucleation

hRAD51 binds both ssDNA and dsDNA to form a right-handed helical nucleoprotein 

filament where each hRAD51 monomer binds three nucleotides of DNA (114, 143). 

Filament assembly begins by nucleation of hRAD51 dimers at multiple discontinuous and 

irregular sites along the ssDNA and not exclusively at the DNA end (100, 121). After 

nucleation, the hRAD51 filament is elongated bidirectionally by the addition of hRAD51 

dimers (121). In this dynamic, stepwise elongation process, assembly and disassembly occur 

at similar rates (121). Interestingly, scRad51 filaments are elongated by both monomers and 
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dimers in a 5′–3′ direction, whereas bacterial RecA grows by the bidirectional addition of 

monomers (9,98). The hRAD51 assembly on dsDNA occurs at multiple nucleation positions 

via the binding of two to three hRAD51 monomers (57).

RAD51 Mediators

RAD51 displaces RPA-coated ssDNA with the aid of the RAD51 mediators. The main 

RAD51 mediator in vertebrates is BRCA2 (96), whose function is performed by Rad52 in 

yeast (124). scRad52 and BRCA2 are responsible for accelerating the rate-limiting step of 

recruiting and nucleating RAD51 on RPA-coated ssDNA (122). Other mediators in 

vertebrates include the RAD51 paralogs (RAD51B, RAD51C, RAD51D, XRCC2, and 

XRCC3) and the Shu complex, which contains the RAD51 paralog SWSAP1 (123). The 

function of the RAD51 paralogs is discussed separately in the section titled RAD51 

Paralogs.

BRCA2 is recruited to DSBs through its interaction with PALB2, which itself interacts with 

BRCA1, binds DNA, and associates with chromatin (96). BRCA2 then binds to ssDNA 

through its oligonucleotide/oligosaccharide-binding (OB)-fold-domain-containing C-

terminal DNA-binding domain (145). BRCA2 interacts with RAD51, which facilitates its 

recruitment to ssDNA, through eight conserved BRC domains and a C-terminal motif (141). 

Binding of the BRCA2 BRC motif to RAD51 inhibits RAD51 ATPase activity, which in 

turn enhances RAD51’s affinity for ssDNA (24). Additionally, the fifth to eighth BRC 

motifs preferentially bind the RAD51 filament, promoting its stability (25). Also 

contributing to RAD51 filament stabilization are additional interactions between RAD51 

and PALB2, BRCA1, and BARD1 (22, 35, 151). RAD51 is also post-translationally 

modified by the phosphorylation of tyrosine 54 (121). hRAD51 phosphorylation enhances 

the recombinase activity of hRAD51 by increasing its ability to compete with RPA for 

ssDNA and stimulating its strand exchange activity. This modification likely enables a 

conformation of the hRAD51 filament that is optimal for recombination (Figure 3b).

Homology Search and Strand Exchange

After RAD51-ssDNA filament formation, the RAD51 nucleoprotein filament performs 

homology search and strand invasion of a homologous template. As was first shown in yeast, 

and subsequently in mammalian cells, the RAD51-mediated homology search is an active 

process where the DNA ends of multiple breaks cluster together into a repair center 

(4,109).In vitro single-molecule studies demonstrate that hRAD51 nucleoprotein filaments 

can slide along DNA and perform three-dimensional sampling to efficiently locate a 

homologous repair template (47). scRad51 samples DNA at distances ranging from <1 kb to 

>70 kb from the DSB site, and this sampling is impaired at the more distal regions by the 

loss of the Rad51 paralog complex Rad55-Rad57 (99). hRAD51 homology search occurs via 

eight nucleotide homologous tract lengths, where dsDNA strand capture occurs upon nine 

homologous nucleotides and commitment to perform HR with ~15 nucleotides of homology 

(68, 97). Strand exchange occurs in three nucleotide increments (68, 97).

While structures of hRAD51-DNA complexes are well described, few studies have captured 

the homology search and strand-exchange process at near atomic-level resolution. CryoEM 
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studies by the Sung lab (143) captured hRAD51 presynaptic, synaptic, and postsynaptic 

states, demonstrating that it is the complementary donor dsDNA that deforms, while the 

DNA in the hRAD51 filaments maintains its conformation throughout this process. These 

findings differ from studies of scRad51, which report that scRad51 is displaced from the D-

loop once the homologous sequence is found (130). In vitro assays with scRad51 show that 

homology search, strand invasion, and joint molecule formation are independent of ATP 

hydrolysis (126). However, in vivo recombination requires RAD51 ATPase activity (88, 

119).

Because RAD51 bound to ADP has a lower affinity for DNA, ATP hydrolysis facilitates 

filament disassembly (57).scRad51 filament disassembly can be stimulated by several 

proteins, including the anti-recombinase Srs2. The motor protein Rad54 assists with the 

unloading of scRad51 filaments from D-loops and late HR structures, which promotes 

efficient recombination (130). Other examples include RECQL5, FBH1,and RTEL1 

(123).Consistent with their suggested role in filament disassembly, the knockdown of any of 

these proteins results in increased chromosomal abnormalities, most likely due to aberrant or 

excessive recombination (7, 36, 60).

RAD51 PARALOGS

The RAD51 paralogs are conserved mediators of RAD51, supporting its function in DSB 

repair, meiosis, and replication (8, 44). Despite their importance, mechanistic details on how 

they promote HR are still unclear. In this section we describe RAD51 paralog complexes, 

their properties, and their general role promoting HR.

In budding yeast, the scRad51 paralogs form two distinct complexes: the Rad55-Rad57 

complex and Shu complex. The canonical scRad51 paralogs Rad55-Rad57 are required for 

DSB repair and interact with scRad51 and scRad52 (39, 71, 125, 127). Rad55 also interacts 

with the other scRad51 paralog complex, the Shu complex (39, 45). This heterotetrametric 

complex is composed of the SWIM domain–containing protein Shu2 and the scRad51 

paralogs Csm2, Psy3, and Shu1 (104,113).Importantly,bothscRad51 paralog complexes 

promote HR by at least two mechanisms: (a) helping scRad51 overcome the inhibitory effect 

of RPA during filament formation (39, 125) and (b) stabilizing scRad51 filaments by 

counteracting the anti-recombinase activity of Srs2 (10, 71). Notably, the Rad55-Rad57 

complex also promotes scRad51-mediated strand exchange (125). In nematodes, C. elegans 
RAD51 (ceRAD-51) paralogs RSF-1 and RIP-1 alter the ceRAD-51 filament by increasing 

its flexibility, thus enhancing strand exchange and D-loop formation (131). This RAD51 

paralog-mediated filament remodeling is likely conserved in other eukaryotes.

Progress in understanding hRAD51 paralog function has been particularly challenging, due 

to their propensity to form insoluble aggregates in vitro, their low cellular abundance, and 

the fact that knockout mutants show lethality in mice and noncancerous cells (123). Mutant 

mice lacking canonical mRAD51 paralogs die at different developmental stages, ranging 

from embryonic day 7.5 to 10.5 (reviewed in 123). Consistent with paralogs promoting 

RAD51 activities, a recent study by Garcin et al. (42) individually disrupted the canonical 

hRAD51 paralogs in U2OS and HEK293 cells and observed reduced RAD51 foci, growth 
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defects, DNA damage sensitivity, and impaired HR. These observations are analogous to 

those made using CHO and DT40 knockout hamster and chicken cell lines (123). Unlike the 

rest of the hRAD51 paralogs, RAD51B disruption generally results in milder phenotypes 

and is actually tolerated in nontransformed MCF-10A cells (42). SWSAP1 disruption is 

tolerated in human cell lines and mice (1, 78). SWSAP1 disruption leads to decreased RAD 

51 focus formation upon treatment with methyl methanesulfonate(MMS), increased 

sensitivity to mitomycin C and MMS,but no increase in sensitivity to ionizing radiation, 

mirroring the phenotypes of scShu-complex knockout strains (78).

The hRAD51 paralogs function as distinct subcomplexes, including the CX3 complex 

(RAD51C and XRCC3), the BCDX2 complex (RAD51B, RAD51C, RAD51D, and 

XRCC2), the RAD51C-RAD51-BRCA2-PALB2 complex, and the Shu complex (SWSAP1, 

SWS1 likely with SPIDR and PDS5B) (5, 73, 78, 123) (Figure 1b). Like RAD51, the 

RAD51 paralogs are ATPases with conserved Walker A and B motifs (Figure 2). The 

BCDX2 complex hydrolyzes ATP in the presence of ssDNA (observed kcat of 0.88 min−1) 

(80). The BCDX2 and CX3 paralog complexes bind to a diverse range of DNA substrates 

such as ssDNA, 3 and 5 flaps, gapped circular DNA, and nicked duplex substrates (80). 

Although the BCDX2 complex ssDNA binding activity is ATP-independent, ATP hydrolysis 

is stimulated by ssDNA. The human Shu (hShu) complex is composed of SWSAP1 and 

SWS1. The hShu complex also likely includes SPIDR and PDS5B, although the interaction 

with PDS5B may not be direct (78). Consistent with a RAD51 mediator function, SWS1-

SWSAP1 promotes RAD51 recruitment into DNA repair foci, enables sister-chromatid 

exchange and replication restart, and counteracts FIGNL1 antirecombinase activity (76–78, 

81). The CX3 complex, like hRAD51, has additional functions in mitochondrial replication 

and maintenance as well as the FA pathway during interstrand crosslink repair (86, 102, 

103). The role of the RAD51 paralogs during replicative DNA damage is discussed below.

ROLES OF RAD51 IN REPLICATION-ASSOCIATED DNA DAMAGE

Accurate and timely DNA replication is critical to maintain genome stability. RAD51 is a 

central player in overcoming replication stress, which slows or stalls replication forks, 

threatening replication integrity (149). In this section, we summarize the roles of the RAD51 
gene family during replication stress, including promoting fork reversal, protecting reversed 

forks, repairing and restarting broken replication forks, and postreplicative gap filling 

(Figure 1c,d).

RAD51 Function in Fork Reversal

Upon replication fork stalling, fork reversal can promote genome stability by (a) limiting 

ssDNA accumulation,(b) replacing replication-blocking lesions in the context of dsDNA to 

allow the subsequent repair of the lesion by other repair pathways such as base excision 

repair, (c) providing a template for lesion bypass through template switching, and (d) 

enabling HR-dependent replication restart (55, 90). Stalled replication fork reversal or 

regression involves the reannealing of the parental strands and annealing of the newly 

synthesized daughter strands, which converts a three-way DNA junction into a four-way 

DNA junction (Figure 1c). Migration of this Holliday-like junction extends the reversed arm, 
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forming a so-called chicken-foot structure (90). Many proteins are able to catalyze fork 

reversal in vitro, such as fork remodelers (SMARCAL1, ZRANB3, HLTF, and RAD54) or 

helicases (BLM, FBH1, WRN, and FANCM) (13, 90). hRAD51 is similarly required for 

fork reversal (148). How hRAD51 promotes fork reversal is still unclear, but several models 

are proposed. RAD51 may assist other factors to promote fork reversal where hRAD51 

binding to the ssDNA at the chicken-foot arm might drive the reaction toward the reversed 

products (13, 21). Alternatively, RAD51 bound to ssDNA at one of the stalled fork strands 

may invade the newly replicated strand, reannealing the parental DNA and thus displacing 

the newly synthesized strand (16, 90). Surprisingly, hRAD51’s fork-reversal role does not 

require its strand exchange activities and is BRCA2-independent (64, 79, 85). The length of 

the ssDNA at the reversed arm during fork reversal initiation is not sufficient for RPA 

binding, and thus RAD51 filament mediators may not be needed (13). Alternatively, the 

MMS22L-TONSL complex might perform mediator functions in this context (13).

RAD51 Function in Fork Protection of Reversed Forks

RAD51 also protects reversed forks from uncontrolled enzymatic degradation (Figure 1c). 

When unprotected, the reversed arm is an entry point for CtIP-MRE11 with EXO1 or 

DNA2-mediated degradation (56, 64, 69, 85, 129). When BRCA2 stabilizes the hRAD51 

filament on the ssDNA region of the reversed arm, fork degradation is inhibited (107, 129). 

Consistently, hRAD51 filament stabilization by overexpression of a catalytic dead RAD51 

mutant can overcome BRCA2 loss (108). Furthermore, an hRAD51 Fanconi anemia (FA) 

allele, RAD51-T131P, forms unstable filaments that impair fork protection without 

compromising HR when heterozygous with a wild-type hRAD51 allele (139, 147). RAD51 

function in fork protection is likely structural, whereas its enzymatic activity is required for 

HR.

RAD51 Function in Restart of Reversed Forks

When a replication fork is stalled and cannot be rescued by an incoming fork, cells rely on 

fork restart mechanisms to complete replication (Figure 1c).Reversed forks can be directly 

restarted or restored by the helicase RECQL1 or the translocase SMARCAL1 (11, 12). An 

alternative restart mechanism involves DNA2-WRN-mediated limited resection at the 

regressed arms to produce a 3′ overhang (134). RAD51 filaments formed at an ssDNA 3′ 
overhang regressed arm may drive an HR-directed restart by invading the homologous DNA 

ahead of the reversed fork (2, 94). However, a detailed mechanism for HR-directed restart 

remains obscure. Similarly, in fission yeast, recent work shows that forks stalled at a 

replication fork barrier (RTS1-RFB) can be restarted by a DSB-independent HR-mediated 

process (133).

RAD51 Function in Restart of Broken Forks by BIR

Replication fork breakage results in what are usually referred to as one-ended or single end 

DSBs (Figure 1d). As mentioned above, the absence of a second DNA end makes cells rely 

on HR for their repair. Several scenarios can lead to fork breakage, such as the replisome 

encountering an ssDNA gap or transcription-replication collisions (31).Broken replication 

forks can be repaired by BIR. In yeast, this process begins with DNA end resection, 

followed by scRad51 filament assembly on the 3′ ssDNA (2). The scRad51 filament 
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performs homology-directed strand invasion of the sister chromatid to form a D-loop that is 

extended by DNA synthesis (65). Although error-prone, the range of this synthesis is limited 

by scMus81 cleavage of the Holliday junction at the D-loop or by merging with an incoming 

replication fork in the opposite direction (82). Although most of our knowledge of BIR 

comes from yeast,there is evidence suggesting that this process is conserved in vertebrates 

(32, 51). It is worth noting that an alternative scRad51-independent BIR pathway is also 

known, and it accounts for several processes described in human cells (65). Finally, BIR 

drives the alternative lengthening of telomeres; however, the contribution of the hRAD51-

dependent subpathway is still debated (65).

RAD51 Function in Postreplicative Repair

In addition to its roles at replication forks, RAD51 is also central in an HR-driven 

postreplicative gap-filling pathway (Figure 1c). This process relies on a template switch 

between sister chromatids to complete replication at ssDNA gaps and serves as an error-free 

alternative to translesion synthesis (TLS) (95). These ssDNA gaps are generated when the 

replisome bypasses polymerase-stalling DNA lesions, such as those that can arise from 

ultraviolet or MMS treatment (95). As demonstrated in yeast, lesions on the lagging strand 

are bypassed due to the intrinsic discontinuous nature of lagging-strand DNA synthesis 

(132). Meanwhile, lesions at the leading strand can be skipped by downstream repriming by 

PrimPol, a specialized polymerase conserved in many eukaryotes, including mammals (14, 

41). Although there is no PrimPol homolog in yeast, downstream leading strand repriming 

can be performed by Polα and primase (37). Details of the gap-filling pathway have been 

best described in yeast, where it plays a major role in tolerating replicative damage 

(16,95).In short, the ssDNA gaps are extended by the nucleases scExo1 and scMre11 and the 

helicase Pif1, followed by scRad51 filament assembly. This scRad51-coated gap invades the 

sister chromatid and displaces the daughter strand, which becomes paired with the free 3 end 

(43). After DNA synthesis occurs, the sister chromatid junctions are dissolved by the Sgs1-

Top3Rmi1 complex. Importantly, this DNA damage-tolerance pathway is dependent on 

proliferating cell nuclear antigen (PCNA) polyubiquitination by the sequential activities of 

the Rad6-Rad18 and Mms2-Ubc13-Rad5 complexes. Most of these yeast factors have 

homologs in higher eukaryotes, suggesting that this processes is evolutionarily conserved 

(137). In response to replication stress, humans may rely on fork reversal and TLS, whereas 

yeast are thought to primarily use HR-mediated gap filling.

Role of the RAD51 Paralogs in Replication-Associated Damage

Support for a role during the replication stress response comes from findings that, in many 

eukaryotes, RAD51 paralog mutations lead to sensitivity to replicative DNA damage and 

defects in RAD51 recruitment (44, 123). In yeast, the Rad55-Rad57 complex and scShu 

complexes contribute to the repair and tolerance of replication-associated damage by 

promoting HR-dependent gap filling (44). As with scRad51, mutants lacking either of these 

complexes show increased mutagenesis that is TLS-dependent and delayed S-phase 

progression upon MMS treatment (6, 46, 54, 75,113,144).The scShu complex is not required 

for DSB repair from IR, and Rad55 phosphorylation promotes MMS resistance but is 

dispensable for DSB repair, further supporting specific roles for these Rad51 paralog 

complexes during replication stress (54, 113). Recently, we showed that the scShu complex 
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preferentially binds abasic site containing substrates and promotes error-free tolerance of 

these lesions, primarily on the lagging strand (101).

Similarly, recent evidence suggests a role for hRAD51 paralogs in replication-associated 

damage. For example, like hRAD51, both the BCDX2 and CX3 subcomplexes are required 

to protect forks from hMRE11 degradation (117). The CX3 complex also promotes fork 

restart after hydroxyurea (HU) treatment (94, 117). Additionally, XRCC2 and XRCC3 are 

phosphorylated by the ATR DNA damage response kinase to promote fork slowdown upon 

nucleotide depletion and DSB repair, respectively (105, 116). We showed that, unlike the 

canonical RAD51 paralogs, the hShu complex contributes to fork restart following HU 

treatment but is dispensable for fork protection (78).

DMC1 AND THE ROLE OF THE RAD51 GENE FAMILY DURING MEIOSIS

Meiosis enables the generation of haploid cells or gametes. During meiosis, homologous 

chromosomes are first paired with each other. Homologous pairing requires HR-mediated 

homology search to bring the two chromosomes together. HR during meiosis shares many 

essential features with mitotic HR-mediated DSB repair, including that both processes begin 

with a DSB.

Meiotic DSBs are physiologically generated by the meiosis-specific and universally 

conserved SPO11 (reviewed in 62). These DSBs are then processed in the same fashion as 

during mitotic DSB repair to generate nucleoprotein filaments that are responsible for the 

homology search. During meiosis, there is a strong preference to use the homologous 

chromosome as a repair template, as opposed to a preference for the sister chromatid 

observed in mitotic DSB repair. This process is known as homolog bias (66). Once 

homologs are paired, proper homolog segregation also requires that crossovers are formed, 

as opposed to during mitotic DSB repair, where crossovers are less desirable (59). Another 

key difference between meiotic and mitotic HR is that meiosis requires the recombinase 

function of DMC1 at the core of the nucleoprotein filament (29).

DMC1 is a conserved meiosis-specific RAD51 paralog that arose from an early gene 

duplication in the eukaryotic lineage (70). Unlike the other RAD51 paralogs, DMC1 still 

resembles RAD51, sharing 54% sequence identity in humans and 45% in yeast. Consistent 

with this, the biochemical properties, nucleoprotein filament structure, and recombinase 

activity of DMC1 are remarkably similar to those of RAD51 (18).

scRad51 and scDmc1 have distinct functions during meiosis. scDmc1 acts as the main 

recombinase, while scRad51 plays an accessory role to mediate the assembly and regulate 

the activity of scDmc1 (29). scRad51’s recombinase activity is dispensable during meiosis 

and is actively inhibited, primarily by the Hed1 protein (23, 29). However, scRad51 is 

required for scDmc1 focus formation and for homolog bias (112). It is still not known if 

these distinct roles are conserved in vertebrates. scRad51 and scDmc1 are distinctively 

distributed within the meiotic nucleoprotein filament and tend to self-aggregate forming 

side-by-side homotypic filaments (18, 19, 34). Although this configuration is likely 
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conserved, its role is still unclear. One possibility is that this would prevent Hed1-inactivated 

RAD51 monomers to intercalate in DMC1 filaments (34).

DMC1 and RAD51 in yeast and humans also demonstrate differences that may explain the 

nearly universal need for two meiotic recombinases. Unlike RAD51, DMC1 can tolerate 

mismatches during heteroduplex formation (15). More recently, Steinfeld et al. (120) 

elegantly identified conserved residues in the L1 DNA-binding loop of DMC1 that are 

responsible for this mismatch tolerance. This DMC1-specific feature likely enables 

recombination between homologous chromosomes that contain mismatches, contributing to 

homolog bias.

Recent work shows that meiotic scRad51-scDmc1 filaments are more stable than mitotic 

scRad51 filaments. Unlike scRad51 filaments, which are readily disassembled by the 

antirecombinase Srs2 to promote SDSA during mitotic DSB repair, scDmc1 is a strong 

inhibitor of Srs2, which renders the meiotic scRad51-Dmc1 filaments resistant to Srs2 

disassembly (33). An exciting possibility is that this enhanced stability of the meiotic 

filament contributes to the key step of crossover production.

Given the critical role of scRad51 during meiosis, it is not surprising that the scRad51 

paralogs are also important for meiosis (40, 58). Deletion of RAD55 and RAD57 leads to 

meiotic defects that greatly resemble those observed in rad51 mutants, including impaired 

homolog bias and decreased spore viability (40, 110). Like the canonical scRAD51 paralogs, 

the scShu complex mutants also show meiotic defects, but these are not as severe as those 

observed upon RAD51, RAD55, or RAD57 deletion (58, 104). Interestingly, unlike during 

mitotic HR where deletion of any of the four scShu complex members leads to a complete 

loss of function, C2M2 and PSY3 are more important during meiosis than SHU1 and SHU2 
(104). Consistent with their role as Rad51 mediators, deletion of RAD55-RAD57 or the 

scShu complex impairs recruitment of scRad51 to meiotic DSBs (104). Similarly, Rad51 

paralogs in fission yeast, worms, and plants are also important for meiosis (26, 48, 83). Not 

much is known about the meiotic role of the RAD51 paralogs in vertebrates. However, a 

recent publication by Abreu et al. (1) shed light on the importance of the murine Shu 

complex during meiosis. Mice with either Sws1−/− or Swsap1−/− knockout mutations are 

sterile, cannot complete meiosis, and have decreased Rad51 and Dmc1 foci (1). These 

phenotypes are reminiscent of the scShu complex mutants. Despite the similarities between 

RAD51 and DMC1, direct physical interactions between the RAD51 paralogs and DMC1 

have not yet been described. Therefore, the RAD51 paralogs are important during meiosis 

due to their role as RAD51 mediators.

RAD51 GENE FAMILY IN CANCER PREDISPOSITION AND FANCONI 

ANEMIA

Mutations in the hRAD51 gene family are associated with cancer predisposition and FA-like 

syndromes (123). FA is defined by bone marrow failure, congenital defects, and an increased 

risk for leukemia and solid cancer tumors (89). To date, there are 22 FA genes that have been 

identified, including RAD51 (FANCR), RAD51C (FANCO), and XRCC2 (FANCU) (89). 

Mutations in both alleles of RAD51, RAD51C, or XRCC2 result in FA or a FA-like 
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syndrome, whereas monoallelic mutations in some FA genes, like RAD51C, result in cancer 

predisposition (84, 89). While only RAD51C and XRCC2 are associated with FA, mutations 

in all the hRAD51 paralogs have been identified in cancers (84, 93, 138). Most of these 

hRAD51 paralog mutations are associated with breast and ovarian cancer; however, there are 

additional mutations that correlate with other cancer types such as lung, kidney, and head 

and neck (84, 93, 106, 115, 138). Unfortunately, most hRAD51 and hRAD51 paralog point 

mutations that have been clinically identified are classified as variants of unknown 

significance (VUSs). Future studies to reclassify these hRAD51 gene family VUSs as 

pathogenic or benign are desperately needed, as many of these genes are now included on 

hereditary breast and ovarian cancer screening panels. Reclassification of HR-deficient 

VUSs would enable these patients to benefit from therapies that specifically target HR 

deficiency, as do poly(ADP)-ribose polymerase (PARP) inhibitors in BRCA1/2-deficient 

cells.

PHARMACOLOGICAL INHIBITION OF RAD51

While mutations that inactivate hRAD51 are associated with cancer, hRAD51 

overexpression is also observed in cancer patients. hRAD51 is an important biomarker for 

cancer development, and several groups are developing strategies to pharmacologically 

inhibit hRAD51 functions (20, 67, 140). hRAD51 is of particular interest as a target for 

cancer therapeutics because it is frequently overexpressed in several tumors types, including 

prostate, lung, bladder, and breast cancer (20). Tumors that overexpress hRAD51 often 

exhibit treatment resistance and lower overall survival rates of patients (140). hRAD51 

overexpression results in hyperrecombination that not only furthers cancer progression, but 

also enables cancer cells to resist DNA-damaging agents (38, 140). This resistance can be 

overcome in tissue culture by reducing hRAD51 expression, which sensitizes cancer cell 

lines to chemotherapeutic agents to a greater extent than noncancerous cell lines (20). 

hRAD51 can be targeted indirectly by downregulating hRAD51 expression or directly by 

impairing its protein function (67, 140). Indirect inhibitors include tyrosine kinase inhibitors, 

methotrexate, small interfering RNAs and microRNAs, and histone deacetylase inhibitors 

(140). However, clinical applications of these inhibitors are limited due to the inherent 

challenges that these compounds present, including incomplete suppression of hRAD51 

expression, lack of specificity, and the inability to maintain high intracellular concentration 

(reviewed in 67). Compounds that directly target hRAD51 function either disrupt its protein 

interactions or modify its recombinase activity (52, 140). Direct inhibitors of hRAD51 

include small molecules (halenaquinone, B02, RI-1, RI-2, IBR2, DIDS, and RS) and 

antibodies (such as 3E10 and Fab-F2-iPTD) (20, 52, 67, 92, 136, 140). Despite an 

abundance of preclinical data and the high specificity of these compounds for hRAD51, 

there is currently only one active clinical trial investigating the efficacy of a small molecule 

hRAD51 inhibitor (67). The challenge will now be to see if the results of the preclinical 

studies can be replicated in a clinical setting.

CONCLUDING REMARKS

The RAD51 gene family is evolutionarily conserved in all domains of life with a conserved 

ATPase core domain. Recent studies have identified divergent RAD51 paralogs that lack 
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sequence homology but closely resemble the overall structure of RAD51. Future 

phylogenetic analysis will likely reveal additional RAD51 gene family members. RAD51 

forms a nucleoprotein filament on ssDNA ends that is stimulated by its mediators. It remains 

unknown precisely how the RAD51 paralogs modulate RAD51 filament dynamics. It is 

possible that RAD51 paralogs are stably incorporated into the filament, cap the filament, or 

influence filament structure. Furthermore, it is debated whether the RAD51 paralogs aid in 

postsynaptic HR steps. While RAD51 has emerged as a key player in replication through 

fork reversal, protection, and restart, the role of the paralogs in regulating RAD51 in these 

contexts awaits elucidation. The Shu complex consists of RAD51 paralogs in all species 

where it has been studied. While Shu complex mutants share some of the same features of 

canonical RAD51 paralog knockouts, it remains to be determined why Shu complex meiotic 

functions are more important than roles in mitotic DSB repair. Perhaps Shu complex 

interaction with the cohesion protein PDS5B is more critical for meiosis, due to its role in 

chromosome segregation. Future studies focused on the biochemical function and structure 

of the hShu complex will shed light on this important distinction. Finally, misregulation of 

RAD51 and its gene family is associated with cancer and FA. Given the close association of 

RAD51 misregulation with cancer predisposition, understanding the underlying mechanisms 

of RAD51 gene family structure and function is critical for designing new cancer 

therapeutics and mechanistic insights into human disease.
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Figure 1. 
Potential models for the RAD51 gene family roles in mitotic cells. (a) Schematic of the 

initial steps of DSB repair through HR. Upon DSB formation, the 5 strands of the DNA ends 

are resected by the MRN complex. Further resection is performed by the exonuclease EXO1 

and/or DNA2 together with the BLM helicase. These exposed 3 ssDNA regions are 

immediately coated by the RPA complex (green circles), thus preventing the formation of 

secondary structures. RAD51 (orange circles) displaces RPA, aided by the RAD51 

mediators (i.e., BRCA2 and the RAD51 paralogs) to form a RAD51 nucleoprotein filament 
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on the ssDNA. The RAD51 filaments perform homology search and strand invasion, leading 

to D-loop formation. After the D-loop is extended by DNA synthesis, the repair process can 

be completed by SDSA, GC, or BIR, depending on whether the D-loop is disrupted, the 

second end is captured, or it is not captured, respectively. (b) Schematic of the canonical 

hRAD51 paralog subcomplexes BCDX2 (consisting of RAD51B, RAD51C, RAD51D, and 

XRCC2) and CX3 (consisting of RAD51C and XRCC3). The lines indicate where BCDX2 

and CX3 function during HR. (c) Schematic of the roles of RAD51 during replication stress 

response. Replicative polymerases can be stalled by DNA lesions such as methylation 

adducts or abasic sites (yellow star). Fork reversal (left) occurs by the annealing of the newly 

synthetized strands and is dependent on RAD51 and other enzymes such as translocases or 

helicases (i.e., SMARCL1 and RAD54). This chicken-foot structure protects stalled forks 

and allows the rescue of the fork by an incoming replication fork or by bypassing the lesion. 

Protection of the reversed forks from nuclease digestion (orange pacman) prevents ssDNA 

accumulation and depends on the formation of stable RAD51 filaments at the ssDNA of the 

reversed arm, which requires BRCA2 (green oval). Finally, reversed forks can be restarted 

by direct reversal (not shown) or HR. Alternatively (right) polymerase can resume 

replication by repriming. This leads to the formation of ssDNA gaps behind the fork, which 

are RPA coated. These gaps can be filled by translesion synthesis or HR-dependent gap 

filling. During HR-dependent gap filling, RAD51 displaces RPA in the gap and mediates 

sister chromatid invasion and D-loop formation. DNA synthesis enables the gap to be filled, 

enabling error-free lesion bypass. (d) Broken forks generated by persistent stalling or 

encountering of a ssDNA break by the replisome, leading to one-ended DSBs. These breaks 

can be repaired by RAD51-dependent HR where RAD51 filaments form on the broken DSB 

end, which then invade the newly synthesized sister chromatid, leading to D-loop formation, 

which can be extended by BIR. Abbreviations: BIR, break-induced replication; BLM, bloom 

syndrome protein; D-loop, displacement loop; DSB, double-strand break; GC, gene 

conversion; HR, homologous recombination; MRN, MRE11-RAD50-NBS1; RPA, 

replication protein A; SDSA, synthesis-dependent strand annealing; ssDNA, single-stranded 

DNA.
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Figure 2. 
Sequence alignment of human RAD51 protein and its family, including DMC1, RAD51B, 

RAD51C, RAD51D, XRCC2, XRCC3, and SWSAP1. Secondary structure of human 

RAD51 [Protein Data Bank (PDB) ID 5H1B] is shown above the aligned protein sequence 

with α-helices shown in gray and β-sheets shown in purple. The Walker A and B sequence 

motifs are in blue boxes, and the RAD51 linker (amino acids 85-GTFF-88) is in a yellow 

box.
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Figure 3. 
Structural view of human RAD51 presynaptic and postsynaptic filament complexes (PDB 

IDs 5H1B and 5H1C). RAD51 protomers are shown in dark and light gray, Mg2+ ions are in 

green, AMP-PNP is depicted in stick form, ssDNA is shown in orange, and the dsDNA 

template is shown in orange and red. (a) AMP-PNP is buried between two RAD51 

protomers. The Walker A (pink; amino acids 218-LLIVD-222) and Walker B (blue; amino 

acids 127-GEFRTGKT-134) motifs are highlighted. (b) Key residues for promoter–protomer 

interfaces are the linker region (circled; amino acids 85-GFTT-88 in yellow) and Y54 in one 
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protomer with F195 in an adjacent protomer. (c) The ssDNA-bound RAD51 filament viewed 

from the side highlights the phosphate backbone (orange) directly engaging DNA-binding 

loops of RAD51 (arrows). (d) The postsynaptic filament highlights the initial bound dsDNA 

is in a similar conformation as the presynaptic filament shown in panel c. Abbreviations: 

AMP-PNP, adenylyl-imidodiphosphate; dsDNA, double-stranded DNA; PDB, Protein Data 

Bank; ssDNA, single-stranded DNA.
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