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Abstract
Misregulation of DNA repair is associated with genetic instability and tumorigenesis. To preserve
the integrity of the genome, eukaryotic cells have evolved extremely intricate mechanisms for
repairing DNA damage. One type of DNA lesion is a double-strand break (DSB), which is highly
toxic when unrepaired. Repair of DSBs can occur through multiple mechanisms. Aside from
religating the DNA ends, a homologous template can be used for repair in a process called
homologous recombination (HR). One key step in committing to HR is the formation of Rad51
filaments, which perform the homology search and strand invasion steps. In S. cerevisiae, Srs2 is a
key regulator of Rad51 filament formation and disassembly. In this review, we highlight potential
candidates of Srs2 orthologues in human cells, and we discuss recent advances in understanding
how Srs2’s so-called “anti-recombinase” activity is regulated.
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1. Introduction: Overview of DSB repair by HR
Repair of DNA damage is essential to preventing mutations and chromosomal
rearrangements. The DNA repair process involves many proteins working together in a
tightly regulated system to fix the damage. Double-strand breaks (DSBs) are one of the most
lethal types of DNA damage, and can arise from both endogenous (i.e. replicative damage or
reactive oxygen species) and exogenous sources (i.e. radon). Cells must repair
approximately 50 DSBs per day, which correlates with a frequency of one DSB per 108 bp
per cell cycle [1]. Mutations in genes important for DSB repair have been implicated in
many cancer predisposition diseases such as ataxia telangiectasia, Nijmegen breakage
syndrome, and Bloom syndrome [2]. The proteins required for DSB repair are highly
conserved in eukaryotes from yeast to humans, which highlight the importance of DNA
repair throughout evolution. Consequently, cells have evolved many different pathways in
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the repair of DSBs. For example, the DNA ends can be re-ligated together during non-
homologous end joining (NHEJ; Figure 1A) and micro-homology mediated end joining or,
alternatively, a homologous template could be used for repair as in homologous
recombination (HR; Figure 1B and 1C)[3].

How does a cell decide which repair pathway to utilize? This has been the topic of much
investigation, and recently some pieces of the puzzle have been illuminated by the discovery
of novel regulators of the DNA repair pathways. During HR, when a DSB is induced in a
cell, the DNA ends are resected and replication protein A (RPA) binds the single-stranded
DNA (ssDNA) overhangs that are produced and serves as a general marker for ssDNA in a
cell (Figure 2A–C)[4, 5]. The multimeric RPA filaments on the ssDNA also serve to protect
the unstable ssDNA from further damage. In order for HR to occur, the recombinase protein
Rad51 must displace RPA on the ssDNA and form its own filaments. This process is
facilitated, in part, by Rad52 in yeast [6], and BRCA2 and RAD52 in humans (Figure 2C
and 2D)[7–9]. In mammalian cells, the five RAD51 paralogues (RAD51B, RAD51C,
RAD51D, XRCC2, XRCC3) are required for RAD51 focus formation [10, 11]. Formation
of Rad51 filaments is in essence the crux of the DSB repair pathway, because the Rad51
nucleo-protein filament is essential for all subsequent homology search and strand invasion
steps of HR.

After the DNA ends are resected and Rad51 filaments are formed, a cell is committed to
perform HR in order to repair the damaged DNA template (Reviewed in [4, 12]). Rad51
mediates the search for the homologous DNA sequence and, once the homologous sequence
is found, Rad51 filaments facilitate the invasion of the ssDNA overhang into the
homologous double-stranded DNA (dsDNA) sequence (Figure 1 and Figure 2). Thus, one
strand of the duplex DNA is displaced leaving the complementary strand to serve as a
template for repair. This specific recombination structure is referred to as a displacement-
loop (D-loop; Figure 1). The step in the HR pathway when the D-loop is formed is referred
to as a synapsis; consequently, the homologous recombination steps that occur before D-
loop formation are referred to as pre-synaptic whereas the latter steps are post-synaptic. The
invading end of the D-loop can be extended by the DNA polymerase, which would then
copy any information that might be missing at the breaksite. Resolution of the D-loop
structure can occur by two different mechanisms. The invading strand of the DNA can be
displaced and reanneal to the other broken chromosome end in a process called synthesis
dependent strand annealing (SDSA), which leads to only non-crossover products (Figure
1B). Alternatively, the second end of the DSB can be captured, giving rise to a structure
called a double-Holliday junction (dHJ; Figure 1). Resolution of the dHJs can result in a
crossover or non-crossover product (Figure 1C), with the non-crossover product being
favored in mammalian somatic cells. Too much or too little HR can be toxic to a cell. For
example, a cell that undergoes too much HR is defined as having a hyper-recombinant
phenotype. This can result in gross chromosomal rearrangements including duplications,
deletions, and translocations [13]. On the other hand, homologous recombination has the
highest fidelity in the repair of dsDNA damage because it utilizes a homologous template.
HR is also needed for proper chromosome segregation during meiosis. Therefore, too little
HR can lead to an accumulation of mutations [3, 4, 12]. In this review, we will focus on the
key regulators of Rad51 filament formation through evolution from yeast to humans.

2. Srs2 and the negative regulators of Rad51
2.1 Yeast regulators of Rad51

Rad51 plays a central role in facilitating recombination by performing the homology search
and strand invasion steps of HR. Therefore, regulating Rad51 filament formation is
important for promoting error-free DNA repair. In yeast, Srs2 is one of the most important
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antagonists of Rad51, thereby helping to protect the cell from inappropriate HR. Srs2
removes Rad51 from ssDNA ends, thereby preventing the homology search of HR (Figure
2D)[14]. After strand invasion, Srs2 is unable to disassemble d-loops. The presynaptic
regulator of Rad51 in yeast is Mph1, which functions by disassembling D-loops formed
during strand invasion of the homologous template (Figure 2E)[15]. In higher eukaryotes,
such as mammals, functional homologues of Srs2 have not been described until recently.
Here, we will discuss how higher eukaryotes have evolved multiple “Srs2-like” proteins that
genetically interact and perform related functions to the yeast Srs2 protein.

To appreciate how the regulation of HR evolved in higher eukaryotes, it is important to
understand how Srs2’s structure and protein interactions impact its function in regulating
Rad51. Srs2 is a member of the UvrD family of DNA helicases. [4, 16]. Srs2 directly
interacts with Rad51 and stimulates Rad51’s intrinsic ATP-hydrolysis activity leading to the
subsequent release of Rad51 monomers from the ssDNA end (Figure 3)[4]. It is proposed
that Srs2’s helicase functions to move itself down to the adjacent Rad51 protein to
perpetuate the Rad51 disassembly process [17–19]. It is important to note that Srs2 disrupts
Rad51 filament formation using a mechanism that is independent of its helicase function
[17, 20]. Consistent with a fundamental role for Srs2 in DSB repair, cells with disruption in
SRS2 exhibit a hyper-recombinant phenotype leading to genomic instability [21, 22].

In addition to Srs2’s function relating to the repair of DSBs, it also plays a predominant role
in the repair of replicative damage through its interaction with the replication fork clamp,
Proliferating Cell Nuclear Antigen complex (PCNA). PCNA is post-translationally modified
at lysine 164 either by ubiquitylation or sumoylion. Srs2 is actively recruited to the
replication fork by sumoylated PCNA through interactions with its PCNA interacting
protein motif (PIP) and its SUMO interacting motif (SIM) [23, 24]. Because PCNA is
constitutively SUMOylated during S-phase, the Srs2-PCNA interaction serves as a
regulatory mechanism favoring alternative repair pathways instead of HR [25, 26].

Given the importance of Srs2 in genomic integrity and regulation of key steps of HR in
yeast, it is surprising how a clear Srs2 homologue has remained elusive in other eukaryotes.
Over the past ten years a number of different mammalian genes have been identified that
exhibit many, but not all, of the different characteristics of this important regulator. In the
following section we will provide evidence that higher eukaryotes have evolved multiple
proteins to perform the important role of regulating Rad51 filament formation and strand
invasion steps during HR and in response to replicative damage.

2.2 The original suspect of human regulators of RAD51: FBH1 and RECQL5
Srs2’s vital role in regulating HR in S. cerevisiae has spurred a search for its homologue in
mammalian cells. A prime candidate for an Srs2 homologue in mammals is the UvrD-like
helicase FBH1. FBH1 negatively regulates RAD51 focus formation, and over-expression of
FBH1 leads to reduced HR [27, 28]. Importantly, yeast cells where SRS2 has been disrupted
can be partially rescued by expressing FBH1 [29]. However, although depletion of FBH1 in
vertebrate cells causes an increase in RAD51 foci at sites of DNA damage, these cells show
no deficiency in repair of chromosomal breaks [30]. It is possible that other repair pathways
can compensate for FBH1 depletion. Furthermore, FBH1 is present in other yeast species,
like S. pombe, that also express Srs2, suggesting that it is not a true homologue. Taken
together, FBH1 could be thought of as a paralogue of Srs2 with overlapping functionality.
However, as the depletions studies suggest, there are other systems in place that share a role
in regulating RAD51 in higher eukaryotes.

One of the defining characteristics of Srs2 is that SRS2-disrupted cells exhibit a synthetic
lethal phenotype when combined with mutations in the RecQ helicase gene, SGS1 [31]. The
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synthetic interaction observed between these two genes has led to a model where Srs2 and
Sgs1 have overlapping roles in regulating HR. Interestingly, a human homologue of Sgs1,
RECQL5, exhibits some similar functions to Srs2 [32]. Like Srs2, RECQL5 directly
interacts with PCNA as it contains a PIP motif, suggesting a role for RECQL5 in repair of
replicative damage [33]. RECQL5 physically interacts with RAD51 [32, 34] and, like Srs2,
RECQL5 disrupts RAD51 filaments on ssDNA before strand invasion and D-loop formation
(Figure 2D)[32]. RAD51 displacement from ssDNA requires RECQL5’s ability to
hydrolyze ATP [32]. Unlike Srs2, RECQL5 has no effect on preformed D-loops [32].
Importantly, Recql5-deficient mice develop a higher prevalence of cancer than their wild-
type littermates, though life spans are similar. Furthermore, Recql5-deficient mouse
endothelial fibroblasts exhibit a higher incidence of sister chromatid exchanges, greater
number and longer duration of RAD51 and γH2AX foci (markers of DSBs), higher
incidence of gross chromosomal rearrangements, and increased susceptibility to replicative
stress [32]. These results highlight how disruption of RECQL5 leads to genetic instability
similar to that observed in srs2Δ yeast cells.

2.3 RTEL: A new player in meiotic, telomeric, and mitotic recombination
To identify other potential Srs2 homologues, investigators have taken advantage of the
observation that srs2Δ cells exhibit a synthetic lethal phenotype with disruption of the RecQ
helicase gene, SGS1. The Boulton group screened C. elegans him-6 mutants, the Sgs1
homologue in worms, for synthetic lethal interacting genes. They identified a gene, called
regulator of telomere length 1 (rtel-1), as synthetic lethal with him-6 mutants [35]. In mouse
studies, RTEL has been found to be an important regulator of telomere lengths [36].
Moreover, the disruption of murine Rtel leads to reduced proliferation and chromosomal
abnormalities, suggesting an important function for RTEL in genomic integrity [36]. RTEL
is also conserved in humans where knockdown of RTEL levels by siRNA leads to a four-
fold increase in HR, hyper-recombination, and genetic instability [35]. Subsequent analysis
has revealed that human RTEL serves as a functional homologue for Srs2 in its regulation of
RAD51 during HR.

Like yeast Srs2, worms with mutations in rtel-1 exhibit some similar synthetic lethal
interactions with certain genes. For example, an embryonic lethal phenotype is observed in
rtel-1 mutants in conjunction with other genes knockouts in the DNA repair pathways such
as rcq-5 (a RECQL5 homologue), dog-1 (a FANCJ homologue), and mus-81 (a MUS81
homologue). However, RTEL-1 does not exhibit synthetic lethal interactions with mutations
in other DNA repair genes such as mre-11, rad-50, rad-54, rad-27 and others, as would be
expected by a true Srs2 homologue [35]. These results indicate that rtel-1 likely has a
similar, but more limited, function to Srs2 in its genetic interactions.

The mechanism of action for rtel-1, and its homologues in mammals, differs substantially
from that of Srs2. Unlike Srs2, which can inhibit Rad51 nucleoprotein filament formation by
directly interacting with Rad51 before D-loop formation [14, 16], rtel-1 only acts on
preformed D-loops similar to yeast Mph1 (Figure 2E)[15, 35, 37]. Disassembly of
preformed D-loops by rtel-1 is RPA dependent and specific to D-loops with a 3′ invasive
end [35, 37]. Unlike Srs2 mutants, which are sensitive to a broad range of DNA damaging
agents, rtel-1 mutants are specifically sensitive to lesions that affect replication fork
progression, like camptothecin. These results suggest that rtel-1 likely has a specific role
during replicative stress [35].

In addition to rtel’s function in DNA repair following replication damage, rtel-1 also plays a
prominent role during meiosis. Using similar mechanisms to those described above, rtel-1
promotes non-crossover repair by favoring SDSA. Importantly, when rtel-1 is disrupted, all
DSB events lead to crossover [37]. Unexpectedly, these cells do not exhibit a statistically
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significant increase in rad-51 foci [37]. One explanation for this is that rad-51 directs D-loop
formation, which rtel-1 then acts on. Furthermore, it was shown that rtel-1 functions to
regulate the distribution and number of meiotic crossovers in a pathway distinct from dpy28,
which was previously found to have similar functionality [37]. Clearly, rtel-1 has an
important role in the regulation of crossover activity during meiosis.

Recently there have been exciting advances in understanding the mouse RTEL’s role as a
DNA anti-recombinase during telomere maintenance [38, 39]. In mammalian cells, the
telomere functions to preserve the end of linear chromosomes. Its genetic component is
composed of TTAGGG tandem repeat sequences that end with a 3′ single stranded DNA
overhang. Importantly, numerous proteins, like the shelterin complex, associate with the
telomere and are essential in maintaining its structure and function [40]. Interestingly,
telomeres can adopt a lasso-like structure when the 3′ overhang invades the double-stranded
DNA portion [41, 42]. Importantly, these telomere loops (T-loops) resemble a D-loop
structure at the site of strand invasion. Since T-loops and D-loops are structurally similar,
Vannier et al. investigated whether RTEL could dissemble T-loops in a similar manner to D-
loops thereby connecting RTEL1’s role in HR with telomere maintenance. In addition to
RTEL’s role in displacing D-loops, it can disrupt T-loops in an ATP-dependent manner.
Importantly, when RTEL1 expression is reduced, telomere length heterogeneity and
telomere loss is observed, consistent with the fragile telomere phenotype previously
observed [38, 43]. Unexpectedly, the fragile telomere phenotype is a result of accumulation
of unresolved T-loops. The T-loops formed are subsequently cleaved by SLX4, a protein in
the Fanconi Anemia pathway that resolves Holliday junctions in the latter steps of HR.
Cleaved T-loops result in extra-chromosomal sequences called telomere circles, which are a
consequence of telomere deletion. Importantly, a new and exciting role for RTEL has been
described in maintaining telomere length by dismanteling T-loops and preventing
subsequent telomere loss [38].

2.4 PARI
Recently, a new mammalian protein, PARI, has been identified as a key regulator of RAD51
filament formation [44]. PARI is related to the UvrD family of helicases and contains a
RAD51 binding site as well as PIP and SIM motifs. Therefore, PARI represents a potential
structural and functional mammalian homologue to Srs2. It is important to note, however,
that unlike Srs2, PARI does not contain either Walker A or B motifs, which are required for
ATP hydrolysis. Therefore, PARI is not an active helicase. The current understanding of
Srs2’s regulation of Rad51 holds that its direct interaction with Rad51 activates Rad51’s
intrinsic ATP-hydrolyzing activity, thus releasing Rad51 from its close association with
ssDNA (Figure 3A and 3B). However, it is thought that Srs2 uses its helicase function to
progress down the ssDNA and interact with the next Rad51-ATP molecule (Figure 3C). The
lack of active helicase activity in PARI suggests that PARI needs an accessory helicase in
order to function, or that its mechanism differs from that of Srs2 (Figure 3C).

In vitro experiments show PARI plays an important role in maintaining genome stability.
PARI knockdown by siRNA leads to sensitivity to mitomycin C (MMC), a DNA cross-
linking agent, and to chromosomal aberrations. Consistent with a role in HR, PARI-depleted
cell lines have slight increase in homologous recombination observed by direct repeat
recombination, which is similar to, but not as extensive as RTEL. This modest but
significant increase suggests that there are redundant pathways to regulate aberrant HR in
higher eukaryotes. Alternatively, PARI’s function may be limited to repair of replicative
damage.

The mechanisms in place to regulate PARI specifically at replicative damage sites are tied to
its interaction with PCNA through its PIP and SIM motifs. PARI, like Srs2, shows strong
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associations with sumoylated-PCNA. While PARI is maintained at substoichiometric
concentrations in vivo, PCNA interactions increase the local concentration of PARI at the
replication fork to stoichiometric levels, which pushes the cell towards other repair pathways
when under replicative stress. Taken together, it is clear that this newly discovered protein,
PARI, is a significant player in the overall regulation of RAD51 (Figure 2D). Combined
with the other RAD51 regulators that we have previously discussed, this paints a
complicated picture of negative regulation of HR. How these different regulators of RAD51
interact with each other remains an open question.

3. Regulators of Srs2
The formation of Rad51 filaments is a crucial step for the initiation of HR. There are
systems in place that either facilitate this step or negatively regulate it. The balance between
assembly and disassembly reactions dictate whether the conditions at the site of repair will
favor HR or other repair processes. So far we have covered Srs2 and its functional
homologues in humans. These proteins carry out the key functions of negatively regulating
Rad51 filament formation both presynaptically and after D-loop formation. On the other
hand, the positive regulators can act in two non-mutually exclusive processes: they can
actively facilitate the loading and elongation of Rad51 filaments onto ssDNA, or they can
negatively regulate the anti-recombinase Srs2. Quintessential proteins of the first group
include Rad52 and the breast cancer associated protein, BRCA2 (Figure 2D). Here we will
focus on the second group of proteins, specifically on exciting new research that has shed
light on the importance of regulating Srs2 during HR.

3.1 Rad55-57, new players in regulating Srs2
Electron microscopy experiments have shown that Rad51 frequently nucleates ssDNA, but
with limited extension [36, 37]. Therefore, accessory proteins are needed to stabilize the
Rad51 filament to enable elongation and simultaneously prevent filament dismantling by
Srs2. The Rad51 paralogues, Rad55 and Rad57, have long been thought to be positive
regulators of HR. These proteins, which function as a heterodimer, act in a manner similar to
Rad52 in that they promote nucleation and stabilization of the Rad51 filament (Figure 2D)
[45–49]. However, recent advances have demonstrated that they also have a role in the
regulation of Srs2. Surprisingly, it was found that Rad55-Rad57 can interact with Srs2 in a
1:1 ratio. Interestingly, Rad55-Rad57 can simultaneously bind both Rad51 and Srs2 [50].
These results suggest that Rad55-Rad57 blocks Srs2 translocation protecting Rad51
filaments containing Rad55-Rad57 from disruption (Figure 2D). This model is strengthened
by the observation that Rad55-Rad57 heterodimers bind more strongly to Srs2 than Rad51.
Furthermore, Rad55-Rad57 indirectly inhibit Srs2 by preventing Rad51’s stimulatory effect
of Srs2’s helicase and translocase activity [50]. In summary, Rad55-Rad57 are incorporated
onto the ssDNA to stabilize Rad51 filaments while negatively regulating Srs2.

3.2 The Shu complex, containing Rad51 paralogues, negatively regulates Srs2
Similar to Rad55-Rad57, the Shu complex, consisting of Psy3, Csm2, Shu1, and Shu2, is
composed of Rad51 paralogues and may function in regulating Srs2 [51–53]. Both in vivo
and in vitro studies show that these proteins form a stable complex [52, 54]. This complex
promotes homologous recombination while suppressing error-prone DNA repair [54–56].
Recently, the crystal structure of Psy3 and Csm2 has been solved and revealed that these
proteins have a similar structure to Rad51, indicating that they are indeed Rad51 paralogues
despite the lack of sequence conservation [52]. These results suggest that the structure, but
the not sequence, of these proteins has been conserved.
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Interestingly, this complex has also been shown to be an important regulator of Srs2 [53].
Shu2 physically interacts with Srs2 by yeast-two-hybrid, and this interaction is also
conserved in the fission yeast S. pombe [51, 57]. Disruption of either shu1 or shu2 results in
more spontaneous Srs2-YFP fluorescent foci which correlates with a decrease in the
percentage of cells exhibiting Rad51 foci [53]. Further analysis has revealed that the Shu
complex promotes Rad51 filament formation by inhibiting Srs2’s recruitment at inducible
double-strand break sites at multiple genomic loci (i.e. the rDNA and at the URA3 locus)
[53]. These in vivo data can be explained by two different, but not mutually exclusive,
models, one where the Shu complex directly inhibits Srs2 through its interaction with Shu2
similar to the model proposed for Rad55-Rad57 or one in which the Shu complex functions
as a stabilizer of Rad51 filaments. However, a predominant role in Rad51 filament
nucleation is unlikely because Rad51 foci form in the absence of the Shu complex, and even
more Rad51 foci are observed when srs2 is also disrupted [53].

The Shu complex is conserved in mammalian cells, although there is a discrepancy
regarding which orthologues correspond to its yeast counterparts [51, 58]. For example,
Martin et al. used sequence homology to show that Shu2, Shu1, and Psy3 in yeast correlates
to SWS1, XRCC2, and RAD51D in humans, respectively [51]. Importantly, XRCC2 and
RAD51D are both RAD51 paralogues. The identity of the Csm2 homologue remains
unknown. In contrast, Liu et al. purified SWS1 and its associated proteins from 293T cells
but did not identify XRCC2 or RAD51D to be stably associated [58]. However, they did
identify a new interacting partner, which they named SWS-AP1, for SWS associated protein
1 [58]. Perhaps the difference between these two studies can be explained by the interaction
between XRCC2 or RAD51D with SWS1 only occurring in the presence of DNA damage or
on a DNA template. Further studies will elucidate the components of the mammalian Shu
complex and if its interaction with the human Srs2-like proteins is conserved.

4. Conclusions and Future Directions
Regulation of recombination is critical to prevent genomic instability and chromosomal
rearrangements observed in cancer. Commitment to HR, an error-free DNA repair pathway,
requires formation of Rad51 filaments. In yeast, Srs2, the DNA helicase “anti-recombinase”
removes Rad51 from ssDNA ends, and Mph1 disassembles D-loops. In mammalian cells,
there are multiple proteins that perform similar functions. For example, both PARI and
RECQL5 can remove RAD51 from ssDNA whereas RTEL can disassemble D-loops. The
substrate specificity for FBH1, another potential Srs2 orthologue, is unknown. These results
suggest that higher eukaryotes have evolved multiple proteins to perform the analogous
functions of Srs2. Perhaps these proteins are substrate specific, for example working on
dissembling RAD51 from replication intermediates in the case of PARI or from functioning
to resolve meiotic D-loops and T-loop structures in the case of RTEL. It is interesting that
many of the Srs2 orthologues have links to the replication fork. Perhaps so many of these
proteins associate with the replication fork because of the ssDNA created during DNA
replication. This is a prime target for removal by the HR machinery, which would then
create illegimate Rad51 filaments. Srs2, PARI, and RECQL5 could prevent detrimental
recombination at the replication fork thus enabling replication to proceed normally.

How can we manipulate regulators of recombination as cancer therapeutic targets? It is
interesting that mutations in genes important in regulating DNA repair and homologous
recombination are associated with cancer predisposition. For example, mutations in BRCA2
can lead to breast or ovarian cancer [2, 59, 60], RTEL in gliomas [61–65], and XRCC2 in
breast cancer [66–71]. Interestingly, in RTEL and XRCC2 there are also polymorphisms
that are protective against disease [63, 67]. These results highlight how regulators of
recombination can be used as important therapeutic tools in treatment of cancer. Clearly,
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regulation of the amount of recombination is important in preventing genetic instability
observed during tumorigenesis. It is therefore plausible that drugs that either increase or
decrease these proteins function in regulating HR could be developed in the future and offer
a personalized approach to cancer treatment.
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Figure 1.
Summary of the major double-strand break (DSB) repair pathways. A. Non-homologous end
joining (NHEJ) is the simplest form of DNA DSB repair, because it does not require a
homologous template. Broken ends are religated together. The advantages of this process are
that it is quick and efficient. The disadvantage is that it is a potentially error-prone repair
mechanism since no template is used for repair and genetic information can be lost at the
breaksite. B. Synthesis dependent strand annealing (SDSA) is a form of non-crossover
homologous recombination, in that it uses a homologous sequence as a template for DNA
repair. However, this process does not involve second end capture of the DNA end. After
end processing one strand is synthesized using a homologous template and then is re-ligated
to the broken end. The newly synthesized strand is then used as a template and base pairs to
the complimentary sequence, consequently resolving the break. C. Homologous
recombination uses a homologous template for repair. After the DNA ends are resected, the
ssDNA 3′ overhang invades a homologous sequence and restores any missing information
at the break site. The second end of the DNA is captured resulting in a double-Holliday
junction that can be resolved into a crossover or non-crossover product depending upon
where the junctions are cut. Legend: Red-Blue double-helix is the broken molecule of DNA.
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Grey DNA is the homologous sequence. Blue highlighted segments of DNA are newly
synthesized pieces. Figure is not to scale.
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Figure 2.
Regulation of homologous recombination in yeast and humans. A,B. A double-strand break
is induced. Some of the most common causes of DSBs include radon, radiation, reactive
oxygen species, cisplatin, etc. C. After DNA end resection, the 3′ overhangs are coated with
RPA, which forms a filament and is a general marker for ssDNA in the cell. D. Replacing
RPA with RAD51 is an important step in initiating HR. In yeast Rad52, as well as Rad55-
Rad57, helps load Rad51 onto ssDNA thus promoting HR. In humans, RAD52 and BRCA2
function as positive regulators of HR by facilitating the disassembly of RPA filaments and
the nucleation and expansion of RAD51 filaments. Both pre-synaptic Rad51 regulation (D.)
and D-loop disassembly (E.) is mediated by Srs2 in yeast. Srs2 is negatively regulated by
both the Shu complex and the Rad55-Rad57 heterodimer. In humans presynaptic regulation
of RAD51 is accomplished by RECQL5 and PARI. Both of these proteins interact with
PCNA, but how they are regulated has yet to be fully elucidated. The next step after Rad51
filament formation is the homology search, which requires less than 16 bp for pairing and 80
bp for strand exchange [72]. E. The disassembly of the D-loop is another way to regulate
homologous recombination. In yeast, D-loop disassembly is mediated by Srs2 while in
humans, RTEL performs an analogous function. Figure is not to scale.

Karpenshif and Bernstein Page 15

DNA Repair (Amst). Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Proposed mechanisms of Srs2 and PARI. PARI has many similarities to the yeast anti-
recombinase Srs2, suggesting that PARI is a strong candidate for being a mammalian
homologue of Srs2. A. Both Srs2 and PARI are recruited to the replication fork by PCNA
where they can regulate illegitimate homologous recombination during DNA synthesis. Both
proteins use their Rad51/RAD51 and DNA binding sites to physically interact with Rad51/
RAD51 filaments on ssDNA. B. Rad51’s conformation when it is bound to ATP favors
filament formation while its ADP bound form favors disassociation. The direct interaction
with Rad51/RAD51 by Srs2 and PARI stimulates Rad51’s intrinsic ATP hydrolyzing
activity and the disassociation of one monomer of Rad51 from the filament. C. Srs2 uses its
helicase activity to move down ssDNA to interact with the next unit of Rad51, thus
perpetuating filament disassembly. On the other hand, PARI lacks Walker A and Walker B
motifs, and therefore it cannot hydrolyze ATP on its own. Without an active helicase
functionality, it is unclear how PARI can move down ssDNA and facilitate the disassembly
of additional RAD51 monomers from the filament. Figure not to scale.
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