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Abstract: The maintenance of genome integrity is critical for cell survival. Homologous recombination
(HR) is considered the major error-free repair pathway in combatting endogenously generated
double-stranded lesions in DNA. Nevertheless, a number of alternative repair pathways have been
described as protectors of genome stability, especially in HR-deficient cells. One of the factors
that appears to have a role in many of these pathways is human RAD52, a DNA repair protein
that was previously considered to be dispensable due to a lack of an observable phenotype in
knock-out mice. In later studies, RAD52 deficiency has been shown to be synthetically lethal with
defects in BRCA genes, making RAD52 an attractive therapeutic target, particularly in the context of
BRCA-deficient tumors.
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1. Double-Strand Breaks and RAD52

Double-strand breaks (DSBs) are the greatest threat to genomic integrity and can result from
endogenous sources such as reactive oxygen species (ROS) and replication stress or exogenous insults
such as UV, ionizing radiation (IR), and chemotherapeutic compounds. If left unrepaired, DSBs can
cause chromosomal aberrations, mutagenesis, and cell death, leading to the development of severe
diseases including cancer [1,2]. Given the cytotoxic nature of these lesions, the cell has developed
multiple pathways of DSB repair, some which result in mutagenic repair, and others that use a template
to ensure error-free repair.

The majority of DSBs in a cell are repaired by non-homologous end-joining (NHE]), which ligates
blunt ends in a sequence-independent manner and can result in small insertions or deletions (indels) [1].
Homologous recombination (HR) is generally considered the most faithful DSB repair pathway, as
it uses the intact sister chromatid as a donor, and it is highly dependent on breast cancer associated
genes BRCA1 and BRCA2. The usage of a sister chromatid means that HR is predominately active in S
or G2 when the cell has replicated its DNA [3,4]. In order to initiate HR, the DSB is resected, leaving
a segment of single-stranded DNA (ssDNA) that is coated first by RPA, then by RAD51 in order to
facilitate homology search and invasion of the sister chromatid—a process known as strand exchange.
BRCAL1 is predominately involved in the resection step of HR, while BRCA2 mediates removal of RPA
and loading of RAD51; however, recent work has shown that BRCA1 may also have a function in the
later steps of HR [3,5,6].

While NHE] is the predominant pathway for DSB repair, its requirement for blunt ends renders it
incapable of dealing with resected ends or one-ended DSBs resulting from replication fork collapse.
Replication stress is the most common source of endogenous damage and is usually repaired by
HR proteins [7,8]. In an HR-deficient context, DSBs that cannot be repaired by NHE] must be
channeled through error-prone homology-mediated pathways such as single-strand annealing (SSA)
and alternative end-joining (Alt-EJ]). In SSA, long-range resection proceeds bi-directionally from the
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DSB until homologous sequences are revealed. The break is then repaired by the annealing of these
complementary sequences, resulting in deletion of the intervening sequence [3,9]. Alt-EJ operates
by an analogous mechanism, only it requires a shorter length of resection and anneals regions of
microhomology, resulting in smaller deletions. While the pattern of resection and annealing of
complementary sequences are similar, Alt-E] and SSA have been shown to require different protein
factors [3,9,10]. SSA has canonically been considered the only RAD52-dependent pathway, as it is
responsible for annealing the resected ends [9,11-14]; however, recent work by the Hendrickson lab
using previously established plasmid reporter assays has shown that HR, Alt-EJ, and SSA all decrease
in a RAD52-null cell [15].

Rad52 (Radiation sensitive 52) was first identified in budding yeast in a screen for mutations that
would inhibit repair of IR-induced DSBs, resulting in radio-sensitization [16,17]. Several other DNA
repair proteins were also identified in this screen and are referred to as the Rad52 epistasis group.
Of this group, most proteins were found to play similar roles in yeast and human cells, while Rad52
had a marked difference between its functionality in yeast and in higher eukaryotes [14].

While mammalian cells rely on BRCA2 to mediate loading of RAD51 onto RPA-coated ssDNA
and on RAD52 for annealing ssDNA ends, in yeast, both of these functions are performed by Rad52, as
they lack a functional homolog of BRCA?2 [18]. Consequently, Rad52-mutant yeast show defects in
meiotic recombination, spore viability, HR, and mating-type switching [16], while RAD52-null mice
display no observable phenotype in viability or fertility and only a mild effect on HR [19]. Despite the
apparent dispensability of RAD52 in mammals, one of the initial hypotheses for a function of RAD52
in human cells came from our lab’s work showing that BRCA2-deficient cells required RAD52 for
survival, indicating a synthetically lethal relationship [20]. In a BRCA-deficient context, RAD51 loading
can be carried out by RAD52, albeit at a lower efficiency [20,21]. A recent study in vitro has supported
this function of RAD52 by using DNA curtain analysis to show the dynamics of interactions between
RPA, RAD52, RADS1, and ssDNA [22]. RAD52’s potential involvement in HR was also supported
by the finding that GFP-tagged RAD52 formed foci in response to DNA damage throughout S and
G2, coinciding with HR activity during these stages of the cell cycle [23]. Since then, RAD52 has been
implicated in many other pathways of DNA repair and genome maintenance, most of which are also
dominant in S and G2 (Figure 1) [24-30].
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Figure 1. Involvement of RAD52 in various pathways of genome maintenance: TC-HR
(transcription-coupled homologous recombination), HR (homologous recombination), Processing
of stalled forks (MUS81-dependent fork cleavage and protection against excessive fork
reversal), BIR (break-induced replication), ALT (alternative lengthening of telomeres), TA-HRR
(transcription-associated homologous recombination repair), MiDAS (mitotic DNA synthesis),
Replication of UR-DNA (replication of under-replicated DNA in 53BP1 nuclear bodies), SSA
(single-strand annealing), and RNA-templated repair. Pathways are categorized by the cell cycle phase
in which they are predominately active [24-30].
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2. Biochemistry and Activity of RAD52

Human RAD52 consists of a C-terminal domain (CTD) which contains its nuclear localization signal
(NLS) as well as its RAD51- and RPA-binding regions, and an N-terminal domain (NTD) which has been
shown to be responsible for its multimerization and DNA-binding activity [16,31-35]. RADS52 can also
undergo context-dependent post-translational modifications such as SUMOylation, phosphorylation,
acetylation, and methylation, the functions of which are under active investigation [16,36—40].

Full-length RAD52 exists as a heptameric ring, while purified NTDs have been shown to form
an undecameric ring structure [41,42]. While a ring structure would usually be suggestive of a
helicase, the DNA-binding domain of RAD52 is a groove of positively-charged residues which wraps
around the outside of the ring, unlike helicases, which typically thread DNA through the center of
the ring [32,41,43]. This domain has been shown to bind DNA with a footprint of 4 nucleotides per
monomer, meaning that each heptameric ring could bind around 28 bp of DNA [43-45]. RAD52
has also been shown to contain a secondary DNA-binding site that can interact with ssDNA, which
would facilitate annealing of resected ends, as in SSA. This site can also bind double-stranded DNA
(dsDNA), which enables strand exchange in an ATP-independent manner [31,46]. Recent studies using
atomic force spectroscopy have provided insights into the mechanics of RAD52/DNA interactions and
illuminated possible molecular mechanisms for RAD52-facilitated annealing and strand exchange [47].
In addjition to canonical or “forward” strand exchange, where RAD52 binds ssDNA and facilitates its
invasion of dsDNA, RAD52 can also perform inverse strand exchange by binding the duplex DNA,
which is then invaded by ssDNA or RNA [48,49].

3. Replication-Associated Functions of RAD52

RADS2 plays an important role in repair processes associated with replication stress, and, unlike
HR, its involvement in these pathways is largely RAD51- and BRCA2-independent [24-29]. At stalled
forks, RAD52 helps maintain equilibrium by preventing excessive fork reversal and stabilizing the
fork. It converts the stalled fork into a compact conformation, making it less accessible to fork reversal
enzymes [27]. In a CHK1-deficient background, RAD52 can convert reversed forks into a structure
which is then cleaved by MUS81 and repaired by break-induced replication (BIR) [24]. BIR occurs
when a broken chromosome invades its homologous duplex and replication proceeds along the length
of the chromosome, resulting in conservative replication, and it was shown in budding yeast to be
dependent on Rad52 [14]. Since then, human RAD52 has also been shown to be a requirement for BIR
at DSBs resulting from fork collapse [26], as well as a subset of microhomology-mediated BIR known
as MiDAS (mitotic DNA synthesis) [25]. MiDAS ensures replication of common fragile sites and other
difficult to replicate regions in mitosis to ensure complete replication before cell division [25,29,50,51].
DNA that evades replication by MiDAS is known as under-replicated DNA (UR-DNA) and can form
ultra-fine anaphase bridges that result in 53BP1 nuclear bodies in the daughter cells. Within these
nuclear bodies, there is a “second chance” mechanism, also dependent on RAD52, for this UR-DNA
which allows the cell to complete replication faithfully [28]. RAD52 also helps ensure telomere stability
through multiple pathways for alternative lengthening of telomeres (ALT), as demonstrated by the
shortening of telomeres over successive cell cycles in RAD52-deficient cells [29,30,50,51].

4. A New Interactome of RAD52: RNA:DNA Hybrids

4.1. RAD52’s Interactions with DNA and RNA

RAD52’s role in DNA repair has been attributed to its affinity for both single-stranded and
double-stranded DNA. Nevertheless, recent studies show that RAD52 may have the same, if not even
greater, affinity for RNA substrates (Figure 2A) [52]. This affinity allows RAD52 to perform many of its
canonical functions using RNA in place of ssDNA. For instance, human RAD52 can facilitate inverse
strand exchange between ssRNA and dsDNA, promoted in the presence of RPA [48,53]. Surprisingly,
in humans, this process is not dependent on RAD51, while in both bacteria and yeast, inverse strand
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exchange with RNA requires their respective RAD51 homologs [48,49,54]. Further supporting its
association with RNA, RAD52 has been found to interact with RNA polymerase II (RNAPII), indicating
an association with nascent RNA transcripts [55].
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Figure 2. RAD52 and RNA-containing substrates. (A) Affinity of human RAD52 for various nucleic
acid substrates adapted from mobility shift assay reported in Welty et al., 2017 [52]. (B) Possible modes
of RAD52 binding at R-loops (to ssDNA, ssRNA, or RNA:DNA hybrid structure). (C) RAD52 may

facilitate R-loop formation at a double-strand break by either forward or inverse strand exchange.
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Consistent with its role in HR, RAD52 has also been implicated in a newly described form of
homology-directed repair where transcript RNA is used to repair double-strand breaks in the absence
of a DNA donor, contradicting the central dogma of biology [53,56,57].

4.2. RADS52 and RNA-Templated Repair

The first evidence that a double-strand break could be repaired using RNA as a template came
from experiments done in budding yeast [56]. Because RNA is so abundant in cells, it was proposed
that, in the absence of a sister chromatid, a homologous RNA sequence could function as a template for
error-free repair of a double-strand break. This RNA could be derived from a nascent transcript on the
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same copy of the gene as the DSB (cis) or from another locus (trans) [53,58]. The Storici lab developed
a splicing-based system to ensure that they could distinguish DSB repair that had used an RNA
template from repair that had undergone conventional HR. They also looked at yeast retrotransposons
to determine whether RNA-templated repair occurred directly through an RNA donor or whether
the RNA was reverse transcribed into a cDNA intermediate. They found that in an RNaseH-deficient
background, RNA could be directly used as a template even in the absence of retrotransposons,
indicating that in this context, not all repair events required a cDNA intermediate. Additionally,
knocking down Rad52 reduced the frequency of RNA-templated repair in cis [48,53]. Although its
frequency is low and its relevance is context-dependent, this novel pathway of DNA repair was shown
to be conserved across species from bacteria to humans [59,60].

While RNA-templated repair was initially described using yeast Rad52, later work by the
Pomerantz lab has implicated human RAD52 in RNA-templated repair in vitro. They showed that
RNA may participate in DSB repair either as a scaffold to assist in ligation of the broken ends (bridging)
or as a template providing the necessary sequence information for homologous repair (RNA-templated
DSB repair). Both mechanisms are facilitated by human RPA and RAD52, and form a hybrid structure
known as an R-loop [57].

4.3. R-Loops: Physiological RNA:DNA Hybrids

An R-loop is a three-stranded structure formed when RNA invades duplex DNA, displacing one of
the DNA strands. Physiologically, this structure is most commonly formed during transcription when
the RNAPII complex unwinds the dsDNA, displacing the non-template strand and enabling the nascent
RNA to hybridize with the homologous template strand [61,62]. This RNA:DNA hybrid structure
is also relevant in initiation of replication, termination of transcription, class-switch recombination,
and protection of telomeres [61,63], and is a necessary intermediate in the process of RNA-templated
repair described above. R-loops are commonly formed at sequences with repeat motifs and/or high GC
content, because the displaced strand of DNA in these sequences is able to form secondary structures
such as G-quadraplexes, thus stabilizing the R-loop [64,65].

It has been shown biochemically that the RNA:DNA hybrid structure is even more stable than the
double-stranded DNA, warranting mechanisms for efficient resolution of these hybrids so that the two
strands of DNA can re-anneal [66]. Across species, this is often accomplished by the enzymes RNaseH1
and RNaseH2, which selectively degrade the RNA component of RNA:DNA hybrids [67-69].

4.3.1. R-Loops and RAD52: A Scaffold for DNA Repair Proteins

In S. pombe, the formation and resolution of R-loops at DSBs has been shown to be required
for efficient repair by HR [70]. Transcription has also been shown to influence pathway choice in
DSB repair in humans, as shown by CHIP-seq data indicating that transcriptionally active genes
preferentially recruit HR factors compared to untranscribed genes [71]. These studies indicate that
R-loops can function as signals for downstream recruitment of repair proteins.

This scaffold role of R-loops in protein recruitment has been extensively investigated by the Lan
lab, who have characterized a repair pathway they refer to as transcription-coupled homologous
recombination (TC-HR) [52,72,73]. In a system that allowed for modulation of both transcription and
site-specific damage induction, they were able to show that R-loops formed upon active transcription
initiated a novel signaling cascade. The R-loops were first bound by Cockayne Syndrome B (CSB)
protein, which then recruited RAD52, which loaded RAD51, defining TC-HR as a RAD52-dependent,
BRCA1/BRCAZ2-independent pathway [73]. Since their research was done in post-mitotic neurons or
non-proliferating U20S cells, where a sister chromatid is unavailable, they proposed that the proteins
recruited were conducting HR-like repair using RNA as a template, and that TC-HR might be most
relevant in GO/G1 (Figure 1) [52,72,73]. However, they do not determine whether RNA is directly being
used as a template or merely as a scaffold for protein recruitment.
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A similar pathway, termed transcription-associated homologous recombination repair (TA-HRR),
has also been shown to require R-loops and RAD52 for repair of DSBs in actively transcribed genes.
In this system, RAD52 is required for the recruitment of XPG, which cleaves R-loops into a substrate
with a ssDNA overhang, similar to a resected end, that can then be processed by HR [74]. They indicate
that RAD52 is recruiting the downstream HR factors, but it is also possible that it is the structure left
behind by XPG cleavage that is being recognized by the HR machinery. Interestingly, unlike TC-HR,
which is active in G0/G1 and BRCA-independent, TA-HRR was shown to involve BRCA1 and occur in
S/G2 (Figure 1).

While both TC-HR and TA-HRR demonstrate the presence of RAD52 at R-loops, the existing
evidence that RAD52 directly binds R-loops comes from in vitro studies [52,72-74]. Given that RAD52
has affinity for a variety of nucleic acid substrates (Figure 2A), it could interact with the R-loop in any
of three ways: at the displaced ssDNA strand, the nascent RNA, or the RNA:DNA hybrid (Figure 2B).
Furthermore, because of its strand exchange activity, it is possible that RAD52 is promoting the
formation of R-loops at a double-strand break by either forward or inverse strand exchange (Figure 2C).

4.3.2. R-Loops as Agents of DNA Damage

Although R-loops have been shown to aid in various types of DNA repair, in some contexts
R-loops may instead be the source of DNA damage. Since R-loop-induced defects are most prevalent
in cycling cells, R-loops are thought to cause damage predominately by acting as a physical block to
the progression of the replication fork, as the transcriptome and replisome must traverse along the
same template. These transcription-replication collisions (TRCs) can lead to fork stalling and potential
fork collapse [62,75]. R-loops also leave the displaced strand of DNA vulnerable to damage, such as
spontaneous deamination [76,77]. Additionally, if the sequence of the displaced ssDNA is conducive
to secondary structure formation, it is more likely to trigger other pathways tasked with resolving
non-B forms of DNA. These forms of damage can result in mutations to the underlying DNA template,
which has often been referred to as transcription-associated mutagenesis (TAM) [61,62,78].

Collisions between transcription and replication machinery can occur either in a head-on manner,
where replication and transcription machinery are converging, or co-directionally, where both are
proceeding in the same direction, albeit likely at different speeds. In species from bacteria to humans,
highly transcribed genes have been found to preferentially transcribe in the same direction as replication
so as to minimize head-on collisions. This led many to believe that head-on collisions were more
deleterious to the cell than co-directional collisions. While recent experimental evidence has shown a
greater accumulation of persistent R-loops in head-on TRCs, it remains to be seen if this leads to a
greater degree of damage or mutagenesis [75].

Accumulation of R-loops has also been observed in the absence of crucial DNA repair proteins
such as FANCM, FANCD2, BRCA1, and BRCA2 [79-82]. Mutation or loss of these proteins has been
linked to diseases such as Fanconi Anemia and cancer, but it has yet to be determined whether the
onset or progression of these diseases is linked to the accumulation of R-loops [62,83].

While these repair proteins have been shown to help prevent R-loop-induced damage, RAD52,
which operates in many of the same pathways, has not appeared in any studies examining
damage-causing R-loops. Nevertheless, the fact that it can bind R-loops in vitro and localize to
R-loops present at break sites may indicate that a role for RAD52 at R-loop-induced damage is plausible,
though this has yet to be investigated.

4.3.3. The R-Loop Interactome

Not every R-loop results in damage, so it remains unclear in which contexts they would be
pathological, neutral, or physiological. Nevertheless, even physiological R-loops must be processed
efficiently, and the cell has developed many ways of regulating and resolving R-loops. Determining
which proteins interact directly with R-loops has been a topic of great interest, and recent research has
identified an R-loop interactome that is distinct from both the mRINA and DNA interactomes [84,85].
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As expected, this interactome includes RNA-DNA helicases such as Senetaxin (STX), Aquarius (AQR),
and DHX9, as well as RNaseH1 and RNaseH?2, all factors known to resolve R-loops [63,84-86]. While
the DNA repair factors previously mentioned were not identified in these interactomes, it is worth
noting that these screens were not conducted in the presence of damage [84,85]. This may indicate
that proteins such as RAD52 and CSB only localize to R-loops in the context of damage. Additionally,
some proteins found to be recruited to R-loops, such as BRCA2, have not been shown to bind the
nucleic acid structure directly, but instead are recruited because of their interaction with RNAPII [80].

5. RAD52 as a Target for Cancer Therapy

Despite its importance in a variety of repair pathways, RAD52 has long appeared dispensable for
cell viability except in the context of BRCA-deficiency. This makes it an attractive therapeutic target in
cancer, as tumors with BRCA mutations would be susceptible to loss of RAD52, while normal tissues
with an intact HR pathway should survive without it. This genetic relationship is known as synthetic
lethality, where loss of function of each gene on its own still results in viable cells, while loss of both
results in cell killing. Synthetic lethality is an attractive strategy for targeted therapy, as it capitalizes
on natural genetic relationships for tumor-specific kill instead of damaging agents, which can cause
toxicity to both healthy cells and tumor cells [21,87].

In the context of DNA repair, synthetic lethality can especially be exploited when tumor cells
deficient in one repair pathway are “addicted” to a backup pathway. Loss of the backup pathway then
leads to toxic intermediate structures and cell death. The most common example of pharmacological
exploitation of synthetic lethality is poly-ADP-ribose polymerase (PARP) inhibition in HR-deficient
cells. Since PARP can recognize single-stranded breaks (55Bs), inhibiting its function would leave
unrepaired SSBs which could be converted to DSBs during replication. In HR-defective cells, these
breaks would either be left unrepaired or would be channeled to error-prone repair processes. The first
FDA-approved PARP inhibitor, olaparib, was authorized for treatment in a subset of BRCA-mutated
cancers in 2014, followed by the development and approval of a new generation of inhibitors [87].
While these inhibitors have been effective in some contexts, they have also been shown to cause
global toxicity, likely because of the role of PARP proteins in cellular processes other than DNA
repair [88]. The effectiveness of PARP inhibitors supported the use of synthetic lethality as an indicator
for therapeutic success, but their adverse effects have inspired some to look to other synthetically lethal
interactions for the treatment of HR-deficient tumors.

As homozygous loss of RAD52 caused no effect in mice, it is unlikely to cause toxicity to
healthy tissues in humans. Its effect in HR-deficient tumors, on the other hand, is significant and
well-characterized. While initially described as being synthetically lethal with BRCA2, it has since
been found to also lead to cell death in the absence of BRCA1, PALB2, and RAD51 paralogs [20,21,89].
Additionally, recent super resolution microscopy data that mapped the spatiotemporal kinetics of HR
repair showed that RAD52 and BRCA2 have distinct functions in the RAD51 nucleofilament formation
and subsequent homology search. While in the absence of RAD52, BRCA2 was able to compensate
for RAD52, the converse was not true [90]. This may explain why RAD52 loss in a BRCA2-proficient
context has no observable effect. In the context of BRCAL1 loss, one proposed mechanism for synthetic
lethality with RAD52 was reliant on the endonuclease EEPD1, which recognizes stalled forks and
cleaves them into a DSB. In the absence of BRCA1 and RAD52, accumulation of unrepaired breaks at
collapsed forks, which are normally repaired by HR, results in cell death. The synthetic lethality is
rescued by EEPD1 co-depletion, as the forks are restarted or repaired by other mechanisms which,
while error-prone, do not involve these toxic intermediates [91].

Because RADS52 loss is so detrimental to BRCA-deficient cells, many groups have conducted
screens to identify compounds that could serve as inhibitors of RAD52 function. The inhibitors target
RADS52 in one of two ways: either by inhibiting its annealing activity by competitively binding to the
ssDNA-binding domain, or by interfering with its ability to multimerize and form the ring structure
required for its activity [87,92-96]. Some of these compounds may be useful in HR-deficient cancers,
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either as monotherapy or in combination with other agents. One such inhibitor, 6-OH-dopa, was shown
to have an additive effect on BRCA-deficient cancer cells treated with PARP inhibitors, which they
termed “dual” synthetic lethality [97]. Addition of RAD52 inhibitors could decrease the necessary
dosage of PARP inhibitors, hopefully reducing their toxicity.

RAD52 inhibitors may also be useful outside the realm of BRCA deficiency, as depletion of RAD52
was shown to decrease tumor volume in FANCM-deficient tumors in mice. This interplay of RAD52
and FANCM was important in the repair and stability of common fragile sites, and relied on the
translocase activity of FANCM rather than its association with the rest of the Fanconi anemia (FA) core
complex [98]. It remains to be determined whether any of the other myriad roles of RAD52 represent a
new context in which an inhibitor may be useful.

6. Conclusions

While RAD52 is evolutionarily conserved across species, it was long thought to be largely
dispensable in humans. Recently, however, it has been implicated in a wide range of pathways
throughout the cell cycle as a protector of genome stability. It is remarkable that the loss of a protein
with these many functions has no observable effect on viability, but it is clearly a versatile promoter of
repair of many types of damage. RAD52 has not only been found to have a role in newer pathways such
as RNA-templated repair, but it may also play a larger role in HR than previously thought. Pathways
such as TC-HR and TA-HRR differ as to whether or not BRCA1 and BRCA2 are required, but they
agree that RAD52 is vital for the repair of DSBs at actively transcribed genes.

Unlike the classical view of synthetic lethality in DNA repair, which attributes equal consequences
to the loss of each pathway, the relationship between BRCA1/2 and RAD52 appears to be quite different.
BRCA deficiency on its own is a known driver of tumorigenesis, while RAD52 loss is aphenotypic.
In this instance, it is possible that no single pathway of RAD52 is responsible for its synthetic lethal
phenotype with BRCA1 or BRCA2, but that the cumulative effect of the disruption of so many repair
pathways overwhelms the cell.

Further research is required into the newly described functions of RAD52, especially in discerning
the contexts in which each pathway is relevant in the cell. A deeper understanding of the context-specific
roles of RAD52 will allow for the identification of new paradigms in which RAD52 targeting may
control tumor growth, even outside the realm of HR-deficient cancers.

Author Contributions: All authors contributed equally to this work.
Funding: This research was funded by NCI, grant number CA187069, and BCRF, grant number 16-070.

Acknowledgments: We apologize to those investigators whose work we did not cite owing to space constraints.
We thank Samantha Welker for her help with graphics. We thank the Powell Lab for helpful discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ceccaldi, R;; Rondinelli, B.; D’Andrea, A.D. Repair Pathway Choices and Consequences at the Double-Strand
Break. Trends Cell Biol. 2016, 26, 52—64. [CrossRef] [PubMed]

2. Her, J.; Bunting, S.F. How cells ensure correct repair of DNA double-strand breaks. J. Boil. Chem. 2018, 293,
10502-10511. [CrossRef] [PubMed]

3. Lok, B.H.; Powell, S.N. Molecular pathways: Understanding the role of Rad52 in homologous recombination
for therapeutic advancement. Clin. Cancer Res. 2012, 18, 6400-6406. [CrossRef] [PubMed]

4. Moynahan, M.E,; Jasin, M. Mitotic homologous recombination maintains genomic stability and suppresses
tumorigenesis. Nat. Rev. Mol. Cell Boil. 2010, 11, 196-207. [CrossRef] [PubMed]

5. Scully, R,; Panday, A.; Elango, R.; Willis, N.A. DNA double-strand break repair-pathway choice in somatic
mammalian cells. Nat. Rev. Mol. Cell Boil. 2019. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.tcb.2015.07.009
http://www.ncbi.nlm.nih.gov/pubmed/26437586
http://dx.doi.org/10.1074/jbc.TM118.000371
http://www.ncbi.nlm.nih.gov/pubmed/29414795
http://dx.doi.org/10.1158/1078-0432.CCR-11-3150
http://www.ncbi.nlm.nih.gov/pubmed/23071261
http://dx.doi.org/10.1038/nrm2851
http://www.ncbi.nlm.nih.gov/pubmed/20177395
http://dx.doi.org/10.1038/s41580-019-0152-0
http://www.ncbi.nlm.nih.gov/pubmed/31263220

Cancers 2019, 11, 1038 90of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Zhao, W.; Steinfeld, J.B.; Liang, F; Chen, X.; Maranon, D.G.; Ma, C.J.; Kwon, Y.; Rao, T.; Wang, W.; Sheng, C.;
et al. BRCA1I-BARDI1 promotes RAD51-mediated homologous DNA pairing. Nature 2017, 550, 360-365.
[CrossRef] [PubMed]

Chapman, J.R; Taylor, M.R.; Boulton, S.J. Playing the End Game: DNA Double-Strand Break Repair Pathway
Choice. Mol. Cell 2012, 47,497-510. [CrossRef] [PubMed]

Saleh-Gohari, N.; Bryant, H.E.; Schultz, N.; Parker, K.M.; Cassel, T.N.; Helleday, T. Spontaneous Homologous
Recombination Is Induced by Collapsed Replication Forks That Are Caused by Endogenous DNA
Single-Strand Breaks. Mol. Cell. Boil. 2005, 25, 7158-7169. [CrossRef] [PubMed]

Bhargava, R.; Onyango, D.O.; Stark, ]. M. Regulation of Single Strand Annealing and its role in genome
maintenance. Trends Genet. 2016, 32, 566-575. [CrossRef] [PubMed]

Bétermier, M.; Bertrand, P.; Lopez, B.S. Is Non-Homologous End-Joining Really an Inherently Error-Prone
Process? PLoS Genet. 2014, 10, €1004086. [CrossRef]

Stark, ].M.; Pierce, A.].; Oh, J.; Pastink, A.; Jasin, M. Genetic Steps of Mammalian Homologous Repair with
Distinct Mutagenic Consequences. Mol. Cell. Boil. 2004, 24, 9305-9316. [CrossRef] [PubMed]

Mortensen, U.H.; Bendixen, C.; Sunjevaric, I.; Rothstein, R. DNA strand annealing is promoted by the yeast
Rad52 protein. Proc. Natl. Acad. Sci. USA 2002, 93, 10729-10734. [CrossRef] [PubMed]

Reddy, G.; Golub, E.I; Radding, C.M. Human Rad52 protein promotes single-strand DNA annealing followed
by branch migration. Mutat. Res. Mol. Mech. Mutagen. 1997, 377, 53-59. [CrossRef]

Symington, L.S. Role of RAD52 Epistasis Group Genes in Homologous Recombination and Double-Strand
Break Repair. Microbiol. Mol. Boil. Rev. 2002, 66, 630-670. [CrossRef] [PubMed]

Kan, Y.; Batada, N.N.; Hendrickson, E.A. Human somatic cells deficient for RAD52 are impaired for viral
integration and compromised for most aspects of homology-directed repair. DNA Repair 2017, 55, 64-75.
[CrossRef] [PubMed]

Hanamshet, K.; Mazina, O.M.; Mazin, A.V. Reappearance from Obscurity: Mammalian Rad52 in Homologous
Recombination. Genes 2016, 7, 63. [CrossRef] [PubMed]

Game, J.; Mortimer, R. A genetic study of X-ray sensitive mutants in yeast. Mutat. Res. Toxicol. 1974, 24,
281-292. [CrossRef]

Sugiyama, T.; New, ]. H.; Kowalczykowski, S.C. DNA annealing by Rad52 Protein is stimulated by specific
interaction with the complex of replication protein A and single-stranded DNA. Proc. Natl. Acad. Sci. USA
1998, 95, 6049-6054. [CrossRef]

Rijkers, T.; Ouweland, ].V.D.; Morolli, B.; Rolink, A.G.; Baarends, W.M.; Van Sloun, PP.H.; Lohman, PH.M.;
Pastink, A. Targeted Inactivation of Mouse RAD52 Reduces Homologous Recombination but Not Resistance
to Ionizing Radiation. Mol. Cell. Boil. 1998, 18, 6423-6429. [CrossRef]

Feng, Z.; Scott, S.P.; Bussen, W.; Sharma, G.G.; Guo, G.; Pandita, T.K.; Powell, S.N. Rad52 inactivation is
synthetically lethal with BRCA2 deficiency. Proc. Natl. Acad. Sci. USA 2011, 108, 686-691. [CrossRef]

Lok, B.H.; Carley, A.C.; Tchang, B.; Powell, S.N. RAD52 inactivation is synthetically lethal with deficiencies in
BRCA1 and PALB2 in addition to BRCA2 through RAD51-mediated homologous recombination. Oncogene
2013, 32, 3552-3558. [CrossRef] [PubMed]

Ma, CJ.; Kwon, Y.; Sung, P.; Greene, E.C. Human RADS52 interactions with replication protein A and the
RADS51 presynaptic complex. J. Boil. Chem. 2017, 292, 11702-11713. [CrossRef] [PubMed]

Liu, Y;; Li, M.-J; Lee, E.Y.-H.; Maizels, N. Localization and dynamic relocalization of mammalian Rad52
during the cell cycle and in response to DNA damage. Curr. Boil. 1999, 9, 975-978. [CrossRef]

Murfuni, I.; Basile, G.; Subramanyam, S.; Malacaria, E.; Bignami, M.; Spies, M.; Franchitto, A.; Pichierri, P.
Survival of the Replication Checkpoint Deficient Cells Requires MUS81-RAD52 Function. PLoS Genet. 2013,
9, €1003910. [CrossRef] [PubMed]

Bhowmick, R.; Minocherhomiji, S.; Hickson, I.D. RAD52 Facilitates Mitotic DNA Synthesis Following
Replication Stress. Mol. Cell 2016, 64, 1117-1126. [CrossRef] [PubMed]

Sotiriou, S.K.; Kamileri, I.; Lugli, N.; Evangelou, K.; Da-Ré, C.; Huber, F.; Padayachy, L.; Tardy, S.; Nicati, N.L.;
Barriot, S.; et al. Mammalian RAD52 Functions in Break-Induced Replication Repair of Collapsed DNA
Replication Forks. Mol. Cell 2016, 64, 1127-1134. [CrossRef] [PubMed]

Malacaria, E.; Pugliese, G.M.; Honda, M.; Marabitti, V.; Aiello, F.A.; Spies, M.; Franchitto, A.; Pichierri, P.
Author Correction: Rad52 prevents excessive replication fork reversal and protects from nascent strand
degradation. Nat. Commun. 2019, 10, 2023. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nature24060
http://www.ncbi.nlm.nih.gov/pubmed/28976962
http://dx.doi.org/10.1016/j.molcel.2012.07.029
http://www.ncbi.nlm.nih.gov/pubmed/22920291
http://dx.doi.org/10.1128/MCB.25.16.7158-7169.2005
http://www.ncbi.nlm.nih.gov/pubmed/16055725
http://dx.doi.org/10.1016/j.tig.2016.06.007
http://www.ncbi.nlm.nih.gov/pubmed/27450436
http://dx.doi.org/10.1371/journal.pgen.1004086
http://dx.doi.org/10.1128/MCB.24.21.9305-9316.2004
http://www.ncbi.nlm.nih.gov/pubmed/15485900
http://dx.doi.org/10.1073/pnas.93.20.10729
http://www.ncbi.nlm.nih.gov/pubmed/8855248
http://dx.doi.org/10.1016/S0027-5107(97)00057-2
http://dx.doi.org/10.1128/MMBR.66.4.630-670.2002
http://www.ncbi.nlm.nih.gov/pubmed/12456786
http://dx.doi.org/10.1016/j.dnarep.2017.04.006
http://www.ncbi.nlm.nih.gov/pubmed/28549257
http://dx.doi.org/10.3390/genes7090063
http://www.ncbi.nlm.nih.gov/pubmed/27649245
http://dx.doi.org/10.1016/0027-5107(74)90176-6
http://dx.doi.org/10.1073/pnas.95.11.6049
http://dx.doi.org/10.1128/MCB.18.11.6423
http://dx.doi.org/10.1073/pnas.1010959107
http://dx.doi.org/10.1038/onc.2012.391
http://www.ncbi.nlm.nih.gov/pubmed/22964643
http://dx.doi.org/10.1074/jbc.M117.794545
http://www.ncbi.nlm.nih.gov/pubmed/28551686
http://dx.doi.org/10.1016/S0960-9822(99)80427-8
http://dx.doi.org/10.1371/journal.pgen.1003910
http://www.ncbi.nlm.nih.gov/pubmed/24204313
http://dx.doi.org/10.1016/j.molcel.2016.10.037
http://www.ncbi.nlm.nih.gov/pubmed/27984745
http://dx.doi.org/10.1016/j.molcel.2016.10.038
http://www.ncbi.nlm.nih.gov/pubmed/27984746
http://dx.doi.org/10.1038/s41467-019-10072-9
http://www.ncbi.nlm.nih.gov/pubmed/31043602

Cancers 2019, 11, 1038 10 of 13

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Spies, J.; Lukas, C.; Somyajit, K.; Rask, M.-B.; Lukas, J.; Neelsen, K.J. 53BP1 nuclear bodies enforce replication
timing at under-replicated DNA to limit heritable DNA damage. Nat. Cell Biol. 2019, 21, 487-497. [CrossRef]
[PubMed]

Verma, P; Dilley, R.L.; Zhang, T.; Gyparaki, M.T.; Li, Y.; Greenberg, R.A. RAD52 and SLX4 act nonepistatically
to ensure telomere stability during alternative telomere lengthening. Genes Dev. 2019, 33, 221-235. [CrossRef]
[PubMed]

Zhang, ].-M.; Yadav, T.; Ouyang, J.; Lan, L.; Zou, L. Alternative Lengthening of Telomeres through Two
Distinct Break-Induced Replication Pathways. Cell Rep. 2019, 26, 955-968.€3. [CrossRef]

Kagawa, W.; Kurumizaka, H.; Ikawa, S.; Yokoyama, S.; Shibata, T. Homologous Pairing Promoted by the
Human Rad52 Protein. J. Boil. Chem. 2001, 276, 35201-35208. [CrossRef] [PubMed]

Lloyd, J.A.; McGrew, D.A.; Knight, K.L. Identification of Residues Important for DNA Binding in the
Full-length Human Rad52 Protein. . Mol. Boil. 2005, 345, 239-249. [CrossRef] [PubMed]

Lloyd, J.A.; Forget, A.L.; Knight, K.L. Correlation of Biochemical Properties with the Oligomeric State of
Human Rad52 Protein. J. Boil. Chem. 2002, 277, 46172—46178. [CrossRef] [PubMed]

Shen, Z.; Cloud, K.G.; Chen, D.J.; Park, M.S. Specific Interactions between the Human RAD51 and RAD52
Proteins. J. Boil. Chem. 1996, 271, 148-152. [CrossRef] [PubMed]

Ludwig, D.L.; Park, M.S.; Stigger, E.; Lee, S.-H. Physical Interaction between Human RAD52 and RPA Is
Required for Homologous Recombination in Mammalian Cells. J. Boil. Chem. 1996, 271, 18996-19000.
Altmannova, V.; Eckert-Boulet, N.; Arneric, M.; Kolesar, P.; Chaloupkova, R.; Damborsky, J.; Sung, P.; Zhao, X.;
Lisby, M.; Krejci, L. Rad52 SUMOylation affects the efficiency of the DNA repair. Nucleic Acids Res. 2010, 38,
4708-4721. [CrossRef] [PubMed]

Xue, C.; Greene, E.C. New roles for RAD52 in DNA repair. Cell Res. 2018, 28, 1127-1128. [CrossRef]
Honda, M.; Okuno, Y.; Yoo, J.; Ha, T.; Spies, M. Tyrosine phosphorylation enhances RAD52-mediated
annealing by modulating its DNA binding. EMBO ]. 2011, 30, 3368-3382. [CrossRef]

Lim, K,; Stewart, J.; Kelly, V,; Xie, J.; Brock, K.K.; Moseley, J.; Cho, Y.-B.; Fyles, A.; Lundin, A.; Rehbinder, H.;
et al. Dosimetrically Triggered Adaptive Intensity Modulated Radiation Therapy for Cervical Cancer. Int. J.
Radiat. Oncol. 2014, 90, 147-154. [CrossRef]

Yasuda, T.; Kagawa, W.; Ogi, T.; Kato, T.A.; Suzuki, T.; Dohmae, N.; Takizawa, K.; Nakazawa, Y.; Genet, M.D.;
Saotome, M.; et al. Novel function of HATs and HDACs in homologous recombination through acetylation
of human RAD52 at double-strand break sites. PLoS Genet. 2018, 14, €1007277. [CrossRef]

Stasiak, A.Z.; Larquet, E.; Stasiak, A.; Miiller, S.; Engel, A.; Van Dyck, E.; West, S.C.; Egelman, E.H. The
human Rad52 protein exists as a heptameric ring. Curr. Boil. 2000, 10, 337-340. [CrossRef]

Kagawa, W.; Kurumizaka, H.; Ishitani, R.; Fukai, S.; Nureki, O.; Shibata, T.; Yokoyama, S. Crystal Structure of
the Homologous-Pairing Domain from the Human Rad52 Recombinase in the Undecameric Form. Mol. Cell
2002, 10, 359-371. [CrossRef]

Singleton, M.R.; Wentzell, L.M.; Liu, Y.; West, S.C.; Wigley, D.B. Structure of the single-strand annealing
domain of human RAD52 protein. Proc. Natl. Acad. Sci. USA 2002, 99, 13492-13497. [CrossRef] [PubMed]
Parsons, C.A.; Baumann, P.; Van Dyck, E.; West, S.C. Precise binding of single-stranded DNA termini by
human RAD52 protein. EMBO J. 2000, 19, 4175-4181. [CrossRef]

Honda, M.; Wright, R.; Okuno, Y.; Rothenberg, E.; Ha, T.; Spies, M.; Grimme, ].M.; Mazin, A.V. Human Rad52
binds and wraps single-stranded DNA and mediates annealing via two hRad52-ssDNA complexes. Nucleic
Acids Res. 2010, 38, 2917-2930.

Kagawa, W.; Kagawa, A.; Saito, K.; Ikawa, S.; Shibata, T.; Kurumizaka, H.; Yokoyama, S. Identification of a
Second DNA Binding Site in the Human Rad52 Protein. J. Boil. Chem. 2008, 283, 24264-24273. [CrossRef]
[PubMed]

Brouwer, I.; Zhang, H.; Candelli, A.; Normanno, D.; Peterman, E.J.; Wuite, G.J.; Modesti, M. Human
RADS52 Captures and Holds DNA Strands, Increases DNA Flexibility, and Prevents Melting of Duplex DNA:
Implications for DNA Recombination. Cell Rep. 2017, 18, 2845-2853. [CrossRef]

Mazina, O.M.; Keskin, H.; Hanamshet, K.; Storici, F.; Mazin, A.V. Rad52 Inverse Strand Exchange Drives
RNA-Templated DNA Double-Strand Break Repair. Mol. Cell 2017, 67, 19-29.e3. [CrossRef] [PubMed]
Zaitsev, E.N.; Kowalczykowski, S.C. A novel pairing process promoted by Escherichia coli RecA protein:
Inverse DNA and RNA strand exchange. Genome Res. 2000, 14, 740-749.


http://dx.doi.org/10.1038/s41556-019-0293-6
http://www.ncbi.nlm.nih.gov/pubmed/30804506
http://dx.doi.org/10.1101/gad.319723.118
http://www.ncbi.nlm.nih.gov/pubmed/30692206
http://dx.doi.org/10.1016/j.celrep.2018.12.102
http://dx.doi.org/10.1074/jbc.M104938200
http://www.ncbi.nlm.nih.gov/pubmed/11454867
http://dx.doi.org/10.1016/j.jmb.2004.10.065
http://www.ncbi.nlm.nih.gov/pubmed/15571718
http://dx.doi.org/10.1074/jbc.M207262200
http://www.ncbi.nlm.nih.gov/pubmed/12226092
http://dx.doi.org/10.1074/jbc.271.1.148
http://www.ncbi.nlm.nih.gov/pubmed/8550550
http://dx.doi.org/10.1093/nar/gkq195
http://www.ncbi.nlm.nih.gov/pubmed/20371517
http://dx.doi.org/10.1038/s41422-018-0105-8
http://dx.doi.org/10.1038/emboj.2011.238
http://dx.doi.org/10.1016/j.ijrobp.2014.05.039
http://dx.doi.org/10.1371/journal.pgen.1007277
http://dx.doi.org/10.1016/S0960-9822(00)00385-7
http://dx.doi.org/10.1016/S1097-2765(02)00587-7
http://dx.doi.org/10.1073/pnas.212449899
http://www.ncbi.nlm.nih.gov/pubmed/12370410
http://dx.doi.org/10.1093/emboj/19.15.4175
http://dx.doi.org/10.1074/jbc.M802204200
http://www.ncbi.nlm.nih.gov/pubmed/18593704
http://dx.doi.org/10.1016/j.celrep.2017.02.068
http://dx.doi.org/10.1016/j.molcel.2017.05.019
http://www.ncbi.nlm.nih.gov/pubmed/28602639

Cancers 2019, 11, 1038 11 of 13

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Min, J.; Wright, W.E.; Shay, ].W. Alternative Lengthening of Telomeres Mediated by Mitotic DNA Synthesis
Engages Break-Induced Replication Processes. Mol. Cell. Boil. 2017, 37, €00226-17. [CrossRef] [PubMed]
Ozer, O.; Bhowmick, R.; Liu, Y.; Hickson, I.D. Human cancer cells utilize mitotic DNA synthesis to resist
replication stress at telomeres regardless of their telomere maintenance mechanism. Oncotarget 2018, 9,
15836-15846. [CrossRef] [PubMed]

Welty, S.; Teng, Y.; Liang, Z.; Zhao, W.; Sanders, L.H.; Greenamyre, J.T.; Rubio, M.E.; Thathiah, A.; Kodali, R.;
Wetzel, R.; et al. RAD52 is required for RNA-templated recombination repair in post-mitotic neurons.
J. Biol. Chem. 2018, 293, 1353-1362. [CrossRef] [PubMed]

Keskin, H.; Shen, Y.; Huang, F.; Patel, M.; Yang, T.; Ashley, K.; Mazin, A.V,; Storici, F. Transcript-RNA-templated
DNA recombination and repair. Nature 2014, 515, 436-439. [CrossRef] [PubMed]

Wahba, L.; Gore, S.K.; Koshland, D. The homologous recombination machinery modulates the formation of
RNA-DNA hybrids and associated chromosome instability. eLife 2013, 2, 2. [CrossRef] [PubMed]

Liu, ].; Meng, X.; Shen, Z. Association of human RAD52 protein with transcription factors. Biochem. Biophys.
Res. Commun. 2002, 297, 1191-1196. [CrossRef]

Storici, F.; Bebenek, K.; Kunkel, T.A.; Gordenin, D.A.; Resnick, M.A. RNA-templated DNA repair. Nature
2007, 447, 338-341. [CrossRef]

McDevitt, S.; Rusanov, T.; Kent, T.; Chandramouly, G.; Pomerantz, R.T. How RNA transcripts coordinate
DNA recombination and repair. Nat. Commun. 2018, 9, 1091. [CrossRef]

Meers, C.; Keskin, H.; Storici, F. DNA repair by RNA: Templated, or not templated, that is the question.
DNA Repair 2016, 44, 17-21. [CrossRef]

Shen, Y.; Nandi, P; Taylor, M.B.; Stuckey, S.; Bhadsavle, H.P.; Weiss, B.; Storici, F. RNA-driven genetic changes
in bacteria and in human cells. Mutat. Res. Mol. Mech. Mutagen. 2011, 717, 91-98. [CrossRef]

Chakraborty, A.; Tapryal, N.; Venkova, T.; Horikoshi, N.; Pandita, R.K.; Sarker, A.H.; Sarkar, P.S.; Pandita, TK;
Hazra, TK. Classical non-homologous end-joining pathway utilizes nascent RNA for error-free double-strand
break repair of transcribed genes. Nat. Commun. 2016, 7, 13049. [CrossRef]

Aguilera, A.; Gémez-Gonzalez, B. DNA-RNA hybrids: The risks of DNA breakage during transcription.
Nat. Struct. Mol. Boil. 2017, 24, 439-443. [CrossRef] [PubMed]

Crossley, M.P,; Bocek, M.; Cimprich, K.A. R-Loops as Cellular Regulators and Genomic Threats. Mol. Cell
2019, 73, 398-411. [CrossRef] [PubMed]

Skourti-Stathaki, K.; Proudfoot, N.J.; Gromak, N. Human Senataxin Resolves RNA/DNA Hybrids Formed at
Transcriptional Pause Sites to Promote Xrn2-Dependent Termination. Mol. Cell 2011, 42, 794-805. [CrossRef]
[PubMed]

Ginno, PA.; Lott, PL.; Christensen, H.C.; Korf, I.; Chédin, F. R-loop formation is a distinctive characteristic of
unmethylated human CpG island promoters. Mol. Cell 2012, 45, 814-825. [CrossRef] [PubMed]

Aguilera, A.; Garcia-Muse, T. R Loops: From Transcription Byproducts to Threats to Genome Stability.
Mol. Cell 2012, 46, 115-124. [CrossRef] [PubMed]

Roberts, R.; Crothers, D. Stability and properties of double and triple helices: Dramatic effects of RNA or
DNA backbone composition. Science 1992, 258, 1463-1466. [CrossRef] [PubMed]

Gaidamakov, S.A.; Gorshkova, LI.; Schuck, P.; Steinbach, PJ.; Yamada, H.; Crouch, R.].; Cerritelli, S.M.
Eukaryotic RNases H1 act processively by interactions through the duplex RNA-binding domain. Nucleic
Acids Res. 2005, 33, 2166-2175. [CrossRef]

Nowotny, M.; Cerritelli, 5.M.; Ghirlando, R.; A Gaidamakov, S.; Crouch, R.J.; Yang, W. Specific recognition of
RNA/DNA hybrid and enhancement of human RNase H1 activity by HBD. EMBO J. 2008, 27, 1172-1181.
[CrossRef]

Cerritelli, S.M.; Crouch, R.J. Ribonuclease H: The enzymes in eukaryotes. FEBS J. 2009, 276, 1494-1505.
[CrossRef]

Ohle, C.; Tesorero, R.; Schermann, G.; Dobrev, N.; Sinning, I.; Fischer, T. Transient RNA-DNA Hybrids Are
Required for Efficient Double-Strand Break Repair. Cell 2016, 167, 1001-1013.e7. [CrossRef]

Aymard, F; Bugler, B.; Schmidt, C.K.; Guillou, E.; Caron, P,; Briois, S.; Iacovoni, ].S.; Daburon, V,;
Miller, K.M.; Jackson, S.P; et al. Transcriptionally active chromatin recruits homologous recombination at
DNA double-strand breaks. Nat. Struct. Mol. Boil. 2014, 21, 366-374. [CrossRef] [PubMed]


http://dx.doi.org/10.1128/MCB.00226-17
http://www.ncbi.nlm.nih.gov/pubmed/28760773
http://dx.doi.org/10.18632/oncotarget.24745
http://www.ncbi.nlm.nih.gov/pubmed/29662610
http://dx.doi.org/10.1074/jbc.M117.808402
http://www.ncbi.nlm.nih.gov/pubmed/29217771
http://dx.doi.org/10.1038/nature13682
http://www.ncbi.nlm.nih.gov/pubmed/25186730
http://dx.doi.org/10.7554/eLife.00505
http://www.ncbi.nlm.nih.gov/pubmed/23795288
http://dx.doi.org/10.1016/S0006-291X(02)02353-7
http://dx.doi.org/10.1038/nature05720
http://dx.doi.org/10.1038/s41467-018-03483-7
http://dx.doi.org/10.1016/j.dnarep.2016.05.002
http://dx.doi.org/10.1016/j.mrfmmm.2011.03.016
http://dx.doi.org/10.1038/ncomms13049
http://dx.doi.org/10.1038/nsmb.3395
http://www.ncbi.nlm.nih.gov/pubmed/28471430
http://dx.doi.org/10.1016/j.molcel.2019.01.024
http://www.ncbi.nlm.nih.gov/pubmed/30735654
http://dx.doi.org/10.1016/j.molcel.2011.04.026
http://www.ncbi.nlm.nih.gov/pubmed/21700224
http://dx.doi.org/10.1016/j.molcel.2012.01.017
http://www.ncbi.nlm.nih.gov/pubmed/22387027
http://dx.doi.org/10.1016/j.molcel.2012.04.009
http://www.ncbi.nlm.nih.gov/pubmed/22541554
http://dx.doi.org/10.1126/science.1279808
http://www.ncbi.nlm.nih.gov/pubmed/1279808
http://dx.doi.org/10.1093/nar/gki510
http://dx.doi.org/10.1038/emboj.2008.44
http://dx.doi.org/10.1111/j.1742-4658.2009.06908.x
http://dx.doi.org/10.1016/j.cell.2016.10.001
http://dx.doi.org/10.1038/nsmb.2796
http://www.ncbi.nlm.nih.gov/pubmed/24658350

Cancers 2019, 11, 1038 12 of 13

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Wei, L.; Nakajima, S.; Bohm, S.; Bernstein, K.A.; Shen, Z.; Tsang, M.; Levine, A.S.; Lan, L. DNA damage during
the GO/G1 phase triggers RNA-templated, Cockayne syndrome B-dependent homologous recombination.
Proc. Natl. Acad. Sci. USA 2015, 112, E3495-E3504. [CrossRef] [PubMed]

Teng, Y.; Yadav, T.; Duan, M.; Tan, J.; Xiang, Y.; Gao, B.; Xu, J.; Liang, Z.; Liu, Y.; Nakajima, S.; et al.
ROS-induced R loops trigger a transcription-coupled but BRCA1/2-independent homologous recombination
pathway through CSB. Nat. Commun. 2018, 9, 4115. [CrossRef] [PubMed]

Yasuhara, T.; Kato, R.; Hagiwara, Y.; Shiotani, B.; Yamauchi, M.; Nakada, S.; Shibata, A.; Miyagawa, K.
Human Rad52 Promotes XPG-Mediated R-loop Processing to Initiate Transcription-Associated Homologous
Recombination Repair. Cell 2018, 175, 558-570.e11. [CrossRef] [PubMed]

Hamperl, S.; Bocek, M.].; Saldivar, J.C.; Swigut, T.; Cimprich, K. A. Transcription-replication conflict orientation
modulates R-loop levels and activates distinct DNA damage responses. Cell 2017, 170, 774-786.19. [CrossRef]
[PubMed]

Aguilera, A. The connection between transcription and genomic instability. EMBO J. 2002, 21, 195-201.
[CrossRef] [PubMed]

Skourti-Stathaki, K.; Proudfoot, N.J. A double-edged sword: R loops as threats to genome integrity and
powerful regulators of gene expression. Genes Dev. 2014, 28, 1384-1396. [CrossRef]

Kim, N.; Jinks-Robertson, S. Transcription as a source of genome instability. Nat. Rev. Genet. 2012, 13,
204-214. [CrossRef]

Gorthi, A.; Romero, J.C.; Loranc, E.; Cao, L.; Lawrence, L.A.; Goodale, E.; Iniguez, A.B.; Bernard, X;
Masamsetti, V.P.; Roston, S.; et al. EWS-FLII increases transcription to cause R-loops and block BRCA1
repair in Ewing sarcoma. Nature 2018, 555, 387-391. [CrossRef]

Shivji, M.K,; Renaudin, X.; Williams, C.H.; Venkitaraman, A.R. BRCA2 Regulates Transcription Elongation
by RNA Polymerase II to Prevent R-Loop Accumulation. Cell Rep. 2018, 22, 1031-1039. [CrossRef]
Schwab, R.A.; Nieminuszczy, J.; Shah, F; Langton, J.; Martinez, D.L.; Liang, C.-C.; Cohn, M.A; Gibbons, R.].;
Deans, A.J.; Niedzwiedz, W. The Fanconi Anemia Pathway Maintains Genome Stability by Coordinating
Replication and Transcription. Mol. Cell 2015, 60, 351-361. [CrossRef] [PubMed]

Garcia-Rubio, M.L.; Pérez-Calero, C.; Barroso, S.I.; Tumini, E.; Herrera-Moyano, E.; Rosado, I.V.; Aguilera, A.
The Fanconi Anemia Pathway Protects Genome Integrity from R-loops. PLoS Genet. 2015, 11, e1005674.
[CrossRef] [PubMed]

Groh, M.; Gromak, N. Out of Balance: R-loops in Human Disease. PLoS Genet. 2014, 10, e1004630. [CrossRef]
[PubMed]

Cristini, A.; Groh, M.; Kristiansen, M.S.; Gromak, N. RNA/DNA Hybrid Interactome Identifies DXH9 as a
Molecular Player in Transcriptional Termination and R-Loop-Associated DNA Damage. Cell Rep. 2018, 23,
1891-1905. [CrossRef] [PubMed]

Wang, 1.X.; Grunseich, C.; Fox, J.; Burdick, J.; Zhu, Z.; Ravazian, N.; Hafner, M.; Cheung, V.G. Human
proteins that interact with RNA/DNA hybrids. Genome Res. 2018, 28, 1405-1414. [CrossRef] [PubMed]
Sollier, J.; Stork, C.T.; Garcia-Rubio, M.L.; Paulsen, R.D.; Aguilera, A.; Cimprich, K.A. Transcription-coupled
nucleotide excision repair factors promote R-loop-induced genome instability. Mol. Cell 2014, 56, 777-785.
[CrossRef]

Hengel, S.R.; Malacaria, E.; Constantino, L.ED.S.; E Bain, E; Diaz, A.; Koch, B.G.; Yu, L.; Wu, M.; Pichierri, P;
Spies, M.A; et al. Small-molecule inhibitors identify the RAD52-ssDNA interaction as critical for recovery
from replication stress and for survival of BRCA2 deficient cells. eLife 2016, 5, 5. [CrossRef]

LaFargue, C.J.; Molin, G.Z.D.; Sood, A.K.; Coleman, R.L. Exploring and comparing adverse events between
PARP inhibitors. Lancet Oncol. 2019, 20, e15-e28. [CrossRef]

Chun, J.; Buechelmaier, E.S.; Powell, S.N. Rad51 Paralog Complexes BCDX2 and CX3 Act at Different Stages
in the BRCA1-BRCA2-Dependent Homologous Recombination Pathway. Mol. Cell. Biol. 2013, 33, 387-395.
[CrossRef]

Whelan, D.R.; Lee, W.T.C,; Yin, Y.; Ofri, D.M.; Bermudez-Hernandez, K.; Keegan, S.; Fenyo, D.; Rothenberg, E.
Spatiotemporal dynamics of homologous recombination repair at single collapsed replication forks.
Nat. Commun. 2018, 9, 3882. [CrossRef]

Hromas, R.; Kim, H.-S.; Sidhu, G.; Williamson, E.; Jaiswal, A.; Totterdale, T.A.; Nole, J.; Lee, S.-H.;
Nickoloff, J.A.; Kong, K.Y. The endonuclease EEPD1 mediates synthetic lethality in RAD52-depleted BRCA1
mutant breast cancer cells. Breast Cancer Res. 2017, 19, 122. [CrossRef]


http://dx.doi.org/10.1073/pnas.1507105112
http://www.ncbi.nlm.nih.gov/pubmed/26100862
http://dx.doi.org/10.1038/s41467-018-06586-3
http://www.ncbi.nlm.nih.gov/pubmed/30297739
http://dx.doi.org/10.1016/j.cell.2018.08.056
http://www.ncbi.nlm.nih.gov/pubmed/30245011
http://dx.doi.org/10.1016/j.cell.2017.07.043
http://www.ncbi.nlm.nih.gov/pubmed/28802045
http://dx.doi.org/10.1093/emboj/21.3.195
http://www.ncbi.nlm.nih.gov/pubmed/11823412
http://dx.doi.org/10.1101/gad.242990.114
http://dx.doi.org/10.1038/nrg3152
http://dx.doi.org/10.1038/nature25748
http://dx.doi.org/10.1016/j.celrep.2017.12.086
http://dx.doi.org/10.1016/j.molcel.2015.09.012
http://www.ncbi.nlm.nih.gov/pubmed/26593718
http://dx.doi.org/10.1371/journal.pgen.1005674
http://www.ncbi.nlm.nih.gov/pubmed/26584049
http://dx.doi.org/10.1371/journal.pgen.1004630
http://www.ncbi.nlm.nih.gov/pubmed/25233079
http://dx.doi.org/10.1016/j.celrep.2018.04.025
http://www.ncbi.nlm.nih.gov/pubmed/29742442
http://dx.doi.org/10.1101/gr.237362.118
http://www.ncbi.nlm.nih.gov/pubmed/30108179
http://dx.doi.org/10.1016/j.molcel.2014.10.020
http://dx.doi.org/10.7554/eLife.14740
http://dx.doi.org/10.1016/S1470-2045(18)30786-1
http://dx.doi.org/10.1128/MCB.00465-12
http://dx.doi.org/10.1038/s41467-018-06435-3
http://dx.doi.org/10.1186/s13058-017-0912-8

Cancers 2019, 11, 1038 13 of 13

92.

93.

94.

95.

96.

97.

98.

Chandramouly, G.; McDevitt, S.; Sullivan, K.; Kent, T.; Luz, A.; Glickman, J.F.; Andrake, M.; Skorski, T.;
Pomerantz, R.T.; Chandramouly, G. Small Molecule Disruption of RAD52 Rings as a Mechanism for Precision
Medicine in BRCA Deficient Cancers. Chem. Boil. 2015, 22, 1491-1504. [CrossRef] [PubMed]

Huang, F; Goyal, N.; Sullivan, K.; Hanamshet, K.; Patel, M.; Mazina, O.M.; Wang, C.X,; An, W.F;
Spoonamore, J.; Metkar, S.; et al. Targeting BRCA1- and BRCA2-deficient cells with RAD52 small molecule
inhibitors. Nucleic Acids Res. 2016, 44, 4189-4199. [CrossRef] [PubMed]

Sullivan, K.; Cramer-Morales, K.; McElroy, D.L.; Ostrov, D.A.; Haas, K.; Childers, W.; Hromas, R.; Skorski, T.
Identification of a Small Molecule Inhibitor of RAD52 by Structure-Based Selection. PLoS ONE 2016, 11,
0147230. [CrossRef] [PubMed]

Cramer-Morales, K.; Nieborowska-Skorska, M.; Scheibner, K.; Padget, M.; Irvine, D.A.; Sliwinski, T.; Haas, K.;
Lee, J.; Geng, H.; Roy, D.; et al. Personalized synthetic lethality induced by targeting RAD52 in leukemias
identified by gene mutation and expression profile. Blood 2013, 122, 1293-1304. [CrossRef]

Li, J.; Yang, Q.; Zhang, Y.; Huang, K.; Sun, R.; Zhao, Q. Compound F779-0434 causes synthetic lethality in
BRCAZ2-deficient cancer cells by disrupting RAD52-ssDNA association. RSC Adv. 2018, 8, 18859-18869.
[CrossRef]

Sullivan-Reed, K.; Bolton-Gillespie, E.; Dasgupta, Y.; Langer, S.; Siciliano, M.; Nieborowska-Skorska, M.;
Hanamshet, K.; Belyaeva, E.A ; Bernhardy, A.J.; Lee, J.; et al. Simultaneous Targeting of PARP1 and RAD52
Triggers Dual Synthetic Lethality in BRCA-Deficient Tumor Cells. Cell Rep. 2018, 23, 3127-3136. [CrossRef]
Wang, H.; Li, S.; Oaks, J.; Ren, J.; Li, L.; Wu, X. The concerted roles of FANCM and Rad52 in the protection of
common fragile sites. Nat. Commun. 2018, 9, 2791. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.chembiol.2015.10.003
http://www.ncbi.nlm.nih.gov/pubmed/26548611
http://dx.doi.org/10.1093/nar/gkw087
http://www.ncbi.nlm.nih.gov/pubmed/26873923
http://dx.doi.org/10.1371/journal.pone.0147230
http://www.ncbi.nlm.nih.gov/pubmed/26784987
http://dx.doi.org/10.1182/blood-2013-05-501072
http://dx.doi.org/10.1039/C8RA01919C
http://dx.doi.org/10.1016/j.celrep.2018.05.034
http://dx.doi.org/10.1038/s41467-018-05066-y
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Double-Strand Breaks and RAD52 
	Biochemistry and Activity of RAD52 
	Replication-Associated Functions of RAD52 
	A New Interactome of RAD52: RNA:DNA Hybrids 
	RAD52's Interactions with DNA and RNA 
	RAD52 and RNA-Templated Repair 
	R-Loops: Physiological RNA:DNA Hybrids 
	R-Loops and RAD52: A Scaffold for DNA Repair Proteins 
	R-Loops as Agents of DNA Damage 
	The R-Loop Interactome 


	RAD52 as a Target for Cancer Therapy 
	Conclusions 
	References

