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Abstract

:

In this Special Issue, we would like to focus on the various functions of the RAD52 helicase-like protein and the current implications of such findings for cancer treatment. Over the last few years, various laboratories have discovered particular activities of mammalian RAD52—both in S and M phase—that are distinct from the auxiliary role of yeast RAD52 in homologous recombination. At DNA double-strand breaks, RAD52 was demonstrated to spur alternative pathways to compensate for the loss of homologous recombination functions. At collapsed replication forks, RAD52 activates break-induced replication. In the M phase, RAD52 promotes the finalization of DNA replication. Its compensatory role in the resolution of DNA double-strand breaks has put RAD52 in the focus of synthetic lethal strategies, which is particularly relevant for cancer treatment.
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1. Introduction


This Special Issue gathers experts in the field to convey both comprehensive, insightful, and current perspectives on the different functions of human RAD52 in the maintenance of genomic integrity and the current implications of such findings for cancer treatment. Historically, RAD52 was described as an auxiliary factor of RAD51 in homologous recombination (HR) in yeast [1]. Around 2000, it became clear that in mammalian cells, BRCA2 had taken over the RAD51-chaperoning activity, stimulating filament formation on single-stranded DNA (ssDNA), while RAD52 was left with the single-strand annealing (SSA) activity [2]. Later, limited contributions of RAD52 to the repair of DNA double-strand breaks (DSBs)—such as during alternative non-homologous end-joining (A-NHEJ) and in compensating for the loss of HR functions—were also detected [3].



Full-length RAD52 forms a heptameric ring, whereby N- and C-terminal parts of each monomer form a positively charged ssDNA binding groove around the heptamer [4,5]. Oligomerization in the cytoplasm stimulates nuclear import, granted by the combined action of individually weak nuclear localization signals. Its RPA binding domains underlie RAD52´s biochemical functions in binding RPA-coated ssDNA, annealing, and homology-directed repair. Even though many details regarding the contribution of posttranslational modification to the function of RAD52 remain to be explored, we know that RAD52 acetylation is required for its accumulation at DSBs, sumoylation of yeast RAD52 for the choice of SSA over canonical recombination at repeats, and tyrosine phosphorylation of RAD52 for ssDNA, rather than dsDNA binding and the choice of SSA [6,7,8,9].



Over the last years, new functions of RAD52 have been identified. For example, various laboratories have discovered the involvement of mammalian RAD52 and RNA templates and RNA-DNA hybrid structures like R loops in unprecedented homology-directed DSB repair events [9]. First, RNA was discovered to serve as a bridging template in RAD52- and RPA-mediated homology-directed DSB repair, which may play a role during transcription, replication, class-switch recombination, and at telomeres. Second, in transcription-coupled HR (TC-HR) in G0/G1 cells, R loops generated during transcription were found to be bound by CSB, followed by RAD52-mediated, BRCA-independent RAD51 recruitment, and HR. Third, in transcription-activated HR (TA-HR) in S/G2 cells, RAD52 recruits the XPG cleaving R loops, which generates ssDNA overhangs for BRCA-dependent HR [9].



Surprisingly, RAD52 also acts during events other than canonical DSB repair—namely, during DNA replication when it counteracts excessive fork regression, which may exhaust protection factors, causing breakage of reversed forks. At collapsed replication forks, RAD52 activates break-induced replication (BIR), a specialized pathway that repairs single-ended DSBs. During M phase, RAD52-mediated BIR also promotes the finalization of DNA replication (MiDAS- mitotic DNA synthesis). Notably, RAD52 cooperates with various nucleases, namely, MUS81 during BIR, ERCC1/XPF during SSA, and XPG during TA-HR. It also cooperates with MRE11 and MUS81/EME1 at de-protected forks that have reverted to process these structures into HR substrates, ultimately enabling the cell to continue DNA replication [10,11,12]. The multiple activities of RAD52 known to date are summarized in Figure 1.



Therefore, compensatory roles in the resolution of DSBs, as well as at replication forks, put RAD52 in the focus of synthetic lethal strategies, which is particularly relevant for cancer treatment. Consequently, efforts were made to identify RAD52-inhibitory compounds to kill HR-defective tumor cells in a synthetic lethal fashion [8]. The specific mode of action of these compounds is determined by the above-mentioned biochemical features of RAD52 so that, e.g., interfering with heptamer formation blocks recruitment of RAD52 to DNA damage sites, while the occupation of the ssDNA binding groove abrogates ssDNA binding. In the light of specific effects of drugs targeting other DNA repair proteins, such as PARP1-trapping compounds [20], it will be interesting to see whether inactivation of specific activities of RAD52 will be more toxic than complete loss-of-function of RAD52.



Below, readers can find a sneak peek of the subjects covered by each review.



The review entitled, “When RAD52 entitles mitosis to accept unscheduled DNA synthesis” by Camille Franchet and Jean Sébastien Hoffmann discusses the discovery of MiDAS from a historical perspective [11]. DNA synthesis in the G2/M phase was first reported in cells depleted of the specialized DNA polymerase, pol η [21]. Because pol η facilitates the synthesis of DNA at hard-to-replicate regions such as common fragile sites and telomeres, its loss revealed unscheduled DNA synthesis outside the S phase. Later on, the Hickson laboratory demonstrated that MiDAS can be easily revealed upon mild DNA replication stress [22]. Such DNA duplication is achieved by BIR and depends on RAD52 [23]. MiDAS can take place in M phase and at late stages of the next S phase if under-replicated DNA is shielded by 53BP1 during G1 phase [24]. Conceptually, such findings were paradigm-breaking because the traditional notion of the S phase ending before the start of the G2 phase was demolished. The review also discusses the scenarios in which MIDAS is needed, the molecular effectors of such pathways, and the consequences of its loss. Remarkably, the review compares MiDAS events at CFS and at telomeric regions, pointing out that while an endonuclease cut must precede the former, it is unclear if such DNA processing is absolutely required for at least some variants of alternative lengthening of telomeres (ALT). In particular, it should be pointed out that a non-epistatic effect between RAD52 and the nucleases scaffold SLX4 during ALT has been reported [14], suggesting that RAD52 may act on telomeres in a manner that is independent of nucleases associated with SLX4. The authors also discuss the potential addiction of cancer cells to MiDAS and the potential improvement that MiDAS inhibition could provide to current therapies, particularly considering the limited role that MiDAS may have in the protection of the genome of normal cells [25].



The review by Xiaohua Wu entitled, “Replication stress response links RAD52 to protecting common fragile sites (CFS)” puts the spotlight on chromosomal regions [10] that are prone to break upon mild replication stress [26]. Because of their fragility, it has been proposed that CFS instability is a driving force for tumorigenesis [27,28,29]. Such a propensity to break may result from a combination of many replication challenges accumulating at CFS, including late replication timing, few replication origins, excess replication stalling by AT-rich sequences, and collision between replication and transcription [10]. Because of such challenges, CFS can frequently break in S phase. Xiaohua Wu discusses how the secondary DNA structures of DSBs generated at CFS trigger HR events that depend on RAD52 [30]. Such a strong dependency on RAD52 may result from a role of RAD52 in the facilitation of nuclease-mediated removal of the secondary structure, the promotion of second end capture, and/or the initiation of BIR [31,32,33,34,35]. Repair of such a subtype of DSBs is expected to occur in the S phase [30,34]. On the other hand, RAD52 may also promote DSB formation at CFS when cells enter M phase with under-replicated DNA. In such scenarios, to minimize mitotic missegregation, RAD52 facilitates nuclease-mediated cleavage of under-replicated DNA in mitotic prophase, promoting the formation of a single-ended DSB, a DNA structure that can be processed by BIR [16,36]. Such subtypes of M-phase BIR or MiDAS require the annealing activity of RAD52 to initiate this unidirectional DNA synthesis [22]. Xiaohua Wu also discusses reasons why to consider RAD52 as a potential target for cancer therapies, which genetics backgrounds might benefit from this treatment, and which limitations exist in the design of appropriate RAD52 inhibitors [28,37].



The review by Maria Spies, Pietro Pichierri, and colleagues entitled, “Physiological and Pathological Roles of RAD52 at DNA Replication” contains entire sections devoted to discussing functions of RAD52 that are independent from the resolution of DSBs, but may influence their formation [12]. One such function is a gatekeeper role of RAD52 at DNA replication forks, which prevents their excessive reversal by SMARCAL1 (SWI/SNF Related, Matrix Associated, Actin Dependent Regulator of Chromatin, Subfamily A-Like 1). In the absence of RAD52, unleashed fork reversal events lead to the exhaustion of RAD51, which in turn triggers unscheduled degradation by MRE11 [19]. Conversely, in forks that have already reversed, RAD52 facilitates MRE11-mediated nascent DNA degradation [18]. These observations suggest that once loaded at stall forks, RAD52 may perform different and apparently opposed functions, before and upon fork reversal. Since many other proteins also regulate fork reversal [12], the authors thoroughly compared previously described modes of action with the one of RAD52. Also, while the synthetic lethality reported for BRCA2 and RAD52 has been ascribed to the contribution of RAD52 to the repair of DSB [38,39], this review speculates on the contribution that DSB-independent functions of RAD52 may have on such synthetic lethality. Another DSB repair-independent function of RAD52 discussed in depth is its ability to stimulate DSB formation by promoting the loading of MUS81 [17,37,40,41]. The potential identity of the substrates of the RAD52/MUS81 complex is examined as well. The final section is devoted to discussing potential clinical implications of RAD52 inhibition. As RAD52 is overexpressed in tumors, the authors underscore the potential effect that more profound knowledge of RAD52 functions may have when predicting the benefit of RAD52 inhibition for cancer patients undergoing single and combined treatment regimens.



In the review entitled, “Emerging roles of RAD52 in genome maintenance” Manisha Jalam, Kyrie Olsen and Simon Powell concentrate on the functions of RAD52 that are relevant to mammals [9]. After BRCA2 took center stage from yeast Rad52 in our understanding of aiding RAD51 filament formation during homologous recombination (HR) [2]. mammalian RAD52 remained underexplored for years. Simon Powell and his team awakened this sleeping beauty upon realizing the great therapeutic potential of synthetic lethality after RAD52 loss-of-function in HR-deficient cells [38]. Thereupon, RAD52 became a target for therapy in BRCA-deficient tumors, spurring screening efforts for identification of pharmacological RAD52 inhibitors. In parallel, a plethora of RAD52 functions in mammalian cells beyond its canonical DSB repair activity in the SSA pathway were recognized. In their review, the authors provide a comprehensive overview of RAD52´s non-canonical roles in DNA repair during the cell cycle, i.e., backup functions in HR, BIR, ALT, and processing of stalled forks in S/G2 phase, MiDAS in M phase, and TC-HR in G1 [9]. The authors then focus on more recent discoveries of non-canonical RAD52 functions in RNA-templated repair and R-loop processing, which again were prompted by observations made in yeast [42,43]. When the authors sorted the relative affinities of human RAD52 for different nucleic acid structures, it became evident why RNA can replace ssDNA efficiently as a template during HR, and why RAD52 interacts with RNA-DNA hybrids. To fully understand the biology of RAD52 as a therapeutic target, attention must be focused on RAD52´s prominent yet understudied roles in RNA-DNA hybrid structures, such as in transcription-coupled repair, engaging RAD52, rather than BRCA1/BRCA2 in loading RAD51. The authors propose that, in fact, concomitant disruption of these multiple activities on DNA and RNA is necessary for the synthetic lethal effect of RAD52 inactivation in tumor cells displaying BRCAness.



In the review, “RAD52: viral friend or foe?” Eric Hendrickson evaluates the contribution of RAD52 to viral replication events [13]. Eric Hendrickson made an important contribution to the field when he applied reporter-based DSB repair assays on human RAD52 knockout cells, demonstrating that RAD52 also acts in homology-directed DSB repair pathways other than SSA, as well as that additional RAD52-independent SSA mechanisms must exist in human cells [3]. The same tools also revealed that adeno-associated virus (AAV) depends on RAD52 for random genome integration. In light of the small size of viral genomes, it is clear why hijacking host proteins for DNA recombination and replication is a universal strategy of viruses to integrate, amplify, or protect their genomes from cellular defense mechanisms [44]. In his review, Eric Hendrickson provides an overview of the most diverse roles of RAD52 in the life cycle of different viruses [13]. Thus, the ssDNA virus AAV seems to utilize the host factor RAD52 to reanneal the only necessary cis-acting sequence—the inverted terminal repeat (ITR) secondary structures after unidirectional replication of the viral DNA— priming thereafter the next round of viral replication. RAD52 binds to these ITRs, and is hypothesized to promote AAV concatemerization by SSA and viral integration into the cellular genomes by A-NHEJ, an SSA-related process engaging microhomologies. RAD52 also binds retroviral long terminal repeats (LTRs) and promotes the annealing step between LTRs for unidirectional replication of human immunodeficiency virus (HIV) [45]. Counterintuitively, RAD52 was shown to exert antiviral effects, which may be explained by the production of non-productive viral cDNA circles. In contrast with the situation with AAV, RAD52 does not promote HIV integration [46], which may explain the essential role of RAD52 in the AAV, versus the HIV life cycle. The varying roles of RAD52 in the replication of different viruses provide further hints for the functional adaptation of RAD52 to the cellular requirements, such as also highlighted by the pathway-specialization in HR in yeast, versus SSA in mammals.



In their review entitled, “RAD52 as a potential target of Synthetic lethal-based anticancer therapies” Tomasz Skorski and his team discuss the impact of RAD52-dependent alternative repair pathways as a basis of personalized cancer therapies [8]. HR-deficient tumor cells accumulate DSBs at collapsed replication forks and shift to alternative DSB repair pathways, RAD52-dependent SSA in particular; BRCA2-defects in loading RAD51 can partially be backed by RAD52 [47]. Another advantage of this strategy will be that HR represents the DSB repair pathway with the highest fidelity, whereas SSA is always mutagenic, deleting intervening sequences between the annealed repeats. Moreover, RAD52 stabilizes and restores stalled or collapsed replication forks in alternative pathways, as compared with RAD51, BRCA1, and BRCA2 (see above [19]). Therefore, inactivation of both RAD52 functions in HR-deficient cells is a prime example for the definition of synthetic lethality, as survival depends on the alternative pathways at both DSBs and forks. Limitations may arise from the fact that even further alternative pathways exist, such as A-NHEJ mechanisms depending on PARP1 [48,49], why simultaneous inhibition of RAD52 and PARP1 in a so-called dual synthetic lethality approach has emerged as a new strategy. The authors discuss the chemical classes of so far reported inhibitors of human RAD52 with demonstrated efficiency as tools to exploit the principle of synthetic lethality in cells with BRCAness: While F79 interferes with DNA binding by RAD52 in general, A5MP, AICAR, and F779-0434 inhibit ssDNA-binding, D-103 RAD52-mediated D-loop formation, and SSA. Epigallocatechin compounds and corilagin inhibit wrapping of ssDNA around the RAD52 oligomer. 6-OH-dopa is an interesting compound for experimental approaches, as it disrupts the formation of the RAD52 heptamer, affecting SSA quite specifically. Aside from breast cancer and pancreatic adenocarcinoma cells displaying BRCAness, the compounds were tested in leukemia cells with oncogenic BCR-ABL1 kinase, promoting SSA [50].




2. Conclusions


RAD52 research has seen a renaissance in recent years after the disappointment linked to the discovery of mammalian RAD52 playing a subordinate role to BRCA2 in human cells, i.e., an at-most minor role in HR. RAD52 re-entered the stage when it became clear that the principle of synthetic lethality may be applied to HR-deficient tumors treated with RAD52 inhibitory molecules. Given that several viruses also rely on RAD52 during their life cycle, RAD52 inhibitors also represent an Achilles heel for these, and as-yet-undescribed viruses. Therefore, RAD52 inhibitors may be promising candidates for research on antiviral drug development as well. Moreover, recent research has uncovered an unanticipated diversity of RAD52 functions on RNA, DNA, RNA-DNA hybrids, R loops, replication forks, under-replicated DNA, telomeres, and DSBs that encompass both genome-destabilizing and stabilizing activities. Therefore, the definition of pharmacological applications of RAD52 inhibitors will require careful evaluations of various endpoints before clinical trials can reasonably be initiated.
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Figure 1. Multiple roles of RAD52 during DNA replication and repair. (A) RAD52 participates in various DNA double-strand break (DSB) repair processes by means of its strand-annealing activities. In some pathways, RAD52 acts as a backup factor (e.g., HR), while in others, it is absolutely required, e.g. single-strand annealing (SSA) at DSBs and break-induced replication (BIR) at single-ended DSBs (which are not shown in this scheme) [8,9,13], (B) RAD52 participates in the alternative lengthening of telomeres. RAD52 plays a role in BIR-mediated elongation of telomeres during pro-metaphase, but also promotes spontaneous telomere elongation in G2, independently of the SLX4 nuclease [11,14,15]. (C) RAD52 has also been implicated in the facilitation of DSB formation by MUS81 in Chk1-depleted cells and during MiDAS [10,16,17]. (D) DSB-independent roles of RAD52 were also reported in S phase. RAD52 prevents unleashed fork reversal, but once forks have reversed, it can facilitate MRE11-dependent degradation of newly synthesized DNA [12,18,19]. Template DNA: black, copied strand: red and violet strands: telomeric regions. 
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