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Abstract

To maintain stable genomes and to avoid cancer and aging, cells need to repair a multitude of 

deleterious DNA lesions, which arise constantly in every cell. Processes that support genome 

integrity in normal cells, however, allow cancer cells to develop resistance to radiation and DNA 

damaging chemotherapeutics. Chemical inhibition of the key DNA repair proteins and 

pharmacologically induced synthetic lethality have become instrumental in both dissecting the 

complex DNA repair networks and as promising anticancer agents. The difficulty in capitalizing 

on synthetically lethal interactions in cancer cells is that many potential targets do not possess 

well-defined small molecule binding determinates. In this review we will discuss several 

successful campaigns to identify and leverage small-molecule inhibitors of the DNA repair 

proteins, from PARP1, a paradigm case for clinically successful small molecule inhibitors, to 

coveted new targets, such as RAD51 recombinase, RAD52 DNA repair protein, MRE11 nuclease 

and WRN DNA helicase.

Introduction

DNA replication, repair, and recombination proteins form complex and agile networks. 

These networks organize the participating proteins into molecular machines that act on 

different substrates and channel them to different outcomes. Some of these machines display 

the capacity to accurately repair DNA damage or reestablish damaged DNA replication forks 

without the loss of genetic information. Under other circumstances, action of the same 

molecular machines destabilizes the genome, which can lead to cancer, or cause 

accumulation of toxic repair intermediates, which can lead to cell death. Moreover, 

variations on the very same processes that support genome integrity in normal cells, allow 

cancer cells to acquire a more aggressive character and facilitate the emergence of resistance 

to radiation and DNA damaging chemotherapeutics (Jeggo and Lobrich, 2015). A 

comprehensive understanding of the molecular events that draw otherwise normal DNA 
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repair intermediates of the accurate DNA repair mechanisms into “rogue” mechanisms that 

lead to genome destabilization and cell death is essential, but is complicated due to the 

multiple roles and intricate regulation of the DNA repair proteins.

Since the 1940s genetic interactions in which the combined effect of two gene mutations is 

not simply additive, have been used to dissect molecular pathways (Dobzhansky, 1946). 

Negative (synthetically lethal and synthetically sick) and positive (alleviating) genetic 

interactions have been successfully used to establish relationships between various DNA 

repair proteins. Synthetic lethality here is an extreme case of a genetic interaction, where 

two individual viable mutations, when combined, result in a lethal phenotype. In 1997 

Hartwell and colleagues (Hartwell et al., 1997) first proposed to use synthetic lethality as an 

anticancer therapeutic strategy to be employed in cancers that have genetic defects in DNA 

repair proteins, and also in cancers that are “addicted” to a particular DNA repair 

mechanism for robust DNA repair and replication. In treatment of such cancers, a defect in a 

DNA repair gene is combined with a chemical inhibition of an enzymatic activity or 

interactions of a DNA repair protein that is critical for survival of cancerous cells, but is less 

important for the survival of normal cells. The goal is to avoid or to minimize the toxicity 

associated with radiation and DNA damaging chemotherapies that remain a standard of care. 

In addition to their potential as anticancer therapeutics, specific inhibitors of DNA repair 

proteins attenuate a selected enzymatic activity or interaction only during the analysis, 

which permits a direct comparison with the functional state simply by removing the 

inhibitor. Therefore, pharmacological inhibition offers valuable tools for the dissection of the 

complex DNA repair networks that employ multifunctional proteins. Moreover, in some 

cases (as will be exemplified below by a sub-class of PARP inhibitors and by inhibitors of 

the helicase activity of WRN helicase/nuclease) inhibiting one activity of a multifunctional 

DNA repair enzyme may trap it on the DNA repair intermediate, preventing access by 

compensatory alternative mechanisms, and thereby leading to specific toxicity exceeding 

that of the enzyme depletion.

In this review we will discuss the state of the art in DNA repair inhibitors and their 

progression from research tools for dissecting the DNA repair pathways to the advancement 

of personalized cancer treatments, as well as how the inhibitors developed as anticancer 

treatments, are improving our understanding of the complex and interconnecting DNA repair 

networks. Figure 1 summarizes the action of the inhibitors discussed in this review.

Synthetic lethality and other synthetic interactions in targeting DNA repair

Several types of synthetic interactions can be considered when approaching DNA repair 

(Zinovyev et al., 2013), with the simplest being between-pathway synthetic lethality, which 

assumes that the two genes act in parallel pathways that compensate for one another in 

carrying out an essential cellular function. Another type of synthetic interaction is an in-

pathway synthetic lethality (Zinovyev et al., 2013), whereby a genetic defect blocks a 

progression of a DNA repair intermediate through a repair pathway containing reversible 

steps, while the second mutation or chemical inhibition blocks the reverse step and thereby 

causes accumulation of a cytotoxic DNA structures of nucleoprotein complexes, or channels 

these structures to “rogue”, mutagenic DNA repair mechanisms.
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A functional healthy cell, or even a cell containing a heterozygous mutation in an important 

tumor suppressor is an “antifragile system” (a system that readily tolerates and improves 

with both environmental and internal stresses) (Taleb, 2012). In contrast, DNA repair 

systems in cancerous cells are often robust at the expense of antifragility. This robustness 

allows cancerous cells to strive despite the defects in an important DNA repair pathway and 

to efficiently replicate their genomes, which is a prerequisite for rapid proliferation. This 

robustness also represents an Achilles’ hill of the cancerous cell that can be exploited for 

therapeutic purposes.

In 2014, the first drug targeting DNA repair defects, Lynparza (olaparib), a poly-ADP-

ribose polymerase (PARP) inhibitor was approved by the FDA for treatment of advanced 

ovarian cancer associated with defective BRCA genes. Olaparib and the whole extended 

family of PARP inhibitors became a paradigm for targeting synthetic interactions in DNA 

repair deficient tumors. The action of these drugs has also highlighted pharmacologically 

induced synthetic lethality as a research and therapeutic tool.

BRCA1, BRCA2, and PARP1

BRCA1 and BRCA2 are tumor suppressors that are commonly mutated or downregulated in 

hereditary and sporadic breast and ovarian cancers. These tumor suppressors play diverse 

roles in cellular DNA metabolism. Both BRCA1 and BRCA2 are involved in homologous 

recombination (HR) (Prakash et al., 2015), which repairs the DNA double strand breaks 

(DSBs), DNA and protein-DNA cross-links, as well as collapsed replication forks without 

loss of information by using an intact homologous dsDNA, usually a sister chromatid, as a 

template (Couedel et al., 2004; Heyer, 2015; Jasin and Rothstein, 2013; Kowalczykowski, 

2015; Moynahan and Jasin, 2010).

BRCA1

regulates the DNA repair pathway choice at DSBs by promoting homology directed DNA 

repair (HDDR) over non-homologous end joining (NHEJ), and further by promoting HR 

over mutagenic single-strand annealing (SSA) (Kass and Jasin, 2010; Prakash et al., 2015). 

Outside of DNA repair, BRCA1 functions at stalled or defective transcription start sites (Hill 

et al., 2014). In conjunction with BRCA1, BRCA2 also prevents RNA-DNA hybrid 

accumulation to prevent transcriptional stress (Bhatia et al., 2014; Hatchi et al., 2015).

BRCA2

is a recombination mediator. It facilitates assembly of the RAD51 nucleoprotein filament on 

ssDNA, thereby promoting the central step in HR, which culminates with the exchange of 

the DNA strands between damaged and template DNA molecules (Couedel et al., 2004; 

Jensen et al., 2010; Liu et al., 2010; Prakash et al., 2015; Thorslund et al., 2010). Along with 

the core HR machinery (RAD51 recombinase, the five human RAD51 paralogs, and 

RAD52), BRCA1 and BRCA2 contribute to stabilization of the distressed DNA replication 

forks, presumably by protecting the nascent ssDNA from excessive degradation by the 

MRE11 nuclease (see (Kolinjivadi et al., 2017) for review).
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Mutations in BRCA1 and BRCA2 genes that render the respective protein dysfunctional or 

absent are associated with an increased risk in developing breast and ovarian cancers, and to 

lesser extent prostate, pancreas, and stomach cancers to name a few (Cavanagh and Rogers, 

2015; Kobayashi et al., 2013). This is because impaired BRCA1 or BRCA2 function is 

associated with compromised HR repair and genomic instability (Konishi et al., 2011; Yata 

et al., 2014). Susceptible to the radiation, platinum-based chemotherapy and PARP 

inhibitors at first, BRCA-deficient tumors often develop drug resistance by restoring HR 

function or by developing compensatory mechanisms that allow the cancer cell to repair the 

damage and to proliferate.

Because of the modular, multifunctional nature of both BRCA1 and BRCA2 proteins 

(Figure 2), it remains unclear which of the numerous activities and interactions endow the 

tumor suppressor function, and which promote the emergence of drug resistance. 

Understanding the roles of BRCA1 and BRCA2 is impossible without understanding their 

incorporation into the tumor suppressor network (current understanding of the BRCA1-

BRCA2 interacting network is reviewed elsewhere (Jiang and Greenberg, 2015)). Thirteen 

different tumor suppressor proteins interact with BRCA1 and BRCA2. Most commonly 

found in a 1:1 complex with BRCA1 is a tumor suppressor BARD1 (Wu et al., 1996). 

BRCA1 and BARD1 form a heterodimer, which functions as an E3 ubiquitin ligase. The 

targets of BRCA1/BADR1 E3 activity include BRCA1 itself, CtIP and histone H2A (Thakar 

et al., 2010; Yu et al., 2006). The interaction between BRCA1 and BARD1 enhances the 

stability of both proteins, masks the nuclear export signal, increases the E3 ubiquitin ligase 

activity in vitro and enhances DNA damage site recognition. The main stabilizing partner of 

BRCA2 is DSS1, a small highly acidic protein, which is found in stoichiometric complexes 

with BRCA2 in the crystal structure (Yang et al., 2002) and in cells (Li et al., 2006). Both 

BRCA1 and BRCA2 interact with the tumor suppressor PALB2 (Park et al., 2014) and the 

BRCA1-PALB2-BRCA2 interaction mediates the DSB repair pathway choice promoting 

HR over SSA pathway that depends on the RAD52 protein function (Anantha et al., 2017).

While the roles of BRCA1 and BRCA2 in transcription and chromatin remodeling are likely 

to play a role in tumorigenesis, it was the function of these tumor suppressors in HR that 

inspired the development of PARP inhibitors.

PARP1

(Poly (ADPribose) polymerase1) is a salient member of a large PARP family of enzymes 

that modify acceptor proteins with ADP-ribose modifications (Ame et al., 2004). PARP1 

catalyzes the polymerization of ADP-ribose by employing NAD+ substrates, in which the 

ADP-D-ribosyl group of NAD+ is transferred to an acceptor carboxylate group on a target 

DNA repair protein (PARylation) or on the enzyme itself (auto-PARylation), and further 

ADP-ribosyl groups are transferred to the 2’-position of the terminal adenosine moiety, 

building up a negatively charged branched polymer with an average chain length of 20 – 30 

units. PARP1 is an important player in the base excision repair (BER) and is a general sensor 

of DNA damage. It recognizes single-strand DNA breaks that arise due to ineffective BER, 

sugar damage by the reactive oxygen species, or from abortive topoisomerase 1 (TOP1) 

activity (Caldecott, 2008). PARP1 has catalytic, DNA-binding and protein-recruitment 

Hengel et al. Page 4

Cell Chem Biol. Author manuscript; available in PMC 2018 September 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



domains. Its enzymatic activity is activated by binding of PARP1 to different types of DNA 

lesions including double-strand breaks, single-strand breaks, DNA crosslinks, and stalled 

replication forks (Krishnakumar and Kraus, 2010). PARP1 activation facilities chromatin 

reorganization around the DNA lesion and subsequent DNA repair. Importantly for DNA 

repair and for understanding of the function of pharmacological inhibitors, PARP1 

eventually auto-PARylates. The negative charge endowed by PAR chains then promotes 

PARP1 dissociation from the DNA.

PARP inhibitors

Because its activity converts DNA breaks into intracellular signals that activate DNA repair 

programs and/or regulates the cell death options, PARP1 was proposed as a potential 

anticancer drug target whose modulation may sensitize cancerous cells to DNA damaging 

agents (Decker and Muller, 2002). The initial thinking was that inhibition of PARP1 will 

leave single strand DNA breaks (SSBs), which may be converted into one-ended double 

strand breaks (DSBs) during replication, if unrepaired (Ashworth, 2008) (Figure 1). PARP1 

was also shown to play a role in slowing the progression of replication forks in the presence 

of DNA damage and their subsequent repair by HR (Sugimura et al., 2008). Thus PARP1 

inhibition was expected to be more toxic to rapidly proliferating cancer cells than to the 

normal cells, and to widen a therapeutic window for treatment with the DNA damaging 

chemotherapeutic drugs.

Because unrepaired single strand breaks lead, by the way of collapsed replication forks, to 

one-ended DSBs, which have to be repaired by HR (Figure 1), PARP1 inhibition was 

expected to be especially toxic to cancerous cells harboring HR defects, and in particular in 

cells lacking BRCA1 or BRCA2 tumor suppressor. In HR proficient cells, such DSBs are 

accurately and efficiently repaired. In the absence of HR (such as in BRCA-deficient cells), 

however, these one-ended DSBs are left behind. One would expect that broken arms of 

different damaged replication forks can then be mended together by error prone repair 

pathways such as SSA or NHEJ without regard for continuity of the original chromosome, 

leading to gross genomic instability and eventually lethality (Ashworth, 2008; De Lorenzo et 

al., 2013) (Figure 1). Notably, PARP inhibitor treatment was found to stimulate NHEJ in the 

HR-deficient cells (Patel et al., 2011).

As expected, PARP1 inhibition confers synthetic lethality with biallelic defects in BRCA1, 

BRCA2 or PALB2 commonly found in familial and sporadic breast and ovarian cancers 

(Bryant et al., 2005; Farmer et al., 2005). The possibility to take advantage of this 

pharmacologically induced synthetic lethality was tested in clinical trials since 2003 (Yap et 

al., 2011), and a decade later PARP inhibitors olaparib (2014) and later rucaparib (2016) 

were approved for the treatment of advanced, chemotherapy resistant ovarian cancer in 

patients with BRCA1 or BRCA2 germline mutations, and niraparib (2017) for treatment of 

platinum-sensitive recurrent ovarian, fallopian tube, and primary peritoneal cancers (see 

(Murata et al., 2016) for a comprehensive review on PARP inhibitors currently in various 

stages of clinical trials).
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The first physiologically specific PARP inhibitors were derivatives of benzamide, a 

nicotinamide analog (Purnell and Whish, 1980). The best understood, first generation PARP 

inhibitors bind to the PARP catalytic domain with low nM affinity; the quinazolinone class 

of PARP inhibitors occupy both the nicotinamide-ribose binding site and the adenosine-

ribose binding site of NAD+ thus exploiting the unique nature of the PARP bi-substrate 

pocket (Figure 3). Subsequently, the first generation of clinical PARP inhibitors was 

followed by the second generation of inhibitors (reviewed in (Lord and Ashworth, 2017)). 

Rather than acting simply by inhibiting the catalytic activity of PARP1, some of these 

compounds act by inhibiting dissociation of PARP1 itself from the site of DNA damage. 

“Trapping” of PARP1 on DNA results in a highly cytotoxic protein-DNA complex, which 

impedes DNA replication and may prevent access of the downstream DNA repair proteins to 

the site of the damage. This trapping activity was shown to vary widely between different 

PARP inhibitors; niraparib being the strongest and veliparib being the weakest poisons, 

respectively. The relationship between effectiveness of each PARP inhibitor in vitro, its 

ability to trap PARP1 on damaged DNA and the in vivo efficacy is not trivial. Thus, one 

must deconvolute at least two dimensions of structure activity relationship (SAR), binding 

affinity to the target and the less understood trapping of the PARP1-DNA complex. Another 

dimension in SAR is specificity of the available PARP inhibitors. While all successful 

compounds display similar inhibition of PARP1 and PARP2 enzymes in vitro, their 

effectiveness in cells, as well as their potential anti-proliferative activities outside of PARP 

inhibition vary (Chuang et al., 2012). This has been explained by the difference in PARP1 

trapping, and also by differences in the off-target effects. Targeting promiscuity can be 

detrimental by causing unintended toxicity, or beneficial, if the non-canonical targets 

enhance drug efficacy. An in vitro study conducted on a series of 185 small-molecule PARP 

inhibitors and the catalytic domains of 13 out of 17 human PARP enzymes suggested a 

potential promiscuous binding to several PARP family members for even such clinically 

successful inhibitors as olaparib and rucaparib (Wahlberg et al., 2012). Niraparib and 

veliparib, on the other hand, have over 100-fold specificity for PARP1 and PARP2 over 

other PARP enzymes (Thorsell et al., 2017). Figure 3 shows one of the determinants for such 

selectivity – niraparib binds within the nicotinamide binding pocket in the ADP-ribosyl 

transferase catalytic site and also makes contacts with the regulatory subdomains of PARP1 

and PARP2 (E763 & D766 in PARP1). Target maps for the four clinically successful 

inhibitors olaparib, veliparib, niraparib, and rucaparib, were recently developed using a 

mass spectroscopy based chemical proteomics assay (Knezevic et al., 2016). Despite the 

existence of many NAD+-binding proteins in the cell, PARP inhibitors as a class displayed 

high target selectivity towards PARP1, PARP2 and several of their interacting partners. 

However, several other unexpected targets were identified. Rucaparib, for example, inhibits 

hexose-6-phosphate dehydrogenase, whose loss of function may result in apoptosis of 

cancerous cells thus augmenting the rucaparib’s efficacy.

Lessons from PARP resistance

While approximately 15% of ovarian cancer patients with BRCA-deficient tumors remain 

disease free for more than 5 years from the beginning of the olaparib therapy (Ledermann et 

al., 2016), many patients develop PARP inhibitor resistance within the first year, which 
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limits the effectiveness of the therapy (Incorvaia et al., 2017; Lupo and Trusolino, 2014; 

Murata et al., 2016). Several mechanisms were suggested for the emergence of resistance to 

PARP inhibitors. The wide spectrum of responses to PARP inhibitor treatment stems from 

the range of BRCA defects and the genetic backgrounds of BRCA-deficient cancers; the 

understanding of these mechanisms is essential for our understanding of the complex and 

agile network of the DNA repair mechanisms, their intended action and their failure, but 

remains limited (Incorvaia et al., 2017). Tumor cells that acquired resistance to PARP 

inhibitor were shown to accumulate frame shift mutations that correct the mutated BRCA1 
or BRCA2 genes, restoring the protein expression and the HR function (Edwards et al., 

2008; Sakai et al., 2008; Swisher et al., 2008). HR function can also be restored in BRCA1-

mutated cells by the loss of 53BP1 (p53 binding protein 1) function, whose activity prevents 

DNA end resection in the absence of BRCA1, which is the first step in HR (Bouwman et al., 

2010; Bunting et al., 2010). Overexpression of microRNA miR-622 in BRCA1-deficient 

high-grade serous ovarian carcinomas restores HR by downregulating the Ku complex and 

thereby shifts the DSB repair pathway choice from NHEJ to HR in a mechanism not 

dissimilar to the loss of 53BP1 function (Choi et al., 2016).

Another resistance mechanism is related to the function of BRCA hypomorphs – mutant 

proteins that retain residual activity and are able to compensate, at least partially, for the 

absence of the wild type protein. Of particular interest is BRCA1185delAG, which predisposes 

carriers to early-onset breast and ovarian cancer (Friedman et al., 1995; Struewing et al., 

1996), promotes resistance to PARP inhibitors and cisplatin (Wang et al., 2016). While the 

185delAG mutation was presumed to completely obliterate BRCA1 expression due to a 

mutation-induced stop codon, BRCA1185delAG alleles were translated from an alternative 

site downstream of the stop codon. The resulting protein lacking the RING domain was 

unable to dimerize with BARD1 and displayed no ubiquitin ligase activity. It, however, 

retained its ability to interact with DNA and HR proteins. It is important to note here that the 

full spectrum of ubiquitin ligase, transcription-related and HR-related activities of BRCA1 

defines its function as a tumor suppressor, while the subset of these functions expected to be 

most critical for DNA repair and for supporting DNA replication seem to facilitate the 

emergence of drug resistance. Several investigations have attempted to clarify this point. A 

high throughput study of patient-derived BRCA1 missense variants in mice, for example, 

confined all deleterious variants that confer PARP inhibitor resistance to the RING and 

BRCT domain of BRCA1, which are involved in BARD1 interaction/E3 ubiquitin ligase 

activity and in the interaction with BACH1 helicase, CtIP and Abraxas, respectively 

(Bouwman et al., 2013). Another study showed that resistance to olaparib in the BRCA1-

deficient triple negative breast cancer cells correlates well with the HR activity of each 

BRCA1 variant with the RING, coiled coil (CC) and BRCT domain mutants failing to 

confer resistance to PARP inhibitors (Anantha et al., 2017). It is important to note, however, 

that these mutants are different from the BRCA1185delAG discussed above, which produces a 

stable, HR proficient protein despite missing RING domain.

Finally, overexpression of RAD51 recombinase, which carries out the DNA strand exchange 

reaction at the central step of HR potentiates resistance of the triple negative breast cancer 

cells to PARP inhibitors (Liu et al., 2016).
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PARP1 and RECQ1 DNA helicase

In addition to their clinical application, PARP inhibitors have proven valuable research tools 

to chart various DNA repair mechanisms regulated by PARylation. DNA repair helicase 

RECQ1 is an example of a DNA repair protein whose activity is regulated by PARP1, more 

specifically through PARP1 auto-PARylation (as described below). Human RECQ1 plays a 

key role in the recovery of DNA replication forks, which are slowed down and reversed into 

so-called “chicken foot” structures as a consequence of replication stress elicited by 

topoisomerase I (TOP1) inhibitors (Berti et al., 2013). Similar to PARP1 inhibition discussed 

above, TOP1 inhibition leaves behind DNA lesions that, if left unmended, are converted into 

replication-mediated DSBs (Pommier et al., 2003). Natural alkaloid camptothecin (CPT) 

and its clinical derivatives (such as irinotecan and topotecan, FDA approved drugs for 

treatment of colorectal carcinomas and ovarian cancers, respectively) act by trapping the 

TOP1 cleavage complex, a catalytic intermediate of the supercoiled DNA relaxation reaction 

in which TOP1 is covalently linked to the DNA (Fox et al., 2003). The inhibition of TOP1 

relaxation activity with low doses of CPT slows replication forks by promoting 

accumulation of positive supercoils ahead of the replication fork, thereby delaying the 

appearance of the replication-mediated DSBs; PARP1 activity is necessary for this 

replication fork reversal (Koster et al., 2007; Ray Chaudhuri et al., 2012). An elegant 

combination of cellular studies in the presence of olaparib and CPT, single-fiber DNA 

analysis and in vitro biochemistry unraveled an unexpected mechanism of RECQ1 activity 

and regulation at the regressed DNA replication forks (Berti et al., 2013): RECQ1 has a 

unique ability among five human RecQ-family DNA helicases to unidirectionally drive 

chicken-foot conversion back to the fork structure. This activity, however, needs to be 

controlled to allow time for removal of TOP1 from the unreplicated DNA and mending the 

lesions. Unrestricted RECQ1 activity restores replication forks before the repair process is 

completed resulting in the replication-induced DSBs. RECQ1, again uniquely among human 

RecQ-family helicases, is prevented from engaging the chicken-foot structures by PARylated 

PARP1: the two proteins form a complex that keeps RECQ1 off the DNA. PARP-inhibited 

cells do not slow replication forks and do not accumulate reversed forks after the CPT 

treatment, instead accumulating the DSBs. Because low concentrations of olaparib and CPT 

were sufficient to induce replication-mediated DSBs, this study suggest a possibility of 

combining PARP and TOP1 inhibitors and offered RECQ1 as a potential new therapeutic 

target. If, for example, the regressed replication forks are restored by HR in the absence of 

RECQ1, the RECQ1 inhibition may significantly exacerbate the effectiveness of TOP1 

inhibitors in the HR-deficient cells.

The caveat of targeting the DNA branch-migrating enzymes, like RECQ1, is that the cell has 

several DNA motors capable of both regression and restoration of replication forks. One 

such motor is RAD54 (Bugreev et al., 2011), a SNF2/SWI2 family ATP-dependent DNA 

translocase with several important roles in HR and genome maintenance (Ceballos and 

Heyer, 2011).

A pilot HTS screen of the Broad Institute validation library (3000 compounds) using a 

FRET-based assay for branch migration of Holliday junctions by RAD54 yielded several 

promising RAD54 inhibitors (Deakyne et al., 2013). The assay showed high robustness and 
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consistency (Z’ of 0.825 – 0.875) and will be valuable for identification of inhibitors of other 

branch-migrating enzymes. One of the identified RAD54 inhibitors, streptonigrin was 

subjected to further biochemical analysis. Interestingly, streptonigrin inhibits branch 

migration by interfering with the RAD54 ATPase activity through a direct interaction and 

generation of reactive oxygen species, but has little or no effect on the RAD54-DNA 

interaction, or the RAD54 ability to stimulate the RAD51-mediated DNA strand exchange 

(Deakyne et al., 2013).

Inhibitors of RecQ-family DNA helicases

WRN (Werner syndrome protein), a RecQ-family human DNA helicase and nuclease, is an 

example of an enzyme whose chemical inhibition and protein depletion have dramatically 

different consequences (Aggarwal et al., 2013a; Aggarwal et al., 2013b; Aggarwal et al., 

2011). Along with other RecQ family helicases, WRN is considered a caretaker of 

replication and genome integrity (Larsen and Hickson, 2013). Because of its role in response 

to replication stress, WRN was proposed as a potential target for small-molecule inhibition. 

NSC 19630 (1-(propoxymethyl)-maleimide) has emerged from a screen for small molecule 

inhibitors of WRN helicase activity (Aggarwal et al., 2011). NSC 19630 and its improved 

derivative NSC 617145 (Aggarwal et al., 2013b) are specific inhibitors of WRN DNA 

helicase (DNA duplex separation) activity, with IC50 values of 20 µM and 230 nM, 

respectively, but not of related DNA helicases. These small molecules also have minimal 

effect on other activities of WRN, such as DNA binding and nuclease activity, and may trap 

WRN on the DNA. WRN inhibition with NSC 19630 or NSC 617145 results in the 

accumulation of stalled replication forks, impaired growth and cell proliferation and 

apoptosis, sensitized cancer cells to the G-quadruplex-binding compound telomestatin and 

PARP inhibition. WRN inhibition also sensitizes cancer cells to the DNA cross-linking agent 

mitomycin C (MMC). The effect is especially pronounced in cells harboring Fanconi 

Anemia associated mutations.

The Fanconi Anemia (FA) pathway orchestrates repair of the interstrand DNA crosslinks 

(ICLs) and protein-DNA crosslinks in higher eukaryotes, thus enabling an unperturbed DNA 

replication and RNA transcription (Kottemann and Smogorzewska, 2013; Wang et al., 

2015). This intricate multistep DNA repair mechanism deals with DNA damage arising due 

to exogenous insults, such as treatment with cross-linking agents (including cancer 

chemotherapeutic agents MMC, cisplatin and melphalan), as well as ICLs elicited by 

endogenous aldehydes arising from lipid peroxidation and ethanol metabolism or nitric 

oxide (Huang and Li, 2013). The danger of ICLs to DNA replication and RNA transcription, 

both of which involve transient separation of the DNA duplex, necessitates their repair at all 

stages of the cell cycle. The interconnecting networks of molecular events associated with 

HR and FA convolutes both prediction and interpretation of the synthetic interactions 

between their key players. An attempt to identify pharmacological inhibitors of FA pathway 

using a cell-based HTS assay yielded a series of compounds that lacked specificity with 

respect to the target, but nevertheless showed promise in sensitizing cisplatin-resistant 

tumor cells with functional FA pathway to cisplatin (Jacquemont et al., 2012).
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Notably, depletion of WRN by RNAi did not produce the same effect on the MMC 
sensitivity of FA cells, suggesting that the sensitization is WRN-dependent and that in the 

physical absence of WRN, other helicases may compensate for the WRN function in DNA 

damage response in the absence of FA pathway (Aggarwal et al., 2013b). Such 

compensatory molecular processes may be prevented in the WRN-inhibited cells if WRN 

helicase remains associated with the DNA and blocking the access similar to the inhibitor-

trapped trapped PARP1. It is also possible that blocking the helicase activity of WRN 

misappropriates its nuclease activity on a particular set of DNA substrates important for the 

ICL repair. A mechanistic understanding of how the pharmacological inhibition of the WRN 

helicase activity promotes the MMC-induced cytotoxicity in the FA cells will be 

instrumental in establishing the compensatory mechanisms that allow FA cells to repair 

ICLs. BRCA1, BRCA2 (FANCD1) along with other HR proteins, such as PALB2 

(FANCN), RAD51 (FANCR), RAD51D (FANCO), etc. are the key players in the FA 

pathway. To date, the effects of WRN inhibition were only tested in the background of 

defective FANCA and FANCD2, whose protein products are key activators of the FA ICL 

repair pathway. It would be interesting to see if WRN inhibition has the same synthetic 

phenotype with defects in other FA genes, especially those shared between FA and HR 

pathways. The biochemical and structural understanding of NSC 19630 and NSC 617145 
mediated WRN inhibition and its specificity will inform the design of other inhibitors 

targeting DNA helicases.

BLM (Bloom’s syndrome protein), is another RecQ-family human DNA helicase that has 

been successfully targeted with small molecules (Rosenthal et al., 2013; Rosenthal et al., 

2010). BLM unwinds a broad range of DNA structures, and as an integral component of a 

multiprotein complex containing RMI1, RMI2, and topoisomerase IIIα promotes genome 

stability through dissolution of double Holliday junctions in HR (Larsen and Hickson, 

2013). An HTS screen for the inhibitors of BLM yielded ML216 (1-(4-fluoro-3-

(trifluoromethyl)phenyl)-3-(5-(pyridin-4-yl)-1,3,4-thiadiazol-2-yl)urea) (Table 2), the first 

small-molecule that specifically inhibits BLM helicase with micromolar efficiency 

(Rosenthal et al., 2010). ML216 and its improved derivatives act by interfering the BLM-

ssDNA interaction (Rosenthal et al., 2013). The specificity of ML216 derivatives for BLM 

over related DNA helicases (compound 33, for example was 6.5-fold more effective against 

BLM than WRN, and more than 50-fold than against RECQ1), as well as their ability to 

induce sister chromatid exchanges (cellular characteristic of BLM-deficient cells), and its 

selective antiproliferative activity in BLM-positive cells makes ML216 a powerful 

molecular probe for dissecting multiple interconnected cellular functions of BLM.

MRE11 separation of function inhibitors

As a constituent of the MRE11-RAD50-NBS1 (MRN) complex, MRE11 nuclease 

participates in sensing, protecting and repairing the DSBs (reviewed in (Cejka, 2015; 

Symington, 2014, 2016)). MRE11 has 3’-5’ exonuclease activity and an endonuclease 

activity directed to ssDNA and hairpin dsDNA. Both activities play roles in the DSB 

resection, a process that irreversibly commits DSB to homology-directed DNA repair 

(HDDR). MRN complex also activates ATM kinase in response to DSBs. The first MRE11 

inhibitor, mirin (6-(4-hydroxyphenyl)-2-thioxo-2,3-dihydro-4(1H)-pyrimidinone) emerged 
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from a forward chemical genetics screen for compounds that inhibit the MRN/DSB-

mediated ATM activation in cell-free extracts derived from Xenopus laevis eggs (Dupre et 

al., 2008). Mirin inhibits ATM activation by MRN complex, exonuclease activity of MRE11 

and HDDR in human cells. It has been widely used as a research reagent. To dissect the 

exact function of MRE11 at DSBs, it was essential to separate its two nuclease activities. 

The inhibitors that are selective towards endo- or exonuclease activity were developed by 

leveraging a focused chemical library of mirin derivatives and a structural understanding of 

the MRE11 active site in the presence of mirin (Shibata et al., 2014). Two N-alkylated 

mirin derivatives with a rhodanine ring, PFM01, which has an isobutyl chain, and PFM03, 

which has a sec-butyl chain on the nitrogen, bound in a distinct position in the active site 

disrupting the ssDNA binding path towards the catalytic metal ions. Curiously, while these 

compounds were derivatives of mirin, their binding site observed in the crystal structures 

was very different from that of mirin (Figure 4). PFM39, a differently substituted mirin 

derivative was, like mirin a selective exonuclease inhibitor and bound in the same site as 

mirin. All four inhibitors prevented DSB end resection in human cells, but conferred distinct 

DNA repair phenotypes: normal DSB repair was observed in the presence of PFM01 or 

PFM03, while PFM39 and mirin interfered with slow, HR-mediated DSB repair. The DSB 

repair in the presence of PFM01 or PFM03, inhibitors of MRE11 endonuclease, proceeded 

through NHEJ (a situation similar to CtIP protein depletion) (Shibata et al., 2014). Studies 

enabled by the selective MRE11 inhibitors allowed the authors to better understand the 

mechanisms underlying the DSB repair pathway choice. This understanding culminated in a 

model whereby MRE11 first utilizes the endonuclease activity to create a nick on the 5’ 

strand when an attempt to repair DSB by NHEJ fails; the resection then proceeds bi-

directionally, MRE11 digests in 3’-5’ direction moving towards the dsDNA end, while 

EXO1/BLM 5’-3’ exonuclease/helicase activity produces a long ssDNA overhang poised for 

HR.

Inhibitors and synthetically lethal interactions involving the RAD52 DNA 

repair protein

The approval of PARP inhibitors mixed with recent evidence of bourgeoning drug resistance 

has inspired the search for other targets whose inhibition would be synthetically lethal with 

defective HR (Kelley and Fishel, 2008; Powell and Kachnic, 2008; Price and Monteiro, 

2010; Shaheen et al., 2011; Wu and Brosh, 2010). Human DNA repair protein RAD52 has 

emerged as one of the most coveted targets. RAD52 depletion is synthetically lethal with 

bialellic mutations or deletions in HR-associated genome caretakers BRCA1, BRCA2, or 

PALB2 proteins (Cramer-Morales et al., 2013; Feng et al., 2011; Lok et al., 2012). RAD52 

is a 46 kDa protein that forms oligomers, binds ssDNA, dsDNA, anneals complementary 

substrates and mediates several protein-protein interactions (Hanamshet et al., 2016). Why 

tumor suppressors BRCA1, BRCA2, or PALB2 and RAD52 are synthetically linked remains 

unclear largely due to the poorly understood cellular role of human RAD52 (reviewed in 

(Hanamshet et al., 2016)).

Similar to its yeast counterpart, human RAD52 promotes cell viability by supporting 

distressed replication in the absence of the functional checkpoint (Doe et al., 2004; Murfuni 
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et al., 2013) and during break induced replication (BIR, an HR-related mechanism that 

functions outside of the S phase) (Bhowmick et al., 2016; Sotiriou et al., 2016). While this 

review was in preparation, a new biochemical activity of RAD52 has been reported, namely 

its ability to mediate an “inverse strand exchange” reaction where a dsDNA-bound RAD52 

promotes swapping of one of the DNA strands with homologous ssDNA or ssRNA (Mazina 

et al., 2017). This activity may play a role in the RNA-templated DSB repair. The role of 

human RAD52 in HR, however, may only be peripheral – while RAD52 supports the 

survival of BRCA-deficient cells, it does not compensate for BRCA2 deficiency with respect 

to HR. Deletion of mammalian RAD52 has only a mild effect on HR (Rijkers et al., 1998; 

Yamaguchi-Iwai et al., 1998; Yanez and Porter, 2002). Mouse embryonic stem cells depleted 

of RAD52 show similar sensitivity to methyl methanesulfonate (MMS, an alkylating agent 

that stalls DNA replication forks ultimately leading to DSBs formation) and ionizing 

radiation (a direct source of DSBs) as wild-type ES cells (Rijkers et al., 1998). While adding 

to the mystery of the vertebrate RAD52 function, these observations have elevated RAD52 

to a popular target of small-molecule inhibitors. Because synthetic lethality is expected 

when both copies of the tumor suppressor gene are defective or inactivated, but not in the 

heterozygous cells, and because RAD52 depletion has minimal effect on the BRCA-

proficient cells, RAD52 inhibitors can be used to selectively kill cancerous cells and thereby 

minimize the toxicity associated with radiation and chemotherapies. This situation is similar 

to PARP inhibition, except it is unclear what type of synthetic lethality (in-pathway or 

between-pathways) is taken advantage of and which biochemical activity of RAD52 should 

be targeted. Earlier, we proposed that the cellular functions of RAD52 likely depend on its 

unique mode of ssDNA binding, where the ssDNA is wrapped around the heptameric 

protein ring (Grimme et al., 2010; Honda et al., 2011). Such a binding mode offers at least 

two targetable features, the integrity of the ring-shaped RAD52 oligomer and a narrow 

(though somewhat featureless) ssDNA binding groove. Several groups including ours have 

discovered small-molecule inhibitors of these two activities (Chandramouly et al., 2015; 

Hengel et al., 2016; Huang et al., 2016; Sullivan et al., 2016). These various studies screened 

different libraries, yielding hits with distinctly disparate chemical space from one another 

(Table 2). The first study by Chandramouly and colleagues used a fluorescence-based 

ssDNA binding assay to identify 6-hydroxyDL-dopa, which interferes with RAD52 

oligomerization, inhibits RAD52 foci formation in murine hematopoietic cells deficient in 

BRCA1, and kills BRCA-deficient cancer cells (Chandramouly et al., 2015). Using a 

different fluorescence-based screen, Huang et al., identified two compounds, D-103 and D-
G23 that inhibit the ssDNA annealing activity of RAD52, suppresses growth of BRCA-

deficient cells, and at high concentrations inhibits SSA in human cells (Huang et al., 2016). 

A molecular docking of two compound libraries (total of ~141,000 compounds) into the site 

within the RAD52 DNA-binding domain that contains the ssDNA binding residues was used 

to identify several additional disrupters of the RAD52-ssDNA interaction (Sullivan et al., 

2016). Among these, 5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR) 5’ 

phosphate (ZMP) specifically inhibited the RAD52-ssDNA interactions. Cell permeating 

AICAR, which undergoes phosphorylation in the cytoplasm preferentially killed BRCA1- 

and BRCA2-mutated cells (Sullivan et al., 2016). Using a biophysical assay that reports on 

the ssDNA binding by RAD52, we identified several small-molecules including 1 (a natural 

green tea product (-)-Epigallocatechin, EGC), which was specific to RAD52, inhibited 
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ssDNA binding and annealing by RAD52 in vitro, killed BRCA2-depleted cells and 

recapitulated RAD52 depletion with respect to RAD52-MUS81/EME1 activity that 

promotes replication recovery in the absence of checkpoint (Hengel et al., 2016). A robust 

SAR was developed based on the computationally determined RAD52-ligand complexes. 

We applied our virtual screening compound placement protocol, which was designed to 

enrich the true positive hits (the docked validated hits) and decrease the false negatives and 

false positives, to a larger in silico library. The natural product (a macrocycle) compound 

NP-00425 that emerged from the in silico screen yielded a promising hit that binds to 

RAD52 and competes with ssDNA binding. The validated SAR and the computational 

workflow will provide a strong foundation for the discovery of novel antineoplastic 

therapeutics for such an extraordinary difficult target as an extended ssDNA binding site of 

RAD52 protein ring (Hengel et al., 2016). Inadvertently, this study identified an unexpected 

novel synthetic interaction: depletion of MUS81 exacerbated cell death in the BRCA2-

depleted cells after the replication stress.

Modulators of the RAD51 recombinase

The central player in HR is the RAD51 DNA strand exchange protein (aka recombinase); its 

active form is a nucleoprotein filament assembled on the ssDNA generated at the sites of 

DNA damage by the DSB resection machinery (reviewed in (Symington, 2014)). Formation 

of the RAD51 filament is controlled positively by BRCA2, which is the main recombination 

mediator (Prakash et al., 2015), and negatively by antirecombinogenic DNA helicases 

(Daley et al., 2014) and by the heteroduplex rejection machinery (Spies and Fishel, 2015). 

The RAD51 nucleoprotein filament promotes HR by exchanging strands between the 

damaged and the intact DNA molecules. It also has additional HR-independent function at 

damaged replication forks: it protects the fork from excessive degradation by the MRE11 

nuclease activity (Kolinjivadi et al., 2017; Schlacher et al., 2011; Schlacher et al., 2012). The 

two types of the RAD51 nucleoprotein filament may be identical or very different with 

respect to their dynamics and function, and it has been suggested that it may be possible to 

selectively target the HR functions of the RAD51 nucleoprotein filament and not its 

activities supporting DNA replication. RAD51 has been an attractive target to developing 

small-molecule inhibitors for several reasons. First of all, HR and its central player, RAD51 

recombinase, play an important role in repair of replication stalling lesions that are caused 

by the DNA damaging cancer treatments. Second, inhibiting the central, but not the initial 

step in HR, after the DSB is committed to be repaired through a homology directed 

mechanism prevents it from repair by NHEJ. Finally, RAD51 overexpression has been 

observed in a range of different cancers, and the associated resistance to radiation and 

chemotherapy was overcome by reduction in RAD51 expression (reviewed in (Klein, 2008) 

and (Budke et al., 2016)).

The three major groups of compounds that modulate RAD51 activity have been identified to 

date: compounds that interfere with the RAD51 nucleoprotein filament formation, a 

compound that stimulated RAD51 nucleoprotein filament and compounds that interfere with 

the D-loop formation. In 2009, DIDS (4,4’-diisothiocyanostilbene-2,2’-disulfonic acid, a 

known inhibitor of ionic channels) was found to inhibit the DNA binding activity of RAD51 

and the DNA strand exchange activity by competing the DNA (Ishida et al., 2009). Although 
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DIDS was efficiently imported into the nuclei of cultured cells, it appeared toxic (Ishida et 

al., 2009). In 2011 Huang and colleagues identified B02 compound ((E)-3-benzyl-2-(2-

(pyridin-3-yl) vinyl) quinazolin-4(3H)-one) that specifically inhibited RAD51 binding to 

ssDNA and the RAD51-mediated DNA strand exchange activity (Huang et al., 2011). B02 
conferred sensitivity to ionizing radiation, MMC and cisplatin (Huang et al., 2012), and 

significantly enhanced the therapeutic effect of cisplatin on triple negative breast cancers in 

mouse xenografts (Huang and Mazin, 2014), while a combination of B02 and doxyrubicin 

reduced HR, increased apoptosis, and reduced viability in multiple myeloma cells 

(Alagpulinsa et al., 2014). B02 has proven useful in the analysis of the DNA repair networks 

in triple negative breast cancers, an extremely aggressive breast cancer sub-type that lacks 

expression of the human EGF receptor-2, progesterone receptor, and estrogen receptor. 

Weigmans and colleagues found that kinase signaling is rewired in the triple negative breast 

cancers, and that inhibition of RAD51 with B02 can be combined with a PARP inhibitor and 

with inhibiting p38 kinase into an effective treatment (Wiegmans et al., 2016). A more 

recent screen of an existing drug library identified Chicago Sky Blue (CSB, 6,6'-[(3,3-

dimethoxy[1,1'-biphenyl]-4,4'-diyl)bis(azo)]bis[4-amino-5-hydroxy-1,3-

naphtalenedisulphonic acid]), which inhibited RAD51 ssDNA binding and strand exchange 

activity with sub-µM IC50 values (Normand et al., 2014).

An interesting set of RAD51 modulators has emerged from screening the ChemBridge 

DIVERSet™ (Budke et al., 2012). RI-1 contains a chloromaleimide group that functions as 

a Michael acceptor that reacts with the thiol group on cysteine 319 residue at the RAD51 

monomer-monomer interface, forming a covalent bond providing stable irreversible 

inhibition of RAD51, and sensitization of multiple cancer cell lines to MMC (Budke et al., 

2012). RI-2, a RI-1 analog that retained the inhibitory activity of RI-1 without its 

undesirable reactivity has subsequently emerged from an extensive SAR study (Budke et al., 

2013). The same screen that yielded RI-1 also yielded RS-1, the only RAD51 activator 

identified thus far (Jayathilaka et al., 2008). A screen for compounds that inhibit the 

RAD51-mediated DNA strand exchange reaction, but not the nucleoprotein filament 

formation per se resulted in 9, (Lv et al., 2016b).

An alternative to inhibiting the RAD51-DNA interaction is to disrupt the RAD51-BRCA2 

complex, and in particular the interaction between RAD51 and the BRC1–4 motifs of 

BRCA2. Two regions of BRCA2 are responsible for the interaction with RAD51. The first 

region consists of 8 BRC repeats, where BRC repeats 1 through 4 bind free RAD51 to 

facilitate the RAD51 loading onto the RPA (replication protein A) coated ssDNA, while 

BRC repeats 5 through 8 bind the RAD51 nucleoprotein filament (Carreira and 

Kowalczykowski, 2011). Collectively the interaction between BRCA2 BRC motifs and 

RAD51 promotes the DNA strand exchange reaction (Jensen et al., 2010; Liu et al., 2010; 

Shivji et al., 2006; Thorslund et al., 2010). An additional RAD51 binding site at the C-

terminus is involved in both HR and replication fork stabilization (Kim et al., 2014; Saeki et 

al., 2006).

A small-molecule inhibitor that competes with the RAD51-BRC repeat interaction should 

effectively prevent the central step in HR thereby sensitizing cells to radiation and DNA 

damaging chemotherapies. Recently, a fragment based approach was successfully employed 
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to identify a several promising fragments that bind to the hydrophobic pocket on the RAD51 

surface that accommodates the aromatic residues of BRC4-derived peptide (Scott et al., 

2015). The identified small molecule fragments can potentially be grown and/or linked to 

yield a more potent, specific inhibitor with drug-like properties (Scott et al., 2015). These 

endeavors will depend on the structural information on the RAD51-BRC peptide interaction 

(Pellegrini et al., 2002; Subramanyam et al., 2013) and the development of an experimental 

system compatible with the fragment analysis (Moschetti et al., 2016).

Challenges in developing inhibitors/modulators of DNA repair

The success of pharmacologically induced synthetic lethality between PARP inhibition and 

HR defects suggests that the concept of synthetic lethality in DNA repair can be further 

exploited to identify new targets for anticancer therapy and new adjuvants to treatments with 

ionizing radiation and DNA damaging chemotherapeutics.

One of the major obstacles to discovering and developing small molecule effectors that act 

on DNA repair systems is related to the nature of attempting to disrupt macromolecular 

interactions (Scott et al., 2015). Indeed, the development of specific and potent inhibitors 

targeting protein-protein interactions (PPI) and protein-DNA interactions (PNI) is one of the 

most challenging areas of modern medicinal chemistry. Although much more research has 

been focused on disruption of PPIs than PNIs, the fundamental challenges for development 

of low molecular weight modulators of these processes is highly similar. Essentially, one 

often is focused on targeting conserved macromolecular interactions which are shallow, yet 

extended grooves, which are partially solvated, and distinct from classical enzyme and 

receptor pockets. In recent years there has been significant traction using peptidomimetics to 

disrupt PPIs (Arkin et al., 2014). Although PPI lead compounds typically have lower than 

desirable ligand efficiency (LE; binding energy/heavy atom) and LLE (pIC50-pLogP) 

values, a number of clinical leads have been designed with acceptable drug-like parameters. 

Nevertheless, even if one finds promising leads, the question of specificity is ever looming, 

due to the similarities and promiscuity of many protein binding domains. In most cases, it is 

desired to identify a lead compound that competes with the native macromolecule-

macromolecule interaction, yet retains high LE (>0.3 kcal/mol) and high LLE (>5). Being 

“fat and flat” is tied to poor pharmacological outcomes. Thus, the generally poor LE and 

LLE metrics from leads that result from PPI and PNI screening campaigns are simply the 

function of the nature of these protein-protein and protein-nucleic acid interfaces. 

Nevertheless, several campaigns described above yielded compounds with generally 

favorable ADME properties. For example, the BLM helicase inhibitor ML216 and its 

improved analog 33 display good microsomal stability, Log P, and plasma stability. These 

compounds, however, show poor aqueous solubility and cell permeability and therefore will 

require further optimization (Rosenthal et al., 2013) In addition to peptidomemetics, 

macrocyles have shown promise in providing a distinct solution to the problem effectively 

competing with macromolecular-macromolecular interactions. Johannes and colleagues 

(Johannes et al., 2017) recently employed a DNA-encoded library of non-natural peptides in 

a screening campaign against Mcl-1, a pro-apoptotic protein. Importantly, structures of the 

initial hits allowed the researchers to link the terminal ends of the ligand, to form a 

macrocylic analog, which led to a binding enhancement of more than an order of magnitude. 

Hengel et al. Page 15

Cell Chem Biol. Author manuscript; available in PMC 2018 September 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



More importantly, the final optimized macrocyle provided an impressive ~ 3 orders of 

magnitude selectivity in binding relative to the structurally similar Bcl-2. Additionally, we 

used structure based screening methods and molecular dynamics simulations to predict and 

validate that a macrocyle natural product (NP-004255) would effectively compete with 

ssDNA in binding to RAD52 protein (Hengel et al., 2016).

Conclusions

Inhibitors and modulators of DNA repair discussed in this review represent a broad range of 

targetable enzymatic activities and macromolecular interactions, all of which revealed 

something new, not only with regard to DNA repair pathways and synthetic interactions, but 

also with regard to expanding the repertoire of druggable targets. While the most successful 

compounds targeting DNA repair defects are the PARP inhibitors, which inhibit the ADP-

ribose polymerization activity of PARP1 in its conventional enzyme active site, other types 

of targets are gaining traction. Of particular note are the advances made in specifically 

inhibiting the protein-ssDNA interaction by RAD51 and RAD52 DNA repair proteins, 

which represent formidable challenges; both proteins bind ssDNA in a sequence 

independent manner in an environment in which scores of other ssDNA binding proteins are 

present in the cell. Targeting PPIs in DNA repair is also gaining traction, exemplified in this 

review by the RAD52 oligomerization inhibitor and the fragment-based approach to 

targeting the RAD51-BRCA2 interaction. Both RAD51 and RAD52 are coveted anticancer 

drug targets, and the development of the small molecule modulators of their specific 

activities will be instrumental in parsing out the involvement of these activities and 

interaction in various DNA repair mechanisms. Finally, the ultimate scientific value of 

pharmacological inhibitors of DNA repair enzymes and proteins comes from their ability to 

parse the myriad of specific activities in their targets. In this light, selective inhibitors of 

MRE11 exo- and endonuclease, and small molecules that specifically prevent RAD51 strand 

invasion activity (D-loop formation inhibitors) offer a promise in similar discoveries for 

other multifunctional DNA repair enzymes.
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Approval of drugs targeting poly-ADP-ribose polymerase is inspiring campaigns to 

identify new targets among DNA repair proteins and new inhibitors for personalized 

cancer treatments. This review discusses the state-of-the-art in DNA repair inhibitors and 

how these small molecules are improving our understanding of the complex and 

interconnecting DNA repair processes.
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Figure 1. Roles of the DNA repair inhibitors in altering the outcomes of the DNA repair events in 
the presence of DNA replication
Schematic representation of the progression of a DNA lesion (a single-strand break, SSB, or 

stalled replication fork, RF) through various DNA repair mechanisms leading to DNA repair 

and restoration of replication fork, or to genome destabilizing events. The intermediates and 

mechanisms that are likely to lead to accurate repair if processed through an appropriate 

mechanism are depicted in green boxes, the intermediates that can lead to either positive 

(replication fork restoration) or negative (genome instability and cell death) outcomes are in 

orange boxes, and the intermediates and mechanisms that funnel the DNA repair 
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intermediates into the genome destabilizing outcomes are shown in red boxes. The key 

regulators (proteins and inhibitors) that affect the outcome of each event are shown.
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Figure 2. BRCA-interacting network
Schematic representation of the primary structures of BRCA1, BRCA2 and their interacting 

partners BARD1 and PALB2. Structural domains and regions of significance to this review 

are shown as rectangles: RING domains (red), CC – coiled coil domains (green), WD40 

domain (orange), BRCT domains (blue), BRC motifs 1 – 8 (orange), OB folds 1 – 3 and 

DSS1-interacting region (purple), BRCA2 C-terminal RAD51-interacting domains (orange). 

Arrows point to the respective interaction sites. Brackets highlight regions important for the 

stated cellular function.
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Figure 3. PARP inhibitors
A. The overlap of a nicotineamide analog DHQ (green; PDB 1PAX) bound to the active site 

of PARP1 and the second generation PARP1 inhibitor niraparib (light blue; PDB 1PAX), 

which occupies both the nicotinamide-ribose binding pocket and the adenosine-ribose 

binding pocket of ADP-ribosyl transferase catalytic site, making additional contacts with 

E763 and D766 of the regulatory α-helical sub-domain (HD) (Thorsell et al., 2017). PARP1 

ADP-ribosyl transferase catalytic domain (CAT; PDB 1PAX) is shown as a surface 

representation. The primary structure of PARP1 is shown below the active site image. The 

bead-on-a-string architecture of PARP1 (Langelier and Pascal, 2013) includes the N-

terminal DNA binding region (the three Zn-finger domains are shown as green rectangles), 

the middle region containing a BRCT domain and the main auto-PARylation site (Altmeyer 

et al., 2009), and the C-terminal region that contains the WGR domain responsible for the 

interdomain contacts and the cross-talk between the DNA-binding/damage recognition 

domains, the regulatory HD domain as well as the CAT domain. B. and C. The ligand maps 

for DHQ and niraparib, respectively.
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Figure 4. MRE11 separation of function inhibitors
Surface representation of the MRE11 nuclease active site with bound mirin (green, PDB: 

KO4K), an exonuclease inhibitor and PFM01 (elemental colors, from PDB: 4O24), an 

endonuclease inhibitor (Shibata et al., 2014). See text for the details of the inhibition 

mechanisms.
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Table 1

Small molecule inhibitors of DNA repair proteins used in clinical applications

Inhibitor In vitroPotency Mechanism of Action Cellular Outcome Clinical Applications

Inhibitors of Poly(ADP-ribose)-polymerase, PARP1

Benzamide (CAS 55-21-0) IC50 = 3.3 µM 
(Rankin et al., 

1989)

A substrate analog, 
competes with NAD+

3.5 µM selective 
inhibition of 

poly(ADP-ribose) 
metabolism (Rankin et 

al., 1989)

Olaparib (Lynparza) (CAS 
763113-22-0)

IC50(PARP1) = 5 
nM IC50(PARP2) 

= 1 nM (Menear et 
al., 2008) 

IC50(PARP1) = 1.4 
nM IC50(PARP2) 

= 12.3 nM 
(Thorsell et al., 

2017)

Potent inhibitor of PARP1 
and PARP2 (15–20x 

specificity over other PARP 
family enzymes); binds 

within nicotinamide 
binding pocket in the ADP-
ribosyl transferase catalytic 

site

Synthetically lethal 
with HR defects; 
sensitizes cells to 

radiation and DNA 
damaging agents by 
inducing replication-

mediated DSBs

2014 – FDA approved 
for treatment of germline 

BRCA-mutated 
advanced ovarian cancer

Rucaparib (Clovis -AG014699, 
PF-01367338 Pfizer) (CAS 

549868-92-9)

Ki(PARP1) = 1.4 
nM (Thomas et al., 

2007) 
IC50(PARP1) = 3.2 
nM IC50(PARP2) 

= 28.2 nM 
(Thorsell et al., 

2017)

Potent inhibitor of PARP1 
and PARP2 (15–20x 

specificity over other PARP 
family enzymes); binds 

within nicotinamide 
binding pocket in the ADP-
ribosyl transferase catalytic 

site

Synthetically lethal 
with HR defects; 
sensitizes cells to 

radiation and DNA 
damaging agents by 
inducing replication-

mediated DSBs

2016 – FDA approved 
for treatment of germline 

BRCA-mutated 
advanced ovarian cancer

Niraparib (MK- 827 Tesaro) 
CAS 1038915-60- 4)

IC50 PARP-1 = 3.8 
nM; IC50 

PARP-2= 2.1 nM 
(Jones et al., 2009) 

IC50(PARP1) = 
16.7 nM 

IC50(PARP2) = 
15.3 nM (Thorsell 

et al., 2017)

Selective inhibitor of 
PARP1 and PARP2 (>100x 
specificity over other PARP 

family enzymes); binds 
within nicotinamide 

binding pocket in the ADP-
ribosyl transferase catalytic 

site and makes contacts 
with the regulatory 

subdomains (E763 & D766 
in Figure 2); Efficiently 

traps PARP1 on the 
damage-containing DNA

Inhibits parylation with 
EC50 of 4 nM (Jones et 
al., 2009) Synthetically 
lethal with HR defects; 

sensitizes cells to 
radiation and DNA 
damaging agents by 
inducing replication-
mediated DSBs Also 

inhibits hexo-6-
phosphate 

dehydrogenase 
(Knezevic et al., 2016)

2017 – FDA approved 
for treatment of 

platinum-sensitive 
recurrent ovarian, 
fallopian tube, and 
primary peritoneal 

cancers

Veliparib (ABT-888 Abbvie) 
(CAS 912444-00-9)

Ki PARP-1= 5.2 
nM; Ki PARP-2 = 
2.9 nM (Donawho 

et al., 2007) 
IC50(PARP1) = 3.3 
nM IC50(PARP2) 

= 17.5 nM 
(Thorsell et al., 

2017)

Selective inhibitor of 
PARP1 and PARP2 (>100x 
specificity over other PARP 

family enzymes); binds 
within nicotinamide 

binding pocket in the ADP-
ribosyl transferase catalytic 

site and makes contacts 
with the regulatory 

subdomains; Efficiently 
traps PARP1 on the 

damage-containing DNA

Inhibits SSB and DSB 
repair, potentiates 

activity of 
temozolomide, 

cisplatin, carboplatin 
for variety of tumors 
including glioma and 

breast carcinoma 
(Wagner, 2015).

TOP1 (Topoisomerase 1) inhibitors

Camptothecin (CPT) (CAS 
7689-03-4)

Bind at the enzyme-DNA 
interface; trap a catalytic 

intermediate of supercoiled 
DNA and TOP1 (Fox et al., 

2003)

TOP1-DNA complexes 
are converted into 

replication mediated 
DSBs; low doses stall 
replication (Pommier 

et al., 2006)
Irinotecan (CAS 100286-90-6)

1996 – FDA approved 
for treatment of 

metastatic carcinoma of 
the colon or rectum 
whose disease has 

recurred or progressed 
following initial 

flurouracil treatment 
2015 – FDA approved 
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Inhibitor In vitroPotency Mechanism of Action Cellular Outcome Clinical Applications

for treatment in 
combination with 
fluorouracil and 

leucovorin, of advanced 
(metastatic) pancreatic 

cancer

Topotecan (Hycamtin® 
GlaxoSmithKline) (CAS 

123948-87-8)

2006 – FDA approved 
for treatment in 

combination with 
cisplatin for treatment of 

stage IVB recurrent or 
persistent cervical cancer
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Table 2

Newly-developed small molecule modulators of DNA repair proteins

Inhibitor Source Library
and Screening
Methodology

In vitro Potency Mechanism of Action Cellular Outcome

Inhibitors of WRN DNA helicase

NSC 19630 (CAS 72835-26-8) National Cancer 
Institute Diversity 
Set library; HTS 

assay for the 
inhibition of the 
DNA unwinding 

activity.

Inhibits WRN 
helicase activity 

with an IC50 of 20 
µM (Aggarwal et 

al., 2011).

Specifically inhibits 
WRN helicase activity, 

but not its nuclease 
activity

At 3 µM inhibits cell 
proliferation, induces 

apoptosis, 
accumulation of DSBs 

and formation of 
stalled replication 

forks; sensitizes cells 
to G-quadruplex-

binding compound 
telomestatin, or 
PARP inhibitor 

(Aggarwal et al., 
2011).

NSC 617145 (CAS 203115-63-3) Structural analog 
of NSC19630.

Inhibited WRN 
helicase activity 

with an IC50 of 230 
nM (Aggarwal et 

al., 2013b).

Specifically inhibits 
WRN helicase activity, 

but not its nuclease 
activity; likely traps 
WRN on the DNA 

substrate

Inhibits cell 
proliferation; 

sensitizes FA cells to 
cross-linking agent 
MMC (Aggarwal et 

al., 2013).

Inhibitor of BLM DNA helicase

ML216 (CAS 1430213-30-1) Molecular 
Libraries Small 

Molecule 
Repository library; 
fluorescent donor/

quencher-based 
HTS helicase assay 
(Rosenthal et al., 

2010)

Inhibition of the 
forked DNA 

unwinding by 
truncated (IC50 = 
1.2 µM) and full 

length (IC50 = 3.39 
µM) BLM helicase 
(Rosenthal et al., 

2013; Rosenthal et 
al., 2010).

Inhibits helicase activity 
of BLM (Rosenthal et 
al., 2013; Rosenthal et 

al., 2010).

Inhibits proliferation 
of BLM- expressing 

fibroblast cells 
(PSNF5) over BLM-

deficient cells 
(PSNG13), enhances 

sister chromatid 
exchange in PSNF5 

cells (Rosenthal et al., 
2013; Rosenthal et al., 

2010).

Inhibitors of MRE11 endo- and exonuclease

Mirin (CAS 299953-00-7) ChemBridge 
DIVERSet™ 

collection; forward 
chemical genetics 

screen for 
compounds that 

inhibit the MRN/
DSB-mediated 

ATM activation in 
cell-free extracts 

derived from 
Xenopus laevis 

eggs (Dupre et al., 
2008)

Inhibits MRN-
mediated ATM 

activation 
(inhibition of 

H2AX 
phosphorylation) 

with IC50 of 66 µM 
(Dupre et al., 2008). 
Specifically inhibits 
exonuclease activity 
of MRE11, but not 
its endonuclease 
activity (Dupre et 

al., 2008; Shibata et 
al., 2014).

Binding of mirin in the 
active site of MRE11 

blocks DNA phosphate 
backbone rotation, which 

interferes with 
exonuclease activity 

(Shibata et al., 2014). 
Inhibits exonuclease 
activity of MRE11; 
inhibits MRN/DSB-

mediated ATM activation 
without affecting ATM 
protein kinase activity; 

inhibits the MRN-
dependent 

autophosphorylation of 
ATM at Ser1982 in 

response to DSBs (Dupre 
et al., 2008).

Inhibits MRN-
dependent ATM 

activation similarly to 
MRN depletion, 

abolishes the G2/M 
checkpoint and 

homology-directed 
DNA repair in 

mammalian cells 
(Dupre et al., 2008). 
Inhibits dsDNA end 
resection in A549 

cells with estimated 
IC50 of 200–300 µM 
(Shibata et al., 2014).

PFM01/SML1735 (CAS 
1558598-41-6); PFM03

Focused chemical 
library of mirin 
derivatives; the 

library is described 
in (Shibata et al., 

2014)

Specifically inhibit 
endonuclease, but 
not exonuclease 

activity of MRE11 
(Shibata et al., 

2014).

Binding of PFM01 and 
PFM03 near the dimer 

interface blocks the 
ssDNA binding path 
towards the catalytic 

metal ions and disrupts 
endonuclease activity.

Inhibit dsDNA end 
resection in A549 

cells with estimated 
IC50 of 50–75 µM 

(Shibata et al., 2014).
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Inhibitor Source Library
and Screening
Methodology

In vitro Potency Mechanism of Action Cellular Outcome

PFM39/SML1839 (CAS 1310744-67-2)

Specifically inhibits 
exonuclease activity 
of MRE11 (Shibata 

et al., 2014).

Binds in the active site 
similar to mirin. Inhibits 

exonuclease activity.

Inhibits dsDNA end 
resection in A549 

cells with estimated 
IC50 of 50–75 µM 

(Shibata et al., 2014).

Inhibitors of RAD52

6-hydroxyDL- dopa (CAS 21373-30-8) Sigma Lopac 
Library; 

fluorescence 
polarization 

anisotropy based 
HTS assay for 

disruptors of the 
RAD52-ssDNA 

interaction 
(Chandramouly et 

al., 2015).

Inhibits ssDNA 
binding by RAD52 
with IC50 of 1.1 µM 
and by RAD521-209 

with IC50 of 1.6 
µM; disrupts 

RAD52 oligomers 
(Chandramouly et 

al., 2015).

Disrupts RAD52 
oligomerization 

(Chandramouly et al., 
2015).

Inhibits proliferation, 
reduces viability and 
increases apoptosis of 

BRCA1 deficient 
TNBC cell line MDA-

MB-436. 
(Chandramouly et al., 

2015).

D-103

Broad’s diversity-
oriented synthesis 
(DOS) library and 

Molecular 
Libraries Probe 
Center Network 

(MPLCN) library; 
fluorescence 

quenching based 
assay for inhibitors 

of the ssDNA 
annealing activity 
of RAD52 (Huang 

et al., 2016). 
National Cancer

Inhibits ssDNA 
annealing by 

RAD52 with IC50 

of 5 µM, inhibits D-
loop formation with 
IC50 of 8 µM; binds 
to RAD52 with Kd 

of 25.8 µM 
(measured by SPR) 

(Huang et al., 
2016).

Inhibits RAD52-
mediated ssDNA 

annealing (Huang et al., 
2016).

Suppresses growth of 
BRCA1- and BRCA2-

deficient cells (at ~ 
2.5 µM concentration) 
and inhibits RAD52-

mediated SSA in 
human U2OS cells. 
Selective towards 

SSA over (Huang et 
al., 2016).

D-G23

Inhibits ssDNA 
annealing by 

RAD52 with IC50 

of 5.6 µM, inhibits 
D-loop formation 
with IC50 of 7.2 

µM; binds to 
RAD52 with Kd of 
34 µM (Huang et 

al., 2016).

Suppresses growth of 
BRCA1- and BRCA2-
deficient cells (at >10 

µM concentration) 
(Huang et al., 2016).

AICAR (CAS 2627-69-2); AICAR 5’ 
phosphate (ZMP)

Institute drug-like 
compounds library 
and FDA approved 

drugs library; in 
silico screen

(Sullivan et al., 
2016)

1 µM of ZMP 
reduced the 

RAD52-ssDNA 
interaction similar 

to 25 µM F79 
aptamer (Sullivan et 

al., 2016).

Disrupt the RAD52-
ssDNA interaction 

(Sullivan et al., 2016).

AICAR (20 µM) 
reduces growth of 
BRCA1-mutated 

HCC1937 cells and 
BRCA2-mutated 

Capan-1 cells; targets 
intracellular RAD52 
(Sullivan et al., 2016)

(−)-Epigallocate chin, EGC (CAS 
490-46-0)

MicroSource 
Spectrum 

Collection; FRET-
based HTS assay 
for disruptors of 

the RAD52-ssDNA 
interaction (Hengel 

et al., 2016)

Inhibits ssDNA 
binding IC50 = 1.8 

µM and inhibits 
RAD52-mediated 
annealing activity 

IC50 = 4.9 µM 
(Hengel et al., 

2016).

Binds specifically to 
RAD52 (NMR); disrupts 

the RAD52-ssDNA 
interaction and the 

annealing activity of 
RAD52 (Hengel et al., 

2016).

Kills BRCA2-
depleted cells and 

recapitulates RAD52 
depletion with respect 

to the RAD52-
MUS81/EME1-
mediated DSB 

formation at stalled 
replication forks in 

the absence of 
checkpoint (Hengel et 

al., 2016).

NP-004255 (CAS 23094-69-1) AnalytiCon 
Natural Products 
library; in silico 

screen (Hengel et 
al., 2016)

Inhibits ssDNA 
binding IC50 = 1.5 

µM; ssDNA binding 
inhibition

Binds specifically to 
RAD52 and disrupts the 

RAD52-ssDNA 
interaction (Hengel et al., 

2016).

Not tested
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Inhibitor Source Library
and Screening
Methodology

In vitro Potency Mechanism of Action Cellular Outcome

Modulators of RAD51 recombinase

DIDS (CAS 67483-13-0) Program of 
Scientific Research 
on Priority Areas, 

Cancer Japan; 
RAD51-mediated 

DNA strand 
exchange reaction 

(Ishida et al., 
2009).

Inhibits DNA strand 
exchange activity of 
RAD51 with IC50 

of 5 µM (Ishida et 
al., 2009).

Binds directly to RAD51 
with Kd of 2 µM. Inhibits 
ssDNA binding, dsDNA 

binding, and inhibits 
joint molecule formation 
in DNA strand exchange 
assays. Stimulates ATP 

hydrolysis. (Ishida et al., 
2009)

Toxic in human 
cultured cells. Binds 

to outer cell 
membrane and 

inhibits Cl-channels 
(Ishida et al., 2009).

B02 (CAS 1290541-46-6) NIH Small 
Molecule 

Repository; FRET-
based DNA strand 

exchange assay 
(Huang et al., 

2011).

Inhibits RAD51-
mediated DNA 
strand exchange 

reaction with IC50 

of 27.4 µM (Huang 
et al., 2011),

Inhibits RAD51-
mediated strand invasion 

(Huang et al., 2011),

Enhances sensitivity 
of cancer cells to IR, 
MMC and cisplatin 
(Huang et al., 2012). 
Increases apoptosis 

and reduces viability 
of multiple myeloma 
cells (Alagpulinsa et 
al., 2014). Enhances 

the effect of cisplatin 
on triple negative 

breast cancer cells in a 
mouse xenograft 

model (Huang and 
Mazin, 2014)

RI-1 (CAS 415713-60-9) ChemBridge 
DIVERSet™ 

collection; 
fluorescence 
polarization 

anisotropy based 
HTS assay for the 

RAD51 
nucleoprotein 

filament formation 
(Jayathilaka et al., 
2008) (Budke et 

al., 2012)

Inhibits 
biochemical 

activities of RAD51 
(ssDNA binding 

and D-loop 
formation) with 

IC50 in the 5–30 µM 
range (Budke et al., 

2012)

Contains a 
chloromaleimide group 
that acts as a Michael 

acceptor and reacts with 
cysteine 319 of RAD51 

at the monomer-
monomer interface near 

the ATP active site.

Inhibits HR, disrupts 
the DNA damage-

induced RAD51 foci 
formation, and 

sensitizes human 
cancer cells HeLa, 

MCF-7 and U2OS to 
MMC (Budke et al., 
2012). Inhibits HR-

mediated DSB repair 
with IC50 of 13.1 µM 

(Lv et al., 2016a).

RI-2 (CAS 1417162-36-7) RI-1 analog 
lacking the reactive 
a chloromaleimide 
group (Budke et 

al., 2013)

Inhibits the 
RAD51-mediated 
D-loop formation 

with IC50 of 11 µM 
(Budke et al., 2013; 

Lv et al., 2016a).

Binds to the same pocket 
at the monomer-

monomer interface of the 
RAD51 nucleoprotein 

filament as RI-1; inhibits 
biochemical activities of 

RAD51.

Inhibits HR, sensitizes 
human cancer cells 
U2OS, PC-3, and 

MCF-7 to radiation 
(Budke et al., 2013). 
Inhibits HR-mediated 
DSB repair with IC50 

of 3 µM (Lv et al., 
2016a).

RS-1 (CAS 312756-74-4) ChemBridge 
DIVERSet™ 

collection; 
fluorescence 
polarization 

anisotropy based 
HTS assay for the 

RAD51 
nucleoprotein 

filament formation 
(Jayathilaka et al., 

2008)

RS-1 is a stimulator 
of RAD51 activity 

with an active range 
of 48–107 nM 

(Jayathilaka et al., 
2008)

Stabilizes the 
RAD51nucleoprotein 

filament and stimulates 
RAD51 biochemical 

activities (Jayathilaka et 
al., 2008).

Inhances resistance to 
cisplatin at ~7.5 µM 
(Jayathilaka et al., 

2008).

Chicago Skye Blue (CSB) (CAS 
2610-05-1)

Prestwick 
Chemical Library® 

of mostly approved 
drugs; 

electrophoresis-
based DNA strand 

exchange assay 

Inhibits the 
RAD51-mediated 

DNA stand 
exchange reaction 
with IC50 of ~ 400 

nM, Inhibits ssDNA 
binding by RAD52 

Prevents RAD51 
nucleoprotein filament 

formation by interfering 
with the RAD51 binding 
to ssDNA (Normand et 

al., 2014).

Not tested
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(Normand et al., 
2014)

with IC50 of 1.2 µM 
(Normand et al., 

2014).

Inhibitor of the RAD54 DNA branch migration activity

Streptonigrin (SN) (CAS 3930-19-6) Broad Institute 
validation library; 
FRET-based assay 

for branch 
migration of 

Holliday junctions.

Inhibits branch 
migration of model 
Holliday junctions 
with IC50 of 16.5 
µM, inhibits ATP 
hydrolysis with 
IC50 of 14.4 µM 
(Deakyne et al., 

2013).

Binds directly to RAD54 
with a Kd of 9.1 µM; 

inhibits the ATPase and 
DNA branch migration 

activity of RAD54 
(Deakyne et al., 2013).

Has been previously 
reported to have a 

broad range antitumor 
activity; elicits DNA 

damage by generating 
reactive oxygen 

species (Harris et al., 
1965).
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