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Abstract

During the last decade, the use of small molecule (MW< 500 Dalton) compounds that modulate 

(inhibit or activate) important proteins of different biological pathways became widespread. 

Recently, the homologous recombination (HR) pathway emerged as a target for such modulators. 

Development of small molecule modulators pursues two distinct but not mutually exclusive 

purposes: to create a research tool to study the activities or functions of proteins of interest and to 

produce drugs targeting specific pathologies. Here, we review the progress of small molecule 

development in the area of HR.

HR plays a critical role in repair of the most harmful types of DNA lesions, DNA double-

stranded breaks (DSBs) and interstrand cross-links (ICLs), in faithful segregation of 

homologous chromosomes during meiosis, and in telomere maintenance 1. However, the 

mechanisms of HR, especially in mammals, remain to be understood. Traditional genetic 

analysis of the HR pathway in mammals is complicated because most of HR proteins are 

essential for viability. However this impediment also provides an impetus for development 

of small molecule modulators as an alternative approach to investigate the mechanisms of 

HR. Since many anticancer chemotherapies or radiotherapy act by inducing DSBs or ICLs 

the modulators of HR may also have important clinical applications. They may either 

sensitize cancer cells to anticancer therapies by inhibiting HR, or provide protection to 

normal cells against these therapies by stimulating HR. Because of the intrinsic genome 

instability of cancer cells they often accumulate mutations in various DNA repair pathways. 

The loss of alternative DNA repair pathways could make HR essential for cancer cell 

viability rendering them vulnerable for HR inhibitors even in the absence of therapeutic 

agents. Conversely, in cancers that are deficient in HR the alternative DNA repair pathways 

could become essential for cell viability. Thus, Poly-ADP-ribose polymerase 1 (PARP1), 

which plays a signaling role in DNA Base Excision Repair pathway, is essential for viability 

of familial breast cancer cells deficient in HR proteins BRCA1&2 2. As a result, these cells 

are sensitive to inhibitors of PARP1.
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HR performs DNA repair through an essentially error-free mechanism by employing 

homologous DNA as a template (Fig. 1)3. The initial step of HR involves exonucleolytic 

processing of the DNA ends into a resected DNA duplex with protruding 3′-ssDNA tails 

(Fig. 1)4. Then, RAD51 recombinase loads onto the ssDNA to form a contiguous helical 

nucleoprotein filament that promotes a search for the homologous dsDNA and exchange of 

DNA strands that results in formation of joint molecules 5 Joint molecules, key 

intermediates of HR, provide both a template and a primer for the DNA synthesis to 

generate an overlap with another end of broken DNA for the subsequent re-joining of DSB 

ends. The joint molecules are processed through either of the two mechanisms, synthesis-

dependent strand annealing (SDSA) and DNA double-strand break repair (DSBR) 3. In the 

SDSA mechanism, the joint molecules dissociate after DNA synthesis (Fig. 1a). After their 

dissociation the released 3′-ssDNA end rejoins with the second end of the broken 

chromosome. It is thought that this mechanism takes place in both mitotically and 

meiotically dividing cells and produces non-crossover recombinants. The DSBR mechanism 

that operates in meiosis involves the second end capture, formation of double Holliday 

junctions that are resolved at a later step by structure-specific endonucleases leading to 

crossing over which is crucial for proper segregation of homologous chromosomes in 

meiotic prophase I (Fig. 1b) 6.

In eukaryotes, the HR genes were discovered by genetic screens of Saccharomyces 
cerevisiae for mutants conferring strong ionizing radiation sensitivity and moderate 

ultraviolet (UV) light sensitivity 7. In mammals, the core of the HR pathway includes 

RAD51, RAD51 paralogs (XRCC2, XRCC3, Rad51B, Rad51C, and Rad51D), RAD52, 

RAD54, RAD54 paralog RAD54B, BRCA1 and BRCA2, breast cancer susceptibility 

proteins 1 and 2; RAD50, MRE11, and NBS1 which form a complex (MRN) 4. Rad51 is 

highly evolutionarily conserved and ubiquitous in all kingdoms of life 8. Most other 

members of the HR core are also evolutionarily conserved in eukaryotes, but have no 

obvious bacterial homologues. In addition to the core HR proteins, a significant number of 

other proteins participate in specialized HR events, particularly the proteins of the Fanconi 

anemia (FA) group 9 and the RecQ family 10, 11. Also, there are a number of HR proteins 

specifically expressed during meiosis 6. Below we review the recent progress in 

development of small molecule modulators that target several important HR proteins.

Targeting RAD51 protein with small molecule compounds

RAD51, the central protein of HR, was found to be overexpressed in many tumors and 

transformed cell lines 12–16. High level of RAD51 expression was associated with increased 

resistance to chemotherapies and radiotherapies in several experimental tumor systems 17–19. 

In contrast, depletion of RAD51 by antisense RNAs attenuated radioresistance in vitro and 

in vivo 20, 21 and enhanced killing of cancer (HeLa) cells by cisplatin 22. Consequently, 

RAD51 was recognized as an important target for development of small molecule inhibitors 

to supplement anticancer therapies. Small molecule inhibitors may also provide a tool for 

investigation of the mechanism of DNA strand exchange and the cellular functions of 

RAD51.
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Biochemical and cell-based assays have been developed for high throughput screening 

(HTS) for RAD51 inhibitors. The active form of RAD51 is a nucleoprotein filament which 

RAD51 forms with ssDNA in the presence of ATP and divalent metal cofactors5. 

Consequently, the assay was developed to screen for compounds that disrupt (or stimulate) 

binding of purified RAD51 to ssDNA in vitro23. The effect of compounds on ssDNA 

binding by RAD51 was measured using fluorescently labeled ssDNA substrates using 

fluorescence polarization.

In vivo, RAD51 competes with Replication Protein A (RPA), a ubiquitous ssDNA binding 

protein, for ssDNA binding. It was found that BRCA2 stimulates RAD51 loading on ssDNA 

in the presence of RPA24. This loading is mediated by RAD51 interaction with eight 

conserved BRC domains of BRCA2. Consequently, a cell-based assay to screen for small 

molecule compounds that disrupt RAD51 interaction with BRC peptide was developed using 

yeast two-hybrid system25.

DNA strand exchange, the salient activity of RAD51, can be reconstituted in vitro with 

purified RAD51, ATP, divalent metal ions, and homologous ssDNA and dsDNA substrates. 

Three different DNA strand exchange assays were adapted for screening RAD51 inhibitors 

(Fig. 2). The first, known as three-strand reaction, employs circular ssDNA and linear 

dsDNA of bacteriophages, like M13 or φX174. In this assay, the RAD51 filament formed on 

circular ssDNA promotes DNA strand exchange with homologous linear dsDNA. The DNA 

products of DNA strand exchange are analyzed by gel electrophoresis in agarose gels and 

visualized by staining with fluorescent DNA intercalating dyes. The second, known as D-

loop (displacement loop) assay, utilizes supercoiled covalently closed plasmid dsDNA and 

synthetic 32P-labeled ssDNA substrates. In this assay, the RAD51 filament formed on 

ssDNA invades the plasmid dsDNA to produce a D-loop; D-loop formation is analyzed by 

electrophoresis in agarose gels. The third assay is based on the use of synthetic DNA 

substrates. In this assay, synthetic dsDNA carries a fluorophore group on one strand that is 

opposed by a quencher group attached to the complementary strand. DNA strand exchange 

catalyzed by the RAD51 filament formed on unlabeled homologous ssDNA leads to 

separation of dsDNA strands carrying a fluorophore and a quencher and to an increase in the 

fluorescence intensity. This assay is well suited for HTS. In a version of this assay, 

radiolabeled DNA substrates are used and the DNA products are analyzed by gel-

electrophoresis in polyacrylamide gels.

While DNA strand exchange promoted by RAD51 is a basic HR activity, the mechanism of 

this activity remains to be fully understood. Small molecule inhibitors may present a 

valuable tool for analysis of the mechanism of DNA strand exchange in vitro, e.g., by 

disrupting it into separate steps or by stabilizing transient reaction intermediates. Two 

compounds, DIDS (1) and metatungstate (2) (Table 1), were used specifically for the 

analysis of DNA strand exchange in vitro26, 27. DIDS was identified by screening a library 

of 185 potential antitumor agents for inhibitors of the RAD51 DNA26. strand exchange 

activity The screen was performed using the three-strand assay using φX174 ssDNA and 

linearized dsDNA as substrates. The IC50 of DIDS is in 1–10 μM range (at 6 μM RAD51). 

DIDS acts by disrupting RAD51 binding to ssDNA. Using the surface plasmon resonance 

(SPR) method it was shown that DIDS binds directly to RAD51 with Kd = 2 μM. It was 
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suggested that DIDS binds to a RAD51 region close to the DNA binding site(s), and directly 

competes with DNA for RAD51 binding. To test this hypothesis it would be important to 

solve the structure of the RAD51-DIDS complex. Because of high cell toxicity the effect of 

DIDS on the DNA repair and HR was not evaluated in human cells28. DIDS is also known 

for its ability to inhibit ion channels and membrane transporters29.

It was found fortuitously that a member of the polyoxometalate family sodium metatungstate 

inhibited DNA strand exchange activity of Methanococcus voltae RadA (MvRadA), an 

archaeal Rad51 homologue 27. In the oligonucleotide-based DNA strand exchange assay, the 

IC50 of metatungstate was approximately 2.5 μM (at 5 μM MvRadA). The structure of the 

RadA-ADP-metatungstate complex was solved. Metatungstate binds MvRadA between the 

DNA-binding loops L1 and L2 locking the protein in an inactive conformation. The binding 

was mediated by electrostatic interactions between the anionic groups of metatungstate and 

the cationic surface of the DNA-binding region of the RadA. These structural data may 

potentially provide an insight to the mechanism of DNA strand exchange. Consistent with 

the known role of the L1 and L2 loops in DNA binding, metatungstate inhibited ssDNA and 

dsDNA binding by MvRadA. The inhibitor lacked specificity for MvRadA, it also inhibited 

EcRecA, an Escherichia coli homologue. The effect of metatungstate was not tested on cells, 

and due to its high charge metatungstate is unlikely to permeate the cell membrane.

While the structure of RAD51 is highly conserved, its functions may vary in different 

species. In all organisms, RAD51 is important for DNA damage repair, but in vertebrates it 

is also essential for viability 30. Currently, it is not clear whether RAD51 acquires additional 

essential functions in vertebrates, or the HR mechanism of DNA repair became essential in 

organisms with high genome complexity. Because RAD51 mutants are often unstable in the 

cell, small molecule inhibitors that target different domains or activities of RAD51 may 

represent an attractive option to investigate RAD51 cellular functions.

While most studies with small molecule compounds are focused on development of RAD51 

inhibitors, a unique RAD51-stimulatory compound 1 (RS-1) (3) (Table 1) was also 

reported23. RS-1 was identified by screening a 10,000-compound library (Chembridge 

DIVERSet) for stimulators of RAD51 binding to ssDNA using fluorescence polarization23. 

RS-1 (20 μM) increases the apparent affinity of RAD51 (0.3 μM) for ssDNA by a factor of 

two and stimulates RAD51 strand exchange. RS-1 has no effect on S. serevisiae Rad51 and 

Dmc1, or EcRecA, indicating its specific interaction with human RAD51. The mechanism 

of this stimulation appears to be unique. It is known that formation of an active 

nucleoprotein filament requires ATP binding, but not ATP hydrolysis by RAD51. Moreover, 

ATP hydrolysis leads to accumulation of RAD51-ADP complexes that inhibit DNA strand 

exchange31. Previously, it was shown that inhibition of the RAD51 ATPase by Ca2+ 

stimulates DNA strand exchange31. However, unlike Ca2+, RS-1 does not to inhibit the 

RAD51 ATPase activity. Instead, the authors suggested that RS-1 allosterically “locks” 

RAD51 in an active conformation overriding the inhibitory effect of RAD51-ADP-

complexes23. Future structural studies on the RAD51-RS-1 complex might provide an 

important insight into the mechanisms of regulation of the RAD51 DNA strand exchange 

activity. Docking simulation of RS-1 binding to RAD51 would also be useful. Though only 

a partial structure of the human RAD51 is currently available32, the structures of several 
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RAD51 orthologs27, 33 may help to model the RAD51-RS-1 complex in silico. In neonatal 

human dermal fibroblasts, RS-1 (7.5 μM) showed a 1.5–2.0-fold increase in survival after 

cisplatin treatment indicating biological activity of RS-1 in cells. The authors proposed that 

RS-1 can be used as a protector against DNA damage or as an enhancer of gene targeting.

RAD51 inhibitory compound 1 (RI-1) (4) (Table 1), was identified by screening a 10,000-

compound library (Chembridge DIVERSet) for inhibitors of RAD51 binding to ssDNA 

using fluorescence polarization34. RI-1 covalently binds through its chloromaleimide group 

to the C319 thiol group in RAD51. RI-1 may disrupt nucleoprotein filament formation on 

ssDNA because C319 lies on the protein interface between protein subunits. The IC50 of 

RI-1 inhibition of ssDNA binding was 5–30 μM (at 0.2–0.4 μM RAD51). Consistent with 

inhibition of RAD51 in cells, RI-1 (5–20 μM) reduces gene conversion in the DR-GFP 

assay35 in U2OS cells and stimulates single strand annealing in the SA-GFP assay36 in 

HEK293 cells. Also, RI-1 (20 μM) inhibited the formation of DNA damage-induced RAD51 

foci in immortalized human fibroblasts, consistent with targeting RAD51. RI-1 (25 μM) also 

sensitizes human cancer cells HeLa, MCF-7 and U2OS to mitomycin C (MMC). 

Surprisingly, inhibition of the RAD51 (0.4 μM) DNA strand exchange activity in vitro 
requires relatively high RI-1 concentration (80–160 μM). The apparent discrepancy between 

the relatively low potency of RI-1 in the DNA strand exchange assay in vitro and the much 

more potent inhibition of HR in cells requires further investigation. It is possible that sub-

optimal conditions for DNA strand exchange used in this work (e.g., 5 mM Mg2+ and no 

Ca2+ or other stimulatory agents) diminished the apparent inhibitory effect of RI-1 on DNA 

strand exchange.

In order to reduce the likelihood of off-target covalent interactions and improve compound 

stability in the cell, RI-2 (5) (Table 1) was synthesized. It lacks the chloromaleimide group 

but retains RAD51 inhibitory activity37. RI-2 was shown to bind reversibly to the same site 

on the RAD51 protein as does RI-1. In biochemical and cellular assays, RI-2 showed 

inhibitory activities similar to RI-1, but with somewhat lower potency. The IC50 of RI-2 

inhibition of RAD51 ssDNA binding was 44 μM. In HEK293 cells, inhibition of the DR-

GFP gene conversion and sensitization to MMC was observed at 60 μM and 150 μM RI-2, 

respectively.

A yeast reversed two-hybrid system was used to identify IBR2 (6) (Table 1) by screening of 

a 24,000-compound library for inhibitors that disrupt RAD51 interaction with BRC, a 

conserved domain of BRCA2 25. The disruption of the RAD51-BRC interaction by IBR2 

was confirmed with SPR. Because the RAD51 hydrophobic pocket involved in BRC binding 

is also responsible for protein multimerization, IBR2 also disrupts RAD51 multimerization. 

In cells, it was found, somewhat unexpectedly, that IBR2 promotes proteasome-mediated 

degradation of RAD51, presumably because of disruption of RAD51 multimers that are 

resistant to degradation. IBR2 inhibits HR in human cells; at 20 μM it causes an 

approximately 10-fold decrease in DSB-induced HR in the DR-GFP construct in HeLa cells 

and a 2-fold decrease in IR-induced RAD51 foci formation in MCF7 cells. IBR2 (5 μM) 

also caused a slight, but statistically significant increase, in MCF17 sensitivity to IR. By 

decreasing the level of RAD51, IBR2 caused an antitumor effect by prolonging survival of 

imatinib-resistant CML model mice bearing the T315I Bcr-abl mutation. IBR2 suppressed 
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proliferation of CD34+ progenitor cells from CML patients by inducing apoptosis without 

significantly affecting the viability of normal cells. These results indicate that cancer cells 

require a higher level of RAD51 for their survival than normal cells.

B02 (7) (Table 1) was identified by screening of a 202,556-compound library for inhibitors 

of the RAD51 DNA strand exchange activity in fluorescence quenching assay with 

oligonucleotide DNA substrates 38. In the D-loop assay, the IC50 of RAD51 (1 μM) 

inhibition by B02 was 27 μM, and inhibition was specific, as no inhibition of EcRecA or 

human RAD54 was observed. SPR showed that B02 binds to RAD51 directly with Kd = 5.6 

μM39. The mechanism of B02 inhibition of RAD51 includes disruption of RAD51 binding 

to ssDNA and also inhibition of dsDNA binding by the RAD51-ssDNA filament 39. 

Importantly, B02 shows substantial inhibition of HR and DNA repair in human and mouse 

cells. In human HEK293 cells, B02 (5–20 μM) reduces gene conversion in the DR-GFP 

construct 35 up to 8-fold. In HEK293 cells, B02 (25–50 μM) suppresses IR-induced RAD51 

foci formation, approximately 4-fold. In mouse embryonic fibroblasts (MEF), B02 (5 μM) 

increases cell sensitivity to cross-linking agents cisplatin and MMC 17- and 5-fold, 

respectively. Similar sensitization to cisplatin by B02 was observed in human HEK293 cells. 

In MEF, B02 (5 μM) potentiates (3–4-fold) the effect of the PARP1 inhibitor olaparib 40 on 

cell sensitivity to alkylating agent MMS 39. In contrast to IBR2, B02 does not cause a 

decrease in the RAD51 expression, consistent with direct binding to RAD51 in the cell.

Inhibitors of helicases and helicase-like proteins involved in HR

Three helicase-like HR proteins, RAD54, WRN, and BLM, important for maintenance of 

genome stability have been targeted by small molecule inhibitors. These proteins belong to 

the Helicase Superfamily 2 of ATPase-dependent DNA translocases. Inhibitors of these 

proteins may be used to sensitize cancer cells to therapeutics and for studies of protein 

activities and cellular functions 10, 11, 41.

The fluorescence quenching assays with synthetic DNA substrates were used to identify 

inhibitors of RAD54 and BLM (Fig. 3) 42, 43. A fluorophore and a quencher group were 

attached to DNA substrates opposing each other so that dissociation of these substrates due 

to RAD54 branch migration or BLM DNA unwinding (helicase) activities resulted in an 

increase of the fluorescence intensity. A version of the helicase assay with radioactively-

labeled DNA substrates was used to identify inhibitors of the WRN helicase activity; in this 

case, the product formation was analyzed by electrophoresis in polyacrylamide gels 44.

RAD54, a member of the Swi2/Snf2 family of ATP-dependent DNA translocases, is 

conserved in all eukaryotes 41. In S. cerevisiae, the Rad54−/− mutant is among the three most 

IR-sensitive single mutants, along with Rad51−/− and Rad52−/− mutants. In mammals, in 

contrast to most other HR proteins, RAD54 is not essential for cell viability, but important 

for repair of DNA damage, especially ICLs. RAD54 is a multifunctional protein. In vitro, it 

stimulates the DNA strand exchange activity of RAD51, promotes branch migration of 

Holliday junctions, and catalyzes remodeling of chromatin and nonchromatin nucleoprotein 

complexes. Streptonigrin (SN) (8) (Table 1), an aminoquinone compound 45, was identified 

as an inhibitor of the RAD54 branch migration activity by screening a 2000-compound 
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library using fluorescence-quenching assay with synthetic Holliday junction substrates (Fig. 

3) 42. The IC50 of RAD54 (0.1 μM) inhibition by SN is16.5 μM; inhibition was specific as 

SN does not affect the branch migration activity of EcRuvAB or DNA strand exchange 

activity of human RAD51. Interestingly, SN does not affect RAD54 DNA binding and 

targets specifically the RAD54 ATPase activity. The mechanism of inhibition includes direct 

binding of SN to RAD54 in the proximity of ATPase center and generation of reactive 

oxygen species during cycles of reduction/autoxidation of the SN quinone groups. Cu2+ 

potentiated the inhibitory effect of SN by ~2-fold by increasing the rate of generation of 

reactive oxygen species through stimulation of reduction of the SN quinone group. SN was 

especially instrumental for the analysis of the RAD54 activities in vitro. Using SN, it was 

found that RAD54 ATPase plays a relatively minor role in stimulation of DNA strand 

exchange activity of RAD51, contrary to common expectations. A new mechanism was 

proposed in which stimulation of DNA strand exchange is mediated by protein:protein 

interactions between RAD51 and RAD54. The effect of SN on HR was not tested in cells 

due to its high toxicity.

BLM is a member of the conserved RecQ helicase family 10. In humans, BLM mutations are 

responsible for Bloom’s syndrome, a cancer predisposition abnormality. On the cellular 

level, BLM mutations increase the frequency of sister chromatid exchanges (SCEs), a 

diagnostic phenotype of Bloom’s syndrome, and increase cell sensitivity to DNA damage. In 
vitro, BLM has a DNA helicase activity, DNA branch migration activity, and G-quadruplex 

DNA disruption activity.

A fluorescence-quenching assay (Fig. 3) was used to identify ML216 (9) (Table 1), an 

inhibitor of the BLM helicase activity, through HTS of a ~350,000 compound library and 

medicinal chemistry optimization 43, 46. ML216 inhibited the BLM helicase (IC50 = 3.0 μM, 

at 10 nM BLM) stronger than its branch migration activity (IC50 = 50 μM) with only 

minimal effect on the G-quadruplex disrupting activity, consistent with different 

mechanisms underlying these two BLM activities 47, 48. In controls, ML216 did not 

significantly inhibit the helicase activity of EcUvrD or human RECQ1 and RECQ5, but 

substantially inhibited the WRN helicase (IC50 = 5.0 μM). In vitro, ML216 acts through 

competitive inhibition of DNA binding by BLM.

In cell-based assays, ML216 (12.5–50 μM) inhibits cell proliferation and increases the 

frequency of SCE in BLM-proficient fibroblast cells (PSNF5) while having only minimal 

effects on BLM-deficient fibroblast cells (PSNG13), indicating on-target activity in cells. 

ML216 (50 uM) sensitizes PSNF5 cells to aphidicolin, an inhibitor of replicative DNA 

polymerases, and suppresses γ-H2AX focus formation in MMC-treated PSNF5, but not in 

PSNG13 cells, also consistent with targeting BLM. In contrast, ML216 similarly inhibited 

cell proliferation of WRN− and WRN+ cells and sensitized both cell lines to aphidicolin. 

This result indicates that WRN is not a primary cellular target for ML216, despite the 

inhibition of the WRN helicase in vitro. BLM inhibitors may help define the mechanisms of 

BLM activities in vitro and provide a basis for development of cancer therapeutics by 

sensitizing cells to DNA damage.
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WRN is another member of the RECQ helicase family10. WRN functions are not redundant 

with functions of BLM or other RECQ family members and currently are under intense 

investigation. In humans, WRN mutations are responsible for Werner’s syndrome, a 

chromosomal instability disorder with clinical symptoms of premature aging. In vitro, the 

WRN helicase has DNA helicase and exonuclease activities. NSC19630 (10) (Table 1), an 

inhibitor of the WRN helicase was identified by HTS of a 500-compound library using an in 
vitro radiometric assay with a 19-bp forked duplex DNA substrate 44. NSC19630 inhibited 

the WRN helicase (IC50 = 20 μM; at WRN = 1.2 nM), but not human BLM, FANCJ, 

RECQ1, and E. coli RecQ, UvrD, or DnaB helicases. In contrast to the WRN helicase 

activity, NSC19630 caused only a modest inhibition of the WRN ATPase and exonuclease 

activity. NSC19630 (3 uM) inhibits proliferation of HeLa (and U2OS), but not WRN-

depleted HeLa cells, indicating specific targeting of WRN. NSC19630 (2 μM) also caused 

an elevated proliferating cell nuclear antigen (PCNA) foci and delayed S-phase progression, 

consistent with the accumulation of stalled replication forks and other DNA lesions in a 

WRN-dependent manner. NSC19630 sensitized U2OS cells to the G-quadruplex-binding 

compound telomestatin or a PARP1 inhibitor KU0058948. NSC 19630 (1 uM) and the 

chemotherapy drug topotecan (0.1 uM) acted synergistically to inhibit HeLa proliferation. 

Based on structural similarity with NSC19630, another inhibitor of WRN, NSC617145 (11) 

(Table 1) was identified 49. NSC617145 causes sensitization of human glioblastoma cells 

deficient in both the Fanconi anemia (FA) and Non-homologous End-joining (NHEJ) 

pathways to DNA cross-linking agent MMC indicating a functional link between WRN and 

these two pathways. Experiments with cells derived from patients with Fanconi anemia 

(SV-40 transformed fibroblasts FA-D2−/− and FA-A−/−) showed that WRN inhibition 

perturbs the function of the HR pathway and channels DSBs formed during ICL repair into 

the NHEJ pathway 48. Thus, the use of small molecule inhibitors provided new insights into 

the role of WRN in DNA damage response.

MRE11-RAD50-NBS1 (MRN) protein complex acts at the initial steps of DNA damage 

response including recognition and resection of DSBs, and activation of ATM 50, 51. Mirin 

(12) (Table 1), a small molecule inhibitor of MRE11 was identified by screening a 10,000-

compound DIVERSet library (Chembridge Corporation) using ATM-dependent 

phosphorylation in cell free extracts from Xenopus laevis eggs as the readout 52. The IC50 of 

inhibition of MRN-dependent ATM activation by mirin is 66 μM in cells free extracts and 12 

μM in vitro with purified recombinant proteins. Mirin (100 μM) specifically inhibits the 3′ 
to 5′ exonuclease activity of MRN. In U2OS cells mirin (25–100 μM) abolished the IR-

induced G2/M checkpoint, consistent with inhibition of ATM signaling. In HEK293 cells, 

mirin (25 μM) decreased DSB-induced recombination in the DR-GFP construct by 70%.

Inhibitors that downregulate HR proteins

Several small molecule inhibitors of protein kinases were reported to inhibit HR by 

downregulation of HR proteins. PI3K inhibitor, BKM120, caused downregulation of 

BRCA1 reducing the efficiency of HR repair53. Gleevec (imatinib), an inhibitor of BRC-Abl 

tyrosin kinase, was reported to reduce the RAD51 level increasing radiosensitivity of the 

glioma or bladder cancer cells54–56. Similarly, gefitinib (IressaR, ZD1839) an inhibitor of 

epidermal growth factor receptor (EGFR) tyrosine kinase decreased the level of 
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RAD51expression increasing cytotoxic effect of MMC, cisplatin and other drugs in non-

small-cell lung cancer cells57. The receptor tyrosine kinase inhibitor amuvatinib (MP470) 

also was shown to inhibit the RAD51 expression sensitizing H1299 lung carcinoma cells to 

IR and MMC and suppressing HR in the DR-GFP assay58. Even though protein kinases have 

numerous cellular targets these inhibitors may help to investigate the mechanisms of 

posttranslational regulation of HR which are currently poorly understood.

Conclusions

Several of the above examples demonstrate that small molecule inhibitors can be used as 

tools to study the activities of HR proteins. For instance, metatungstate and RS-1 that lock 

RAD51 in an inactive and active state 23, 27, respectively, likely reveal physiologically 

relevant mechanisms of RAD51 regulation. Experiments with SN provided important insight 

to the role of RAD54 ATPase 42. The study with metatungstate showed the importance of 

structural approaches for the analysis of biochemical activities using small molecule 

inhibitors 27. Several inhibitors showed biological activity in mammalian cells. Some of 

them, like NSC19630 or ML216, were used as a tool to investigate functions of their target 

proteins WRN and BLM in DNA repair 43, 44, others like B02, IBR2, and RI-1 25, 34, 39 were 

helpful in justification of new targets for cancer therapies. The main challenge in cellular 

studies remains the specificity of chemical probes. The approaches to exam this specificity 

include the use of cell lines lacking the target protein and cellular assays for specific 

activities of target proteins. There is no doubt that further work based on structural analysis, 

medicinal chemistry, and cell-based approaches will lead to more potent and specific 

inhibitors for study the mechanisms of HR in the cells and development of novel 

combination chemotherapies.
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Figure 1. Two major HR pathways
Formation of non-crossovers (a) and crossovers (b) occurring in mitotically and in 

meiotically dividing cells.
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Figure 2. The assays for screening of inhibitors of the RAD51 DNA strand exchange activity
The three-strand (a), D-loop (b), and synthetic DNA-based assay (c). The asterisk 

denotes 32P-label; “F” and “Q” indicate fluorophore and quencher groups, respectively.
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Figure 3. The assays for screening of RAD54 and BLM inhibitors
Branch migration (a) and DNA helicase (b) assays. “F” and “Q” indicate fluorophore and 

quencher groups, respectively.
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