
Inhibition of Homologous Recombination in Human Cells by
Targeting RAD51 Recombinase
Fei Huang, Olga M. Mazina, Isaac J. Zentner, Simon Cocklin, and Alexander V. Mazin*

Department of Biochemistry and Molecular Biology, Drexel University College of Medicine, Philadelphia, Pennsylvania 19102,
United States

*S Supporting Information

ABSTRACT: The homologous recombination (HR) pathway plays a
crucial role in the repair of DNA double-strand breaks (DSBs) and
interstrand cross-links (ICLs). RAD51, a key protein of HR, possesses a
unique activity: DNA strand exchange between homologous DNA
sequences. Recently, using a high-throughput screening (HTS), we
identified compound 1 (B02), which specifically inhibits the DNA strand
exchange activity of human RAD51. Here, we analyzed the mechanism of
inhibition and found that 1 disrupts RAD51 binding to DNA. We then
examined the effect of 1 on HR and DNA repair in the cell. The results
show that 1 inhibits HR and increases cell sensitivity to DNA damage. We
propose to use 1 for analysis of cellular functions of RAD51. Because
DSB- and ICL-inducing agents are commonly used in anticancer therapy,
specific inhibitors of RAD51 may also help to increase killing of cancer
cells.

■ INTRODUCTION
The homologous recombination (HR) pathway plays an
essential role in maintaining genome integrity in all
organisms.1,2 HR uses intact homologous DNA sequences to
repair DNA double-strand breaks (DSBs) and interstrand
cross-links (ICLs), the most harmful types of DNA lesions.3,4

The biochemical and genetic data indicate that HR initiates
at the sites of DSBs. First, DNA ends of broken DNA are
processed by exonucleases to generate protruding ssDNA tails.5

Then Rad51, a key eukaryotic HR protein, binds to the ssDNA,
forming the helical nucleoprotein filament.6 The Rad51
filament carries out the search for homologous dsDNA and
promotes DNA strand exchange, the basic step of HR.7 DNA
strand exchange results in formation of joint molecules, which
provide both the template and the primer for DNA polymerase
to retrieve genetic information that might be lost at the site of
DSBs. Finally, joint molecules are resolved by action of branch
migration enzymes and structure-specific nucleases.8−10

Mutations in Rad51 orthologs in yeast and bacteria cause
high sensitivity to DNA-damaging agents.1 In vertebrates,
Rad51 is essential for cell viability; mouse and chicken
Rad51−/− cells do not proliferate even in culture.11,12 The
essential function of vertebrate RAD51 complicates mutational
analysis of this protein; only few hypomorphic Rad51 mutants
have been analyzed so far, and they showed increased cell
sensitivity to DNA-damaging agents.13−15

Here, we propose to develop specific small-molecule
inhibitors of human RAD51 that can be used for the analysis
of the RAD51 cellular functions and the mechanism of DNA
strand exchange in vitro. RAD51 inhibitors may also help to

increase cancer cell sensitivity to chemo- and radiotherapy
because many anticancer therapies involve agents that induce
DSBs and ICLs, e.g., ionizing radiation (IR) or cis-
diamminedichloroplatinum(II) (cisplatin), which are repaired
by HR.16 Small-molecule inhibitors offer substantial advantages
over both siRNA inhibition and antibody microinjection.17

Because small-molecule inhibitors act reversibly and quickly,
with diffusion likely to be the rate-limiting step, they can be
applied at specific points of cell cycle or organism development.
They may target individual protein domains, thereby helping to
link specific biochemical activities with the protein functions in
the cell. The ability to inhibit proteins transiently and dose-
dependently makes small-molecule inhibitors especially val-
uable for studying proteins that are essential for cell viability,
like RAD51.
Several small-molecule RAD51 inhibitors have been

described.18,19 However, they lack specificity for RAD51 and
can be used only for in vitro studies of Rad51 activities.
Recently, we identified a specific inhibitor of the RAD51 DNA
strand exchange activity, 1 (B02) (Figure 1a), by screening the
NIH Small Molecule Repository of ∼200 000 compounds.20 In
the current work, we analyze the mechanism of inhibition and
demonstrate that 1 acts by disrupting RAD51 binding to DNA
and formation of the nucleoprotein filament. Furthermore, we
show that 1 has a substantial effect on HR and DNA repair in
human and mouse cells. Our results show that 1 inhibits DSB-
induced HR and increases cell sensitivity to ICL agents cisplatin
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and mitomycin C (MMC). These data show that specific
RAD51 inhibitors may be instrumental for the analysis of
RAD51 activities and cellular functions and for development of
combination anticancer therapies.

■ RESULTS

Compound 1 Binds Specifically to RAD51 and Inhibits
Its Activities. RAD51 and its Escherichia coli homologue RecA
possess DNA strand exchange and DNA branch migration
activities.7 We wished to examine the effect of 1 (Figure 1a) on
these activities of both proteins.
We used pBSK (+) gapped and linear dsDNA substrates that

allow separate analysis of DNA strand exchange and branch
migration promoted by RAD51/RecA (Figure 1b).7 At the first
step, RAD51/RecA promotes DNA strand exchange between
gapped DNA and linear DNA substrates, resulting in formation
of joint molecules. Joint molecules were then purified and used
as substrates for RAD51/RecA branch migration. In accord
with our previous data that showed specific inhibition of
RAD51 by 1 in the D-loop assay,20 we observed that 1 (10−
100 μM) inhibited DNA strand exchange promoted by RAD51
(Figure 1c,d) but not by RecA (Figure 1d, Supporting
Information Figure 1b). We then found that 1 (10−100 μM)

inhibited the DNA branch migration activity of RAD51 (Figure
1e,f). The inhibition was specific, as 1 did not inhibit the branch
migration activity of RecA (Figure 1f, Supporting Information
Figure 1c). The IC50 of RAD51 inhibition by 1 was 35 μM for
both DNA strand exchange and DNA branch migration. We
then tested whether RAD51 inhibition is caused by the direct
interaction of 1 with RAD51. Using the surface plasmon
resonance (SPR) technique, we demonstrated that 1 (6.25−50
μM) binds to RAD51 but not to RecA (Figure 2, Supporting
Information Figure 2). For 1 binding to RAD51 in the absence
of ATP, kinetic values are as follows: ka = (4.5 ± 0.3) × 103

M−1 s−1; kd = (2.5 ± 0.3) × 10−2 s−1; Kd = 5.6 μM. Previously,
we showed using the ethidium bromide displacement assay that
1 does not bind DNA.20 Thus, 1 inhibits DNA strand exchange
and branch migration activities through direct and specific
binding to RAD51.

Compound 1 Inhibits Formation of the RAD51-ssDNA
Filament. We wished to explore the mechanism of RAD51
inhibition by 1. First, we performed the order-of-addition
experiment, in which 1 (20 μM) was added either to the
RAD51-ssDNA filament (I) or to free RAD51 prior to filament
formation (II) (Figure 3a). The effect of 1 on the RAD51
strand exchange activity was measured using the D-loop assay.

Figure 1. Compound 1 specifically interacts with RAD51 and inhibits its activities. (a) Structure of the compound 1. (b) Scheme of the DNA strand
exchange and branch migration assays. The asterisk denotes the 32P label. (c) Effect of 1 (10−100 μM) on the DNA strand exchange activity of
RAD51. (d) The yield of RAD51- and RecA-generated joint molecules (JM) was plotted as a graph. (e) Effect of 1 (10−100 μM) on the branch
migration activity of RAD51. Lanes 1 and 11 represent JMs before and after 8 h of incubation in the absence RAD51, respectively. (f) The yield of
the RAD51- and RecA-generated nicked circle (NC) product was plotted as a graph. The extent of JM and NC formation in the absence of 1 was
expressed as 100%. The actual extent was 32% and 15% of JM (relative to linear dsDNA) and 21% and 63% of nicked circles for RAD51 and RecA
(relative to JM substrate), respectively. Controls containing no RAD51 are shown in lane 1. Experiments were repeated at least three times. Error
bars represent standard deviation (SD).
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The results show that the inhibitory effect was substantially
stronger when 1 was incubated with free RAD51 (II) (Figure
3b,c), suggesting that 1 inhibits RAD51 binding to ssDNA
during nucleoprotein filament formation.
Then we examined the effect of 1 on RAD51 binding to

ssDNA directly using the electrophoresis mobility shift assay.
We measured the effect of 1 (25 μM) on the ability of RAD51-
ssDNA complexes to withstand increasing concentrations of
NaCl that destabilize protein−DNA interactions.21 We found
that 1 indeed inhibited DNA binding by RAD51, as in the
presence of 1, formation of RAD51 complexes with a 90-mer
ssDNA (oligo 90) (Supporting Information Table 1)
substantially decreased (Figure 4a,b). Consistent with inhib-
ition of DNA binding, 1 also inhibited ATP hydrolysis by
RAD51, which depends on ssDNA binding (Figure 4c).
Formation of nucleoprotein filaments involves binding of

RAD51 monomers to ssDNA and also interactions between
RAD51 monomers. These monomer−monomer interactions
are responsible for RAD51 oligomerization in solution. We
examined the effect of 1 (200 μM) on RAD51 oligomerization
using gel filtration on a Superose 6 column (GE Healthcare)
(Supporting Information Figure 3). We found that 1 did not
affect the spectrum of RAD51 oligomers, which ranged from
590 kDa (∼16-mers) to 150 kDa (∼tetramers).
Thus, the results showed that 1 inhibits RAD51 binding to

ssDNA, an essential step of DNA strand exchange and branch
migration promoted by this protein. Furthermore, 1 likely
inhibits RAD51-DNA interactions rather than monomer−
monomer interactions.
Compound 1 Disrupts Binding of dsDNA to RAD51-

ssDNA Filament. The proteins of the RAD51/RecA protein
family possess two DNA-binding sites.22,23 The primary site
binds ssDNA during the assembly of RAD51/RecA-ssDNA
filaments. The secondary site binds dsDNA during the search
for homology. Binding of long (several kbp) dsDNA molecules
may encompass several secondary sites on different RAD51-
ssDNA filaments, resulting in formation of coaggregates
(Figure 4d) that can be sedimented by low-speed centrifuga-
tion.24 Here, we tested the effect of 1 on formation of
coaggregates as a gauge of dsDNA binding to the secondary
RAD51 site. Coaggregation was carried out by incubating the

RAD51-ssDNA filament with 32P-labeled pUC19 dsDNA
(linearized by BamHI). The stability of coaggregates was
measured by their ability to withstand elevated NaCl
concentrations.25,26 We found that treatment of the RAD51-
ssDNA filament with 1 (20 μM) severely reduced formation of
coaggregates with dsDNA even at low NaCl concentrations
(Figure 4e). This result shows that 1 disrupts dsDNA binding
to the secondary RAD51 site. This disruption may account for a
relatively moderate inhibition of DNA strand exchange in the
order-of-addition experiments protocol II (Figure 3) when 1
was added after completion of filament formation.

Compound 1 Disrupts the RAD51 Foci Formation. We
wished to test whether 1 can inhibit RAD51 activities in the
cell. In response to DNA damage, RAD51 accumulates in
distinct nuclear structures known as foci.27 Because RAD51 foci
colocalize with ssDNA formed in the cell after DNA damage, it
is thought that the foci represent RAD51 complexes with DNA

Figure 2. Compound 1 binds directly to RAD51. 1 (50 μM) was
injected onto a sensor chip to which Rad51 or RecA had been
immobilized. The running buffer S was supplemented with ATP (100
μM). Responses to 1 were normalized to the theoretical maximum
response of the surface (Rmax), assuming a 1:1 interaction. Experiments
were repeated at least three times. Error bars represent SD.

Figure 3. The order of compound 1 addition affects the efficiency of
D-loop formation promoted by RAD51. (a) Order of addition of 1.
The numbers above the arrows indicate time of incubation. 1 (20 μM)
was added either to the RAD51-ssDNA filament (I) or to RAD51
before addition of ssDNA (II). (b) The joint molecules were analyzed
by electrophoresis in a 1% agarose gel. (c) The relative inhibition of
joint molecule formation by 1 is expressed as the ratio of the joint
molecules formed by RAD51 that was treated with 1 to those formed
by RAD51 that was not treated with 1. “t” denotes the time period
between the addition of 1 and dsDNA. Experiments were repeated at
least three times. Error bars represent SD.
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repair intermediates.28 If 1 inhibits DNA binding of RAD51 in
the cell, one may expect a decrease in RAD51 foci formation.
Indeed, we found that 1 inhibited RAD51 foci formation
induced in 293 human embryonic kidney (HEK) cells by IR. In
the presence of 1 (50 μM), the fraction of cells with RAD51
foci (≥1 focus) was decreased 3.8-fold, from 72 ± 10% to 19 ±
6%, almost to the level of foci formation observed in
nonirradiated cells (15 ± 13%) (Figure 5a,b); the average
number of RAD51 foci per nucleus decreased 4.4-fold, from 53
± 11 to 12 ± 4 (Figure 5c). At lower concentrations (20 μM),
1 also inhibited IR-induced RAD51 foci formation; however,
the inhibitory effect was smaller (F. Huang and A. Mazin,
unpublished observation).
Compound 1 Inhibits DSB-Induced HR in Human

Cells. We then examined whether 1 suppresses DSB-induced
HR in human cells. We monitored HR events using the
chromosomally integrated DR-GFP reporter.29 The DR-GFP
construct consists of two defective copies of the GFP gene
encoding green fluorescent protein (GFP), the SceGFP that is
disabled by insertion of an 18-bp recognition site for I-SceI
endonuclease and the iGFP that is truncated at both ends
(Figure 6a). A unique DSB is generated in this construct after
the cells are transfected with pCBASce plasmid that encodes I-

SceI endonuclease. The repair of this DSB by HR that occurs
between two GFP copies gives rise to a functional GFP gene.
Thus, each HR event can be scored by the appearance of a
green fluorescent cell.
We found that 1 reduces formation of GFP-positive cells in a

concentration dependent manner; the reduction was approx-
imately 8-fold at 20 μM 1 (Figure 6b, panels 2−5; Figure 6c).
In control experiments, we found no effect of 1 on GFP
expression or on recovery of GFP-positive cells when HEK cells
were transfected with pMX-GFP plasmid encoding GFP
(Figure 6d). Also, using Western blotting we observed no
detectable effect of 1 on the expression level of I-SceI or
RAD51 in HEK-GFP cells, which could affect the efficiency of
HR through mechanisms unrelated to RAD51 inhibition
(Supporting Information Figure 4). To ensure that the
observed inhibition is not due to a nonspecific poisoning of
HR by a hydrophobic agent, we used (1R)-4,7,8,11,11-
pentamethyl-1,2,3,4-terahydro-1,4-methanophenazine-1-carbox-
ylic acid (A12) which has the hydrophobicity level (log P = 3.9)
similar to that of 1 (log P = 3.7) but did not inhibit significantly
the DNA strand activity of RAD51.20 We found that in the
tested range of concentrations (5−20 μM) 2 (A12) did not
inhibit formation of GFP-positive cells (Figure 6c). Taken

Figure 4. Compound 1 inhibits DNA binding by RAD51. (a) Effect of 1 (25 μM) on binding by RAD51 to a 90-mer ssDNA (oligo 90). (b) The
results in (a) are shown as a graph. (c) Effect of 1 (0−100 μM) on ATP hydrolysis by RAD51. The result is shown as a graph. (d) Scheme of the
dsDNA coaggregation assay. (e) Effect of 1 (20 μM) on formation of coaggregates between the RAD51-ssDNA filament and 32P-labeled linear
pUC19 dsDNA (linearized by BamHI). Experiments were repeated at least three times. Error bars represent SD.
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together, our results show that 1 reduces the level of DSB-
induced HR, consistent with inhibition of the RAD51 activity in
human cells.
Compound 1 Increases Cell Sensitivity to DNA-

Damaging Agents. We examined whether 1 can enhance
cell sensitivity to DSB- and ICL-inducing anticancer agents
cisplatin and MMC. Using the clonogenic survival assay, we
found that in the presence of 1 (5 μM) mouse embryonic
fibroblasts (MEF) became approximately 17- and 5-fold more
sensitive to cisplatin (32 μM) and MMC (1 μM), respectively
(Figure 7a,b). Because p53 protein is commonly mutated in
many human cancers, we also tested the effect of 1 on Tp53−/−

MEF. We found that the sensitivity of Tp53−/− MEF to
cisplatin and MMC increased in the presence of 1 similar to
wild type cells (Supporting Information Figure 5). In these
experiments, we used 5 μM 1, a concentration at which 1 alone
did not have a substantial effect on the viability of wild type or
Tp53−/− MEF (Figure 7c). We suggested that the inhibitory
effect of 1 on cell survival observed in co-treatment experiments
was due to depletion of RAD51 that translocated to the sites of
DNA damage. We tested this proposal using HEK cells in
which the RAD51 expression level was decreased by siRNA
(Supporting Information Figure 6). Our results show that
indeed combination of specific RAD51 siRNA and 1 more
strongly sensitized HEK cells to cisplatin than did each of these
reagents alone (Figure 7d). We also determined the minimum
incubation time with 1 that was required for cells’ sensitization

for cisplatin. Our data indicate that 10−12 h of incubation was
required to increase the sensitivity of HEK cells for cisplatin
(Figure 7e). After 16 h, the maximal sensitivity was reached.
Thus, 1 causes cell sensitization to cisplatin and MMC,
indicating the ability of 1 to inhibit RAD51-dependent DSB
repair in the cell.

Compound 1 Increases Cell Sensitivity to PARP1
Inhibitors. Poly(ADP-ribose) polymerase 1 (PARP1) is
involved in repair of ssDNA breaks. Inhibition of PARP1
leads to generation of DSBs during DNA replication, which is

Figure 5. Compound 1 disrupts the RAD51 foci formation. (a) HEK
cells were exposed to 0.5 Gy of IR in either the presence (50 μM) or
the absence of 1. RAD51 foci were visualized by immunostaining using
RAD51 antibodies. Nuclei were counterstained with DAPI. Bars
indicate 20 μm. (b) The fraction of foci-positive cells (the cells with
≥1 focus) was determined by counting at least 150 cells in each
experiment. (c) The mean of foci number per nucleus in foci- positive
cells was determined by counting at least 50 cells in each experiment.
Experiments were repeated three times. Error bars represent SD.

Figure 6. Compound 1 inhibits DSB-induced HR in human cells. (a)
Scheme of HR at the DR-GFP locus. (b) The effect of 1 on HR at the
DR-GFP induced by I-SceI-DSBs was determined using flow
cytometry. Green fluorescence (GRN-Hlog) was plotted against red
fluorescence (RED-Hlog) for the sample of 10 000 cells. The GFP-
positive population is denoted by the elliptical M1 marker. Parental
cells untransformed with I-SceI were used as a negative control (panel
1). Cells with I-SceI-induced DSBs were either untreated (panel 2) or
treated with 1 at 5, 10, or 20 μM (panels 3−5). Parental cells that were
transfected with pMX-GFP plasmid encoding GFP protein were used
as a positive control (panel 6). (c) Effect of 1 (squares) and 2 (open
circles) on the efficiency of formation GFP-positive cells shown as a
graph (the data for 1 are from panel b). (d) Effect of 1 on the
efficiency of formation of GFP-positive cells after transfection with
pMX-GFP-plasmid. The efficiency of formation of GFP-positive cells
that were untreated with 1 or 2 was expressed as 100%. Experiments
were repeated at least three times. Error bars represent SD.
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lethal in HR-deficient cells.16 If 1 indeed inhibits RAD51-
dependent HR in the cell, one can suggest that combination of
1 with PARP1 inhibitors would more strongly sensitize cells to
DNA-damaging agents than would each of these reagents alone.
To induce DNA damage, we used methyl methanesulfonate
(MMS). As expected, PARP1 inhibitor 3 (4-[3-(4-cyclo-
propanecarbonylpiperazine-1-carbonyl)-4-fluorobenzyl]-2H-
phthalazin-1-one (AZD2281))30 (0.01 μM) strongly increased
the sensitivity of MEF to MMS (Figure 7f). In contrast, 1 (5
μM) did not increase MEF sensitivity to MMS at the tested
concentrations. However, combination of 1 with 3 rendered
MEF extremely sensitive to MMS, consistent with inhibition of
HR by 1 in the cell.

■ DISCUSSION AND CONCLUSIONS

Development of inhibitors of DNA repair proteins has been
recently recognized as a therapeutic strategy against cancer and
as a novel approach for analysis of DNA repair pathways. The
HR pathway plays an import role in the repair of DSBs and
ICLs. It was shown that down-regulation of human RAD51, a
key HR protein, with siRNA31−33 or its inactivation by
mutations13,14 greatly reduces the efficiency of DNA repair,
increasing cell sensitivity for DSB- and ICL-induced agents.
Previously, by screening the NIH Small Molecule Repository,
we identified the first specific small-molecule inhibitor of
RAD51, termed 1.20 Here, we analyze the mechanism of
RAD51 inhibition by 1 and its ability to inhibit RAD51
homologous recombination and DNA repair in cells. We
demonstrate that 1 binds to RAD51 and inhibits its DNA
strand exchange and branch migration activities with high
specificity, as it does not affect E. coli RecA, a structural and
functional homologue of RAD51. Importantly, our results
demonstrate that 1 inhibits RAD51-dependent HR events in
the cell and promotes cell killing by cytotoxic DSB- and ICL-
inducing agents.
Because the RAD51-ssDNA filament plays a critical role in

HR, its formation is tightly regulated by various factors that
either enhance or inhibit RAD51 binding to ssDNA.34−36 Our
data demonstrated that 1 also inhibits RAD51 filament
formation. Filament formation involves two steps: formation
of short initial complexes, which is driven mainly by protein−
DNA interaction between RAD51 monomers and ssDNA, and
filament elongation, which relies on interactions between
RAD51 monomers.37 Our results showed that 1 impairs
RAD51 filament formation by targeting protein−DNA
interactions. The filament formation involves binding ssDNA
to the RAD51 primary site. We found using a coaggregation
assay that 1 also inhibits dsDNA binding to the secondary
RAD51 site, which normally occurs during the search for
homology.6 The observed inhibition of DNA binding by 1 to
both the primary and the secondary site is not entirely
surprising because these sites are located in proximity to the
protein structure and may partially overlap.38

The important question was whether 1 inhibits RAD51-
dependent HR and DNA repair in the cell. To address this
question, we carried out several cell-based assays. First, we
found that 1 inhibited formation of RAD51 foci in response to
IR, which is thought to reflect RAD51 accumulation at the sites
of damaged DNA and formation of RAD51-DNA complexes
during recombinational DNA repair.28,39 Then using a
chromosomally integrated GFP reporter,29 we showed that 1
decreased, up to 8-fold, the frequency of DSB-induced HR in
human cells. Also, we demonstrated that 1 increases cell
sensitivity to ICL- and DSB-inducing agents cisplatin and
MMC. This result is consistent with previous reports that
showed high sensitivity of human and mouse cells for cytotoxic
agents, e.g., IR, MMC, or cisplatin, when RAD51 was depleted
by siRNA or inactivated by mutations.14,31,32 Finally, we found
that combination of 1 with PARP1 inhibitor 3 increases cell
sensitivity to an alkylating agent (MMS) much more than does
3 alone. PARP1 inhibitors disrupt the repair of ssDNA breaks,
leading to generation of DSBs during DNA replication.16

Because inhibition of PARP1 is lethal in HR-deficient cells,
PARP1 inhibitors were successfully used for killing breast
cancer cells in which HR proteins BRCA1 and BRCA2 are
mutated. Our finding that PARP1 inhibitors enhance the effect

Figure 7. Compound 1 increases cell sensitivity to DNA-damaging
agents. (a, b) Survival of MEF treated with cisplatin or MMC for 1 h in
the absence or presence of 1 (5 μM). (c) Effect of 1 on survival of
MEF and Tp53−/− MEF. (d) Effect of 1 (0−10 μM) and RAD51
siRNA on HEK cells’ sensitivity to cisplatin. HEK cells were
transfected with RAD51 siRNA and incubated 40 h before treatment
with cisplatin at indicated concentrations and 1 (5 μM). (e) Effect of 1
incubation time with HEK on cell sensitivity to cisplatin. HEK cells
were treated with 1 (5 μM) for 1 h followed by addition of cisplatin
(16 μM) and incubation for 1 h. Then cisplatin was removed and cells
were incubated with 1 (5 μM) for the indicated times followed by
medium replacement and additional incubation for 7−10 days. (f)
Effect of 3 (0.01 μM) and 1 (5 μM) on MEF sensitivity to MMS.
Experiments were repeated at least three times. Error bars represent
SD.
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of 1 on cell sensitivity to DNA damage is fully consistent with
inhibition of HR by 1. In the co-treatment experiments, 1
showed activity at concentrations lower (5 μM) than in other
biological assays probably because of the depletion of RAD51
that accumulates at the sites of DNA damage. Indeed, we found
that depletion of RAD51 with siRNA has an additive effect with
1 treatment. Also, IC50 values in vitro depend on the protein
concentration, making it difficult to compare them directly to
values obtained in cells.40 Moreover, RAD51 is not a canonical
enzyme; the DNA strand exchange assay requires rather high
RAD51 concentrations (stoichiometric relative to DNA
substrates). Concerning RAD51 foci formation, it is worth
noting that each RAD51 focus involves thousands of RAD51
monomers; therefore, a decrease in their number in each focus
may not be readily detectable by immunostaining and requires
higher 1 concentrations (20−50 μM). Overall, our results
demonstrate that 1 inhibits RAD51-dependent HR and DSB
repair in mammalian cells (Figure 8).
Because small-molecule inhibitors can be applied in a cell

cycle and in a concentration- dependent manner, they are
especially useful for analysis of proteins essential for cell
viability, like RAD51. By applying 1 for different periods of
time after DNA damage by cisplatin, we were able to determine
a maximal time for which DNA repair can be delayed before the

cells start dying. RAD51 inhibition is fully reversible up to 10 h
after DNA damage, after which cell lethality increases sharply,
approaching a maximum after 16 h. This timing likely reflects
the check point capability to delay cell entry into S phase, in
which RAD51 function is thought to be critically important for
cell survival.41

Development of small-molecule inhibitors of DNA repair
enzymes has became an important strategy to improve radio-
and chemotherapy treatment of cancer.42 Our results indicate
that combination of inhibitors that target alternative DNA
repair pathways, e.g., RAD51-dependent and PARP1-depend-
ent DNA repair, can be especially efficient for sensitizing cancer
cells for radio- and chemotherapeutic agents. Targeting RAD51
may represent an important strategy to specifically eradicate
cancer cells. Studies with siRNA show that inhibition of RAD51
renders cancer cells more vulnerable than normal cells to radio-
and chemotherapeutic agents.31 It was suggested that RAD51-
dependent HR represents a mechanism that compensates for
the loss of other DNA repair pathways often occurring in
cancer cells owing to genome instability.31 For instance, Polβ, a
member of the base excision repair (BER) pathway, is altered in
approximately 30% of human tumors.43 In BER-deficient cells,
unrepaired DNA intermediates convert to DSBs during DNA
replication, exposing cancer cells to a greater than normal cell
dependence on HR.44 Consistent with the compensatory role
that HR may play in cancer cells, RAD51 was found to be
overexpressed in many tumors.45−47

Our results demonstrate that 1 inhibitor of RAD51 can
efficiently suppress DSB- dependent HR in the cell. The
inhibitor can be used for the analysis of RAD51 cellular
functions and for development of novel anticancer therapies.

■ EXPERIMENTAL SECTION
Chemicals, Proteins, and DNA. 1 was purchased from Ryan

Scientific. Cisplatin, MMC, and MMS were purchased from Sigma-
Aldrich. 3 was purchased from Selleck Chemicals. Human RAD51 and
replication protein A (RPA) were purified as described.21,48 E. coli
RecA was purchased from USB, Inc. The oligonucleotides (Supporting
Information Table 1) were purchased from IDT, Inc. and further
purified by electrophoresis.49,50 Plasmid DNA was purified using
Qiagen kits. Gapped DNA was prepared by annealing the pBSK (+)
XhoI-AlwNI fragment (2065 bp) to pBSK (+) ssDNA and purified as
described previously.50 All DNA concentrations are expressed as moles
of nucleotide.

Purity. Purity values for all tested compounds were found to be
above 95% from the high-performance liquid chromatography
(HPLC) analyses (Column Wasters Symmetry C18, 5 μm, 75 mm
× 4.6 mm; UV detection, 254 and 215 nm; eluent acetonitrile/water
with gradient elution starting with 35% acetonitrile; 0.6 mL/min).

Cell Culture. MEF samples were from American Type Culture
Collection (ATCC). Tp53−/− MEF was a kind gift from Dr. Astrinidis.
HEK cells with the chromosomally integrated DR-GFP reporter
(HEK-GFP) were kindly provided by Dr. Clifford.29 Cells were
maintained in Dulbecco modified Eagle medium+ (DMEM+)
composed of DMEM (Sigma) supplemented with 10% fetal bovine
serum (FBS) (Invitrogen), penicillin (100 units mL−1), and
streptomycin (100 μg mL−1) in the presence of 5% CO2 at 37 °C.

Joint Molecule Formation Assay. For RAD51-promoted
reaction, RAD51 (1 μM) was incubated with 1 in the indicated
concentrations in buffer containing 25 mM Tris acetate, pH 7.5, 2 mM
ATP, 275 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, 1 mM DTT, and
100 μg/mL BSA for 30 min at 37 °C, and then pBSK (+) gapped
DNA (4 μM, nt) was added to form nucleoprotein filaments for 15
min. RPA (80 nM) was added to the mixture followed by a 10 min
incubation. Joint molecule formation was initiated by addition of 5′-

Figure 8. Compound 1 inhibits HR by disrupting RAD51 binding to
DNA. During the repair of DNA double-strand breaks, RAD51 binds
to ssDNA, forming the nucleoprotein filament. The filament searches
for homologous dsDNA sequence to form joint molecules. The
homologous DNA then is used as a template for DNA polymerase.
Dissociation of the joint molecules and reannealing of DNA ends lead
to the restoration of the DNA structure. 1 inhibits HR by disrupting
formation of the RAD51-ssDNA filament and interaction of the
filament with dsDNA during the search for homology.
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labeled linear pBSK (+) dsDNA (4 μM, nt) (linearized by XhoI) and
carried out for 2 h.
For RecA-promoted reaction, RecA (1 μM) was incubated with

indicated concentrations of 1 in buffer containing 33 mM Tris HCl,
pH 7.5, 3 mM ATP, 15 mM MgCl2, 2 mM DTT, 100 μg/mL BSA, 10
mM phosphocreatine, and 10 units/mL creatine phosphokinase for 30
min at 37 °C, and then pBSK (+) gapped DNA (5 μM, nt) was added
to form the nucleoprotein filaments for 10 min. Joint molecule
formation was initiated by addition of 3′-labeled linear pBSK (+)
dsDNA (4 μM, nt) (linearized by AlwNI) and single-stranded DNA
binding protein (SSB) (82.5 nM) protein and carried out for 20 min.
In RAD51 and RecA-promoted reactions, joint molecules were

deproteinized by addition of SDS to 1% and proteinase K to 880 μg
mL−1 and incubation for 15 min at 37 °C. Then 0.1 vol of loading
buffer (70% glycerol, 0.1% bromophenol blue) was added. Joint
molecules were analyzed by electrophoresis in 1% agarose−TAE (40
mM Tris-acetate, pH 8.0, and 1 mM EDTA) gels and quantified using
a Storm 840 phosphorimager (GE Healthcare), or joint molecules
were passed twice through S-400 spin columns (GE Healthcare)
equilibrated with 25 mM Tris-acetate, pH 7.5, at 23 °C and used as
substrates in branch migration reactions.50,51

Branch Migration Assay. For RAD51-promoted reaction, RAD51
(1 μM) was incubated with 1 in the indicated concentrations in buffer
containing 30 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 350 mM NaCl, 2
mM DTT, 2 mM ATP, 8 mM phosphocreatine, and 8 units/mL
creatine phosphokinase for 30 min at 37 °C. Branch migration was
initiated by addition of 32P-labeled 3′-joint molecules (0.1 nM,
molecules) that were produced by RAD51-promoted reaction (see
above) and was carried out for 8 h. For RecA-promoted reaction, RecA
(1 μM) was incubated with 1 in the indicated concentrations in buffer
containing 25 mM Tris acetate, pH 7.5, 15 mM magnesium acetate, 2
mM DTT, 2 mM ATP, 10 mM phosphocreatine, and 10 units/mL
creatine phosphokinase for 30 min at 37 °C. Branch migration was
initiated by addition of 32P-labeled 5′-joint molecules (0.1 nM,
molecules) that were produced by RecA-promoted reaction (see
above) and was carried out for 30 min. The DNA products were
deproteinized and analyzed in 1.5% agarose−TAE gels and quantified
using a Storm 840 phosphorimager (GE Healthcare).
D-Loop Assay. RAD51 (0.3 μM) was incubated with a 90-mer 32P-

labeled ssDNA (oligo 90) (0.9 μM, nt) in buffer containing 25 mM
Tris-acetate (pH 7.5), 1 mM ATP, 1 mM CaCl2, 100 μg mL

−1 BSA, 1
mM DTT, and 20 mM KCl (added with the protein stock) for
indicated periods at 37 °C. 1 (20 μM) was added to the mixture as
indicated in Figure 2. D-Loop formation was initiated by addition of
pUC19 supercoiled dsDNA (15 μM) and was carried out for 15 min.
The DNA products were deproteinized by treatment with the stop mix
(1% SDS and 880 μg mL−1 proteinase K) for 15 min at 37 °C.
Samples were mixed with 0.1 vol of loading buffer (70% glycerol, 0.1%
bromophenol blue) and analyzed by electrophoresis in 1% agarose−
TAE (40 mM Tris-acetate, pH 8.0, and 1 mM EDTA) gels. Gels were
quantified using a Storm 840 phosphorimager (GE Healthcare). The
yield was expressed as a percentage of the total plasmid DNA.
DNA Binding Assay. RAD51 (1.0 μM) was incubated with 1 (25

μM) in buffer containing 25 mM Tris-acetate (pH 7.5), 2 mM ATP,
100 μg mL−1 bovine serum albumin (BSA), 1 mM dithiothreitol
(DTT), and 2 mM CaCl2 for 30 min at 37 °C.21 Then a 90-mer 32P-
labeled ssDNA (oligo 90) (2.5 μM) and NaCl in indicated
concentrations were added to the reaction mixture. After 10 min,
0.2 vol of 50% glycerol was added and the DNA products were
analyzed by electrophoresis in 10% polyacrylamide gels (12 V/cm) in
0.5× TBE buffer (45 mM Tris borate, 0.25 mM EDTA, pH 8.3). Gels
were dried on DE-81 paper and quantified using a Storm 840
phosphorimager (GE Healthcare).
dsDNA Coaggregation Assay. RAD51 protein (1 μM) was

incubated with a 94-mer ssDNA (oligo 71) (3 μM, nt) in buffer
containing 25 mM Tris-HCl, pH 7.5, 1 mM ATP, 100 μg/mL BSA, 1
mM DTT, 20 mM KCl (added with the protein stocks), and 2 mM
CaCl2 for 15 min at 37 °C. Then 1 (20 μM) was added to the mixture
followed by NaCl in indicated concentrations, and coaggregation was
initiated immediately by addition of 32P-labeled linear pUC19 dsDNA

(linearized by BamHI) (25 μM, nt). After a 10-min incubation at 37
°C, aliquots (10 μL) were withdrawn from the reaction mixture and
coaggregates were collected by centrifugation in 0.5 mL Eppendorf
tubes at 15000g for 5 min at 21 °C. Coaggregates were quantified
using an LS 6500 liquid scintillation counter (Beckman). Residual
retention of the radioactive DNA on the tube walls, ∼2−3% of total
radioactivity, was subtracted.

ATPase Assay. RAD51 (1 μM) was incubated with 1 in indicated
concentrations in buffer containing 25 mM Tris-acetate (pH 7.5), 1
mM DTT, 100 μg mL−1 BSA, 2 mM Mg acetate, 0.1 mM ATP, and 10
μCi [γ-32P]ATP (6000 Ci mmol−1) for 30 min at 37 °C. Then a 90-
mer ssDNA (oligo 90) (3 μM, nt) was added to the reaction mixture.
After 1.5 h the reactions were terminated by adding EDTA (100 mM)
and the samples were analyzed by thin layer chromatography on
polyethyleneimine cellulose strips (PEI-TLC) in 1 M formic acid/0.5
M LiCl. The inorganic [32P]phosphate (Pi) released from [γ-32P]ATP
was quantified using a Storm 840 phosphorimager (GE Healthcare).

Measurement of 1 Binding to RAD51 by SPR. Experiments
were performed using the ProteOn XPR36 SPR array system with
ProteOn Manager software, version 3.0 (Bio-Rad), as described in
Supporting Information.

RAD51 Foci Formation. The 2×105 log phase HEK-GFP cells
were seeded in 3.5 cm tissue culture plates on glass coverslips
pretreated with 0.01% poly-L-lysine (Sigma) and grown overnight.
Then cells were incubated with 1 (50 μM) or without 1 for 2 h at 37
°C. Then cells were exposed to 0.5 Gy IR using a Primus linear
accelerator (Siemens) at 6 mV, 3 Gy/min followed by a 2 h incubation
at 37 °C. Cells were washed with phosphate-buffered saline (PBS) (8.1
mM Na2HPO4, 1.47 mM KH2PO4, 138 mM NaCl, and 2.7 mM KCl,
pH 7.4), extracted with PBS containing 0.2% Triton X-100 and 1 mM
phenylmethanesulfonyl fluoride (PMSF) for 5 min at 4 °C, and fixed
with PBS supplemented with 3.0% formaldehyde and 2.0% sucrose for
10 min. Cells were permeabilized with PBS containing 0.5% Triton X-
100 for 5 min and blocked with PBS containing 3% BSA and 0.05%
Tween 20 for 30 min at 23 °C. Cells were treated with the polyclonal
rabbit RAD51 antibodies (1:500 dilution) (a gift from Dr. Golub, Yale
University) in PBS containing 3% BSA and 0.05% Triton X-100
overnight at 4 °C and then with Alexa Fluor 488 donkey antirabbit
IgG (H + L) antibodies (1:1000 dilution) (Invitrogen) for 1 h at 23
°C followed by a 5 min staining with 500 ng/mL 4′,6-diamidino-2-
phenylindole (DAPI) in PBS containing 0.05% Tween 20. Samples
were washed in PBS containing 0.05% Tween 20, mounted in
VectaShield (Vector Laboratories), and sealed with nail polish. The
fluorescence images were obtained using an Olympus IX70 inverted
microscope and iVision-Mac software (BioVision).

DR-GFP Assay. HEK-GFP cells were grown until the log phase
(∼70% of confluence), harvested, and seeded in six-well plates (TPP)
(precoated with 0.1% w/v poly- L-lysine) at a density of 4.5 × 105

cells/well; after 24 h 1 or 2 in indicated concentrations were added
followed by a 1 h incubation at 37 °C. Then cells were transfected with
pCBASce plasmid DNA encoding I-SceI endonuclease29 using
GenDrill (BamaGen BioScience). After 2 days of incubation, cells
were analyzed by FACS using a Guava EasyCyte Plus system
(Millipore).

Clonogenic Survival Assay. To measure the effect of 1 and
DNA-damaging agents on cells the clonogenic survival assay was
used.52 MEF samples were seeded on 10 cm tissue culture dishes at
densities of 2000 −10000 cells/dish and incubated overnight. When
siRNA was used, HEK cells 24 h after siRNA transfection were seeded
at densities of 2000−4000 cell/dish. Then 1 (5 μM), 3 (0.01 μM), or
both reagents were added to cells for 1 h. Then MMC, cisplatin, or
MMS was added to cells in indicated concentrations followed by 1 h of
incubation for MEF or 2 h (unless indicated otherwise) for HEK cells.
Cells were washed three times with PBS buffer and incubated in either
DMEM+ or DMEM+ containing 1 (5 μM), 3 (0.01 μM), or both
chemicals for 7−10 days or for an indicated period. Cells were fixed
and stained using staining solution (0.05% crystal violet, 50%
methanol in PBS). Colonies were counted using an AlphaImager
3400 with AlphaEaseFC, version 4.0, software (Alpha Innotech). The

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm201173g | J. Med. Chem. 2012, 55, 3011−30203018



percent of surviving cells was determined as described.53 Untreated
cells were used as a control; their survival was expressed as 100%.
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