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ABSTRACT

RAD52 is a member of the homologous recombi-
nation (HR) pathway that is important for main-
tenance of genome integrity. While single RAD52
mutations show no significant phenotype in mam-
mals, their combination with mutations in genes that
cause hereditary breast cancer and ovarian cancer
like BRCA1, BRCA2, PALB2 and RAD51C are lethal.
Consequently, RAD52 may represent an important
target for cancer therapy. In vitro, RAD52 has ss-
DNA annealing and DNA strand exchange activities.
Here, to identify small molecule inhibitors of RAD52
we screened a 372,903-compound library using a
fluorescence-quenching assay for ssDNA annealing
activity of RAD52. The obtained 70 putative inhibitors
were further characterized using biochemical and
cell-based assays. As a result, we identified com-
pounds that specifically inhibit the biochemical ac-
tivities of RAD52, suppress growth of BRCA1- and
BRCAZ2-deficient cells and inhibit RAD52-dependent
single-strand annealing (SSA) in human cells. We will
use these compounds for development of novel can-
cer therapy and as a probe to study mechanisms of
DNA repair.

INTRODUCTION

Mechanisms of DNA repair are essential for maintenance
of genome integrity in all organisms. Multiple DNA repair
systems evolved to eliminate a broad variety of DNA lesions
caused by different exogenous agents or genotoxic prod-
ucts of metabolism. In normal cells, the specificities of dif-

ferent DNA repair mechanisms overlap to assure efficient
genome protection (1-3). However, cancer cells often lose
some DNA repair pathways due to intrinsic genome insta-
bility. In this case, cancer cell viability depends on the re-
maining alternative DNA repair mechanisms (4-6). Thus,
it was demonstrated that PARPI, a protein involved in
DNA damage signaling and repair of DNA single-stranded
breaks (SSB), is essential for viability of cancer cells that
are deficient in the homologous recombination (HR) path-
way (7,8). Furthermore, hereditary breast cancer and ovar-
ian cancer cells, which often carry mutations in HR pro-
teins BRCA1 or BRCA2 can be eliminated using PARPI
inhibitors with a minimal harm to normal cells with at least
one copy of functional BRCA1/2 genes (4,6).

Recently, S. Powell group discovered that BRCA1/2-
deficient cancer cells are not viable when RADS2 protein
is inactivated (9). In addition, RADS52 knockdown also
causes lethality to human cells deficient in PALB2 (part-
ner and localizer of BRCA2) and five RADS1 paralogs,
including RADSIC (10,11). Mutations in PALB2 and
RADSIC also contribute to hereditary breast and ovarian
cancer (12,13). Previously, inviability of double mutations
in RADS52 and RADSIC genes was reported in chicken
DT-40 cells (14). Importantly, inactivation of PARPI and
RAD?S2 causes lethality of BRCA1/2-deficient and PALB2-
deficient cells through different mechanisms. Inactivation
of PARP1 causes disruption of repair of DNA SSBs. Dur-
ing DNA replication, unrepaired SSBs may cause forma-
tion of DNA double-stranded breaks (DSBs) or stalled
replication forks which are repaired by the HR pathway.
BRCA1/2/PALB2, constitute the major sub-pathway of
HR; mutations in these proteins incapacitates HR mak-
ing hereditary breast and ovarian cancer cells vulnerable
to PARPI inhibitors. However, recent data indicate that

*To whom correspondence should be addressed. Tel: +1 215 762 7195; Fax: +1 215 762 4452; Email: Alexander.Mazin@DrexelMed.edu

© The Author(s) 2016. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact

journals.permissions@oup.com



4190 Nucleic Acids Research, 2016, Vol. 44, No. 9

in addition to the BRCA1/2/PALB2 sub-pathway, the sec-
ondary HR sub-pathway operates in mammalian cell that
depends on RADS2 protein (9,10). In normal mammalian
cells, this pathway plays a minor role, as RAD52~/~ mice
are viable and fertile and do not display DNA damage
sensitivity, abnormalities, or significant cancer predispo-
sition (15). However, this sub-pathway becomes essential
for viability in cells that lack the BRCA1/2/PALB2 sub-
pathway. Thus, these findings identify RADS2 as a poten-
tial therapeutic target against familial breast cancer, famil-
ial ovarian cancer and other types of cancer with defec-
tive BRCA1/2/PALB2 genes. In accord with this view, one
of the co-authors (T.S.) demonstrated that inhibition of
RADS2 DNA binding activity by small peptide aptamer ex-
erted synthetic lethality in BRCA1- and BRCA2-mutated
cancer cells without any detectable side effects in normal
cells and in mice (16).

Here, in order to develop small molecule inhibitors of
the RADS52 ssDNA annealing activity we performed a high
throughput screening of a 372,903-compound library us-
ing a fluorescence-quenching assay. We identified 70 puta-
tive inhibitors of RADS52, were further characterized using
biochemical and cell-based assays. We found several com-
pounds that specifically inhibit the biochemical activities
of RADS52 and suppress growth of BRCA1- and BRCA2-
deficient cells. One of these compounds, D-103, also specif-
ically inhibits RADS52-dependent single-strand annealing
(SSA) in human cells. We will use these compounds for de-
velopment of novel cancer therapy and also as a probe to
study the mechanisms of DNA repair in human cells.

MATERIALS AND METHODS
Chemicals, proteins and DNA

Cisplatin, was purchased from Sigma-Aldrich. Human
RADS52 and RADS1 (Supplementary Figure S1) were puri-
fied as described (17). The oligonucleotides (Supplementary
Table S1) were purchased from IDT, Inc and further puri-
fied by electrophoresis (18). Supercoiled pUCI19, pCBASce
and pMX-GFP plasmid DNAs were purified using Qiagen
kits. All DNA concentrations are expressed as moles of nu-
cleotide.

Compound libraries, compounds

We used a 93672-compound Broad’s diversity-oriented syn-
thesis (DOS) library and a 279,231-compound Molecu-
lar Libraries Probe Center Network (MPLCN) library. All
the compounds were dissolved in DMSO (Sigma, Cat #
D8418). In the working solutions the DMSO concentration
added with the stock of compounds was 2% (v/v), unless in-
dicated otherwise. The compounds for confirmation anal-
ysis were purchased from Asinex Ltd., ChemBridge Co.,
ChemDiv Inc, Enamine, FCH Group, Frontier Scientific
Services Inc., InterBioScreen Ltd., Life Chemicals Inc., Sci-
entific Exchange Inc., Sigma-Aldrich Co. and Vitas-M Lab-
oratory Ltd.

The fluorescence-quenching assay for RAD52 DNA anneal-
ing

Tailed dsDNA substrate was prepared by thermal anneal-
ing of ssDNA oligonucleotides 337-F and 1337-BHQ1 con-
taining Fluorescein and Black Hole Quencher 1 residues at
the 5’ and 3’ end, respectively. DNA annealing was initi-
ated by adding RADS52 (20 nM) to the mixture of ssDNA
oligonucleotide 265-55 (5 nM, molecules) and tailed ds-
DNA 337-F/1337-BHQ1 (5 nM, molecules) in buffer con-
taining 25 mM Tris-acetate pH 7.5, 100 pg'ml~! BSA and
1 mM DTT. The fluorescence intensity was measured in a
3-mm quartz cuvette (Starna Cells) using a FluoroMax-3
(HORIBA) fluorimeter with 492 nm excitation wavelength
and 520 nm emission wavelength at 30°C.

HTS for RADS52 inhibitors

The fluorescence-quenching assay for RADS2-promoted
DNA annealing was optimized to a 4 pl 1536 well proto-
col using 25 nM RADS52 and 8 nM (molecules) DNA in
buffer containing 25 mM Tris-acetate pH 7.5, 100 pgml~!
BSA, 1 mM DTT and 0.01% Pluronic F-68. Wells con-
taining no RADS52 were used as a positive control to
estimate the activity of fully inhibited protein; wells in
which the compounds were replaced with only the vehicle
(DMSO) were used as neutral control. The HTS was per-
formed using the 8 channel BioRAPTR 1536 (Beckman)
for reagent dispensing. The reactions were carried out for
30 min followed by measurement of an endpoint fluores-
cence (485 nm excitation, 535 nm emission) using an En-
Vision multimode plate reader (Perkin Elmer). Wells con-
taining no RADS52 enzyme were used to as positive con-
trol, and data were analyzed using Genedata. The com-
pounds with an inhibitory effect of 30% or greater were
tested further by measuring the concentration dependence
(in a range from 1 nM to 100 wM) of their inhibition of
RADSI. The most potent inhibitory compounds were an-
alyzed further using non-fluorescent assays. Detailed meth-
ods for RADS2 screening are in PubMed: http://pubchem.
ncbi.nlm.nih.gov/assay/assay.cgi?aid=651660.

The D-loop formation by RAD52 or RADS1

To form RADS52 nucleoprotein complexes, RADS52 (0.45
wM) was incubated with a ?P-labeled ssDNA (oligo 90) (3
wM, nt) in buffer containing 25 mM Tris-Acetate, pH 7.5,
100 pgrml~! BSA, 0.3 mM magnesium acetate and 2 mM
DTT at 37°C for 15 min. To form RADS51 nucleoprotein fil-
ament, RADS5I1 (0.45 wM) was incubated with *’P-labeled
ssDNA (1.35 pM, nucleotides) in buffer containing 25 mM
Tris-Acetate, pH 7.5, 100 wg'ml~' BSA, 2 mM calcium chlo-
ride, 1 mM ATP and 2 mM DTT for 15 min at 37°C. Then
inhibitors were added to both reactions and incubation con-
tinued for 15 min at 37°C. D-loop formation was initiated
by addition of supercoiled pUC19 DNA (50 uM or 22.5
wM, nucleotides, for RADS52 and RADS51-promoted reac-
tions, respectively) and was carried out 15 min at 37°C. The
reactions were stopped and deproteinized by the addition of
1.5% SDS and proteinase K (0.8 mg/ml) for 15 min at 37°C,
mixed with a 0.10 volume of loading buffer (70% glycerol,
0.1% bromphenol blue) and analyzed by electrophoresis in
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1% agarose gels in TAE buffer (40 mM Tris acetate, pH 8.3
and 1 mM EDTA) at 5 V/cm for 3 h. The gels were dried on
DEAE-81 paper (Whatman) and the yield of D-loops quan-
tified using a Storm 840 PhosphorImager and ImageQuant
5.2 (GE Healthcare). The D-loop yield was expressed as a
percentage of plasmid DNA carrying D-loops relative to the
total plasmid DNA.

Calculation of the ICsy value for RADS52 inhibitors

ICsp values were calculated using GraphPad Prism V5.0
software. The data were obtained from three independent
repeats of experiments.

Acridine orange displacement assay for DNA binding

To rule out DNA binding as an undesired mechanism of ac-
tion, we tested the ability of the selected compounds to bind
DNA. The compounds in varied concentrations were added
into 30 wl reaction mixtures containing 50 nM acridine or-
ange and 6 pg/ml salmon sperm DNA,10 mM HEPES, pH
7.5; 1 mM EDTA pH 7.5; 100 mM NaCl in 384-well plates,
and the reactions were incubated at room temperature for
20 min followed by fluorescence polarization measurement
using an EnVision (Perkin Elmer) equipped with a 480 nm
excitation filter and 535 nm S and P emission filters with
a D505 FP/D535 dichroic mirror. Mitoxantrone (10 wM)
was used as a positive control. The S and P values are pro-
cessed with the standard fluorescence polarization calcula-
tion formula (mP = 1000*(S-G*P)/(S+G*P) where G is the
G-factor and is ~1.

Luminescent cell viability assay

BxPC3 cells were kept in RPMI 1640 (ATCC) media
supplemented with 10% FBS (Gibco); Capan-1 cells were
kept in IMDM (ATCC) media containing 20% FBS
(GIBCO); UWBI1.298 and UWBI1.298 (BRCAl+) cells
were kept in 48.5% RPMI1640 (ATCC), 48.5% MEGM
(Clonetics/Lonza, MEGM kit, CC-3150) and 3% FBS
(GIBCO) respectively. Cells in log-phase were harvested
and 100 .l cell suspensions were replated in a 96-well plate
with a final density of 4000 cells/well. After overnight
growth, cells were treated with indicated concentrations of
compounds. Media containing the invariant concentration
of compounds were refreshed every 3 days until cells
were finally lysed by 30 wl/well of Promega CellTiter-Glo
reagents and read on a Promega GloMax 96 reader on day
10 (9 days exposure). Promega CellTiter-Glo protocol is
available on the web: http://www.promega.com/resources/
protocols/technical-bulletins/O/celltiter-glo-luminescent-
cell-viability-assay-protocol/.

The clonogenic survival assay

MDA-MB-436 cells were cultured in RPMI + 10% FBS.
BRCA-proficient and BRCA-deficient cells were plated on
day 0 in triplicate at 5000 cells/well. On days 1 and 3, the
cells were treated with 0, 2.5 puM, 5 uM, or 10 uM D-
103, D-G23 or D-G09. Cells were counted on day 4 on a
hemocytometer, using Trypan Blue exclusion, and imme-
diately were plated in a clonogenic assay at a density of
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500 cells/well in a 6 well plate, in RPMI + 10% FBS. Af-
ter two weeks, the colonies were fixed/stained with 0.05%
of 10 mg/ml ethidium bromide in 50% ethanol and visual-
ized with Alphaimager gel imager (Alpha Innotech).

CML viability assay

Lin-CD34"* primary CML and normal cells were obtained
by magnetic sorting using the EasySep negative selection
human progenitor cell enrichment cocktail followed by
treatment with human CD34 positive selection cocktail
(StemCell Technologies), and were subsequently cultured
in StemSpan H3000 media (StemCell Technologies) sup-
plemented with a cocktail of growth factors (100 ng/ml
stem cell factor, 20 ng/ml interleukin3 [IL-3], 100 ng/ml
fms-related tyrosine kinase 3 ligand, 20 ng/ml granulocyte
colony-stimulating factor, 20 ng/ml IL-6). For the viability
assay, CD34+ CML (n = 3) and normal (n = 5) cells were
plated at 1 x 10* cells/well in 96 well plates on day 0, and
treated with 0 uM, 2 uM, 5 uM, or 10 wM D-103 on days 0
and 2. Viable cells were counted on day 4 using Trypan Blue
staining.

Measurement of compound binding to RAD52 by SPR

Experiments were performed using the ProteOn XPR36
SPR array system (Bio-Rad). ProteOn GLH sensor chips
were preconditioned with two short pulses each (10 s)
of 50 mM NaOH, 100 mM HCI and 0.5% SDS. Then
the system was equilibrated with PBS-T buffer (20 mM
Na-phosphate, 150 mM NaCl, and 0.1% polysorbate
20, pH 7.4). Individual ligand flow channels were acti-
vated for 5 min at 25°C with a mixture of 1-ethyl-3-[3-
dimethylaminopropyl carbodiimide hydrochloride) (0.2 M)
and sulfo- N-hydroxysuccinimide (0.05 M). Immediately af-
ter chip activation, either RAD52 (100 pg'ml~! in 25 mM
Tris-Acetate, 20mM KCI, 0.3 mM magnesium acetate, pH
7.5) or the anti-HIV mAb 2F5 (100 pgml~! in 10 mM
sodium acetate, pH 5.0) was injected across ligand flow
channels for 5 min at a flow rate of 30 wl'min—".

Excess active ester groups on the sensor surface were
capped by a 5-min injection of 1 M ethanolamine HCI (pH
8.5). This resulted in the coupling of RADS52 and 2F5 at
a density of 9000 RUs (response unit, which is an arbitrary
unit that corresponds to 1 pg/mm?). The standard deviation
in the immobilization level from the six spots within each
channel was less than 4%. Compounds in indicated concen-
trations in 25 mM Tris-Acetate, 20 mM KCI, 0.3 mM mag-
nesium acetate, pH 7.5, supplemented with 0.005% polysor-
bate 20 and 2% DMSO were injected over the control and
RADS?2 surfaces at a flow rate of 200 wl min~!, for either
a 30s (D-109) or 1-min association phase (D-103, D-G23),
followed by a variable dissociation phase at 25°C using the
‘one-shot’ functionality of the ProteOn (19).

Specific regeneration of the surfaces between injections
was not needed owing to the nature of the interaction. Data
were analyzed using the ProteOn Manager Software version
3.0 (Bio-Rad). The responses of a buffer injection and re-
sponses from the reference flow cell with the anti-HIV mAb
2F 5 were subtracted to account for nonspecific binding. Ex-
perimental data were fitted globally to a simple 1:1 binding
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model. The average kinetic parameters (association [k,] and
dissociation [ky] rates) generated from three data sets were
used to define the equilibrium dissociation constant (Kp).
Data that could not be adequately fit to a binding model
were analyzed using equilibrium analysis, plotting the re-
sponse at equilibrium versus concentration and fitting to a
steady state model.

Measuring the effect of inhibitors on GFP-RADS2 and
RADS1 foci formation

GFP-RADS52 foci formation was measured in BCR-ABLI1-
positive BRCA1-deficient 32Dcl3 murine hematopoietic
cell line that expresses GFP-RADS2 (16). RADS1 foci for-
mation was measured in parental 32Dcl3. Both cell lines
were cultured in IMDM plus 10% FBS. The cells were
plated at 500 000 cells/ml and pretreated for 4 h with ei-
ther D-G23 or D-103 (2.5 wM) for GFP-RADS2 foci or
with D-103 (2.5 wM) for RADSI1 foci (or no pretreatment
for the control and cisplatin-treated cells). After 4 h of incu-
bation, the cells were treated with 3 pg/ml cisplatin for 16
h. Following cisplatin treatment, cytospins were prepared
using polylysine coated slides (Thermo Scientific). DNA
was counterstained with DAPI. To detect RADS5]1 foci, cells
were stained with an anti-RADS51 antibody (Thermo Sci-
entific), followed by a secondary antibody conjugated with
AlexaFluor 594. RADS51 and GFP-RADS2 foci were visu-
alized with an inverted Olympus IX70 fluorescence micro-
scope equipped with a Cooke Sensicam QE camera (The
Cooke Co., Auburn Hills,MI, USA). Images from 25-60
cells/group were processed using SlideBook 3.0 (Intelligent
Imaging Innovation).

Measuring the effect of D-I03 on single-strand annealing
(SSA) and gene conversion (HDR) in U20S cells

U20S cells with chromosomally integrated SSA(U20S-
SSA) or gene conversion HDR(U20S-HDR)-reporter were
cultured in DMEM (Sigma D-6429) containing 10%
FBS (Gibco) supplemented with antibiotics (penicillin 100
U/ml, streptomycin 100 pg/ml, and plasmocin (2.5 .g/ml)
(20,21). At 80% confluence, cells were trypsinized and
plated in triplicate at a density of 2 x 10° cells/well in 6 well
plates. After 22 h cells were washed with 1 X PBS and further
incubated for 2 h in antibiotic-free DMEM-10% FBS. Cells
were transfected with pCBASce (0.8 pg) expressing I-Scel
endonuclease or, in controls, with pUC19 (0.8 pg) or pMX-
GFP (0.8 pg) plasmids using Lipofectamine 2000. After
3 h of transfection, cells were washed with antibiotic-free
DMEM-10% FBS. Then, cells were incubated in DMEM-
10% FBS supplemented with antibiotics and containing D-
103 at indicated concentrations followed by additional in-
cubation for 48 h. In each well, cells were washed with 1X
PBS, trypsinized and fixed with 3.3% formaldehyde. Fixed
cells were kept on ice. The yield of GFP* positive cells was
measured by flow cytometry using Guava EasyCyte PRO
(EMD Millipore).

RESULTS
HTS for RADS52 inhibitors

In order to target hereditary breast cancer and ovarian can-
cer cells we wanted to develop small molecule inhibitors of
RADS52 using high throughput screening (HTS) of com-
pound libraries. In vitro, RADS2 carries out annealing of
complementary ssDNA molecules and an invasion of ss-
DNA into homologous duplex DNA. To screen for in-
hibitors of RADS52 ssDNA annealing activity, we devel-
oped a fluorescence-quenching assay (Figure 1). In this as-
say, RADS2 promotes DNA annealing between synthetic
ssDNA (Oligo 265-55; 55 nt) and tailed dsDNA (tdsDNA)
composed of a ssDNA 60-mer (Oligo 337-FLU) carrying
fluorescein (FLU), a fluorescence donor group, and an ss-
DNA 39-mer (1337-BHQI1) carrying black hole quencher 1
(BHQI1), a non-fluorescent acceptor group (Figure 1A). The
RADS2-promoted reaction included two steps: (i) anneal-
ing between Oligo 265-55 and a 15-nt ssDNA region of the
tdsDNA and (ii) displacement of the ssDNA 1337-BHQ1
strand from the tdsDNA resulting in an increase in fluo-
rescence due to secession of fluorescence quenching by the
BHQI1 group (Figure 1B; an example of the effect of D-103
inhibitor on RADS52-promoted ssDNA annealing is shown
in Figure 1C and Supplementary Figure S2). Of these two
steps, annealing was the limited step of the reaction in our
assay, since RADS52 promotes DNA strand exchange be-
tween ssDNA and blunt end dsDNA poorly (22). In or-
der to decrease RADS52-independent (uncatalyzed) reaction
during branch migration step we incorporated a single mis-
match in Oligo 265-55 ssDNA (Figure 1A).

The fluorescence-quenching assay was optimized for
1536 well plates (Z° Avg = 0.64). The primary HTS of
the 372,903-compound library yielded 1687 positive hits
that caused more than 30% inhibition of the RADS52-
dependent fluorescence increase (0.5% activities), including
628 hits in a 93672-compound Broad’s diversity-oriented
synthesis (DOS) library (0.7% activities) and 1115 hitsin a
279,231-compound Molecular Libraries Probe Center Net-
work (MPLCN) library (0.4% Activities). The hits were fur-
ther analyzed for a concentration dependence in inhibiting
of RADS2 and by testing their DNA binding affinity using
the acridine orange assay. As a result, 187 compounds were
identified that inhibited RADS52 with the IC5y lower than 10
M and displayed no DNA binding. These remaining com-
pounds were assessed for their potential chemical tractabil-
ity by removing compounds with highly reactive or unstable
functional groups and focusing on chemotypes that were
synthetically accessible and attractive. The selected com-
pounds as well as some closely related new analogs of cer-
tain hits were next purchased as dry powders from commer-
cial sources. After executing this selection process, 70 com-
pounds were obtained for further analyses.

We tested the inhibitory effect of the 70 selected com-
pounds using the D-loop assay, in which RADS2 promotes
pairing between 3?P-labeled ssDNA and homologous su-
percoiled plasmid pUC19 DNA (Figure 1D); the product
of the reaction, D-loops, were analyzed by electrophore-
sis in 1% agarose gels. First, by testing the effect of the se-
lected compounds at fixed (30 wM) concentration we iden-
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Figure 1. Identification and characterization of RADS52 small molecule inhibitors. (A) Fluorescence-quenching assay for RADS52 ssDNA annealing (plus
DNA strand displacement). Experimental scheme. FLU-fluorescein; BHQ 1-black hole quencher 1. DNA substrates contain a mismatch (denoted by x)
to block spontaneous reaction. (B) The kinetics of ssDNA annealing measured on a FluoroMax3 fluorimeter. The fluorescence intensity was expressed in
arbitrary units (AU). Shown is representative result; the reactions were repeated at least three times. (C) RADS52 annealing activity was measured in the
presence of D-103 in indicated concentrations. (D) The scheme of the D-loop assay: RADS2 forms a complex with ssDNA and promotes its homologous
pairing with pUC19 plasmid DNA. Asterisk denotes *>P label on ssDNA. (E) Inhibition of the RAD52 DNA pairing activity by tested compounds (30

wM). Error bars indicate standard deviation (SD).

tified 17 compounds that inhibited D-loop formation by
more than 90% (Figure 1E). Then, we measured the effect
of each of the 17 compounds on RADS52-dpendent D-loop
formation in a concentration dependent manner. The I1Cs
of these compounds varied in a range between 2.7 wM and
17.5 wM (Figure 2A-C; Supplementary Table S2). In the
D-loop assay the ICsy values were generally higher than in
the fluorescence-quenching assay likely due to the higher
RADS2 concentration employed by the former assay, 450
nM versus 25 nM, and due to the different nature of the
assays.

Then, we examined the selectivity of the RADS2 in-
hibitors using RADS1 as a non-specific target. RADSI is
structurally unrelated to RADS52, but shares DNA pairing
activity with RADS2. Using the D-loop assay, we found
that at concentrations 10-fold higher than the ICsy for
RADS52 DNA pairing none of the 17 tested compounds
(Supplementary Figure S3) showed a significant inhibition

of D-loop formation (Figure 2D). However, under subop-
timal conditions for the D-loop assay at reduced Ca®* con-
centration (1 mM) three tested N-Methyl thieno pyrazoles
compounds, D-107, D-I11 and D-I19 (see structures in Sup-
plementary Figure S3), showed non-specific inhibition of
RADSI1 greater than 2-fold relative to the DMSO control
(Supplementary Figure S4; Supplementary Table S2). Over-
all, as a result of the HTS and several confirmatory and
selectivity assays, we identified 14 specific inhibitors of ss-
DNA annealing and ssDNA pairing activity of RADS2 in

vitro.

Analysis of RADS52 inhibitors in human BRCA1- and
BRCA2-deficient cells

Since it was previously shown that inactivation of RADS52
by siRNA and peptide aptamer causes lethality of BRCA1-
and BRCA2-deficient cells (10,16), we suggested that the
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Figure 2. The effect of inhibitors on DNA pairing activity of RADS52. (A)
The products of DNA pairing (D-loops) were analyzed by electrophoresis
in 1% agarose gels. (B) Graphical representation of the data from A. (C)
The ICsq values for 17 tested compounds. (D) The effect of the RADS52
inhibitors on DNA pairing activity of RADS51. The effect was measured
using the D-loop assay at the inhibitors concentrations that correspond to
their 10 x ICs values (27-176 wM) for RADS2 pairing activity; concen-
trations of A0S and B02 were 100 M. Error bars indicate SD.

RADS2 inhibitors can also inhibit growth of BRCA1/2-
deficient cells. First, we tested the effect of 14 RADS2 in-
hibitors identified in the biochemical assays on the growth
of BRCA2-deficient Capan-1 cells and BRCA2-proficient
BxPC3 cells. BxPC3 cells are commonly used as a con-
trol for Capan-1 cells; these two well-differentiated pancre-
atic adenocarcinoma cell lines show significant similarity
and share the mutation status of a number of tumor sup-
pressor genes, including p53, p16, Rb, have strong expres-
sion of COX-2 and MMP-9 (23-26). We found that five of
the tested inhibitors preferentially suppressed the growth of
Capan-1 cells (Figure 3A).

We then tested the effect of RADS2 inhibitors on the
growth of BRCAIl-deficient (UWBI1.289 BRCA1-) and
BRCAI-proficient (UWB1.289 BRCA+) cells. We found
that 7 out 14 tested RADS2 inhibitors preferentially sup-
pressed the growth of BRCA1-deficient cells; importantly,
these 7 compounds included the 5 compounds that inhib-
ited the growth of BRCA2-deficient cells (Figure 3B). We
also tested the effect of the 14 RADS52 inhibitors on the
survival of another BRCA 1-deficient cells, MDA-MB-436.
Three out 14 compounds, which also inhibited growth of
UWB1.289 cells, showed an inhibitory effect on these cells
compared with the isogenic MDA-MB-436 (BRCA1+) cells
(Figure 4A). Finally, we tested the effect of D-103, the
strongest inhibitor on BRCA1- and BRCA2-deficient cells,
on BCR-ABL1 —positive BRCA1-deficient chronic myeloid
leukemia (CML) patient cells (27). BRCAIl-deficiency in
these cells is due to constitutive downregulation of this pro-
tein. We found that D-103 selectively diminished the growth
potential of BRCA1-deficient CML patient cells in compar-
ison to BRCA1-proficient normal counterparts (Figure 4B).

Overall, two compounds, D-G09 and D-103, showed an
inhibitory effect on all three tested BRCA1- and BRCA2-
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Figure 3. Effect of the RADS2 inhibitors on survival (A) Capan-1
(BRCA27) and BxPC3 (BRCA2") cells and (B) on UWB1.289 (BRCA1™)
and [UWB1.289 (+BRCA1)] (BRCA1") cells. Capan-1 and UWB1.289 are
denoted by red line; BxPC3 and UWB1.289 (+BRCA1) indicated by blue
line. The experiments were repeated at least three times, error bars indicate
SD.

deficient cell lines. Importantly, these compounds showed
significant structural similarity sharing the quinoline core
(Supplementary Figure S3). Another member of this struc-
tural group, D-G11, showed activity on two of the tested cell
lines (UWBI1.289 and Capan-1). Remarkably, three other
compounds, D-G23, D-105 and D-K17, that preferentially
inhibited at least two BRCA1/2-defficient cell lines also
share similarity, but belong to another structural type with
the quinazoline core. From all tested compounds, D-103
showed the strongest and most consistent inhibitory effect
on all tested BRCA1~/~ and BRCA2~/~ cell lines; more-
over, it selectively inhibited growth of BRCA1-deficient
CML cells from patients.

Measurement of inhibitors binding to RAD52 by SPR

We then tested whether RADS2 inhibitors that showed ac-
tivity in the biochemical and cell-based assays physically in-
teract with RADS52. Using the surface plasmon resonance
(SPR) method, we demonstrated that D-103 (3.12—50 wM)
and D-G23 (3.125—25 wM) bind directly to RADS52 (Fig-
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Figure 4. Effect of RADS2 inhibitors on survival of MDA-MB-436
(BRCAI17) and [MDA-MB-436 (BRCA1+)] (BRCAL1") cells (A) and on
survival of on BCR-ABLI1 —positive BRCA1-deficient CML cells and
their BRCA I-proficient normal counterparts (B). The experiments were
repeated at least three times, error bars indicate SD.

ure 5). The anti-HIV mAb 2F5 structurally unrelated to
RADS2 was used in control and non-specific binding sig-
nal was subtracted from the RADS52 binding signal. The
Ky values for D-103 and D-G23 are 26.1 + 4.5 pM and
34.0 + 8.9 uM, respectively. These values are somewhat
higher than one might expect from the ICsy values in the
biochemical and cell-based assays with these inhibitors. Be-
cause the active form of RADS2 is a hexamer, the appar-
ent differences in the activities of inhibitors may suggest
that inhibition of RADS2 requires only partial saturation of
the RADS52 hexamer with inhibitors. Using the acridine or-
ange displacement assay we showed that D-103 and D-G23
did not bind DNA. Thus, these compounds inhibit DNA
annealing and pairing activities of RADS52 through direct
binding, not through interaction with DNA substrates.

Inhibitors disrupt RADS52, but not RAD51, foci formation

We wished to test whether D-103 and D-G23 can inhibit
RADS2 activities in the cell. In response to DNA damage,
RADS52 accumulates in the nucleus forming distinct struc-
tures known as foci (28,29). It is thought that the foci rep-
resent RADS2 complexes with DNA repair intermediates.
Inhibitors of RADS52 may decrease RADS52 foci formation
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Figure 5. Measurement of D-103 (A) and D-G23 (B) binding to RADS52.
Compound D-103 at concentrations of 3.125, 6.25, 12.5, 25 and 50 .M or
compound D-G23 at concentrations of 1.56, 3.125, 6.25, 12.5 and 25 were
injected to the chip with immobilized RADS2. Colored lines indicate ex-
perimental data, whereas black lines indicate fitting to the simple 1:1 bind-
ing model using the ProteOn Manager Software version 3.0 (Bio-Rad). For
D-G23 binding to RADS2, kinetic values are as follows: k; = 1.15 (£ 0.44)
x 10* M~1s71: kg = 3.62 (£ 0.7) x 107! s71; Kg = 34.0 + 8.9 pM. (C)
For D-103, the data did not fit to any available binding models and the
K4 was determined using equilibrium analysis by plotting the response at
equilibrium (Req) versus concentration of compound. Experiments were
repeated at least three times; error bars indicate S.D.

by disrupting its interaction with DNA substrates. Indeed,
we found that both D-103 and D-G23 inhibited RADS52
foci formation induced by cisplatin in BCR-ABLI1-positive
BRCA I-deficient 32Dcl3 murine hematopoietic cell line
that expresses GFP-RADS52 (16) (Figure 6A). In the pres-
ence of D-103 (2.5 pM) and D-G23 (2.5 wM), the fraction
of cells with RADS52 foci (>5 foci) was decreased ~2.0-2.5-
fold, from 38.7 & 10% to 17 & 1% and 19 + 0.4%, respec-
tively; at the same time, the fraction of cisplatin-treated cells
without foci was increased from 48.4 £+ 6.2%to 71.9 £ 4.1%
and 57.6 £+ 0.5% (Figure 6A, bottom right panel). Thus,
compounds of two chemotypes, represented by D-103 and
G-23, were identified that inhibited the biochemical activ-
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ities of RADS2 in vitro, showed preference in suppressing
survival of BRCA1- and BRCA2-deficient cells and inhib-
ited formation of damage-induced RADS52 foci formation.
We also tested a non-specific effect of D-103, a strongest
of theRADS2 inhibitors, on RADSI foci formation. Using
parental 32Dcl3 (BRCA 1-proficient) cells, we found that D-
103 does not have a significant effect on RADS]1 foci in-
duced by cisplatin (Figure 6B). Also, D-I03 alone induce
neither RADSI foci nor RADS2 foci (in BRCA1-deficient
cells; Figure 6A) indicating low genotoxicity of this com-
pound.

D-I03 inhibits single-strand DNA annealing, but not gene
conversion in U20S cells

In both yeast and mammalian cells, RADS2 promotes
single-strand DNA annealing (SSA) (30,31). SSA is a type
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Figure 7. D-103 inhibits single-strand annealing (SSA), but not homology
dependent recombination (HDR) (gene conversion) in U20S cells. (A) The
scheme of the reporter systems. The SSA-GFP reporter contains a 5’ frag-
ment of the GFP (5'-GFP) gene, and a 3’ fragment of the GFP (3’-GFP)
with an I-Scel site. The HDR-GFP reporter system contains the GFP gene
interrupted by a Sce-I site, and a fragment of the GFP with truncated 3'-
and 5'-rerminus. Repair of the I-Scel-induced DSB by either SSA or gene
conversion leads to formation of GFP+ cells (21). Effect of D-103 on the
repair of the I-Scel-induced DSBs in U20S cells carrying the chromoso-
mally located SSA-GFP (B) or HDR-GFP (C) reporter is shown by red
line. In a control, the effect of D-I03 on formation GFP* cells was mea-
sured after transfection of U20S cells with pMX-GFP plasmid expressing
GFP protein (green line). Formation of GFP+ cells in the absence of D-
103 was expressed as 100%. Experiments were repeated at least three times;
error bars indicate S.D.

of HR that is initiated at DSBs and mediated by annealing
of fortuitous direct repeats flanking DSB ends after their
exonucleolitic resection. This mechanism leads to end re-
joining with concomitant deletion of sequences between di-
rect repeats. Here, using the SA-GFP construct integrated
into the chromosomal DNA (20,21) we wished to examine
the effect of RADS2 inhibitor D-103 on SSA in U20S cells.
The SA-GFP reporter system contains a 5’ fragment of the
GFP (5'-GFP) gene, and a 3’ fragment of the GFP (3'-GFP)
that contains an 18-bp I-Scel site (Figure 7A). The GFP
fragments are separated by 2.7 kb region and share a 266
bp region of homology. Transfection of cells with I-Scel ex-
pressing vector pCBASce induces DSB in the 3'-GFP. Re-
pair of the DSB by SSA leads to formation of GFP* cells.
Thus, each SSA event can be scored by the appearance of a
green fluorescent cell.

We found that D-I03 reduces formation of GFP+ cells
in a concentration dependent manner; at 30 wM D-103 the
yield of GFP+ cells was reduced ~3.4-fold (Figure 7B, red
line; Supplementary Figure S5). In control, we measured



the effect of D-103 on formation of GFP+ cells when U20S
cells were transfected with pMX-GFP plasmid encoding
GFP (Figure 7B; green line). We found that up to 30 pM,
D-I03 had no significant effect on the recovery of GFP+
cells.

We then tested the effect of D-103 on DSB repair via
the canonical homology dependent recombination (HDR)
(also known as gene conversion) mechanism using the chro-
mosomally integrated DR-GFP construct in U20S cells
(20,21). Previously, it was shown that RADS52 has no signif-
icant effect on the HDR in mammalian cells (30). The DR-
GFP construct consists of two inactive copies of the GFP
gene, one that is disabled by insertion of I-Scel recognition
site and another (iIGFP) is truncated at both ends (Figure
7A). A unique DSB is generated in this construct after the
cells are transfected with pCBASce plasmid. The repair of
this DSB by gene conversion using iGFP as a template gives
rise to the functional GFP gene. We found that D-103 does
not have a significant effect on formation of GFP-positive
cells (Figure 7C, red line; Supplementary Figure S6). D-
103 also has no effect on GFP expression or on recovery of
GFP-positive cells when U20S cells were transfected with
pMX-GFP plasmid encoding GFP (Figure 7C, green line).
Taken together, our results indicate that consistent with in-
hibition of RADS52 in human cells D-103 reduces the level
of DSB-induced SSA, but not HDR.

DISCUSSION

RADS?2 is an evolutionarily conserved eukaryotic protein,
a member of the HR pathway that is responsible for re-
pair of DSBs, recovery of stalled replication forks and faith-
ful chromosome segregation during meiosis (1,32-34). In
yeast, Rad52 plays a key role in HR; RAD52 null muta-
tion obliterates nearly all types of recombination events and
renders cells extremely sensitive to DSB-inducing agents.
Surprisingly, in mice RADS52 knockouts show virtually no
DNA repair phenotype. Recent discovery that RADS52 mu-
tations are synthetically lethal with mutations in BRCA1/2,
PALB2 and RADS51 paralogs indicated that in mammalian
cells RADS2 constitutes an alternative HR sub-pathway
that may play a back-up role during DSB repair (9,10).
This independent/redundant role of RADS52 in mammalian
HR is also supported by cytological data. In response to
DNA damage both RADS51 and RADS2 form nuclear foci,
which are thought to play a role of the DNA repair cen-
ters. However, foci formation by these proteins show only
partially overlap (28) and their formation is differently af-
fected by mutations in other HR genes; whereas RADS1
foci formation depends on the functional BRCA1, BRCA2
and RADSI paralogs, RADS2 foci formation is indepen-
dent of these proteins (35).

The mechanistic basis for the RADS52 function in HR
in mammalian cells remains to be elucidated. Biochemical
studies indicate that in S. cerevisiae Rad52 may play a role
of a mediator that helps to load Rad51 recombinase on ss-
DNA at the site of DSBs overcoming an inhibitory effect of
Replicative Protein A (RPA), an abundant protein that has
high affinity for ssDNA (36,37). The RADS51 nucleoprotein
filament formed on ssDNA then searches for homologous
dsDNA and invades it to form joint molecules (D-loops)
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that provide a template and a primer to recover the DNA
lost at the site of DSB. However, the mediator activity was
not demonstrated for human RADS2 in vitro (38).

RADS2 possesses ssDNA annealing activity both in vitro
and in vivo which can contribute to HR in several differ-
ent ways (30,39,40). This activity was implicated in the sec-
ond DNA end capture during RADS51-dependent DSB re-
pair resulted in formation of double D-loops and then of
Holliday junctions (41-43). It was also proposed that the
ssDNA annealing activity of RADS52 may be responsible
for a step that follows DNA repair synthesis and D-loop
dissociation: re-annealing of the displaced ssDNA with the
second DNA end of the DSB (42). In addition, RADS52
ssDNA annealing activity may also contribute to HR in
a RADS1-independent manner. Genetic data indicate that
this activity may be responsible for the error-prone DNA
single-strand annealing (SSA) sub-pathway of HR, which
is independent of RADS1 (44). Furthermore, biochemical
data show that RADS52, similar to RADSI, is able to pro-
mote D-loop formation, albeit with lower efficiency (45),
suggesting that RADS2 may potentially substitute RADS1
in some HR events.

Importantly, the RADS52-dependent mechanism of DSB
repair is essential for viability in mammalian cells that are
defective in BRCA1, BRCA2, PALB2, or in five RADS5I1
paralogs (9,10). Synthetic lethality provides a conceptual
framework for discovering drugs that selectively kill can-
cer cells while sparing normal tissues (7,8,46). In the cur-
rent paper we exploited synthetic lethality between the
RADS52 and BRCAI1&2 genes (9,10). We proposed that tar-
geting of RADS2 with small molecule inhibitors will dis-
rupt the RADS52-dependent HR sub-pathway in BRCA1-
and BRCA2-deficient cells causing their lethality. The data
with peptide aptamer that disrupts RADS52 binding to ss-
DNA supported this hypothesis (16). RADS2 represents
an attractive potential therapeutic target also because no
RADS2 mutations or inactivation has been documented in
human tumors (10). Using HTS, we identified several small
molecule compounds that specifically inhibit RADS52 ss-
DNA annealing and DNA pairing activities. Importantly,
the selected inhibitors of two different chemotypes showed
inhibitory effect on tested BRCA1- and BRCA2-deficient
cells. The compound, D-103, with the strongest inhibitory
effect in human cells also selectively inhibited the growth
of CML patient cells, in which the expression of BRCA1
was constitutively reduced (27). Finally, RADS52 inhibitors
D-103 and, to smaller extent, D-G23 also disrupted forma-
tion of RADS2 foci induced by cisplatin. At the same time,
D-103 had no significant effect on formation of cisplatin-
induced RADS5I foci indicating specific targeting of RADS52
in cells. In addition, D-I03 seems to have a low genotoxic-
ity, as it did not induce RADS52 or RADS51 foci in BRCA1-
defecient or BRCA1-proficient cells, respectively. In accord
with specific targeting RADS2 in human cells, D-103 inhib-
ited the SSA in USO?2 cells, without significantly affecting
canonical HDR. Previously, genetic experiments demon-
strated that in mammalian cells RADS2 plays an important
role in SSA, but not in HDR (30).

Structurally six RADS52 inhibitors that show the biologi-
cal effect in human cells belong to two scaffolds, the quino-
line and quinazoline (Supplementary Figure S3). These



4198 Nucleic Acids Research, 2016, Vol. 44, No. 9

scaffolds represent attractive starting points for medicinal
chemistry optimization as at least three distinct regions of
these chemotypes can be readily modified. Another impor-
tant aspect to evaluate in prospective chemotypes is their
calculated property profile. Gratifyingly, both chemotypes,
represented by D-103 and D-G23, have calculated proper-
ties within ranges generally considered ‘drug-like’ and fa-
vorable for important parameters such as oral bioavailabil-
ity (Supplementary Table S2).

Previously, it was demonstrated that the N’-terminal do-
main is responsible for ssDNA annealing and DNA pair-
ing activities of RADS2 (47). Therefore, we suggest that
the selected compounds may specifically target this domain.
However, more work is needed to investigate the mecha-
nism of action of the inhibitors. We propose that RADS52
inhibitors can be used as prototypes for development of
novel therapies against hereditary breast cancer and ovar-
ian cancers with defective BRCA1 or BRCA2 proteins. This
therapy can also be potentially applied against sporadic
cancers in which BRCA1 or BRCA?2 are either mutated or
downregulated, e.g. due to constitutive promoter methyla-
tion (48,49). Specific RADS52 inhibitors can also be used as
a research tool to study the RADS2 biochemical activities
and cellular functions.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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