wo 2017/015187 A1 [N I 0000 OO 00O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

26 January 2017 (26.01.2017)

WIPOIPCT

(10) International Publication Number

WO 2017/015187 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

International Patent Classification:

A61K 31/06 (2006.01) A61K 31/4709 (2006.01)
A61K 31/353 (2006.01) A61K 31/7048 (2006.01)
A61K 31/235 (2006.01) GOIN 33/574 (2006.01)

International Application Number:
PCT/US2016/042730

International Filing Date:
18 July 2016 (18.07.2016)

Filing Language: English
Publication Language: English
Priority Data:

62/193,908 17 July 2015 (17.07.2015) US
62/347,216 8 June 2016 (08.06.2016) US
Applicant: UNIVERSITY OF IOWA RESEARCH

FOUNDATION [US/US]; 112 North Capital Street, 6
Gilmore Hall, Iowa City, IA 52242 (US).

Inventors: SPIES, Michael, Ashley; 401 Mullin Avenue,
Iowa City, IA 52246 (US). SPIES, Maria; 401 Mullin Av-
enue, lowa City, [A 52246 (US). HENGEL, Sarah, R.;
710 5th Avenue Place, Coralville, IA 52241 (US).

Agents: MCBRIDE, Scott, M. et al.; Andrus Intellectual
Property Law, LLP, 100 East Wisconsin Avenue, Suite
1100, Milwaukee, WI 53202 (US).

(8D

(84)

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: HIGH THROUGHPUT SCREENING ASSAY FOR IDENTIFYING INHIBITORS OF RADS52 AND USES OF THE
IDENTIFIED INHIBITORS FOR TREATMENT AND/OR PREVENTION OF MALIGNACIES

(57) Abstract: Disclosed are methods, compositions, kits, and systems for identitying small- molecule drugs for treating cancer in a
subject. The disclosed methods, compositions, kits, and systems may be utilized to identify small-molecule inhibitors of radiation
sensitive protein 52 (RADS52) in order to treat cancer in a subject, such as breast cancer in a subject having a BRCA1- deficient,
BRCAZ2 -deficient, and/or PALB2 -deficient phenotype by administering the identified small-molecule inhibitors to the subject.



WO 2017/015187 PCT/US2016/042730

HIGH THROUGHPUT SCREENING ASSAY FOR IDENTIFYING INHIBITORS OF
RADS2 AND USES OF THE IDENTIFIED INHIBITORS FOR TREATMENT AND/OR
PREVENTION OF MALIGNANCIES

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0001] This invention was made with government support under RO1-GM097373

awarded by the National Institutes of Health. The government has certain rights in the invention.
CROSS-REFERENCE TO RELATED PATENT APPLICATIONS

[0002] The present application claims the benefit of priority under 35 U.S.C. § 119(e) to
U.S. Provisional Application No. 62/347,216, filed on June 8, 2016, and to U.S. Provisional
Application No. 62/193908, on July 17, 2015, the contents of which are incorporated herein by

reference in their entireties.
BACKGROUND

[0003] The field of the invention relates to methods, compositions, kits, and systems for
identifying small-molecule drugs for treating cancer in a subject. In particular, the field of the
invention relates to methods, compositions, kits, and systems for identifying small-molecule
inhibitors of radiation sensitive protein 52 (RADS52) for treating cancer in a subject, such as
breast cancer in a subject having a BRCAI-deficient, BRCA2-deficient, and/or PALB2-deficient
phenotype.

SUMMARY

[0004] Disclosed are methods, compositions, kits, and systems for identifying small-
molecule drugs for treating cancer in a subject. The disclosed methods, compositions, kits, and
systems may be utilized to identify small-molecule inhibitors of radiation sensitive protein 52
(RADS2) in order to treat cancer in a subject, such as breast cancer in a subject having a BRCA -

deficient, BRCA2-deficient, and/or PALB2-deficient phenotype.
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[0005] The disclosed method may include screening methods for identifying inhibitors of
RADS2 biological activity. The screening methods may include contacting RADS2 with a
compound and determining if the compound binds RADS52 and inhibits binding of RADS2 to
ssDNA.

[0006] Compounds identified by the screening methods may be formulated as
pharmaceutical compositions for treating cancers associated with RADS52 biological activity.
The disclosed methods of treating may include administering the pharmaceutical compositions to
a subject in need thereof in order to treat and/or prevent cancer or a cell proliferative disorder in
the subject, such as breast cancer, and in particular BRCA I-deficient, BRCA2-deficient, and/or
PALB2-deficient cancer.

[0007] Also disclosed are small-molecule inhibitors identified by the disclosed methods
for treating cancers associated with RADS2 biological activity, such as breast cancer in a subject
having a BRCAI-deficient, BRCA2-deficient, and/or PALB2-deficient phenotype. The identified
small-molecule inhibitors may be formulated as a pharmaceutical composition for treating

cancers associated with RADS2 biological activity.
BRIEF DESCRIPTION OF THE FIGURES

[0008] Figure 1: High Throughput Screening of the MicroSource SPECTRUM collection
identifies 12 compounds that inhibit the RAD52-ssDNA interaction. a) Control lanes from a 384
well: 16 negative control wells contain stoichiometric RADS2- Cy3-dT3o-Cy5 complexes (top
filled circles), while 16 positive control wells contain a stoichiometric RADS52- Cy3-dT3o-Cy5
complex challenged with unlabeled polydT100 (bottom filled circles). Top and bottom lines with
error bars at the ends indicate the average and the standard deviation for the negative and
positive controls, respectively. Z” factor of 0.94 was calculated for these control lanes, indicating
excellent reliability of the assay. b) A representative 384 well plate from the HTS screen
highlighting ‘7, *5°, ‘6°, *7’, and ‘15’. Top and bottom lines with error bars at the ends indicate
the average and the standard deviation for the negative and positive controls, respectively. c)
Average of cherry-picked rescreening of compounds identified from screening all plates in the

MicroSource SPECTRUM collection highlighting all 12 identified hits (numbered filled circles)
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along with a number of false positive compounds (non-numbered filled circles) that either
showed poor reproducibility in subsequent rescreening or a linear dependence of the signal on
the compound concentration. Top and middle lines with error bars at the ends indicate the

average and the standard deviation for the negative and positive controls, respectively.

[0009] Figure 2: Biochemical characterization of ‘/’. a) Aromatic region of the 1D 'H
NMR spectrum of compound ‘7’ alone (top line) and the WaterLOGSY spectrum of 20 uM
compound ‘7’ in the presence of 3.3 uM RADS52 (bottom line). The nonexchangeable proton
peaks are labeled using atom names as indicated on the structure of compound ‘7’. b) ICsy
values for inhibition of ssDNA binding and wrapping were determined using FRET-based assays
that follow the change in geometry of a Cy3-dT30-Cy5 substrate (black circles). Computed ICs
value is shown below the curve. Titration of the RAD52-dsDNA with ‘7’ (grey boxes) shows no
perturbation of the dsDNA binding. ¢) ICsy values for inhibition of RADS52-mediated ssDNA
annealing were determined by fitting the dependence of the extent of oligonucleotide-based
annealing reaction carried in the presence of increasing concentration of ‘/’. d) Aromatic region
of the 1D '"H NMR spectrum of compound ‘7’ alone (top line) and the WaterLOGSY spectrum
of 20 uM compound ‘7’ in the presence of 3.3 uM RPA (bottom). e) Titration of the RADS52-
RPA- Cy3-dT3p-CyS complex with ‘7’ (black circles). Computed ICsy value is shown below the
curve. Green squares show titration of the RPA- Cy3-dT3)-CyS complex with 7’ f) ICsy values
for inhibition of RADS52-mediated annealing of the RPA-coated ssDNA were determined by
fitting the dependence of the extent of the annealing reaction carried out in the presence of

increasing concentration of ‘7.

[0010] Figure 3: Stoichiometric complexes of RAD52 with ssDNA, RPA-coated ssDNA
and dsDNA yield characteristic FRET values. a) FRET measurements were performed by
titrating RADS2 protein into a solution containing 1 nM Cy3-dT30-Cy5 ssDNA. The Cy3
fluorescence was excited directly and the emissions of Cy3 and Cy5 dyes were measured, and
the respective FRET values calculated as described in the Materials and Methods. The highest
separation in the FRET signal of unbound ssDNA and RADS52-ssDNA complex was achieved
around 8nM RADS2. At this concentration one RADS52 heptameric ring binds and wraps the
ssDNA oligonucleotide bringing the Cy3 and CyS5 dyes close to one another. The details and
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control experiments for these measurements can be found in (Grimme et al., 2010, Grimme and
Spies, 2011). Each data point represents average and standard deviation for at least three
independent titrations. b) The titrations were performed similarly to those shown in a, except
InM RPA was added to a solution containing 1 nM Cy3-dT3¢-Cy5 ssDNA prior to titration of
RADS2. Under our experimental conditions, RPA forms stoichiometric complexes with the 30-
mer DNA oligonucleotide with 1 RPA coating 1 molecule of ssDNA. The data points and error
bars represent averages and standard deviation for three or more independent titrations. c) The
titrations were performed similarly to those shown in a, except 1 nM dsDNA (Cy3-0ligo28-Cy5
annealed to Oligo28-REV) was used as a substrate. Stoichiometric complexes are achieved at 10
nM RADS52. The data points and error bars represent averages and standard deviation for three or

more independent titrations.

[0011] Figure 4: RAD52 FRET based ssDNA annealing assay in the presence of small
molecules. a) Schematic of the FRET based annealing reaction. In two half-reactions,
stoichiometric amounts of RADS52 were incubated with Target28Cy3 and Probe28CyS5
oligonucleotides, respectively. Upon mixing of the two half-reactions, RADS52 facilitated
annealing of the two complementary oligonucleotides, which can be observed as an increase in
FRET between Cy3 and Cy5 dyes. b) Annealing reactions performed in the absence (top line) or
presence of increasing concentrations of ‘/’. The average of three or more independent annealing
reactions are shown for each curve. Grey continuous lines show fits to double exponentials.
Bottom dots correspond to the DNA only reaction and the annealing reaction containing the

DNA and 100 pM ‘7.

[0012] Figure 5: None of the tested compounds affect the oligomeric state of RADS52
protein. Possible effect of the identified compounds on the oligomeric state of RADS?2 protein
was probed in the dynamic light scattering experiments, which measured the average
hydrodynamic radius of RADS52 (15.8 uM) alone or in the presence of equimolar concentrations
of each compound. Measurements were recorded at 25°C in buffer containing 50 mM Tris-HCl
pH7.5, 200 mM KCl, 1mM DTT, and 0.5 mM EDTA. A total of 10 measurements with 10

accumulations were collected, had monomodal distributions, and sum of squares (SOS) values of
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< 0.65. Measurements were recorded with a DynaPro NanoStar (Wyatt Tech. Corp.) and the
hydrodynamic radius were calculated with the DYNAMICS software.

[0013] Figure 6: Compounds ‘I’ and ‘6> have no effect on the interaction between
RADS52 and RPA proteins. Ni-NTA Agarose (15 uL buffer equilibrated bead slurry) was
incubated with 3 uM RADS52, 3 uM RPA in the presence or absence of 3 uM ‘I’ or ‘6’, in the
binding buffer (30 mM Tris-Acetate pH7.5, 1 mM BME, 150 mM KCI, 30 mM Imidazole, 5%
glycerol, and 0.2% Nonidet P40 substitute). After 30 minutes incubation on a neutator at 4°C
samples were spun down, and the aliquots of unbound (“free”) proteins from each reaction were
saved. Then the beads were washed and the bound proteins were eluted with 20 uL elution buffer
(the same as the binding buffer, but with 400 mM Imidazole) and saved for gel electrophoresis.
Free proteins and proteins co-eluted from the beads (“bound”) were separated on the 12% SDS
PAGE gel. Lane 1 is a loading control, which shows RADS52 and the three subunits of RPA
(RPA70, RPA35, and RPA14). The proteins and the compounds present in each reaction are
indicated in the table above the gel. The carton on the left of the gel schematically depicts the
experiment: RADS2 protein binds to the Ni-NTA beads through the interaction with its 6xHis
tag; RPA is untagged and can be retained on the beads only through a specific interaction with
RADS2 (Grimme et al., 2010). The experiment was repeated three times (a representative gel is
shown) and no change in the ratio of RADS52 and RPA co-eluted from the beads in the presence

and absence of ‘1’ or ‘6’ was detected.

[0014] Figure 7: Biochemical characterization of ‘6’. a) Aromatic region of the 1D 'H
NMR spectrum of compound ‘6’ alone (top line) and the WaterLOGSY spectrum of 40 uM
compound ‘6’ in the presence of 3.3 uM RADS52 (bottom line). The nonexchangeable proton
peaks are labeled using atom names as indicated on the structure of compound ‘6’. b) ICsg
values for inhibition of ssDNA binding and wrapping were determined using FRET-based assays
that follow the change in geometry of a Cy3-dT30-Cy5 substrate (black circles). Computed ICs
value is shown above the curve. Titration of the RADS52-dsDNA with ‘6’ (grey boxes) shows
that this inhibitor also perturbs the RADS52-dsDNA interaction. ¢) ICsy values for inhibition of
RADS52-mediated ssDNA annealing were determined by fitting the dependence of the extent of

oligonucleotide-based annealing reaction carried in the presence of increasing concentration of
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‘6’. d) Aromatic region of the 1D 'H NMR spectrum of compound ‘6’ alone (top line) and the
WaterLOGSY spectrum of 40 uM compound ‘6’ in the presence of 3.3 uM RPA (bottom line).
e) Titration of the RAD52-RPA- Cy3-dT3,-Cy5 complex with ‘6’ (black circles). Computed ICs
value is shown below the curve. Green squares show titration of the RPA-Cy3-dT3,-Cy5
complex with ‘6°. f) ICsq values for inhibition of RADS52-mediated annealing of the RPA-coated
ssDNA were determined by fitting the dependence of the extent of the annealing reaction carried

out in the presence of increasing concentration of ‘6’.

[0015] Figure 8: Virtual screening places the RADS52 inhibitors within the ssDNA
binding groove. a) Three individual monomers of the RADS2-NTD undecameric ring (PDB
1KNO) are shown. ‘7’ and ‘6’ occupy similar sites at the interface of two subunits. Two dashed
grey lines in each panel indicate the approximate boundaries of the ssDNA-binding groove. b).
MOE ligand maps highlight water mediated interactions as well as interactions with amino acids.
‘I’ likely mediates interactions through R55, V128, E140, and E145, as well as through water
contacts made with G59, M56, and K141. ‘6’ likely binds via hydrogen bonding via D149 and
1166 as well as through water interactions with E140, K144, and R153.

[0016] Figure 9: [Inhibiting the RAD52-ssDNA interaction interferes with
RADS52/MUS81-mediated DSB formation essential for replication fork recovery in check point
deficient cells. a) Representative images showing fields of cells from the comet assay for
untreated, as well as from UCNO1 (300 nM) and HU (2 mM) treated cells in the presence and
absence of ‘/’, ‘6’, and siRADS52.b) ‘I’ and ‘6’ at 1 or 25uM recapitulate RADS52 depletion.
GM1604 cells, transfected or not with siRNAs against RADS2, were treated as indicated, in the
presence or absence of the inhibitor. At the end of treatment, DSBs were analyzed by neutral
comet assay. Data are presented as the mean + SEM from two independent experiments; p values
are shown in the graph when differences are statistically significant. c-d) Inhibitors /" and ‘6’,
respectively decrease the mean tail moment following HU treatment with ICsy values ranging
from mid nanomolar to low micromolar. Cells were treated as in (b). Data are from three

independent experiments.

[0017] Figure 10: Compound ‘1’ does not affect MUS81 activity. a) GM01604 wild-
type fibroblasts were transfected with CTRL or MUS81 siRNA. Forty eight hours after
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transfection the fibroblasts were lysed and analysed by WB with the indicated antibodies. b)
Forty eight hours after transfection, GM01604 cells were exposed to 0.2uM aphidicolin (APH)
for 24h in the presence (grey bars) or absence (white bars) of increasing concentration of ‘7’
added in the last 3h before aphidicolin treatment. Results are presented as mean+SEM from two
independent replicates. c¢) The presence of anaphase bridges, as shown in the representative

images, was scored in DAPI-stained cells. The white bars indicate 10um.

[0018] Figure 11: Inhibition of ssDNA binding by RADS52 is sufficient to stimulate cell
death in the absence of the MUS81 nuclease or BRCA?2 tumor suppressor. a) The WB shows the
analysis of RNAi. b) Evaluation of cell death after replication stress. Forty eight hours after
transfection with the BRCA2 or MUSS81 siRNAs, alone or in combination, the GM01604 cells
were treated with compound ‘7’ or solvent (DMSQO). Where indicated, the CHK1 inhibitor UCN-
01 and HU was added and the cells were treated for 6h, followed by 18h of recovery in drug-free
medium. Compound ‘/” was present during the 6h of treatment. Cell viability was evaluated by
LIVE/DEAD assay as described in “Materials and Methods”. Data are presented as percentage of
dead cells and are mean values from three independent experiments. Error bars represent SEM.
The numbers shown in the graph represent the p value; the first p value of each pair refers to
untreated cells while the second to the treated cells (2 way ANOVA). ¢) Representative images

of live cells (green) and dead cells (red).

[0019] Figure 12: Inhibition of ssDNA binding to RADS52 is sufficient to stimulate cell
death in the absence of the BRCA2 tumor suppressor. a) Western blot analysis of BRCA2,
RADS52, and GAPDH (loading control) protein levels in GM01604 cells treated with Cirl,
BRCAZ2, and RADS2 siRNAs. b) Evaluation of cell death after replication stress in cells treated
with ‘1°. GM01604 cells were transfected with the RAD52 or BRCA2 siRNAs, alone or in
combination, and 48h thereafter treated as indicated. The ‘/’ inhibitor or solvent (DMSO) was
added to media 1h prior to replication stress. Cell viability was evaluated by LIVE/DEAD assay
as described in the “Materials and Methods”. Data are presented as percentage of dead cells and
are mean values from three independent experiments. Error bars represent standard error. The

numbers shown in the graph represent the p value; the first p value of each pair refers to
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untreated cells while the second to the treated cells (2 way ANOVA). ¢) Representative images:

live cells are stained green, while dead cells are red.

[0020] Figure 13: In silico screening campaign identifies novel small molecule that
inhibits the RADS52-ssDNA interaction. a) Docking workflow involved RADS2-NTD
undecameric ring (PDB 1KNO) pre-processing, AnalytiCon Discovery MEGx Natural Products
Screening Library pre-processing, and classical docking using the Dock utility of MOE. Top
ranking poses (those with the lowest energy scores from the London dG scoring function) were
subjected to a refining docking step involving force field-based energy minimization. From these
complexes, predicted binding free energies were calculated. Workflow validation involved
RADS2-NTD pre-processing, pre-processing of ‘/” and associated decoys (DUD-E), followed by
classical docking and score ranking. ROC curves were then generated and analyzed. Scores of
the conformations of inhibitor compounds and of conformations of their respective decoy
compounds were compared. b) Docking scores (kcal/mol) for the individual conformations of
compound ‘7’ and decoy compounds were binned and plotted as histograms. The low docking
scores, as indicated by the more negative predicted free energies of ‘/’ when compared to
decoys, indicate more favorable poses, and highlight a distinct separation between true positives
and true negatives. c) Receiving-operating characteristic (ROC) curve shows that the classifier
used, i.e. the scoring function, was close to optimal in distinguishing compound ‘I’
conformations from those of decoys confirmed by AUC analysis yielding a value of 0.9973. d)
Electrostatic surface potential of three monomers of the RADS52-NTD undecameric ring (PDB
1KNO) depicting NP-004255 within the ssDNA binding groove. ). MOE ligand maps highlight
water mediated interactions with E145 and D149 as well as via hydrogen bonding with amino

acids R55.

[0021] Figure 14: Biochemical characterization of NP-004255. a) Aromatic region of the
1D 'H NMR spectrum of compound NP-004255 alone (top line) and the WaterLOGSY spectrum
of 40 uM compound NP-004255 in the presence of 3.3 uM RADS52 (bottom line). The
nonexchangeable proton peaks are labeled using atom names as indicated on the structure of
compound NP-004255. b) ICsy values for inhibition of ssDNA binding and wrapping were
determined using FRET-based assays that follow the change in geometry of a Cy3-dT30-Cy5
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substrate (black circles). Computed ICsp value is shown above the curve. Titration of the
RADS52-dsDNA with NP-004255 (grey boxes) shows that this inhibitor does not perturb the
RADS52-dsDNA interaction. ¢) Aromatic region of the 1D 'H NMR spectrum of compound NP-
004255 alone (top line) and the WaterLOGSY spectrum of 40 uM compound NP-004255 in the
presence of 3.3 uM RPA (bottom line). d) Titration of the RAD52-RPA- Cy3-dT3p-Cy5 complex
with NP-004255 (black circles). Computed ICsy value is shown below the curve. Bottom line
shows titration of the RPA- Cy3-dT3p-Cy5 complex with NP-004255 indicating NP-004255 does
not perturb the RPA-ssDNA interaction.

DETAILED DESCRIPTION

[0022] Disclosed are methods, compositions, kits, and systems for identifying small-
molecule drugs for treating cancer in a subject. The disclosed methods, compositions, kits, and
systems may be utilized to identify small-molecule inhibitors of radiation sensitive protein 52
(RADS2) in order to treat cancer in a subject, such as breast cancer in a subject having a BRCAI-
deficient, BRCA2-deficient, and/or PALB2-deficient phenotype. The disclosed methods,

compositions, kits, and systems may be further described and defined as follows.

[T L I

[0023] Unless otherwise specified or indicated by context, the terms “a”, “an”, and “the”
mean “one or more.” In addition, singular nouns such as “RADS52 inhibitor” should be

interpreted to mean “one or RADS2 inhibitors.”

EEINNT3

[0024] As used herein, “about”, “approximately,” “substantially,” and “significantly”
will be understood by persons of ordinary skill in the art and will vary to some extent on the
context in which they are used. If there are uses of the term which are not clear to persons of
ordinary skill in the art given the context in which it is used, “about” and “approximately” will
mean plus or minus <10% of the particular term and “substantially” and “significantly” will

mean plus or minus >10% of the particular term.

[0025] As used herein, the terms “include” and “including” have the same meaning as the
terms “comprise” and “comprising.” The terms “comprise” and “comprising” should be

interpreted as being “open” transitional terms that permit the inclusion of additional components
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further to those components recited in the claims. The terms “consist” and “consisting of”
should be interpreted as being “closed” transitional terms that do not permit the inclusion of
additional components other than the components recited in the claims. The term “consisting
essentially of” should be interpreted to be partially closed and allowing the inclusion only of

additional components that do not fundamentally alter the nature of the claimed subject matter.

[0026] The terms “subject,” “patient,” or “host” may be used interchangeably herein and
may refer to human or non-human animals. Non-human animals may include, but are not

limited to non-human primates, dogs, cats, and mice.

[0027] The terms “subject,” “patient,” or “individual” may be used to a human or non-
human animal having or at risk for acquiring a cell proliferative disease or disorder. Individuals
who are treated with the compositions disclosed herein may be at risk for cancer or may have
already acquired cancer including cancers associated with RADS2 biological activity including
breast cancer and in particular breast cancer in a subject having a BRCA-deficient, BRCA2-
deficient, and/or PALB2-deficient phenotype. Other cancers that may be associated with RADS2
biological activity may include but are not limited to adenocarcinoma, lymphoma, melanoma,
myeloma, sarcoma, and teratocarcinoma and particularly cancers of the adrenal gland, bladder,
bone, bone marrow, brain, cervix, gall bladder, ganglia, gastrointestinal tract, heart, kidney, liver,

lung, muscle, ovary, pancreas, parathyroid, prostate, skin, testis, thymus, and uterus.

[0028] The terms “subject,” “patient,” or “individual” may be a human having breast and
a BRCAI, BRCA2, or PALB?2 deficient phenotype, as understood in the art. (See Prakash R.,
ZHANG, Y., FENG, W. & JASIN, M. 2015. Homologous Recombination and Human Health:
The Roles of BRCA1, BRCA2, and Associated Proteins. Cold Spring Harbor Perspectives in
Biology, 7, the content of which is incorporated herein by reference in its entirety). A subject
that is deficient in BRCAI, BRCA2, or PALB2 may include a subject having one or more
mutations in BRCAI, BRCA2, or PALB?2 that render the encoded protein product of BRCAI,
BRCA2, or PALB2 non-expressed, defective, or non-operable. A subject that is deficient in
BRCAI, BRCA2, or PALB2 may include a subject that is homozygous for one or mutations in
BRCAI, BRCA2, or PALB2 that render the encoded protein product of BRCAI, BRCA2, or

PALB?2 non-expressed, defective, or non-operable.
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[0029]

be referred to as “small-molecule compounds.” In referring to the compounds disclosed herein,

Compounds and uses thereof are disclosed herein. The disclosed compounds may

the term “alkyl” includes a straight-chain or branched alkyl radical in all of its isomeric forms.
Similarly, the term “alkoxy” refers to any alkyl radical which is attached via an oxygen atom
(i.e., a radical represented as “alkyl-O-*"). As used herein, an asterick “*” or plus sign “+” is

used to designate the point of attachment for any radical group or substituent group.

[0030]

compound that provides the specific pharmacological response for which the drug is

As used herein, the phrase “effective amount” shall mean that drug dosage of a

administered in a significant number of patients in need of such treatment. An effective amount
of a drug that is administered to a particular patient in a particular instance will not always be
effective in treating the conditions/diseases described herein, even though such dosage is deemed

to be a therapeutically effective amount by those of skill in the art.

[0031]
(RADS52), which may have the following amino acid sequence (GenBank: AAA85793.1) (SEQ
ID NO:1):

The present application relates to Radiation Sensitive Protein 52 [Homo sapiens]
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[0032]

but are not limited to, homo-oligomerization, binding to ssSDNA (optionally in the presence of

As would be understood in the art, RADS52 has biological activities that include,

Recombinase protein A (RPA)), and annealling of ssDNA (optionally in the presence of RPA)).
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[0033] The disclosed compounds may modulate the biological activity of RAD52. As
used herein, the term “modulate” means decreasing or inhibiting activity and/or increasing or
augmenting activity. For example, modulating RADS2 biological activity means decreasing or
inhibiting RADS52 biological activity and/or increasing or augmenting RADS52 biological
activity. The compounds disclosed herein may be administered to modulate RADS?2 biological
activity for example, as an inhibitor, a chaperone, or an activator. Preferably, the disclosed

compounds inhibit one or more biological activities of RADS2.

[0034] The compounds disclosed herein may have several chiral centers, and
stereoisomers, epimers, and enantiomers are contemplated. In the formulas disclosed herein,
unless indicated, a formula should be interpreted to encompass all stereoisomers, epimers, and
enantiomers of the formula. The compounds may be optically pure with respect to one or more
chiral centers (e.g., some or all of the chiral centers may be completely in the S configuration;
some or all of the chiral centers may be completely in the R configuration; etc.). Additionally or
alternatively, one or more of the chiral centers may be present as a mixture of configurations
(e.g., a racemic or another mixture of the R configuration and the S configuration).
Compositions comprising substantially purified stereoisomers, epimers, or enantiomers, or
analogs or derivatives thereof are contemplated herein (e.g., a composition comprising at least
about 90%, 95%, or 99% pure stereoisomer, epimer, or enantiomer.) As used herein, formulae
which do not specify the orientation at one or more chiral centers are meant to encompass all

orientations and mixtures thereof.

[0035] The compounds employed in the compositions and methods disclosed herein may
be administered as pharmaceutical compositions and, therefore, pharmaceutical compositions
incorporating the compounds are considered to be embodiments of the compositions disclosed
herein. Such compositions may take any physical form which is pharmaceutically acceptable;
illustratively, they can be orally administered pharmaceutical compositions. Such
pharmaceutical compositions contain an effective amount of a disclosed compound, which
effective amount is related to the daily dose of the compound to be administered. Each dosage
unit may contain the daily dose of a given compound or each dosage unit may contain a fraction

of the daily dose, such as one-half or one-third of the dose. The amount of each compound to be
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contained in each dosage unit can depend, in part, on the identity of the particular compound
chosen for the therapy and other factors, such as the indication for which it is given. The
pharmaceutical compositions disclosed herein may be formulated so as to provide quick,
sustained, or delayed release of the active ingredient after administration to the patient by

employing well known procedures.

[0036] The compounds for use according to the methods of disclosed herein may be
administered as a single compound or a combination of compounds. For example, a compound
that modulates RADS2 biological activity may be administered as a single compound or in
combination with another compound that modulates RADS52 biological activity or that has a

different pharmacological activity.

[0037] As indicated above, pharmaceutically acceptable salts of the compounds are
contemplated and also may be utilized in the disclosed methods. The term “pharmaceutically
acceptable salt” as used herein, refers to salts of the compounds which are substantially non-
toxic to living organisms. Typical pharmaceutically acceptable salts include those salts prepared
by reaction of the compounds as disclosed herein with a pharmaceutically acceptable mineral or
organic acid or an organic or inorganic base. Such salts are known as acid addition and base
addition salts. It will be appreciated by the skilled reader that most or all of the compounds as
disclosed herein are capable of forming salts and that the salt forms of pharmaceuticals are
commonly used, often because they are more readily crystallized and purified than are the free

acids or bases.

[0038] Acids commonly employed to form acid addition salts may include inorganic
acids such as hydrochloric acid, hydrobromic acid, hydroiodic acid, sulfuric acid, phosphoric
acid, and the like, and organic acids such as p-toluenesulfonic, methanesulfonic acid, oxalic acid,
p-bromophenylsulfonic acid, carbonic acid, succinic acid, citric acid, benzoic acid, acetic acid,
and the like. Examples of suitable pharmaceutically acceptable salts may include the sulfate,
pyrosulfate, bisulfate, sulfite, bisulfate, phosphate, monohydrogenphosphate,
dihydrogenphosphate, metaphosphate, pyrophosphate, bromide, iodide, acetate, propionate,
decanoate, caprylate, acrylate, formate, hydrochloride, dihydrochloride, isobutyrate, caproate,

heptanoate, propiolate, oxalate, malonate, succinate, suberate, sebacate, fumarate, maleat-,
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butyne-.1,4-dioate, hexyne-1,6-dioate, benzoate, chlorobenzoate, methylbenzoate,
hydroxybenzoate, methoxybenzoate, phthalate, xylenesulfonate, phenylacetate,

phenylpropionate, phenylbutyrate, citrate, lactate, alpha-hydroxybutyrate, glycolate, tartrate,
methanesulfonate,  propanesulfonate, = naphthalene-1-sulfonate,  naphthalene-2-sulfonate,

mandelate, and the like.

[0039] Base addition salts include those derived from inorganic bases, such as
ammonium or alkali or alkaline earth metal hydroxides, carbonates, bicarbonates, and the like.
Bases useful in preparing such salts include sodium hydroxide, potassium hydroxide, ammonium
hydroxide, potassium carbonate, sodium carbonate, sodium bicarbonate, potassium bicarbonate,

calcium hydroxide, calcium carbonate, and the like.

[0040] The particular counter-ion forming a part of any salt of a compound disclosed
herein is may not be critical to the activity of the compound, so long as the salt as a whole is
pharmacologically acceptable and as long as the counterion does not contribute undesired
qualities to the salt as a whole. Undesired qualities may include undesirably solubility or

toxicity.

[0041] Pharmaceutically acceptable esters and amides of the compounds can also be
employed in the compositions and methods disclosed herein. Examples of suitable esters include
alkyl, aryl, and aralkyl esters, such as methyl esters, ethyl esters, propyl esters, dodecyl esters,
benzyl esters, and the like. Examples of suitable amides include unsubstituted amides,
monosubstituted amides, and disubstituted amides, such as methyl amide, dimethyl amide,

methyl ethyl amide, and the like.

[0042] In addition, the methods disclosed herein may be practiced using solvate forms of
the compounds or salts, esters, and/or amides, thereof. Solvate forms may include ethanol

solvates, hydrates, and the like.

[0043] The pharmaceutical compositions may be utilized in methods of treating a disease
or disorder associated with RADS52 biological activity. For example, the pharmaceutical

compositions may be utilized to treat patients having or at risk for acquiring a proliferative
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disease or disorder such as cancer, and in particular, breast cancer (e.g., BRCA I-deficient,

BRCA?2-deficient, and/or PALB2-deficient breast cancer).

[0044] As used herein, the terms "treating" or "to treat” each mean to alleviate
symptoms, eliminate the causation of resultant symptoms either on a temporary or permanent
basis, and/or to prevent or slow the appearance or to reverse the progression or severity of
resultant symptoms of the named disease or disorder. As such, the methods disclosed herein

encompass both therapeutic and prophylactic administration.

[0045] As used herein the term "effective amount” refers to the amount or dose of the
compound, upon single or multiple dose administration to the subject, which provides the
desired effect in the subject under diagnosis or treatment. The disclosed methods may include
administering an effective amount of the disclosed compounds (e.g., as present in a
pharmaceutical composition) for treating a disease or disorder associated with RADS52 biological

activity.

[0046] An effective amount can be readily determined by the attending diagnostician, as
one skilled in the art, by the use of known techniques and by observing results obtained under
analogous circumstances. In determining the effective amount or dose of compound
administered, a number of factors can be considered by the attending diagnostician, such as: the
species of the subject; its size, age, and general health; the degree of involvement or the severity
of the disease or disorder involved; the response of the individual subject; the particular
compound administered; the mode of administration; the bioavailability characteristics of the
preparation administered; the dose regimen selected; the use of concomitant medication; and

other relevant circumstances.

[0047] A typical daily dose may contain from about 0.01 mg/kg to about 100 mg/kg
(such as from about 0.05 mg/kg to about 50 mg/kg and/or from about 0.1 mg/kg to about 25

mg/kg) of each compound used in the present method of treatment.

[0048] Compositions can be formulated in a unit dosage form, each dosage containing

from about 1 to about 500 mg of each compound individually or in a single unit dosage form,
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such as from about 5 to about 300 mg, from about 10 to about 100 mg, and/or about 25 mg. The
term "unit dosage form" refers to a physically discrete unit suitable as unitary dosages for a
patient, each unit containing a predetermined quantity of active material calculated to produce
the desired therapeutic effect, in association with a suitable pharmaceutical carrier, diluent, or

excipient.

[0049] Oral administration is an illustrative route of administering the compounds
employed in the compositions and methods disclosed herein. Other illustrative routes of
administration include transdermal, percutaneous, intravenous, intramuscular, intranasal, buccal,
intrathecal, intracerebral, or intrarectal routes. The route of administration may be varied in any
way, limited by the physical properties of the compounds being employed and the convenience

of the subject and the caregiver.

[0050] As one skilled in the art will appreciate, suitable formulations include those that
are suitable for more than one route of administration. For example, the formulation can be one
that is suitable for both intrathecal and intracerebral administration. Alternatively, suitable
formulations include those that are suitable for only one route of administration as well as those
that are suitable for one or more routes of administration, but not suitable for one or more other
routes of administration. For example, the formulation can be one that is suitable for oral,
transdermal, percutaneous, intravenous, intramuscular, intranasal, buccal, and/or intrathecal

administration but not suitable for intracerebral administration.

[0051] The inert ingredients and manner of formulation of the pharmaceutical
compositions are conventional. The usual methods of formulation used in pharmaceutical
science may be used here. All of the usual types of compositions may be used, including tablets,
chewable tablets, capsules, solutions, parenteral solutions, intranasal sprays or powders, troches,
suppositories, transdermal patches, and suspensions. In general, compositions contain from
about 0.5% to about 50% of the compound in total, depending on the desired doses and the type
of composition to be used. The amount of the compound, however, is best defined as the
"effective amount”, that is, the amount of the compound which provides the desired dose to the
patient in need of such treatment. The activity of the compounds employed in the compositions

and methods disclosed herein are not believed to depend greatly on the nature of the
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composition, and, therefore, the compositions can be chosen and formulated primarily or solely

for convenience and economy.

[0052] Capsules are prepared by mixing the compound with a suitable diluent and filling
the proper amount of the mixture in capsules. The usual diluents include inert powdered
substances (such as starches), powdered cellulose (especially crystalline and microcrystalline
cellulose), sugars (such as fructose, mannitol and sucrose), grain flours, and similar edible

powders.

[0053] Tablets are prepared by direct compression, by wet granulation, or by dry
granulation.  Their formulations usually incorporate diluents, binders, lubricants, and
disintegrators (in addition to the compounds). Typical diluents include, for example, various
types of starch, lactose, mannitol, kaolin, calcium phosphate or sulfate, inorganic salts (such as
sodium chloride), and powdered sugar. Powdered cellulose derivatives can also be used. Typical
tablet binders include substances such as starch, gelatin, and sugars (e.g., lactose, fructose,
glucose, and the like). Natural and synthetic gums can also be used, including acacia, alginates,
methylcellulose, polyvinylpyrrolidine, and the like. Polyethylene glycol, ethylcellulose, and

waxes can also serve as binders.

[0054] Tablets can be coated with sugar, e.g., as a flavor enhancer and sealant. The
compounds also may be formulated as chewable tablets, by using large amounts of pleasant-
tasting substances, such as mannitol, in the formulation. Instantly dissolving tablet-like
formulations can also be employed, for example, to assure that the patient consumes the dosage

form and to avoid the difficulty that some patients experience in swallowing solid objects.

[0055] A lubricant can be used in the tablet formulation to prevent the tablet and punches
from sticking in the die. The lubricant can be chosen from such slippery solids as talc,

magnesium and calcium stearate, stearic acid, and hydrogenated vegetable oils.

[0056] Tablets can also contain disintegrators. Disintegrators are substances that swell
when wetted to break up the tablet and release the compound. They include starches, clays,

celluloses, algins, and gums. As further illustration, corn and potato starches, methylcellulose,
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agar, bentonite, wood cellulose, powdered natural sponge, cation-exchange resins, alginic acid,

guar gum, citrus pulp, sodium lauryl sulfate, and carboxymethylcellulose can be used.

[0057] Compositions can be formulated as enteric formulations, for example, to protect
the active ingredient from the strongly acid contents of the stomach. Such formulations can be
created by coating a solid dosage form with a film of a polymer which is insoluble in acid
environments and soluble in basic environments. Illustrative films include cellulose acetate
phthalate, polyvinyl acetate phthalate, hydroxypropyl methylcellulose phthalate, and

hydroxypropyl methylcellulose acetate succinate.

[0058] As one skilled in the art will also appreciate, the formulation can be prepared with
materials (e.g., actives excipients, carriers (such as cyclodextrins), diluents, efc.) having
properties (e.g., purity) that render the formulation suitable for administration to humans.
Alternatively, the formulation can be prepared with materials having purity and/or other
properties that render the formulation suitable for administration to non-human subjects, but not

suitable for administration to humans.

[0059] Methods for Treating Cancers Associated with RAD52 Biological Activity

[0060] Disclosed are methods for treating cancers. Particularly disclosed are methods for
treating cancers that are associated with RADS52 biological activity. The disclosed methods

typically include administering a therapeutic agent that inhibits the biological activity of RADS2.

[0061] The disclosed methods may be practiced for treating breast cancer in a subject in
need thereof. Suitable breast cancers that may be treated by the methods may include, but are
not limited to BRCA1-deficient breast cancer, BRCA2-deficient breast cancer, and PALB2-

deficient cancer.

[0062] The therapeutic agent that is administered in the disclosed methods typically
inhibits one or more biological activities of RADS52. In some embodiments, the therapeutic
agent binds to RADS52, preferably with a Ky, of less than about 100, 50, 20, 10, 5, 2, 1, 0.5, 0.2,
0.1, 0.05, 0.02, or 0.01 uM. In some embodiments, the therapeutic agent inhibits binding
between RADS2 and ssDNA, preferably with an ICsqy of less than about 100, 50, 20, 10, 5, 2, 1,
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0.5, 0.2, 0.1, 0.05, 0.02, or 0.01 uM. In some embodiments, the therapeutic agent inhibits
binding between RADS5?2 and ssDNA that is coated with Replication protein A (RPA) (i.e., RPA-
coated ssDNA), preferably with an ICsg of less than about 100, 50, 20, 10, 5, 2, 1, 0.5, 0.2, 0.1,
0.05, 0.02, or 0.01 uM. In some embodiments, the therapeutic agent inhibits RNAS52 annealling
of ssDNA (e.g., to another strand of ssDNA), preferably with an ICsq of less than about 100, 50,
20, 10, 5,2, 1, 0.5, 0.2, 0.1, 0.05, 0.02, or 0.01 uM. In some embodiments, the therapeutic agent
inhibits RADS52 annealling of RPA-coated ssDNA, preferably with an 1Csy of less than about
100, 50, 20, 10, 5, 2, 1, 0.5, 0.2, 0.1, 0.05, 0.02, or 0.01 uM.

[0063] The therapeutic agent utilized in the disclosed methods may be referred to as a
“small molecule compound.” In some embodiments, the small molecule compound is selected

from the following compounds, hydrates thereof, or pharmaceutically acceptable salts thereof:
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[0064] In further embodiments of the disclosed methods, the therapeutic agent

administered in the methods is a compound having a structure:
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wherein R' is H, C1-C6 alkyl, C1-C6 alkoxy, or  + R , wherein R'!, R"?, R",
RM, and R are each independently selected from H, -OH, halo, C1-C6 alkyl, and C1-C6
alkoxy; and

RZ, R? , R4, RS, R6, R7, RS, R’ and R'® are each independently selected from H, -OH, halo, C1-C6
alkyl, and C1-C6 alkoxy.

[0065] In particular, the therapeutic agent administered in the disclosed methods may be

a compound having a formula:

where RZ, R3, R4, RS, R6, R7, RS, R9, RIO, R”, RIZ, R13, RM, and R" are as described above.

[0066] In further embodiments of the disclosed methods, the therapeutic agent
administered in the methods is a compound selected from the group consisting of (-)-
epigallocatechin, (-)-epicatechin gallate; epigallocatechin-3-monogallate, quercetin, naringenin,
taxifolin, fisetin, myricetin, tricetin, cyanidin, eriodictyol, 3-methylquercetin, robinetin,
tamarixetin, epiafzelechin, 3'-O-methylepicatechin, meciadanol, theaflavin, 5,7,3-trihydroxy-
3,4'-dimethoxyflavone, 2H-1-benzopyran-3,7-diol,2-(3,4-dihydroxyphenyl)-3,4-dihydro-,

petunidin, 4'-methylepigallocatechin, delphinidin, (+)-Epicatechin, taxifolin, mearnsetin, Fisetin
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3-methyl ether, 7,3',4".5'-Tetrahydroxyflavone, 3,5,7,4-Tetrahydroxyflavan, fustin,
leucocyanidin, melacacidin, ampelopsin, cyrtominetin, (-)-Gallocatechin, 2H-1-Benzopyran-5,7-
diol, 3,4-dihydro-2-(4-hydroxyphenyl)-, robinetinidol, 3'-O-methylcatechin, Epicatechin 3'4'-
dimethyl ether, leukoefdin, 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-2,3-dihydronaphthalene-
1,4-dione, flavan-3-ol, luteoforol, 7.,4'-Dihydroxyflavan, luteoforol, leukoefdin, afzelechin,
Fisetinidol, Apiforol, Dihydrokaempferide, leukoefdin, Laricitrin, 5,7,4'-Tri-O-methylcatechin,
(7)-Epicatechin quione, 4H-1-Benzopyran-4-one, 5,7,8-trihydroxy-2-(3,4,5-trihydroxyphenyl)-,
3'-Hydroxy-4'-O-methylglabridin, Mesquitol, Tricetinidin, (+)-Epiaromadendrin, L-Epicatechin,
1,2-Benzenediol, 4-(3,4-dihydro-7-hydroxy-2H-1-benzopyran-2-yl)-, Pinomyricetin, Epidistenin,
4'-O-methyepicatechin, Hibiscetin, Epimesquitol-4beta-ol, 4H-1-Benzopyran-4-one, 5,7-
dihydroxy-2-(4-hydroxyphenyl)-3-methyl-, 4H-1-Benzopyran-4-one, 5-hydroxy-2-(3.4,5-
trihydroxyphenyl)-, 2,3-Dihydrogossypetin, 2-(4-hydroxyphenyl)-3,4-dihydro-2h-chromene-
4,5,7-triol, epi-Catechol, (2S)-dihydrotricetin, Taxifolin 3-O-acetate, Arachidoside, Leuco-
fisetinidin, 3,5,7-trihydroxy-2-(3,4,5-trihydroxyphenyl)-3,4-dihydro-2H-1-benzopyran-4-one,
"Isoetin, Guibourtinidol, 4'-O-Methylcatechin, Epicatechin 5,3'-dimethyl ether, 3-O-
Methylepicatechin, Keto-teracacidin, Apigeniflavan, 3,5,8,3',4',5'-and Hexahydroxyflavone.

[0067] Also disclosed are pharmaceutical compositions comprising as a therapeutic agent
a compound selected from the following compounds, hydrates thereof, or pharmaceutically

acceptable salts thereof:
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[0068] In further embodiments, the pharmaceutical compositions may comprise as a

therapeutic agent a compound selected from the following compounds, hydrates thereof, or

pharmaceutically acceptable salts thereof:
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ool R . 5l pl2 pl3
wherein R" is H, C1-C6 alkyl, C1-C6 alkoxy, or + , wherein R™°, R, R,

RM, and R are each independently selected from H, -OH, halo, C1-C6 alkyl, and C1-C6
alkoxy; and

RZ, R? , R4, RS, R6, R7, RS, R’ and R'® are each independently selected from H, -OH, halo, C1-C6
alkyl, and C1-C6 alkoxy.

[0069] In further embodiments, the pharmaceutical compositions comprise a compound

having a formula:
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[0070] wherein R?, R, R*, R, R®, R’, R®, R’, R, R, R™?, R®, R, and R" are as
described above.
[0071] In further embodiments, the pharmaceutical compositions comprise as a

therapeutic agent a compound selected from the following compounds, hydrates thereof, or
pharmaceutically acceptable salts thereof:method of any of the foregoing claims wherein the
compound is selected from the group consisting of (-)-epigallocatechin, (-)-epicatechin gallate;
epigallocatechin-3-monogallate, quercetin, naringenin, taxifolin, fisetin, myricetin, tricetin,
cyanidin, eriodictyol, 3-methylquercetin, robinetin, tamarixetin, epiafzelechin, 3'-O-
methylepicatechin, meciadanol, theaflavin, 35,7,3'-trihydroxy-3,4'-dimethoxyflavone, 2H-1-
benzopyran-3,7-diol,2-(3,4-dihydroxyphenyl)-3,4-dihydro-, petunidin, 4'-
methylepigallocatechin, delphinidin, (+)-Epicatechin, taxifolin, mearnsetin, Fisetin 3-methyl
ether, 7,3'.4"5'-Tetrahydroxyflavone, 3.,5,7,4'-Tetrahydroxyflavan, fustin, leucocyanidin,
melacacidin, ampelopsin, cyrtominetin, (-)-Gallocatechin, 2H-1-Benzopyran-5,7-diol, 3,4-
dihydro-2-(4-hydroxyphenyl)-, robinetinidol, 3'-O-methylcatechin, Epicatechin 3',4'-dimethyl
ether, leukoefdin, 2-(3,4-dihydroxyphenyl)-3,5,7-trithydroxy-2,3-dihydronaphthalene-1,4-dione,
flavan-3-ol, luteoforol, 7,4-Dihydroxyflavan, luteoforol, leukoefdin, afzelechin, Fisetinidol,
Apiforol, Dihydrokaempferide, leukoefdin, Laricitrin, 35,7,4-Tri-O-methylcatechin, (?)-
Epicatechin quione, 4H-1-Benzopyran-4-one, 5,7,8-trihydroxy-2-(3,4,5-trihydroxyphenyl)-, 3'-
Hydroxy-4'-O-methylglabridin, Mesquitol, Tricetinidin, (+)-Epiaromadendrin, L-Epicatechin,
1,2-Benzenediol, 4-(3,4-dihydro-7-hydroxy-2H-1-benzopyran-2-yl)-, Pinomyricetin, Epidistenin,
4'-O-methyepicatechin, Hibiscetin, Epimesquitol-4beta-ol, 4H-1-Benzopyran-4-one, 5,7-
dihydroxy-2-(4-hydroxyphenyl)-3-methyl-, 4H-1-Benzopyran-4-one, 5-hydroxy-2-(3.4,5-
trihydroxyphenyl)-, 2,3-Dihydrogossypetin, 2-(4-hydroxyphenyl)-3,4-dihydro-2h-chromene-
4.5,7-triol, epi-Catechol, (2S)-dihydrotricetin, Taxifolin 3-O-acetate, Arachidoside, Leuco-
fisetinidin, 3,5,7-trihydroxy-2-(3,4,5-trihydroxyphenyl)-3,4-dihydro-2H-1-benzopyran-4-one,
"Isoetin, Guibourtinidol, 4'-O-Methylcatechin, Epicatechin 5,3'-dimethyl ether, 3-O-
Methylepicatechin, Keto-teracacidin, Apigeniflavan, 3,5,8,3',4",5-Hexahydroxyflavone.

[0072] Also disclosed are methods for identifying modulators of RAD32 biological
activity, preferably for identifying inhibitors of RADS52 biological activity. The methods
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typically include contacting RADS52 with a compound and determining if the compound binds
RADS2 and/or inhibits binding of RADS52 to ssDNA and/or inhibits RADS52 annealling of
ssDNA, thereby identifying the inhibitor of RADS52 biological activity. In the disclosed
methods, the RADS?2 protein may be oligomerized such the ssDNA may be labeled at each end
with one member of a FRET pair such that when the RADS52 protein binds the ssDNA in a
reaction mixture, the FRET pair are brought into proximity for FRET to occur. Typically the
ssDNA has a length of approximately 30 nucleotides. In the reaction mixture, the oligomerized

RADS2 protein and the ssDNA may be present in approximate stoichiometric equivalence.

[0073] The compositions disclosed herein may be formulated as pharmaceutical
composition for administration to a subject in need thereof. Such compositions can be
formulated and/or administered in dosages and by techniques well known to those skilled in the
medical arts taking into consideration such factors as the age, sex, weight, and condition of the

particular patient, and the route of administration.

EXAMPLES
[0074] The following examples are illustrative and should not be interpreted to limit the
scope of the claimed subject matter.
[0075] Example 1 — Small-molecule inhibitors identify the RAD52-ssDNA interaction as

critical for recovery from replication stress and for survival of BRCA2 deficient cells

[0076] Abstract

[0077] The DNA repair protein RADS52 is an emerging therapeutic target of high
importance for BRCA-deficient tumors. Depletion of RADS2 is synthetically lethal with defects
in tumor suppressors BRCAI, BRCA2 and PALB2. RADS2 also participates in recovery of the
stalled replication forks. Anticipating that ssDNA binding activity underlies the RADS2 cellular
functions, we carried out a high throughput screening campaign to identify compounds that
disrapt the RADS52-ssDNA interaction. Lead compounds were confirmed as RADS2 inhibitors in
biochemical assays. Computational analysis predicted that these compounds bind within the

ssDNA-binding groove of the RADS2 oligomeric ring. The nature of the ligand-RADS2 complex
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was validated through an in silico screening campaign, cuiminating in the discovery of an
additional RADS2 inhibitor. Cellular studies with our inhibitors showed that the RADS2-ssDNA
interaction enables its function at stalled replication forks, and that the inhibition of RADS52-

ssDNA binding acts additively with BRCAZ or MUSS81 depletion in cell killing.
[0078] Introduction

[0079] Understanding of synthetically lethal relationships between genome caretaker
proteins will help to define the molecular mechanisms underlying the maintenance of genomic
integrity and may lead to the advancement of personalized cancer treatments. Depletion of the
human DNA repair protein RADS2 is synthetically lethal with defects in tumor suppressors,
BRCAI, BRCA2, or PALB2 (Feng et al., 2011, Lok et al., 2012, Cramer-Morales et al., 2013).
Importantly, this synthetic lethality requires both copies of the tumor suppressor gene to be
defective and should not manifest in the heterozygous cells. Therefore, specific RADS2
inhibitors are expected to selectively kill cancerous cells lacking one of these three tumor
suppressors. Replacing or supplementing standard radiation and chemotherapies with the RADS52

inhibitors will help to decrease the toxicity associated with these treatments.

[0080] BRCA1 and BRCA2 are tumor suppressors that are commonly mutated or
depleted in hereditary and sporadic breast cancers, and have important roles in homologous
recombination (HR) (Prakash et al., 2015), a template directed pathway that accurately repairs
DNA lesions affecting both strands of the DNA duplex (Couedel et al., 2004, Moynahan and
Jasin, 2010, Jasin and Rothstein, 2013, Kowalczykowski, 2015, Heyer, 2015b). BRCAI1
regulates repair pathway choice after DNA damage by promoting HR (Kass and Jasin, 2010,
Prakash et al., 2015). BRCA2 is a recombination mediator, which facilitates assembly of the
RADSI nucleoprotein filament on ssDNA downstream of BRCA1 activities (Couedel et al.,
2004, Jensen et al., 2010, Liu et al., 2010, Thorslund et al., 2010, Prakash et al., 2015). PALB2
mediates interaction between BRCA1 and BRCA2 proteins, acts as a scaffold connecting
numerous tumor suppressors (Park et al., 2014), stimulates Poln-dependent DNA synthesis

(Buisson et al., 2014) and RADS1 recombinase activity (Dray et al., 2010). Finally, the three
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tumor suppressors cooperate with Fanconi Anemia proteins in the repair of inter-strand DNA

cross-links (Kim and D'Andrea, 2012).

[0081] Rad52 was identified in yeast as the main recombination mediator and the central
player in the single-strand annealing pathway of mutagenic homology-directed DNA repair
(Mortensen et al., 2009). In contrast to the severe recombination and repair phenotypes observed
in yeast, deletion of RAD52 has only a mild effect on recombination in vertebrates (Rijkers et al.,
1998, Yamaguchi-Iwai et al., 1998, Yanez and Porter, 2002). Although it is clear that RADS2 is
important for survival and uncontrolled proliferation of BRCA-deficient cancer cells, the
molecular mechanism by which RADS52 allows BRCA-deficient cells to survive is unknown.
The proposed mechanisms included the putative RADS2 recombination mediator function and its
role in single-strand annealing pathway of homology-directed DSB repair (Lok and Powell,
2012). Functional interactions between BRCA1, BRCA2, PALB2 and RADS52, as well as the
ability of RADS52 to promote BRCA-independent cell survival, are commonly expected to
involve the HR related mechanisms. The recent discovery that BRCA proteins act together with
the Fanconi Anemia pathway to support and protect replication forks points to a potentially more
complex scenario (Schlacher et al., 2011, Schlacher et al., 2012). Additionally, RADS52
cooperates with the structure-selective nuclease MUS81/EMEI to generate DNA double-strand
breaks (DSBs) essential for the recovery of stalled replication forks in the absence of the

replication check point (Murfuni et al., 2013).

[0082] Known biochemical functions of human RAD32 include annealing of two
complementary ssDNA strands in the presence of replication protein A (RPA) (Van Dyck et al.,
2001, Grimme et al., 2010) and the ability to pair ssDNA to complementary homologous regions
in supercoiled DNA (Kagawa et al., 2001, Murfuni et al., 2013). Putative recombination
mediator activity of RADS52 (Benson et al., 1998) should also require ssDNA binding. Therefore,
if the cellular functions of the RADS2 protein depend on the ssDNA binding, then inhibition of
the RADS52-ssDNA interaction should have similar consequences as RADS52 depletion. RADS?2
forms an oligomeric ring (Kagawa et al., 2002, Lloyd et al., 2002, Singleton et al., 2002a, Stasiak
et al., 2000), where the primary ssDNA binding site is located in the narrow groove spanning the

ring circumference (Lloyd et al., 2005, Mortensen et al., 2002). We designated this ssDNA-
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binding groove as the feature to be targeted by small molecule inhibitors. While disrupting the
protein-ssDNA interaction with small molecules presents a formidable challenge (Yap et al.,
2012) that has only been overcome in a handful of cases, the ssDNA binding groove of RADS52
(for reasons discussed below) is a promising target and is distinct from the ssDNA binding sites

of other ssDNA binding proteins.

[0083] Here we report development of a novel FRET-based high throughput screening
(HTS) assay that led to the identification of compounds that disrupt the RADS52-ssDNA
interaction. Initial HTS hits were biochemically validated in RADS52 functional assays and tested
in two separate cellular assays. Two available high resolution crystal structures (PDB: 1H2I and
1KNO) of the conserved ssDNA-binding domain of RADS5?2 highlight the unique nature of this
target (Singleton et al., 2002b, Kagawa et al., 2002). The ssDNA-binding region is continuous
around the circumference of the ring and has shallow sub-pockets that are repeating in each
monomer. While the truncated version of RADS2 in the crystal structures may differ from the
full length RADS2, it likely recapitulates the structural features of the ssDNA-binding groove.
Computational docking followed by all-atom simulated annealing placed all identified RADS2
inhibitors into two distinct sub-pockets within the ssDNA-binding groove. Compounds ‘I’
((—)—Epigallocatechin) and ‘6’ (Epigallocatechin-3-monogallate) predicted to bind within the
RADS52 ssDNA-binding site, inhibited formation of the RAD52-dependent DSBs in hydroxyurea
(HU)-stressed, checkpoint deficient cells to the same level as RADS2 depletion. Moreover, ‘1’
acts additively with the MUSS81 depletion to kill cells treated with hydroxyurea (HU), which
perturbs replication, and with checkpoint inhibitor UCNO1. These data strongly suggest that the
ssDNA binding activity of RADS52 is required for recovery of stalled replication forks in
checkpoint deficient cells. We also show that ‘7’ selectively kills cells depleted of BRCA2,
further supporting the importance of the RADS52-ssDNA interaction in BRCA deficient cells and
the potential therapeutic value of RADS2 inhibition. Finally, in order to validate the strength of
our hypotheses about the structural nature of the ligand-RADS2 complex, we developed a
validated in silico screening campaign, based on our HTS results, using a library of four
thousand natural products. We describe the discovery of NP-004255, a macrocyclic compound,

which we show by NMR WaterLOGSY and biophysical assays to be a completely novel and
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effective inhibitor of the RADS52-ssDNA interaction. The implication of these findings for the

discovery of novel therapeutics that specifically inhibit the activity of RADS2 is discussed.

[0084] Results

[0085] High Throughput Screening (HTS) of the MicroSource SPECTRUM collection

identifies compounds that inhibit the RADS52-ssDNA interaction: To identify compounds that

disrupt the RADS52-ssDNA interaction we adapted a previously developed FRET-based assay
(Grimme and Spies, 2011, Grimme et al., 2010) to the HTS format. The RADS52-ssDNA
interaction is independent of sequence and involves a binding site size of 4 nucleotides per
monomer (Singleton et al., 2002a). Our FRET-based assay relies on the ability of RADS2 to
bind and wrap ssDNA around the narrow groove spanning the circumference of the protein ring
(Grimme and Spies, 2011, Grimme et al., 2010). A Forster Resonance Energy Transfer (FRET)
donor (Cy3) and acceptor (Cy5) fluorophores are positioned at the ends of a 30-mer ssDNA
(Cy3-dT3p-Cy5). When this ssDNA forms a stoichiometric complex with RADS2 (one 30-mer
ssDNA molecule per one heptameric ring of RADS2), the two fluorophores are brought close to
one another resulting in an increase in the FRET signal. The assay was successfully adapted to
the 384-well plates HTS format. In each well, we recorded the fluorescence signal of the Cy3
dye, which was excited directly, and the signal of Cy5 dye, which was excited via the energy
transfer from Cy3. The apparent FRET signal was then calculated as described in the Materials
and Methods. The separation between the positive control (a stoichiometric complex of RADS52
with Cy3-dT30-CyS5 substrate challenged with excess of unlabeled ssDNA (Poly dT100)) and the
negative control (an unperturbed stoichiometric complex of RADS52 with Cy3-dT3-Cy5) initially
resulted in a Z’ factor of 0.66 when calculated for the whole plate. Further optimization
increased the Z’ factor calculated for the control rows in the screening experiments to 0.94,
indicating excellent reliability of the assay (Fig. la). Using this assay, we screened the
MicroSource SPECTRUM collection, which contains 2,320 drug and drug-like synthetic
compounds as well as natural products, which represent a wide structural diversity and a range of
known biological activities. The screening was carried out at 15 pM concentration of each
compound in the library. Of the 2,320 compounds examined, 96 were identified as preliminary

hits. The results for a one plate in the collection are shown in Fig. 1b with initial hits that were
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validated in the follow up experiments highlighted in green. These preliminary hits were selected
based on the criterion of their separation from the negative control (RADS52 + Cy3-dT3¢-Cy5) of
at least 5 S.D. The 96 preliminary hits were assembled into a “cherry picked plate” and were
tested in two more rounds of screening Fig. 1c. Compounds that showed reproducible and nearly
complete inhibition were re-tested at a range of small-molecule concentrations. Seven of the
compounds tested showed a promising decrease in FRET in the re-screening assays and six were
selected for biochemical validation (shown in green). One compound was excluded due to a low
molecular weight and promiscuous binding observed in the follow-up biochemical assays.
Additionally, we selected six compounds that elicited the FRET values below the positive
control. These molecules were expected either to be “false positives” (i.e. molecules that are
fluorescent in the Cy3 channel or interact with DNA) or to have a significant absorbance in the
region of Cy3 emission and/or Cy5 excitation. We purchased 12 compounds and confirmed their
chemical structures by 1D NMR. The identified compounds and their chemical structures are

listed in the Table 1.
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[0087] Selected compounds inhibit ssDNA binding and wrapping by RAD52 with ICsg

values ranging from mid-nanomolar to high-micromolar range: In order to determine how the

selected compounds affect known RADS52 functions we performed FRET-based assays that
recapitulate the HTS screen, yet have higher precision and yield a calibrated FRET signal. We
titrated increasing amounts of each compound into a cuvette containing preformed stoichiometric
RADS52-Cy3-dT3p-Cy5 complexes (1nM Cy3-dT3p-Cy5 and 8 nM RADS2). As the compounds
bind and disrupt the ssDNA-RADS?2 interaction we observed a decrease in FRET between the
DNA-tethered Cy3 and Cy5 fluorophores. At each concentration of the compound, the FRET
signal was adjusted for the change in Cy3 and CyS5 fluorescence in the presence of the
compound, but in the absence of protein. From the hyperbolic inhibition curves we then
calculated 1Csq value for each compound under these conditions (Fig. 2b and 3b, Table 1). ICsq
values were in the nano-molar range for compounds ‘5°, ‘6°, ‘I14’, ‘15 and ‘19’. We calculated
ICsg values in the micro-molar range for compounds ‘7°, ‘3°, ‘7°, ‘13’, and ‘16’. Compound ‘4’
had ICsq value in the mid micro-molar range. Compounds /7’ and ‘I8’ were poor inhibitors of
ssDNA binding with ICsy values in the high micro-molar range. These compounds were likely

false positives in our HTS screen.

[0088] Selection of the compounds that inhibit RAD52-mediated ssDNA annealing: To

determine how the selected compounds affect the ssDNA annealing function of RADS52 we
performed FRET-based annealing assays (Grimme et al., 2010, Grimme and Spies, 2011). These
assays utilize two complementary single stranded 28-nucleotide-long substrates, which contain
either Cy3 (T-28) or Cy5 (P-28) incorporated into the middle of the respective DNA strand.
When the substrates are annealed by RADS52, the Cy3 and CyS5 dyes are separated by 3 base pairs
and yield a high FRET signal (Fig. 2 Supplement 2). Negative controls containing T-28 and P-28
with the compounds in the absence of RADS52 displayed no change in FRET suggesting the
small molecules do not do not promote ssDNA annealing by themselves. The annealing reactions
were initiated by mixing two half reactions and observing the change in FRET over time in the
presence of varying concentrations of small molecules. An increasing FRET value over time
indicates formation of the dsDNA duplex which brings the two dyes in close proximity (Fig. 2
Supplement 2). Fitting the annealing data to a double exponential allowed us to calculate and

compare the final extent of annealing at varying concentrations of each compound compared to
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RADS2 alone. We plotted the final extent of annealing vs the concentration of the compound and
calculated an ICso of annealing inhibition. A full set of the annealing time courses recorded at
different concentrations of ‘/’ is shown in Fig. 2 Supplement 2. As the concentration of the
compound increases, the final extent of annealing is reduced compared to RADS2 alone. Since
we showed previously that ssDNA wrapping around the RADS2 ring is necessary for the most
efficient annealing (Grimme et al., 2010, Honda et al., 2011), it was expected that the compound
that blocks access of the ssDNA to the ssDNA binding groove of RADS52 will compete with
DNA annealing, thus shifting the equilibrium away from the dsDNA product. It is notable that
the ICsy values for DNA annealing were generally higher than ICsy values for the ssDNA
binding. We attribute this to the dynamic nature of the RADS52-ssDNA complex as well as to
RADS2 ability to bypass regions of heterology and other obstacles during the homology search
process (Rothenberg et al., 2008). To confirm specificity of the two compounds (‘/” and ‘6’)
selected for the in-depth follow-up characterization as disruptors of the RADS52-ssDNA
interaction, we tested the ability of these compounds to interfere with the RADS2-dsDNA
interaction, which involves a different site on the RADS52 ring (Kagawa et al., 2008, Grimme et
al., 2010). At the stoichiometric RADS52: dsDNA ratio, (InM dsDNA: 10 nM RADS52) the
dsDNA is bent upon RADS2 binding, which allows us to distinguish the RAD52-bound and free
dsDNA (Fig. 2 Supplement 1). Interestingly, ‘7’ had no effect on the RAD52-dsDNA interaction
(Fig. 2b open grey squares), which indirectly confirms its specificity for the ssDNA-binding
groove of RADS2. In contrast, ‘6’ was able to displace dsDNA from the RADS52-dsDNA
complex (Fig. 3b open grey squares). Dynamic light scattering experiments conducted in the
presence of equimolar concentrations of each compound and RADS5?2 showed that the presence
of these compounds neither breaks up the oligomeric ring of RADS52 nor causes protein
aggregation (Fig. 2 Supplement 3). Notably, this means that our compounds act differently from
the RADS5?2 inhibitor 6-hydroxy-DL-dopa (Chandramouly et al., 2015), which disrupts
supramolecular assembly of the RADS2 protein. We further confirmed that the inhibition of the
ssDNA binding does not occur due to aggregation of compounds as annealing FRET trajectories

in the presence of 0.01% Triton X-100 are identical to those in the absence of Triton X-100.

[0089] Compounds ‘1’ and ‘6’ physically interact with RAD52: To confirm that the

selected compounds bind RADS52, we employed water-ligand observation with gradient
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spectroscopy (WaterLOGSY), an NMR technique, which is based on transfer of magnetization
from bulk water to the protein-bound compound of interest (Dalvit et al., 2001, Dalvit et al.,
2000). In WaterLOGSY spectrum, if a compound binds to a protein, the compound will receive
negative nuclear Overhauser effects (NOEs) due to the slow tumbling of the protein-compound
complex, leading to a positive WaterLOGSY peak. In contrast, if a compound does not bind to a
protein, the compound will receive positive NOEs due to the fast tumbling of the compound
itself, resulting in a negative WaterLOGSY peak. Fig. 2a and Fig. 3a show that both ‘7’ and ‘6’
physically interact with RADS52 protein. Fig. 2a shows the aromatic region of the 1D 'H NMR
spectrum of compound ‘7’ alone (black) and the WaterLOGSY spectrum of 20 uM compound
‘I’ in the presence of 3.3 uM RADS2 (red). Clearly, positive WaterLOGSY peaks are observed
for the compound ‘/°, indicating the binding of ‘7’ to RADS2. Similarly, Fig. 3a depicts the
aromatic region of the 1D 'H NMR spectrum of compound ‘6’ alone (black) and the
WaterLOGSY spectrum of 40 uM compound ‘6’ in the presence of 3.3 uM RADS52 (red). Again,
positive WaterLOGSY peaks are clearly detected for the compound ‘6°, thus confirming the
binding of ‘6’ to RADS52. Notably, ‘6° also binds to RPA as shown by the positive WaterLOGSY
peaks (Fig. 3d), thought it does not interfere with the RPA-ssDNA interaction (Fig. 3¢), while ‘7’
neither binds to RPA as shown by the negative WaterLOGSY peak (Fig. 2d) nor interferes with
the RPA-ssDNA interaction (Fig. 2e).

[0090] Compounds ‘1’ and ‘6’ inhibit RAD52 binding to and annealing of the RPA-

coated ssDNA: In the cell, ssDNA is typically found in complex with Replication protein A

(RPA), which is the major eukaryotic ssDNA-binding protein essential for DNA replication,
repair and recombination (Wold, 1997, Oakley and Patrick, 2010, Chen and Wold, 2014). The
RPA-ssDNA complex is a natural substrate for the RDAS52-mediated strand annealing. To
confirm that compounds ‘/” and ‘6’ can inhibit the RADS2 binding to and annealing of the RPA-
coated ssDNA we added stoichiometric amounts of RPA (1 RPA per 30 nucleotides of ssDNA)
to the FRET-based ssDNA binding/wrapping and ssDNA annealing experiments described
above. RPA binds ssDNA with high affinity and extends the ssDNA to its contour length. In our
assays such an extension manifests as a distinct FRET state of ~0.3, which is readily
distinguished from a FRET state of ~0.48 of free Cy3-dT30-Cy5 ssDNA, as well as ~0.63 FRET
of the stoichiometric ssSDNA-RPA-RADS2 complex (see Fig. 2 Supplement 1 and (Grimme and
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Spies, 2011) for details). Notably, neither compound ‘7’ nor compound ‘6’ affected the RPA-
ssDNA interaction over the range of the tested compound concentrations (Fig. 2e and Fig. 3e).
Both, however, inhibited the RADS52 binding to and wrapping of RPA-coated ssDNA with ICs
values identical to those determined without RPA (Fig. 2e and Fig. 3e). Similarly, we confirmed
that both compounds ‘7’ and ‘6’ inhibit the RAD52-mediated annealing of RPA-coated ssDNA
with the ICsy values comparable to the inhibition of ssDNA annealing (Fig. 2f and Fig. 3f).
Notably, this inhibition is not due to the disruption of RADS52-RPA interaction as neither ‘/° nor

‘6’ interfered with the interaction between the two proteins (Fig. 2 Supplement 4).

[0091] Virtual screening places the RADS2 inhibitors within the ssDNA binding groove:

In order to gain insight into the binding determinants of the various polyphenol hits obtained
from the HTS screening, we undertook a computational investigation using the structure of the
oligomeric ring formed by the conserved ssDNA-binding domain of RAD52 (PDB 1KNO). We
utilized a layered approach involving docking and all atom simulated annealing with explicit
solvent, using a knowledge based force field (Krieger et al., 2004). The long circular ssDNA
binding groove of RADS52 oligomeric ring yielded excellent “druggability” scores (~ 4.0), based
on the pocket metric of Sugo et al., (Soga et al., 2007). Docking approaches generally generate
many potential poses, and many false positives. Initially, top scoring poses in either Triangle
Matcher (placement), London dG (affinity scoring function) or MM/GBSA (physics based

scoring) were retained for further analysis (see Methods section for details).

[0092] An all atom force field-based protocol was employed to distinguish binding
affinities from a variety of docking poses that possessed various docking metrics. We compared
the different scoring metrics, such as Triangle Matcher placement scores followed by rescoring
with the affinity function versus the computationally expensive force field-based ligand
refinement and subsequent MM/GBSA scoring. The use of all atom simulations (including
explicit solvent models), when combined with docking, has been shown to significantly boost
docking procedures' ability to predict and rank compound affinities. Therefore, we can compare
the differences in free energy changes due to ligand binding for each of the poses, an ability that
is not all within the realm of classical docking procedures (Ellingson et al., 2015, Whalen et al.,

2011, Warren et al., 2006, Head, 2010). Thirty four unique docking poses were selected for
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comparison for each compound. Comparisons of the results of the various scoring metrics for
docking of ligands to the RADS52 complex showed a clear lack of consensus between the three
methods, except for compound ‘6°, which resulted in a single pose scoring the highest in all three
methods. To determine which methodology consistently provides the most accurate scoring, we
employed a conservative approach, in which the 34 selected top scoring complexes were further

subjected to all atom simulated annealing studies, using explicit solvent and salt conditions.

[0093] The binding affinities computationally determined using the Simulated Annealing
Energy Minimization (SAEM) Docking approach are listed in the Table 1). Interestingly, in most
cases, the RADS2-ligand complex resulting from the best placed docking pose, rather than the
more computationally intensive MM/GBSA (physics-based) scoring function, yielded the final
SAEM-generated RADS2-ligand complex with the lowest energy. Compounds ‘/° and ‘6’
yielded complexes with unique binding sub-pockets or “hotspots” along the RADS52 binding
groove, suggesting that they may have distinct biological activities and/or efficacies with regard
to their ability to compete with ssDNA binding (Fig. 4). The SAEM-generated complexes
indicate that compounds ‘/’ and ‘6’ occupy complex pockets lying at the interface of two
RADS52 monomers. Notably, all final compound placements include interactions, directly or
through the interstitial water molecules, with key RADS52 residues, which have been previously
shown to be involved in ssDNA binding (Lloyd et al., 2005) (Fig. 4). In particular, R55, Y65,
K152, R153 and R156 found in the vicinity of the docked compounds (Fig. 4b) have been shown
to impact ssDNA binding (Lloyd et al., 2005). Additional participants in the binding of our
inhibitors include K141 and K144 residues that are important to distinct cellular functions of
yeast Rad52. A highly conserved K144 corresponds to K159 in S. cerevisiae Rad52. Its K159A
substitution results in severe deficiency in mitotic recombination, mild y-ray sensitivity, but
unperturbed recombination between direct repeats (Mortensen et al., 2002). K141 corresponds to
S. cerevisiae R156, whose substitution to alanine causes y-ray sensitivity only (Mortensen et al.,

2002).

[0094] All of the tested compounds yielded complexes in which interstitial solvent plays
a role in the binding of the ligand. Unlike classic enzyme pockets, which often have large

desolvated volumes, the RADS52 ssDNA binding groove cannot truly be evaluated for the ability
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to bind to compounds without understanding the role of solvent in its various sub-pockets. The
SAEM method used here was specifically designed to capture these complex recognition
parameters. Unlike the case of deeply buried waters that occur in many active site pockets of
enzymes, the waters along the RADS52 ssDNA-binding groove are mostly not involved in
productive interstitial H-bonding with the ligand, but rather, represent a van der Waals binding

surface, suggesting opportunities for future ligand improvement.

[0095] Inhibiting the RAD352-ssDNA interaction interferes with RAD52/MUSS81-

mediated DSB formation essential for the replication fork recovery in check point deficient cells:

In human cells, RAD52 may perform both limited recombination-mediator function in the
RADS51-dependent pathway (Lok and Powell, 2012, Benson et al., 1998, Feng et al., 2011) as
well as additional RADS51-independent roles (Lok and Powell, 2012, Murfuni et al., 2013,
Mcllwraith and West, 2008). One of these HR independent roles of RADS?2 involves stimulation
of MUSS81/EMEI1-dependent DSB formation at the replication forks stalled by hydroxyurea
(HU) treatment in the absence of cellular checkpoints (Murfuni et al., 2013). Since the most
likely targets of these MUS81/EME1/RADS2-dependent DSBs are the DNA structures produced
by RADS52 (Murfuni et al., 2013), we expected this activity to depend on the RAD52-ssDNA
interaction (Fig. 5a). To confirm this, we assessed DSB formation in the checkpoint deficient
cells using the neutral comet assay. These assays monitor MUS81/EME1/RADS52-dependent
DSB formation upon induction of replication stress by HU treatment in primary fibroblasts
immortalized by hTERT expression and treated with UNCO1 to inhibit CHK1 kinase (Fig. 5b).
Our data show that increasing amounts of ‘/’ and ‘6’ decrease the mean tail moment indicative
of the decrease in the MUS81/EMEI1/RADS52-dependent DSB formation (Fig. 5). Importantly,
these inhibitors recapitulate RADS?2 depletion by inhibiting RAD52-MUS81-dependent DSBs at
stalled replication forks (Fig. 5a-b). Notably, even at 500 nM, ‘7’ had the same effect of
reduction in DSBs as siRNA depletion of RADS52. These data strongly support the idea that
inhibiting the RADS52-ssDNA interaction in cells recapitulates the effects of RADS52 depletion
with respect to its role at the distressed replication forks. It also confirms our previous
supposition that the target of MUS81/EMEl-mediated cleavage under these conditions are
indeed the structures annealed by RADS2. Interestingly, the concentrations of ‘7’ sufficient to

inhibit the MUS81/EME1/RAD52-mediated DSBs correlate well with the ICsy values for
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inhibition of ssDNA binding/wrapping in vitro (compare Fig. 5S¢ with Fig. 2b, and e). These
values are significantly lower than those required for inhibiting annealing of short,
complementary oligonucleotides (Fig. 2c and f). Higher concentration of ‘6’ required to inhibit
MUSS81/EME1/RADS2-mediated DSBs (Fig. 5d) is likely due to the particular chemical nature
of this compound, which is a promiscuous binder; not only does it interact with RPA and binds
within the dsDNA binding site of RADS52, but has been identified as an inhibitor in 192 different
HTS assays (Pubchem). Treatment of RADS52-depleted cells with a dose of “6” that is sufficient
to reduce DSBs as efficiently as 1uM of “/” consistently failed to further decrease the formation
of DNA breaks (Fig. 5b). We previously reported that concomitant depletion of RADS2 and
MUSS1 gives raise to the MUS81-independent DSBs (Murfuni et al., 2013). In agreement with a
specific activity towards RADS2, treatment of the MUS81-depleted cells with “/” resulted in an
appearance of the MUSS8I-independent DSBs upon replication stress induced by CHKI
inhibition. Due to its lower capacity to inhibit the MUS81/EME1/RADS52-mediated DSBs, and
its expected off-target effects, we have eliminated ‘6’ from further analysis and focused all our
subsequent cellular studies on ‘/’, appeared more specific in our biochemical studies and had no
Pubchem hits. The fact that none of the compounds we tested showed additive effects on DSBs
with RADS2 siRNA depletion, suggests that the effect of these inhibitors is specific to RADS2 at
least with respect to recovery from replication stress. Furthermore, accumulation of anaphase
bridges, a phenotype associated with impairment of the RAD52-independent mitotic function of
MUSS81/EME1 was completely unaffected by inhibition of RADS2, whereas it was strongly
stimulated by MUSS1 silencing (Fig. 5 Supplement 1). This observation strongly suggests that
the suppression of the DSB formation is not due to direct inhibition of MUSSI.

[0096] Inhibiting the RAD52-ssDNA interaction kills BRCA2-depleted cells, as well as

MUSS81-depleted cells under pathological replication conditions: Compounds ‘/’ and ‘6’ are
able to interfere with MUS81-dependent DSBs formation under pathological replication,
mimicking RADS52 depletion (Fig. 5). To address whether inhibition of the ssDNA-RADS?2
binding reduces viability of MUS81-depleted cells, as reported for RADS2 depletion (Murfuni et
al., 2013), we evaluated cell death after inducing replication stress by pharmacological CHK1
inhibition (Fig. 6). In cells transfected with the control (Ctrl) siRNAs, replication stress induced
by HU treatment resulted in a 20% of cell death, which was increased similarly by MUSS81 or
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BRCA2 knock-down by nearly 2-fold. Treatment with ‘7’ also potentiated the effect of the
combined HU+UCNOI treatment and, strikingly enhanced cell death observed in MUSSI1-
depleted cells. Interestingly, inhibition of RADS5?2 increased cell death of MUS81-depleted cells
even under unperturbed cell growth to approximately the same level as RADS2 depletion by
siRNA (Murfuni et al., 2013). Strikingly, no additive effect on cell death was detected in cells
depleted of RADS2 and treated with the RADS2 inhibitor, as compared with the cells transfected
with the RADS52 siRNAs alone (Fig. 6b).

[0097] Depletion of RAD32 not only enhances cell death of MUS81-depleted cells, but
also reduces viability of BRCA2-deficient cells, making RADS52 an attractive target for potential
treatment of BRCA2-deficient tumors (Feng et al., 2011, Warren et al., 2006). Strikingly,
treatment with ‘/’ acted additively with loss of BRCA2 resulting in ~80% of cell death after
replication stress (Fig. 6b and c). Interestingly, concomitant depletion of BRCA2 and MUSS81
also resulted in an additive effect on cell death, even under an unperturbed cell growth (Fig. 6b
and c). To further investigate the effect of ‘7’ on cell viability under the conditions of
pathological replication, we depleted cells with BRCA2 or RADS2 siRNAs and challenged them
with HU for 18h in the presence or absence of ‘/’°. As reported in Fig. 7, and in agreement with
previous reports, co-depletion of BRCA2 and RADS?2 increased cell death with respect to each
single depletion. Interestingly, RADS2 inhibition mimicked RNAi-mediated gene knockdown
and induced a substantial increase in cell death of BRCAZ2-depleted cells after prolonged
replication arrest, further supporting the possibility that inhibiting the RADS52-ssDNA interaction
may be a useful strategy for targeting the BRCA2-deficient tumor cells.

[0098] In Silico Screening and Discovery of NP-00425: translating structure-activity

relationships from HTS into novel inhibitors: We hypothesized that the computationally

determined RADS52-'/" and RADS2-'6' complexes could be used to validate an in silico screening
workflow directed towards identifying a novel inhibitor of the RADS52-ssDNA interaction. This
approach should facilitate further discovery of novel drug lead compounds that possess similar or
improved activities as '/' and '6', but with fundamentally different chemical space. Natural
products have an unrivaled history in drug discovery, and often represent the first and most

significant hits against a metabolic pathway. The AnalytiCon Discovery MEGx Natural Products
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Screen Library, which is the in silico version of an actual library of purified natural products
from plant, fungal and microbial sources, was subjected to an in silico screening campaign (Fig.
8a). The campaign was designed based on the ability to optimally minimize false positives and
false negatives, and to maximize true positives and true negatives. More specifically, the
experimental hits identified in the HTS campaign described above, constitute the true positives,
while specifically selected decoy compounds constitute the true negatives. The details of this
optimization approach, known as Receiver Operator Characteristic (ROC), are described in the
Methods section. The ROC procedure in this in silico screening study was designed to challenge
the value of the docking and scoring methods by employing decoy compounds (so called 'DUDS’
compounds; see Methods section), which possess similar chemical properties, but different
topologies than true positives. Importantly, the ROC approach uses the experimental HTS hits to
optimize the in silico screening assay vis-a-vis minimizing false positives (which are rampant in
all docking-based in silico screening approaches). The ROC curve for 'I' (Fig. 8b) shows that the
optimized in silico selection process is nearly ideal in separating false positives from true
positives. Finally, an in silico screen of the AnalytiCon Discovery MEGx Natural Products data
base resulted in 9 compounds that had poses with scores better than those of compound '/'. The
best scoring of those structures was ordered from AnalytiCon for in vifro inhibition studies. The
compound that was identified, NP-004255 is known as corilagin, and is a member of the class of
secondary plant metabolites called ellagitannins. Corilagin is a macrocylic ester consisting of
three trihydroxylated phenolic moieties. NP-004255 binds to RADS2 in a similar manner as '/’
and '6', in that it uses a buried interstitial water network, and is able to adopt a conformation that
fits nicely into the ssDNA binding groove (Fig. 8d and e). The binding and the inhibitor activity
of this prediction was validated by both NMR and FRET-based assays, as described below.

[0099] Natural product NP-00425 physically interacts with RAD52 and RPA proteins,
inhibits the RADS2 binding to ssDNA and the ssDNA-RPA complex, but does not affect
RADS52-dsDNA interaction or the ssDNA binding by RPA: The biochemical assays that were

carried out for the compounds ‘7’ and ‘6°, were repeated for the NP-004255 assay (Fig. 9). The
WaterLOGSY spectra suggest that similar to ‘/” and ‘6°, NP-004255 physically interacts with
RADS2 protein (Fig. 9a), while the FRET-based competition assay (Fig. 9b) confirmed that this
natural product does indeed inhibit the RADS52-ssDNA interaction with the IC5o = 1.5 £ 0.2 uM,
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which is a potency similar to ‘/’. Also similar to ‘/’, the macrocycle compound was specific for

the RADS52-ssDNA complex and had no effect on the RAD52-dsDNA interaction (Fig. 9b).

[00100] Similar to ‘6’, NP-004255 also bound RPA (Fig. 9¢), but did not affect the RPA-
ssDNA complex (Fig. 9d). It did, however, inhibit the RADS2 binding to the RPA-coated
ssDNA with the ICsy = 0.5 £ 0.1 uM, i.e. it was more effective in perturbing this interaction that

that involving the protein-free ssDNA.
[00101] Discussion

[00102] Maintenance of genetic integrity, as well as the ability to accurately and timely
repair damaged DNA and complete DNA replication are essential for all living organisms
(Heyer, 2015a, Abbas et al., 2013). While these basic processes and the central protein players
are conserved, significant variation exists between eukaryotic lineages. The mechanisms that
ensure faithful DNA replication and repair are exceedingly more complex in mammalian cells
compared to simpler eukaryotes with more alternative interconnected pathways that may share
proteins as well as the regulatory enzymes. HR and the pathways that employ the machinery of
HR are expected to be responsible for the most accurate repair of the most deleterious DNA
lesions including DSBs, DNA interstrand cross-links, and damaged replication forks (Head,
2010, Li and Heyer, 2008, Couedel et al., 2004, Moynahan and Jasin, 2010, Jasin and Rothstein,
2013).

[00103] In yeast, Rad52 functions as a recombination mediator by facilitating replacement
of RPA with Rad51 recombinase on ssDNA and thereby allowing formation of the Rad51
nucleoprotein filament, which is the active species in the DNA strand exchange reaction.
Analogously, RADS1 nucleoprotein filament formation and its activity in human cells is
facilitated by a recombination mediator, BRCA?2 (Xia et al., 2001, Yang et al., 2005, Carreira et
al., 2009) with multiple RADS51 paralogs playing roles in ensuring assembly and stability of the
active RADS1 nucleoprotein filament (Yang et al., 2005, Chun et al., 2013). Whether and how
human RADS52 substitutes for BRCA2 mediator activity remains unclear. Synthetic lethality
between BRCA2 defects and RADS2 depletion suggests that either RADS2 is indeed a

recombination mediator, or that it participates in an alternative pathway that becomes prominent
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in the absence of BRCA?2 function, such as for example SSA (single-strand annealing) (Feng et
al., 2011, Lok and Powell, 2012). More intriguingly, RADS52 depletion is also synthetically lethal
with defects in BRCAI, a tumor suppressor that acts upstream of BRCA2 in HR and at the
branch point in the DSB repair that promotes homology-directed DNA repair through HR or
SSA over the NHEJ (non-homologous end joining) (Singleton et al., 2002a). It is unknown
which pathway(s) allow survival and proliferation of BRCA-deficient cells. These pathways,
however, have to depend on the activities or interactions of RADS52. We showed recently that
human RADS52 plays an important role in allowing cellular recovery under conditions of
pathological replication (Murfuni et al., 2013). Similarly, a sub-pathway of HR that is Rad51
(Rhp51) independent, but Mus81/Emel/Rad52 (Rad22) dependent has been described in yeast
and represents an important mechanism of DNA repair during replication in fission yeast (Doe et
al., 2004, Vejrup-Hansen et al., 2011). Whether this pathway, at least in part, compensates for

the BRCA-deficiency in human cells remains to be determined.

[00104] We chose to target the well characterized ssDNA binding activity of RADS52,
which we expected to underlie RADS2 functions both in supporting replication and in promoting
the survival of BRCA-deficient cells. The ssDNA-binding groove of RADS?2 is an interesting
target for small-molecule binding in that it spans the circumference of the RADS52 oligomeric
ring and offers a repetitive pattern of potential binding pockets. This deep and circular groove
surprisingly yields reasonable druggability scores, as described in the Results section.
Nevertheless, it is a highly exotic cavity, and very distinct from enzyme and receptor pockets.
The ssDNA binding groove consists of an alternating arrangement of hydrophobic and
hydrophilic regions. Twelve compounds that inhibit RAD52-ssDNA interaction identified in this
study (Table 1) are predicted to bind within the ssDNA binding groove of RADS2 ring. In
retrospect, it is not surprising that molecules such as the current suite of polyphenols have high
affinity for this cavity. Additionally, although there are a number of hydrophobic regions in the
ssDNA binding groove, one does not see the kind of significant desolvation that is usually found
in enzyme active sites. Nevertheless, a number of waters are revealed in the crystal structure,
and are maintained in the docking simulations. However, the nature and importance of these
water networks to ligand optimization is not known. It appears there is significant room for

improvement in terms of matching the shape of the binding groove with the van der Waals
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surface of prospective ligands. It will be interesting to see whether such chemical space is extant
or may be designed to optimize this unusual surface. The computational studies on the
complexation of '/" and '6' with RADS2 indicate the presence of a ubiquitous layer of interstitial
water interactions with RADS2, yet these ligands are almost completely shielded from bulk
solvent. The presence of these extensive interstitial water contacts further complicates
hypotheses concerning which, if any, RADS2 functional groups are dominating the binding
energy contacts. Rather, it may be that our HTS-generated hits possess the right combination of
Van der Waals shape complementarity, and the ability to be both hydrogen bond donors and
acceptors (with both interstitial waters and functional moieties) in the narrow DNA binding
groove. Indeed, it may be that this shape complementarity and the ability to utilize the resident
waters dominates the binding determinants (both for the identified ligands, as well as the native
ssDNA substrate). Our iterative approach of compound discovery followed by the in silico
screening was clearly successful in expanding the chemical space of our lead compounds, but
more importantly provides a platform for strengthening the structure-activity relationship in an
exceedingly challenging target pocket. Indeed, the discovery of the secondary plant metabolite,
NP-004255, a macrocycle, as a means to effectively compete with a native substrate
macromolecule (ssDNA and the ssDNA-RPA complex) may prove to be a new strategy in the

field of disrupting protein-nucleic acid interactions.

[00105] Recently, Chandramouly and colleagues (Chandramouly et al., 2015) identified a
small-molecule RADS?2 inhibitor, 6-hydroxy-DL-dopa, that acts differently from the molecules
reported here. This inhibitor interferes with the RADS2 oligomerization and the supramolecular
assembly by an unresolved mechanism. It may act by binding at the RAD52 monomer-monomer
interface, or at a different site on the protein and act allosterically. The existence of the distinct
classes of RADS2 inhibitors, exemplified by ‘/° and 6-hydroxy-DL-dopa, suggests that
disrupting the RADS52-ssDNA interaction or the integrity of the RADS52 oligomeric ring bears
negative consequences for the RADS52 cellular functions. Considering that the efficient
homology search and the DNA strand annealing requires the two complementary DNA strands
(or the complementary ssDNA-RPA complexes) to be wrapped around the two different RADS52

oligomeric rings (Grimme et al., 2010, Rothenberg et al., 2008), this is not surprising, and offers
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an exciting opportunities for development of more specific and potent agents for targeting

recombination-deficient tumors.

[00106] While this manuscript was under review, two studies reporting small-molecule
inhibitors of RADS52 were published. In the first study, Huang ef al (Huang et al., 2016) carried
out an HTS campaign to identify 17 compounds that inhibit RAD52-mediated annealing in vitro
with ICsq values ranging between 1.7 and 17 uM, physically bind RADS52, and selectively, albeit
at high concentrations, inhibit the single-strand annealing pathway of DSB repair over
homologous recombination. In another study, Sullivan et a/ (Sullivan et al., 2016) reported an in
silico docking screen of a library of drug-like compounds. Among 36 predicted small-molecules,
9 compounds inhibited RAD52-ssDNA interaction in vitro, and 1 in cells. As with all previous
publications, the authors screened a different libraries, resulting in compounds that represent a

different chemical space from those that emerged from our campaign.

[00107] Since the expected role of RADS52 in the recovery of stalled replication forks in
the absence of cellular checkpoint is to produce an intermediate that can be cleaved by
MUSS81/EMEI nuclease, we predicted that the ssDNA binding/annealing activity of RADS2 is
required to fulfill this role. As expected, we found that ‘7’ and ‘6’ recapitulate inhibition of DSB
formation by siRNA mediated RADS5?2 depletion (Fig. 5). In the case of ‘/’, 1 uM of the inhibitor
was sufficient to achieve the same level in DSB reduction as siRNA treatment. Notably, no
further inhibition was observed when the cells were treated with both siRNA and the small-
molecule inhibitor suggesting that the effect is specific to RADS52. A higher concentration of ‘6’
was required to achieve the level of reduction in the RADS52/MUSS81 dependent DSBs
comparable with siRNA depletion of RADS52. This may be due to metabolic instability of this
compound or due to potential off-target binding. For this reason, we placed an increased focus on
‘I’. The ability of ‘I’ to inhibit DSB formation, which is required for the recovery of damaged
replication forks in the checkpoint deficient cells confirms that the ability of RADS2 to bind
ssDNA is required for MUS81-dependent cleavage at stalled replication forks. Moreover, it is
consistent with the mechanism we previously proposed whereby, in these cells, RADS2 used its
ssDNA-binding activity to create a substrate for MUS81/EMEI and to recruit this structure

selective nuclease. Consistent with our previous finding (Murfuni et al., 2013), RADS52
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inhibition with ‘7’ acted additively with MUSS81 depletion eliciting an effect comparable with
the RADS2 depletion. At 1 uM concentration of the inhibitor, approximately 40% of untreated
and 60% of checkpoint-deficient, HU treated cells were dead (Fig. 6b). This is notable because
the inhibitor interferes only with biochemical function of RADS52, namely its ability to bind
ssDNA, while leaving the protein itself and its cellular concentration unperturbed, and also
because even temporary loss of this biochemical activity during the exposure to replication stress
is sufficient to exert the additive effect on viability. This result also illustrates the potentially
powerful utility of these inhibitors in elucidating the function of RADS?2 in the cell. We observed
that inhibition of RADS52 during replication stress, which is induced by blocking DNA synthesis
in the absence of the CHKI1 activity, in a MUS81 knock-down background results in a
comparable effect on viability as the concomitant depletion of both proteins. This observation
strengthens the hypothesis that loss of MUS81 and RADS52 produces an additive lethal effect on
replication stress (Murfuni et al., 2013) because, while RAD52 and MUSS81 collaborate to
resolve demised forks, MUSS81 is subsequently required for resolution of recombination
intermediates in a RADS52-independent pathway (Fig. 5 Supplement 1). More interestingly, ‘7’
was able to act at least additively with BRCA?2 knock-down (Fig. 6b). An increase in the cell
death when BRCA?2 depletion was combined with ‘/” was comparable to or even exceeding that
of MUSS1 depletion by siRNA. Notably, the effect of ‘7’ was further enhanced by replication
stress induced by short HU treatment and concomitant CHK1 inhibition, as well as by a
prolonged exposure to HU. Treatments inducing replication stress are widely used in cancer
therapy (e.g. CPT, Gemcitabin). Therefore, RADS2 inhibitors could be useful in combination
with drugs which elicit replication stress. Tumors in which MUS81 is mutated or downregulated
have been described (Wu et al., 2011). While it is unclear whether the role RADS2 plays in
supporting survival of the MUS81-deficient cells is akin to its role in supporting viability in the
absence of BRCA1, BRCA2 or PALB2, RADS2 inhibitors may represent a new means of

treatment for the MUSS81-deficient tumors as well as the BRCA-deficient tumors.

[00108] In addition to its obvious uses in cancer therapy, the RAD52-ssDNA binding
inhibitors can be utilized as molecular probes to assist in distinguishing the cellular pathways
that depend on the main biochemical activity of RADS52. RADS52 may act together with other HR

proteins, such as RADS51 paralogs to ensure formation of the active RADS51 nucleoprotein
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filament during RADS51-dependent HR. An understanding of the common players which might
bind RADS52 in the absence of BRCA1 or BRCA2 and how they are regulated in the BRCA-
deficient cells may require development of specific inhibitors of RADS2 protein-protein
interactions and/or combining our inhibitors with other treatments that challenge homology

directed DNA repair and replication.

[00109] Materials and Methods

[00110] Materials: The HPLC purified ssDNA substrate (Cy3-dT3p-Cy5), Target28Cy3
(T-28) (5-ATAGTTATGGTGAGGACCC/Cy3/CTTTGTTTC-3"), Probe28Cy5 (P-28) (5'
GAAACAAAGGGGTCC/CyS/ TCACCATAACTAT-3") Oligo28-REV (5’-(Cy5)-
GCAATTAAGCTCAAGCCATCCGCAACG-(Cy3)-37, Cy3-0Oligo28-Cy5 (5-
CGTTGCGGATGGCTTAGAGCTTAATTGC-3’, and Poly dT100 were purchased from
Integrated DNA Technologies (Coralville, IA). All chemicals were reagent grade (Sigma). All
compounds were purchased from MicroSource and Sigma. Purity and structures of the purchased
compounds were assessed from 1H NMR spectra collected on a Varian Unity Inova 600MHz

NMR spectrometer at 0.5 mM concentrations diluted into DMSO-d6.

[00111] Proteins: The 6xHis-tagged human RADS52 protein was expressed and purified as
previously described (Rothenberg et al., 2008), except a size exclusion chromatography (HiPrep
16/60 Sephacryl S-300 HR GE) step was added between the heparin and Resource S columns to
remove low molecular weight impurities. RADS2 protein concentration was determined by
measuring absorbance at 280 nm using extinction coefficient 40,380 M™' ecm™. RPA protein was
purified as described in (Henricksen et al., 1994, Grimme et al., 2010) (and its concentration was

determined by measuring absorbance at 280 nm using extinction coefficient 84,000 Mem™.

[00112] High-Throughput Screening Assay for RAD52-ssDNA binding inhibition: HTS

against the MicroSource Spectrum collection (Microsource, Gaylordsville, CT) was performed in
nine 384 well plates. All measurements were carried out in the RADS52-HTS buffer containing
20 mM Hepes pH7.5, ImM DTT, and 0.1 mg/mL BSA. Each 384 well plate contained two
columns of negative and positive controls as follow: Columns 1 and 24 were the positive

controls, which contained 100nM RADS2 (monomers) and 15 nM (molecules) Cy3-dT3p-Cy5
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ssDNA in the RADS52-HTS buffer. Columns 2 and 23 in addition to 100nM RADS52 and 15 nM
Cy3-dT30-CyS5 also contained 10 nM poly(dT)-100. These were designated as negative controls
as 10 nM poly(dT)-100 was sufficient to fully inhibit formation of the wrapped RADS52- Cy3-
dT30-Cy5 complex under the selected experimental conditions (data not shown). Using a Multiflo
dispenser (Biotek), 50 pL of the positive and negative controls were dispensed into their
respective wells. Then 15 nM Cy3-dT3p-CyS and 100nM RADS2 in RADS2-HTS buffer were
dispensed into each well. Next, 1 uL of each compound at 833 uM in DMSO (for a final
concentration of 15 pM compound) was dispensed into the wells in columns 3 — 22 using a
Microlab Star liquid handling robot (Hamilton) and were mixed 3 times. Thus, 320 compounds
were assayed per 384 well. The plate was incubated at 25°C for 30 minutes and the fluorescent
signal of the Cy3 (Aex(cy3)= 530 nm; Aem(cy3y= 565 nm) and the Cy5 (Aem(cys)= 660 nm) dyes were

recorded using a Wallac, Envision Manager. The apparent FRET was calculated as

FRET,,, =—2>
ioys T odgys
[00113] Assay performance was assessed across the screen using the following
parameters: The signal-to-noise ratio S/N =('U"S+'u”), the signal-to-background ratio

P 3%(SD +SD)
S/B="%, and the Z -factor Z'=1- P- where SD, and SD, are standard
i, W, — 2,

deviations, and p, and p, are means of the negative and positive control (Zhang et al., 1999).

[00114] Compounds from the wells that showed apparent FRET values at least 5 SD lower
than the positive control were considered potential hits and were selected for the follow up
analysis. Ninety six compounds were re-screened to assess reproducibility of hits. Twenty two of
these compounds were removed due to high background signal. Twelve compounds, which
showed reproducible reduction in FRET from screening of the individual plates and re-screening

in cherry picked plates, were selected for biochemical validation.

[00115] WaterLOGSY NMR analysis of the compound binding to RAD52 and RPA

proteins: Compound binding to RADS52 and RPA proteins was analyzed using water-ligand
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observation with gradient spectroscopy (WaterLOGSY) NMR experiments (Dalvit et al., 2001,
Dalvit et al., 2000). The WaterLOGSY spectra of compounds in the presence of RAD52 or RPA
were acquired using a water NOE mixing time of 1 s and a T, relaxation filter of 50 ms just
before data acquisition to suppress the broad signals derived from protein. The protein buffer
used in the experiments contains 10 mM Tris-d11, 75 mM KCI, 0.25 mM EDTA, pH 7.5, and
10% D>0. All NMR data were acquired on a Bruker Avance II 800 MHz NMR spectrometer
equipped with a sensitive cryoprobe and recorded at 25°C. The 'H chemical shifts were
referenced to 2,2-dimethyl-2-silapentane-5-sulfonate (DSS). NMR spectra were processed using
NMR Pipe (Delaglio et al., 1995) and analysed using NMR View (Johnson and Blevins, 1994).

[00116] FRET-based DNA binding and annealing assays: FRET-based ssDNA binding,

dsDNA binding, and annealing assays were carried out as previously described (Grimme et al.,
2010, Grimme and Spies, 2011) using Cary Eclipse spectrofluorimeter (Varian) at 25°C in buffer
containing 30 mM Tris-Acetate pH7.5, 1mM DTT, and 0.1 mg/mL BSA. Cy3 dye was excited at
530 nm and its emission was monitored at 565 nm. Emission of Cy5 acceptor fluorophore
excited through the energy transfer from Cy3 donor is monitored at 660 nm simultaneously with

emission of Cy3 dye. Both the excitation and the emission slit widths were set to 10 nm.

[00117] To confirm that selected compounds inhibit RAD52 mediated binding and
wrapping of ssDNA, compounds were titrated into stoichiometric complex containing 1nM T30
and 8nM RADS2. All experiments were performed in triplicates, and the data are shown as
averages and standard deviations for three independent measurements. To remove possible
experimental artifacts associated with chromogenic or fluorogenic compounds, as well as with
the compounds that may quench or enhance Cy3 or CyS5 fluorescence, we also performed control
titrations whereby we titrated each compound into 1nM Cy3-dT3y-CyS5 in the absence of RADS2.
For each compound concentration we subtracted the difference in the FRET signal in the
presence and absence of the compound from the respective FRET signal in the presence of
RADS2. The FRET signal corrected for the compound fluorescence was calculated using the

equation:
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[00118] as previously described (Grimme et al., 2010, Grimme and Spies, 2011) and

plotted as a function of compound concentration and fitted to the following inhibition model”

FRETy—F 88T i

41 Gi&ag ap —Logilmen il maleouis Nt iiNapsl?

[00119] where FRET), is the initial FRET value of RAD52-ssDNA complex in the absence
of the compound and FRET,,, is the FRET value at complete inhibition. FRET values were
calculated as an average of three or more independent annealing reactions plotted against the
concentration of the compound. Inhibition of the RADS52-dsDNA interaction was assayed in a
similar experiment, except the stoichiometric complexes containing 1 nM molecules of Cy3-
Oligo28-Cy5 duplex DNA and 10 nM RADS2. To assess if selected compounds inhibit RPA-
ssSDNA mediated binding and wrapping by RADS52 we titrated compounds into stoichiometric
complexes containing 1 nM T30, 1 nM RPA, and 10 nM RADS2. In all experiments, the FRET
values for each data point were corrected for the effects of the compounds on the respective

substrate in the absence of RADS2.

[00120] Annealing of complementary oligonucleotides by RAD52 was monitored under
identical conditions as the binding assays described above. For each assay, the reaction master
mixture containing 8nM RADS?2 protein in the presence and absence of the compounds at
varying concentrations was prepared at room temperature and divided into two half reactions.
Following baseline buffer and protein measurements, 0.5nM of T-28 ssDNA substrate was added
to the reaction cuvette and the signal was allowed to stabilize. The annealing reaction was
initiated upon addition of the second half-reaction pre-incubated with 0.5 nM P-28 ssDNA
substrate. The fluorescence of Cy3 and Cy5 were measured simultaneously over the reaction
time course (500s). FRET,,, values were calculated as an average of three or more independent
annealing reactions plotted against time (s). The average FRET values were fitted to a double
exponential to calculate the final extent of annealing using Graphpad Prism4 software. The
calculated annealing extent was plotted as a function of compound concentration and fitted to the

same model as we used to determine ICsg values for the inhibition of DNA annealing.

[00121] Docking, Molecular Mechanics (MM) and Generalized Born (GB)/Surface Area
(SA) (MMGB/SA)-based Free Energy Scoring for RADS2 Ligands: Our initial computational
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workflow employed a combination of classical docking, using the Triangle Matcher approach
and scoring using the London dG scoring function (an empirical scoring function which attempts
approximate the binding energy of the docked ligand) in MOE 2013.08 (Molecular Operating
Environment (MOE) 2013.08, 2013), followed by force field (MMFF94x (Halgren, 1996))-based
ligand refinement and finally rescoring using an MM/GBSA-based approach (which is described
in more detail below). Initially, top scoring poses in either Triangle Matcher (Placement),
London dG (affinity scoring function) or MM/GBSA (physics-based scoring) were retained for
further analysis. Often the top scoring poses from each metric were highly distinct from one
another, suggesting that a generally poor consensus between the different metrics used in this
early phase of the work flow. This lack of consensus in the scoring of the possible ligand binding
in the sub-pockets within the DNA-binding groove of RADS2 (PDB: 1KNO) motivated us to
apply the much more computationally rigorous all atom simulated annealing studies, which are
detailed below. All lead ligands were subjected to docking using MOE 2013.08 to a portion of
the DNA binding groove of RADS52 spanning nearly a quarter of the circumference (3 adjacent
monomers of the protein ring). The top 30 poses for each docked and scored (London dG scoring
function) were subjected to energy minimization with a rigid RADS2 receptor using the
MMFF94x force field, followed by rescoring (in order to estimate the AG of binding ) of each
distinct pose with the MM/GBSA methodology (Naim et al., 2007), which includes an implicit
solvation energy calculation and captures changes in the solvent exposed surface area of the
pose, which is a highly parameterized version of the popular MM/PBSA and MM/GBSA
methodologies (Steinbrecher and Labahn, 2010, Wang and Kollman, 2000).

[00122] All Atom Simulated Annealing Energy Minimization with the YASARA2

Knowledge-based Forcefield. and Rescoring with VINA: The all atom Simulated Annealing

Energy Minimization (here referred to SAEM for brevity), which is followed by a local docking
protocol (as described below) is a customized protocol that was automated with a script using the
Python-based Yanaconda scripting language, and use of the YamberO3 knowledge-based force
field (Krieger et al., 2004). Briefly, each complex was placed into a simulation cell and solvated,
and charge-neutralized to yield physiological conditions, followed by an optimization of the
solvent and H-bonding network, and finally a phased simulated annealing minimization was

performed (a similar process is described in Whalen et al., 2011 (Whalen et al., 2011)). No
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restraints were placed in any of these systems (i.e. all atoms in the ligand and the entire RADS52
complex, ions and solvent were free to move in the simulation). The affinity of the ligand in this
optimized complex was then determined by scoring with AutoDock VINA (Trott and Olson,

2010). Water molecules that were interstitial were automatically retained in the VINA scoring.

[00123] Neutral Comet Assay: To induce RAD52-MUS81-dependent cleavage at arrested
replication forks (Murfuni et al., 2013), hTERT-immortalized wild-type human fibroblasts
(GMO01604) were treated with 2mM HU and 300nM UCNOL1 for 6h, in the presence and absence
of varying concentrations of ‘/’ or ‘6’. Where indicated, the GM(01604 cells were cells were
transfected with siRNAs directed against GFP (Ctrl), or against RADS2 (Qiagen) 48 hours prior
to induction of the replication stress and/or inhibitor treatment. After that cells were subjected to
neutral comet assay as described in Murfuni et al (Murfuni et al., 2013). Slides were analyzed by
a computerized image analysis system (Comet IV, Perceptive UK). To assess the quantity of
DNA damage, computer-generated tail moment values (tail length x fraction of total DNA in the
tail) were used. Apoptotic cells (smaller comet head and extremely larger comet tail) were
excluded from the analysis to avoid artificial enhancement of tail moment. A minimum of 100

cells were analyzed for each compound concentration point.

[00124] Cell Viability Live/Dead Assays: GM01604 cells were transfected with siRNAs
directed against GFP (Ctrl), or against MUSS81 (Qiagen), BRCA2 (Sigma-Aldrich), and RADS52

(Qiagen) 48 hours prior to addition of 1 uM ‘7’. Where indicated, the conditions of pathological
replication were induced by treating cells with 2 mM HU and 300nM UCNO1 for 6h or by a 18
hours treatment with 2mM HU, in the presence or absence of ‘/’. Viability was evaluated by the
LIVE/DEAD assay (Sigma-Aldrich) according to the manufacturer’s instructions. Cell number
was counted in randomly chosen fields and expressed as percent of dead cells (number of red
nuclear stained cells divided by the total cell number) corrected for the cell loss observed in the

population. For each time point, at least 200 cells were counted.

[00125] In Silico Screening Leading to Identification of Novel Inhibitor NP-004255 Using
SAR from HTS: The AnalytiCon Discovery MEGx Natural Products Screen Library, which is

the in silico version of an actual library of purified natural products from plant, fungal and

microbial sources, which is available for purchase, was subjected to an in silico screening
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campaign. The campaign was designed based on the ability to optimally minimize false positives
and false negatives, and to maximize true positives and true negatives. More specifically, the
experimental hits identified in the HTS campaign described above, constitute the true positives,
while specifically selected decoy compounds constitute the true negatives. Decoy compounds
were generated using the Database of Useful Decoys — Enhanced (DUD-E) website (Mysinger et
al., 2012). Decoys are compounds that resemble active ligands in physicochemical properties,
but are distinct in chemical topology to true binders, so that separation bias is avoided (Huang et
al., 2006). Decoys are property-matched to compounds of interest using molecular weight,
estimated water-octanol partition coefficient (miLogP), rotatable bonds, hydrogen bond
acceptors, hydrogen bond donors, and net charge (Mysinger et al., 2012). An average of 50

decoys are obtained for each ligand.

[00126] In order to validate the selected protocol (Figure 1b), we employed a statistical
method in which Receiver Operating Characteristic' or ROC curves are used to optimize the
balance of true positives, false positives, true negatives and false negatives (Varnek et al., 2008).
ROC curves were created using MatLab (R2015a; Mathworks, Natick, MA, USA) from scoring
ranks of active versus inactive poses for each of the best HTS hits (Varnek et al., 2008). This plot
represents the percentage of true positives versus percentage of false positives for a wide range
of choices of score cutoffs. This procedure also allows the determination of the best score

threshold for cutoff of compounds regarding the particular protein target.

[00127] Specific Docking and Scoring Procedures: A database containing the AnalytiCon

Natural Products compound library, and a control selected from the initial HTS hits, were created
and preprocessed for virtual docking (as described above). The top 30 final poses, generated
using the Dock utility of MOE (as described above) were written to an output database. Poses of
all compounds were ranked based on their scores. Compounds with the poses most favorable to
binding, i.e. the poses with the lowest energy scores from the London dG scoring function were
selected for further analysis. Those poses with better scores than the highest scoring pose of our
control (ie, a “true positive” in the ROC curve context) were selected, and then subjected to a
refining docking step involving force field-based energy minimization with the MMFF94x force

field in MOE. Binding energies were ranked, and evaluated.
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[00128] Construction of Receiver Operator Characteristic (ROC) Curves: The docking

scores (kcal/mol) were used for determining the ROC threshold values (see (DelLong et al.,
1988), for precise description of the how to determine the threshold value). Each original
compound of interest and its poses were to be the only “predicted positives”, and the DUDs
(decoys) and its poses were to be the “predicted negatives”; any poses above the threshold were
to be the “actual positives” and the poses below the threshold were to be the “actual negatives”.
The curves were analyzed using the metric of area under the curves (AUC) (DeLong et al.,
1988). The scores of the poses for the most active compounds exhibited bimodal frequency
distribution (Fig. 8b), and the docking protocols’ ability to distinguish between active
compounds and decoys was verified (Fig. 8c). We have determined a protocol for sorting

compounds of interest among a database that provides reliable results with high cutoff limits,
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[00210] Example 2 — Identification of Additional Compounds
[00211] Additional compounds were identified and tested using methods similar to the

methods of Example 1, as illustrated in Table 2.
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[00213] Compounds R20-R24 were identified by screening the local ChemBridge
database against one of 30 pharmacophore models. Compounds R20-R24 were selected based
on having the lowest number of rotatables and the lowest RMSD value relative to the 30 filtering
model. The results identified 19 compounds from which compounds R20-R24 were selected for

testing.

[00214] Compounds R25-R35 were selected by using the hRA052(1-209) crystal structure
and by using implicate force field docking into a druggable pocket of hRAO052 that was identified
by the present inventors. The length of the simulations was X. The compounds were found to
exhibit two predominant orientations in which they overlap in what is thought to be the single-
stranded binding pocket of hRA052. Because the docking is based on force field, the final
calculated binding energies provide an approximate rank-ordering from the DNA binding ICs
values. The compound having the structure (smiles=
Olc2c(C[C@ @HJ(OC(=0)c3cc(O)c(0)c(0)c3)[C@H]lclec(O)c(O)eel)c(O)ee(O)c2) was used
as a template for filtering the ChemBridge database based on shape fingerprints and 58
compound were identified that had > 85% shape similarity. Docking was performed on these
compounds. There were -1600 poses that were scored, and the best pose of the control
compound placed 9™ with a score of -7.03 kcal/mol. There were 8 compounds above the control,
with the highest having a score of -7.4 kcal/mol. As such, the control is ranked relatively high.
We also examined the placement of these 8§ compounds in the subpocket, in terms of the degree
to which they superpose with the control compound as follows: (R26 = good overlap; R31 =
good overlap; R32 = good overlap; R29 = partial overlap; R 30 = partial overlap; R27 = minimal

overlap; R28 = minimal overlap).

[00215] It will be readily apparent to one skilled in the art that varying substitutions and
modifications may be made to the invention disclosed herein without departing from the scope
and spirit of the invention. The invention illustratively described herein suitably may be
practiced in the absence of any element or elements, limitation or limitations which is not
specifically disclosed herein. The terms and expressions which have been employed are used as

terms of description and not of limitation, and there is no intention in the use of such terms and
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expressions of excluding any equivalents of the features shown and described or portions thereof,
but it is recognized that various modifications are possible within the scope of the invention.
Thus, it should be understood that although the present invention has been illustrated by specific
embodiments and optional features, modification and/or variation of the concepts herein
disclosed may be resorted to by those skilled in the art, and that such modifications and

variations are considered to be within the scope of this invention.

[00216] Citations to a number of patent and non-patent references are made herein. The
cited references are incorporated by reference herein in their entireties. In the event that there is
an inconsistency between a definition of a term in the specification as compared to a definition of
the term in a cited reference, the term should be interpreted based on the definition in the

specification.
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CLAIMS
We claim:

1. A method for treating cancer in a subject in need thereof, wherein the
cancer is associated with RADS2 biological activity and the method comprising administering a

therapeutic agent that inhibits the biological activity of RADS2.

2. The method of claim 1, comprising treating breast cancer in a subject in

need thereof.

3. The method of claim 2, wherein the breast cancer is selected from the
group consisting of BRCAIl-deficient breast cancer, BRCA2-deficient breast cancer, and

PALB2-deficient cancer.

4. The method of any of the foregoing claims, wherein the therapeutic agent
binds to RADS2.
5. The method of claim 4, wherein the therapeutic agent binds to RADS2

with a Kp of less than about 100, 50, 20, 10, 5, 2, 1, 0.5, 0.2, 0.1, 0.05, 0.02, or 0.01 uM.

6. The method of any of the foregoing claims, wherein the therapeutic agent

inhibits binding of RADS52 to ssDNA.

7. The method of claim 6, wherein the therapeutic agent inhibits binding of
RADS52 to ssDNA with an ICsq of less than about 100, 50, 20, 10, 5,2, 1, 0.5, 0.2, 0.1, 0.05, 0.02,
or 0.01 uM.

8. The method of any of the foregoing claims, wherein the therapeutic agent

inhibits binding of RADS5?2 to Replication protein A (RPA)-coated ssDNA.

9. The method of claim 8, wherein the therapeutic agent inhibits binding of
RADS52 to RPA-coated ssDNA with an ICsq of less than about 100, 50, 20, 10, 5, 2, 1, 0.5, 0.2,
0.1, 0.05, 0.02, or 0.01 uM.
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10. The method of any of the foregoing claims, wherein the therapeutic agent

inhibits RNAS52 annealling of ssDNA.

11. The method of claim 10, wherein the therapeutic agent inhibits RNAS52
annealling of ssDNA with an ICsq of less than about 100, 50, 20, 10, 5, 2, 1, 0.5, 0.2, 0.1, 0.05,
0.02, or 0.01 uM.

12. The method of any of the foregoing claims, wherein the therapeutic agent

inhibits RADS52 annealling of RPA-coated ssDNA.

13. The method of claim 12, wherein the therapeutic agent inhibits RNAS52
annealling of RPA-coated ssDNA with an ICsp of less than about 100, 50, 20, 10, 5, 2, 1, 0.5, 0.2,
0.1, 0.05, 0.02, or 0.01 uM.

14. The method of any of the foregoing claims, wherein the therapeutic agent

is selected from the following compounds, hydrates thereof, or pharmaceutically acceptable salts

thereof:
OH
OH
OH O OH O O
OH
HO O 2
N OH _N
OH k- H k- / \ k-
OH
OH
O
~. OH OH

N
O

OH OH
OH
NH__N HO 0 O
OH
O OH O O

OH OH

k4 k4
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15. The method of any of the foregoing claims wherein the compound has a

structure:
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wherein R' is H, C1-C6 alkyl, C1-C6 alkoxy, or  + R , wherein R'!, R"?, R",
RM, and R are each independently selected from H, -OH, halo, C1-C6 alkyl, and C1-C6
alkoxy; and

RZ, R? , R4, RS, R6, R7, RS, R’ and R are each independently selected from H, -OH, halo, C1-C6
alkyl, and C1-C6 alkoxy.

16. The method of claim 15 wherein the compound has a formula:

14

17. The method of any of the foregoing claims wherein the compound is
selected from the group consisting of (-)-epigallocatechin, (-)-epicatechin gallate;
epigallocatechin-3-monogallate, quercetin, naringenin, taxifolin, fisetin, myricetin, tricetin,
cyanidin, eriodictyol, 3-methylquercetin, robinetin, tamarixetin, epiafzelechin, 3'-O-
methylepicatechin, meciadanol, theaflavine, 5,7,3'-trihydroxy-3,4'-dimethoxyflavone, 2H-1-
benzopyran-3,7-diol,2-(3,4-dihydroxyphenyl)-3,4-dihydro-, petunidin, 4'-
methylepigallocatechin, delphinidin, (+)-Epicatechin, taxifolin, mearnsetin, Fisetin 3-methyl
ether, 7,3'.4"5'-Tetrahydroxyflavone, 3.,5,7,4'-Tetrahydroxyflavan, fustin, leucocyanidin,

melacacidin, ampelopsin, cyrtominetin, (-)-Gallocatechin, 2H-1-Benzopyran-5,7-diol, 3.4-
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dihydro-2-(4-hydroxyphenyl)-, robinetinidol, 3'-O-methylcatechin, Epicatechin 3',4'-dimethyl
ether, leukoefdin, 2-(3,4-dihydroxyphenyl)-3,5,7-trithydroxy-2,3-dihydronaphthalene-1,4-dione,
flavan-3-ol, luteoforol, 7,4-Dihydroxyflavan, luteoforol, leukoefdin, afzelechin, Fisetinidol,
Apiforol, Dihydrokaempferide, leukoefdin, Laricitrin, 35,7,4-Tri-O-methylcatechin, (?)-
Epicatechin quione, 4H-1-Benzopyran-4-one, 5,7,8-trihydroxy-2-(3,4,5-trihydroxyphenyl)-, 3'-
Hydroxy-4'-O-methylglabridin, Mesquitol, Tricetinidin, (+)-Epiaromadendrin, L-Epicatechin,
1,2-Benzenediol, 4-(3,4-dihydro-7-hydroxy-2H-1-benzopyran-2-yl)-, Pinomyricetin, Epidistenin,
4'-O-methyepicatechin, Hibiscetin, Epimesquitol-4beta-ol, 4H-1-Benzopyran-4-one, 5,7-
dihydroxy-2-(4-hydroxyphenyl)-3-methyl-, 4H-1-Benzopyran-4-one, 5-hydroxy-2-(3.4,5-
trihydroxyphenyl)-, 2,3-Dihydrogossypetin, 2-(4-hydroxyphenyl)-3,4-dihydro-2h-chromene-
4,5,7-triol, epi-Catechol, (2S)-dihydrotricetin, Taxifolin 3-O-acetate, Arachidoside, Leuco-
fisetinidin, 3,5,7-trihydroxy-2-(3,4,5-trihydroxyphenyl)-3,4-dihydro-2H-1-benzopyran-4-one,
"Isoetin, Guibourtinidol, 4'-O-Methylcatechin, Epicatechin 5,3'-dimethyl ether, 3-O-
Methylepicatechin, Keto-teracacidin, Apigeniflavan, and 3,5,8,3',4",5'-Hexahydroxyflavone.

18. A pharmaceutical composition comprising as a therapeutic agent a
compound selected from the following compounds, hydrates thereof, or pharmaceutically

acceptable salts thereof:
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19. A pharmaceutical composition comprising as a therapeutic agent a

compound selected from the following compounds, hydrates thereof, or pharmaceutically

acceptable salts thereof:



WO 2017/015187 PCT/US2016/042730
93

wherein R' is H, C1-C6 alkyl, C1-C6 alkoxy, or  + R , wherein R'!, R"?, R",
RM, and R are each independently selected from H, -OH, halo, C1-C6 alkyl, and C1-C6
alkoxy; and

RZ, R? , R4, RS, R6, R7, RS, R’ and R are each independently selected from H, -OH, halo, C1-C6
alkyl, and C1-C6 alkoxy.

20. The compound of claim 19 wherein the compound has a formula:

R14

21. The pharmaceutical composition comprising as a therapeutic agent a

compound selected from the following compounds, hydrates thereof, or pharmaceutically
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acceptable salts thereof:method of any of the foregoing claims wherein the compound is selected
from the group consisting of (-)-epigallocatechin, (-)-epicatechin gallate; epigallocatechin-3-
monogallate, quercetin, naringenin, taxifolin, fisetin, myricetin, tricetin, cyanidin, eriodictyol, 3-
methylquercetin, robinetin, tamarixetin, epiafzelechin, 3'-O-methylepicatechin, meciadanol,
theaflavine, 5,7,3'-trihydroxy-3.4'-dimethoxyflavone, 2H-1-benzopyran-3,7-diol,2-(3.,4-
dihydroxyphenyl)-3,4-dihydro-,  petunidin, 4'-methylepigallocatechin, delphinidin, (+)-
Epicatechin, taxifolin, mearnsetin, Fisetin 3-methyl ether, 7,3'.4'.5'-Tetrahydroxyflavone,
3,5,7.4'-Tetrahydroxyflavan, fustin, leucocyanidin, melacacidin, ampelopsin, cyrtominetin, (-)-
Gallocatechin, 2H-1-Benzopyran-5,7-diol, 3,4-dihydro-2-(4-hydroxyphenyl)-, robinetinidol, 3'-
O-methylcatechin, Epicatechin 3',4'-dimethyl ether, leukoefdin, 2-(3,4-dihydroxyphenyl)-3,5,7-
trihydroxy-2,3-dihydronaphthalene-1,4-dione, flavan-3-ol, luteoforol, 7.4'-Dihydroxyflavan,
luteoforol, leukoefdin, afzelechin, Fisetinidol, Apiforol, Dihydrokaempferide, leukoefdin,
Laricitrin, 5,7,4'-Tri-O-methylcatechin, (?)-Epicatechin quione, 4H-1-Benzopyran-4-one, 5,7,8-
trihydroxy-2-(3,4,5-trihydroxyphenyl)-, 3'-Hydroxy-4'-O-methylglabridin, Mesquitol,
Tricetinidin, (+)-Epiaromadendrin, L-Epicatechin, 1,2-Benzenediol, 4-(3,4-dihydro-7-hydroxy-
2H-1-benzopyran-2-yl)-, Pinomyricetin, Epidistenin, 4'-O-methyepicatechin, Hibiscetin,
Epimesquitol-4beta-ol, 4H-1-Benzopyran-4-one, 5,7-dihydroxy-2-(4-hydroxyphenyl)-3-methyl-,
4H-1-Benzopyran-4-one, 5-hydroxy-2-(3,4,5-trihydroxyphenyl)-, 2,3-Dihydrogossypetin, 2-(4-
hydroxyphenyl)-3,4-dihydro-2h-chromene-4,5,7-triol, epi-Catechol, (25)-dihydrotricetin,
Taxifolin 3-O-acetate, Arachidoside, Leuco-fisetinidin, 3.5, 7-trihydroxy-2-(3,4,5-
trihydroxyphenyl)-3,4-dihydro-2H-1-benzopyran-4-one,  "Isoetin, = Guibourtinidol,  4'-O-
Methylcatechin, Epicatechin 5,3'-dimethyl ether, 3-O-Methylepicatechin, Keto-teracacidin,
Apigeniflavan, and 3,5,8,3',4',5'-Hexahydroxyflavone.

22. A method for identifying an inhibitor of RADS2 biological activity, the
method comprising contacting RADS2 with a compound and determining if the compound binds
RADS2 and/or inhibits binding of RADS52 to ssDNA and/or inhibits RADS52 annealling of
ssDNA, thereby identifying the inhibitor of RADS2 biological activity.
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International application No.

INTERNATIONAL SEARCH REPORT PCT/US 2016/042730

Box No. II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningtul international search can be carried out, specifically:

3. Claims Nos.: 6-17

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. IIT Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

. s all required additional search tees were time Al e applicant, this international search report covers all searchable
1 As all required additional h fi imely paid by the appli this i jonal h rep 1l habl

claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of

additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers

only those claims for which fees were paid, specifically claims Nos.:

4. D No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the

payment of a protest fee.
The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)
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International application No.

PCT/US 2016/042730

A. CLASSIFICATION OF SUBJECT MATTER

(see extra sheet)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

A61K 31/06, 31/353, 31/235, 31/4709, 31/7048, GOIN 33/574

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

CA, CIPO, ChemlDplus Advanced, DEPATISnet, DWPI, DWPI, EAPATIS, ESP@CE, ESP@CENET, Kipris, PubMed,
NCBI, PAJ, PCT Online, PatSearch

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
WO 2014/083567 A2 (YEDA RESEARCH AND DEVELOPMENT CO., LTD)
05.06.2014,
X p- 38, 39, table 2, claims 18-21
Y 1-5
WO 2011/097480 A1 (UNIVERSITY OF LOUISVILLE RESEARCH
FOUNDATION, INC. et al.) 11.08.2011,
X paragraphs [0060]-[0061], claims 18-21
Y 1-5
X FRET-based HTS for detection of RAD52 Inhibitors Measured in Biochemical 22
System Using Plate Reader - 7018-01_Inhibitor_SinglePoint_ HTS_ Activity_Set2,
26.10.2012, pp.1-10. Retrieved from the Internet: https:/pubchem.ncbi.nlm.nih.
gov/bioassay /651710#section=Top
Y FENG Z. et al. Rad52 inactivation is synthetically lethal with BRCA2 deficiency. 1-5
PNAS, 2011, Vol. 108 no. 2, pp. 686-691
D Further documents are listed in the continuation of Box C. D See patent family annex.
* Special categories of cited documents: “T” later document published after the international filing date or priority

“A”  document defining the general state of the art which is not considered
to be of particular relevance

“E”  earlier document but published on or after the international filing date

“L”  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other

special reason (as specified)

“Q” document referring to an oral disclosure, use, exhibition or other
means
“P”  document published prior to the international filing date but later than

the priority date claimed

date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X”  document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y”  document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&”  document member of the same patent family

Date of the actual completion of the international search

03 October 2016 (03.10.2016)

Date of mailing of the international search report

27 October 2016 (27.10.2016)

Name and mailing address of the [SA/RU:

Federal Institute of Industrial Property,
Berezhkovskaya nab., 30-1, Moscow, G-59,

GSP-3, Russia, 125993

Facsimile No: (8-495) 531-63-18, (8-499) 243-33-37

Authorized officer
U. Dutikova

Telephone No. 495 531 65 15

Form PCT/ISA/210 (second sheet) (January 2015)
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