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ABSTRACT: Small-molecule inhibitors of DNA repair path-
ways are being intensively investigated as primary and adjuvant
chemotherapies. We report the discovery that cardiac
glycosides, natural products in clinical use for the treatment
of heart failure and atrial arrhythmia, are potent inhibitors of
DNA double-strand break (DSB) repair. Our data suggest that
cardiac glycosides interact with phosphorylated mediator of
DNA damage checkpoint protein 1 (phospho-MDC1) or E3
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ubiquitin—protein ligase ring finger protein 8 (RNF8), two factors involved in DSB repair, and inhibit the retention of pS3
binding protein 1 (S3BP1) at the site of DSBs. These observations provide an explanation for the anticancer activity of this class
of compounds, which has remained poorly understood for decades, and provide guidance for their clinical applications. This
discovery was enabled by the development of the first high-throughput unbiased cellular assay to identify new small-molecule
inhibitors of DSB repair. Our assay is based on the fully automated, time-resolved quantification of phospho-SER139-H2AX
(yH2AX) and S3BP1 foci, two factors involved in the DNA damage response network, in cells treated with small molecules and
ionizing radiation (IR). This primary assay is supplemented by robust secondary assays that establish lead compound potencies
and provide further insights into their mechanisms of action. Although the cardiac glycosides were identified in an evaluation of
2366 small molecules, the assay is envisioned to be adaptable to larger compound libraries. The assay is shown to be compatible
with small-molecule DNA cleaving agents, such as bleomycin, neocarzinostatin chromophore, and lomaiviticin A, in place of IR.

B INTRODUCTION

DNA is an established target for chemotherapeutic inter-
vention; approximately 70% of small-molecule anticancer
agents target DNA." Among the many different DNA lesions,
DNA double-strand breaks (DSBs) are the most deleterious.” It
has been estimated that a single unrepaired DSB is sufficient to
induce apoptosis.” DNA DSBs are resolved by the non-
homologous end joining (NHEJ)* and homologous recombi-
nation (HR)® repair pathways, which are part of the cellular
DNA damage response (DDR) network. Sporadic and
hereditary DDR mutations are widespread in many tumors,’
and while these mutations drive tumorigenesis, they also
provide a context in which to obtain selectivity, as inhibition of
a functional DDR pathway in transformed cells is selectively
toxic because of decreased genetic buffering (synthetic
lethality).” Healthy cells, which are less reliant on the DDR
(partly because of lower rates of proliferation), are not
sensitized to the same degree.”® Consequently, small-molecule
inhibitors of NHE] or HR repair (and other DDR pathways)
are of great interest and are in clinical development.”’
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Although the potential of DDR inhibitors as primary or
adjuvant chemotherapies is now widely appreciated, only a
single DNA repair inhibitor, olaparib,'” has been approved for
clinical use. The slow progress in this area may be due to the
nature of prior discovery efforts, which have focused on
identifying molecules that inhibit specific factors in vitro. For
example, poly(ADP-ribose) polymerase 1 (PARP1) inhibi-
tors,"" which ushered in the era of DNA repair as a therapeutic
target,'” and DNA protein kinase catalytic subunit (DNA-
PKcs) inhibitors'® have been discovered using enzymatic
assays, but permeability, toxicity, and solubility limitations
have impeded their clinical use.'* A small number of whole-cell
assays have been reported, but these have focused on specific
factors, such as ataxia telangiectasia and Rad3-related (ATR)"
or ataxia telangiectasia mutated (ATM)'® kinases. To our
knowledge, an unbiased high-throughput cellular assay to
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discover small-molecule DNA repair inhibitors has not been
reported.

Here we disclose a new high-content, high-throughput
cellular assay for the unbiased discovery of NHE] and HR
repair inhibitors. Our approach is enabled by the development
of a time-resolved method to automatically and concurrently
monitor the production and resolution of phospho-SER139-
H2AX (yH2AX) and pS3 binding protein 1 (53BP1) foci in
cells treated with ionizing radiation (IR) and candidate DDR
inhibitors. yH2AX'” and 53BP1'® are key DDR components
that recruit many other mediator and effector proteins and
chromatin-modifying complexes to DSBs. yYH2AX is formed
early in the DDR, amplifies the DNA damage signal, and
localizes several NHEJ and HR proteins, including 53BP1, onto
the damaged DNA."”" 53BP1 recognizes a unique DSB-specific
histone code and acts in conjunction with factors downstream
of ATM to promote NHE] and suppress HR repair.'* yH2AX
and S3BP1 form cytologically detectable foci that can be
visualized by immunofluorescence microscopy.'” As DSBs are
ameliorated, feedback mechanisms terminate the DDR, leading
to dissipation of these foci.”” Consequently, cellular levels of
NHE] or HR repair activity can be determined indirectly by
measuring the kinetics of 5S3BP1 and yH2AX foci formation
and resolution. As yH2AX is formed early in the DDR, delays in
yH2AX foci resolution correlate with decreased DNA repair.
On the other hand, as S3BP1 foci are formed later in the DDR,
modulation of DNA repair activity may be expected to impede
the formation of $3BP1 foci or their resolution. The concurrent
monitoring of two distinct repair factors can provide insight
into the point at which the pathways are disrupted. These
studies have led to the discovery of cardiac glycosides, natural
products in clinical use for the treatment of heart failure and
atrial arrhythmia, as lead compounds for modulation of NHE]J
and HR activity. This work provides an explanation for the
longstanding but poorly understood anticancer activity of these
compounds and suggests their application to treat DDR-
deficient tumor types.

B MATERIALS AND METHODS

Cell Lines and Reagents. U20S and T98G cell lines were
obtained from American Type Culture Collection (ATCC). U20S
cells were cultured in McCoy’s SA medium (Fisher Scientific)
supplemented with 10% fetal bovine serum (FBS) (Life Technolo-
gies). T98G cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) (Life Technologies) with 10% FBS. All cells were
maintained at 37 °C with 5% CO,. NU7441 and BEZ-235 were
purchased from Fisher Scientific and Santa Cruz Biotechnology,
respectively. Strophanthidin (1) (Sigma-Aldrich), ouabain (2) (MP
Biomedicals), lanatoside C (3) (Sigma-Aldrich), digoxin (4) (Sigma-
Aldrich), ouabagenin (5) (Sigma-Aldrich), and digoxigenin (6)
(Sigma-Aldrich) were purchased as dry powders and diluted in
dimethyl sulfoxide (DMSO) for dose—response studies.

Library Compounds. We employed the NIH Clinical Collection
(BioFocus DPI), the FDA Approved Drug Library (ENZO Life
Sciences), and a Yale Center for Molecular Discovery Yale Procured
Drugs custom collection, which total 2366 compounds. All of the
compounds were stored as 10 mM solutions in DMSO at —20 °C
before use.

Assay Protocol. Cells were seeded at 4000 cells per well to achieve
total well volumes of 20 yL in 384-well plates (black with optically
clear bottom, PerkinElmer) using a Thermo Combidrop liquid
dispenser. Cells were grown for 72 h, followed by the addition of
library compounds using a 384-head pin tool with quills (V&P
Scientific, Inc.) on the Aquarius liquid transfer robot (Tecan). A 20 nL
aliquot of each compound stock solution (10 mM in DMSO) was
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added to 20 uL of cells to provide final compound and DMSO
concentrations of 10 yuM and 0.1%, respectively. Each plate contained
16 negative vehicle control wells (0.1% DMSO) and 16 positive
control wells (1 uM BEZ-235 or 5§ uM NU7441). The cells were
incubated with the compounds for 1 h and then irradiated with 10 Gy
IR using an X-RAD KV irradiator (Precision X-ray). Following
irradiation, the cells were incubated for an additional 24 h (or shorter
time points for time course experiments) and then fixed and subjected
to immunofluorescence.

Immunofluorescence. Cells were fixed with 4% paraformalde-
hyde (PFA) (Electron Microscopy Sciences) in the presence of 0.02%
Triton X-100 at room temperature for 20 min and then incubated in
permeabilization/blocking solution (10% FBS, 0.5% Triton X-100 in
phosphate-buffered saline (PBS)) at room temperature for 1 h.
Primary antibodies [phospho-specific H2AX (Upstate 05-636), S3BP1
(Novus Biologicals NB100-904SS), phospho-specific DNA-PKcs
(Abcam ab4194), and breast cancer 1 (BRCA1) (Santa Cruz sc-
6954)] were diluted 1:500 in permeabilization/blocking solution and
used to stain cells at 4 °C overnight. The secondary antibodies used
were Alexa Fluor 488-conjugated goat anti-mouse immunoglobulin G
(IgG) and Alexa Fluor 647-conjugated goat anti-rabbit IgG (Molecular
Probes). Cells were costained with the nucleic acid dye Hoechst 33342
(HOECHST) (Aem = 460 nm) to visualize the nuclei. Immuno-
fluorescence staining was performed in 384-well plates using liquid
handlers.

Imaging and Image Analysis. Cells were imaged using the
InCell 2200 Imaging System (GE Corporation). The automated image
analysis protocol for the quantitative assessment of yH2AX and S3BP1
foci was developed using the InCell Analyzer software (GE
Corporation). Nuclei were segmented on the basis of the nuclear
HOECHST staining channel, and foci were identified on the basis of
the S3BP1 or yH2AX fluorescence channel. Nuclei and foci were then
linked, and the number of foci per nucleus was counted. Cell-level
distributions of number of foci per nucleus were generated from at
least 450—600 cells/well. A threshold of >1S5 foci per nucleus was set
as defining yH2AX- and/or S3BP1-positive cells.

Data Analysis. To evaluate the robustness of the screen, Z’ factors
were calculated from the mean signals of the positive and negative
controls (y., and y._) and their standard deviations (o, and o._) for
each plate using the formula Z' = 1 — [3(o, + 6._)/luc, — pc_1]>"
Primary screening data were analyzed using the commercial software
and database package ActvityBase (IDBS). The effect of each library
compound was calculated as the normalized percent effect using the
following formula: percent effect = [(sample — p._)/(4e, — pc_)] X
100%. Histograms of normalized data for the entire screening
population were plotted using the JMP software (SAS). The hit
threshold was defined as 3 standard deviations beyond the mean of the
normalized percent effect values of all screened library compounds.
Compounds satisfying the 3 standard deviation cutoff were selected as
screen actives, arrayed into a hitpick plate, and retested in four
replicates. Selected hits were purchased as powders and assayed in
dose—response studies in 384-well plates.

Secondary DSB Repair Assays. The green fluorescent protein
(GFP)/red fluorescent protein (RFP)-based DSB repair assays were
performed using a U20S cell line with stably integrated NHEJ and HR
repair reporters (termed the EJ-DR assay) combined with a ligand-
dependent I-Scel (ddSceGR), as previously described.”> Ligand-
induced DNA cleavage by ddSceGR was performed by adding the
Shield1 and triamcinolone acetonide (TA) ligands at concentrations of
0.5—1 uM and 100 nM, respectively, to the cell cultures arrayed in 96-
well microplates. Compounds were then added at the indicated
concentrations. Ligands and compounds were incubated in the cells
for 24 h, followed by 1—2 washes with DMEM containing 10% FBS
without ligands. The NHE]J and HR repair activities were assessed by
quantification of the percentages of DsRed® and GFP" cells,
respectively, using a FACScan flow cytometer (Becton, Dickinson
and Company; BD) at the indicated times. Selected experiments were
analyzed with an automated fluorescence imager (Cytation3, Biotek
Instruments) as previously described.”® Standard compensation
techniques were used when GFP and DsRed were analyzed
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Figure 1. Development of the high-throughput primary assay for quantification of S3BP1 and yH2AX foci in U20S cells. (A) Schematic depicting
the workflow of the assay. (B) InCell 2200 images of S3BP1 and yH2AX foci in cells exposed to 4 or 10 Gy IR and analyzed S h postirradiation.
HOECHST dye was used to stain nuclei. (C) Example of segmentation and linking of nuclei and foci using image analysis algorithm developed using
the InCell Analyzer software. (D) Distribution of cell population as a function of $3BP1 and yH2AX foci number. Histograms for control cells (no
IR) and cells subjected to 4 or 10 Gy IR, and analyzed S h postirradiation are shown. Dashed line represents 15 foci threshold described in the main
text. (E) Percent of cells with >15 S3BP1 or yH2AX foci after treatment with 4 or 10 Gy IR.

simultaneously in order to minimize spectral overlap. DsRed*, GFP?,
and parental cells were used as controls for optimization. The data
were analyzed using FloJo (Tree Star, Inc.). Experiments were
performed in either triplicate or quadruplicate, and error bars
represent standard errors of the mean (SEM).

Cell-Cycle Profiling. Cell-cycle phase distributions were assessed
by analysis of the DNA content using HOECHST staining of cell
nuclei as previously described.”>*® In these experiments, cells were
fixed in 70% ethanol at the indicated time points in 96-well
microplates, washed with PBS, and then stained with 1 ug/mL
HOECHST dye. HOECHST fluorescence was quantified using the
Cytation3 automated fluorescence imager. Data analysis was
performed using standard FloJo cell-cycle profiling tools.

B RESULTS

Development of an Automated yH2AX and 53BP1
Staining and Imaging Protocol. Figure 1A depicts a
schematic of the primary assay. Cells were seeded in 384-well
plates and grown in log phase for 72 h. Test compounds were
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then added, and the cells were incubated for an additional 1 h,
after which the plates were irradiated. The irradiated plates
were incubated for 24 h, followed by fixing, staining, and
automated imaging and analysis.

Optimization studies employed the human osteosarcoma cell
line U20S on the basis of the experience of our group and
others using these cells in studies of DDR.****
studies using a second cell line are described below. A protocol
to simultaneously detect IR-induced S3BP1 and yH2AX foci in
a 384-well format using an automated high-content microscope
was first developed. Cell density, timing and dose of IR, fixation
and permeabilization conditions, and yH2AX and S53BP1
antibody staining conditions were optimized (data not
shown). Exposure of U20S cells to 0, 4, or 10 Gy IR followed
by staining and imaging under optimized protocols revealed
that the levels of yH2AX and $3BP1 foci increased with
increasing IR (Figure 1B).

Confirmatory
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Figure 2. Validation of the foci-based screening assay using known DSB repair inhibitors. (A) Percent of cells with >15 yH2AX (left) or S3BP1
(right) foci as a function of time after exposure to 10 Gy IR. (B) Effects of BEZ-235 (left) and NU7441 (right) on resolution of yH2AX and S3BP1
foci. Cells were pretreated with BEZ-235 (0.025—2.8 uM) or NU7441 (0.005—S uM) for 1 h and then subjected to 10 Gy irradiation. The
percentages of cells with >15 foci are shown as functions of time postirradiation. (C, D) Impaired foci resolution in cells treated with DNA repair
inhibitors. Shown are (C) immunofluorescence images and (D) percentages of cells with >15 53BP1 or yH2AX foci in cell populations pretreated
with § uM NU7441 or 1 uM BEZ-23S for 1 h, exposed to 10 Gy IR, and analyzed 24 h postirradiation.

To enable automated image analysis (Figure 1C), the nuclei
were first segmented on the basis of the HOECHST staining
channel. Foci were identified on the basis of the S3BP1 and
yH2AX fluorescence channels. The nuclei and foci were then
linked, and the image features were quantified. The percentages
of cells containing 0—60 S3BP1 or yH2AX foci were then
plotted to generate cell-level histograms from a large statisti-
cally robust population (at least 450—600 cells/well). As
expected, the number of yH2AX and S3BP1 foci per cell
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increased with increasing IR (Figure 1D). A threshold of >15
foci per nucleus (dashed vertical lines in Figure 1D) was used
to define cells as yH2AX- or 53BPl-positive. The yH2AX
threshold excludes cells with low levels of DNA damage foci
resulting from active replication and metabolism.”> By this
approach the percentages of yH2AX- and S3BP1-positive cells
could be determined with high precision, and robust and
reproducible differences between irradiated and control cells
were observed (Figure 1E).
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Figure 3. Results of a screen of 2366 bioactive compounds. (A) Scatter plots of raw data (percentages of cells with >15 $3BP1 or yH2AX foci) from
a representative screening plate. Blue and green data points correspond to wells treated with 5 uM NU7441 or 1 uM BEZ-235, respectively. Gray
data points represent the screening population, and red points represent vehicle (negative control). (B) Histograms of normalized data (percent
effect relative to 1 uM BEZ-235) for the entire screening population. Quantiles and moments for all of the tested compounds (n = 2366) are shown
on the right. (C) Table of selected top hits satisfying the 3 standard deviation cutoff. Normalized viabilities and effects on S3BP1 or yH2AX foci
observed in the primary screen are shown. (D) Chemical structures of cardiac glycosides 1—4.

Identical experiments employing the human glioblastoma cell
line T98G provided precise and reproducible data (Supple-
mentary Figure 1). Alternatively, use of the molecular DNA-

. .26 126 . 26
cleavage agents neocarzinostatin,” etoposide,” bleomycin,
and lomaiviticin A*>*" in place of IR led to dose-dependent
increases in yH2AX and S3BP1 foci (Supplementary Figures
2—4). Pan-yH2AX staining was observed without an attendant
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increase in 53BP1 foci at high concentrations of these agents,
which is suggestive of induction of apoptosis.”” This result
underscores the utility of analyzing both yH2AX and 53BP1
foci simultaneously to distinguish DSB induction from
apoptosis.

Characterization of Foci Production and Resolution
Kinetics. The rates of DNA damage foci production and

DOI: 10.1021/jacs.6b00162
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resolution were characterized to identify the optimal time point
to assay for activity. Cells were exposed to 10 Gy IR and
analyzed for S3BP1 and yH2AX foci at 2—24 h after irradiation.
The numbers of foci-positive cells peaked at 3 and S h for
yH2AX and 53BP1, respectively, and then decreased over 5—24
h (Figure 2A). 53BP1 foci were more persistent, and resolution
was incomplete after 24 h. Histogram data for each of the data
points shown in Figure 2A are presented in Supplementary
Figure SA. These data illustrate the wide distribution in the
number of foci per nucleus at each time point, emphasizing the
utility of using a 15+ foci threshold and scoring percent of
positive cells (i.e., cells with 15+ foci) as opposed to the mean
number of foci per nucleus. Representative raw images of
yH2AX and 53BP1 foci for each time point postirradiation are
shown in Supplementary Figure 5B. As the numbers of DNA
damage foci-positive cells reached a maximum between 3 and S
h, we reasoned that later time points would be most optimal to
detect small-molecule-induced changes in foci resolution.
Assay Validation Using Known DSB Repair and DNA
Damage Checkpoint Inhibitors. We then sought to test
whether delays in yH2AX and 53BP1 foci resolution using
known DSB repair and DNA damage checkpoint inhibitors
could be detected. The DNA-PKcs inhibitors NU7441°° and
BEZ-235" were employed, since they are known to block
NHE]J repair after exposure to IR.*’ Both drugs are chemo- and
radiosensitizers in vitro and in tumor xenografts in
vivo, 1?2731 and studies have demonstrated the persistence
of 53BP1 and yH2AX foci as a result of impaired DNA repair in
cells treated with NU7441.*> BEZ-235 (0.025—1 uM) and
NU7441 (0.05—5 uM) induced dose-dependent delays in
53BP1 and yH2AX foci resolution after exposure to 10 Gy IR
(Figure 2B,C), and 60—80% of the cells treated with S yuM
NU7441 or 1 yuM BEZ-23S5 displayed >15 foci per nucleus after
24 h, compared with 5—20% observed in control cells (Figure
2D). These data suggested 24 h as a suitable point to probe for
modulation of repair activity. Images of foci at 24 h
postirradiation are shown in Supplementary Figure 6A.
BEZ-235 and NU7441 also delayed DNA-PKcs foci
resolution (Supplementary Figure 6), providing further
confirmation that the delays in yH2AX and S3BP1 foci
resolution were due to impairment of DSB repair. We also
evaluated several other known DSB repair and checkpoint
inhibitors in analogous time-dependent dose—response experi-
ments, including mirin (Mrell inhibitor),” VE-821 (ATR
inhibitor),”* SAHA (HDAC inhibitor),”> KU55933 (ATM
inhibitor),*® and TCS2312 (CHKI inhibitor).”” All of these
compounds affected yH2AX and/or $3BP1 foci clearance after
irradiation (Supplementary Figure 7). Collectively, these data
supported the ability of this screening approach to identify DSB
modulators, led to the selection of BEZ-235 and NU7441 as
positive controls, and identified 24 h after irradiation as the
optimal time point to assay for delays in repair.
Small-Molecule Screen for Identification of Novel DSB
Repair Inhibitors. The assay parameters developed above
were applied to a screen of 2366 structurally diverse small
molecules. U20S cells were seeded in 384-well plates, cultured
for 72 h, and treated with library compounds (10 uM). After 1
h incubation, the cells were exposed to 10 Gy IR, incubated for
an additional 24 h, fixed, stained, and analyzed as above. Scatter
plots of raw data (Figure 3A) showed low variability and
significant separation of the signals for positive (BEZ-235 or
NU7441) and negative (DMSO) control populations. The
majority of compounds had negligible activity. The means and
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standard deviations of the control samples were used to
calculate signal-to-background (S/B), coefficient of variation
(CV), and Z' factors for each screening plate (Supplementary
Figure 8).”" In cells treated with NU7441, an average CV of 5%
(range = 3—10%) and an average Z' of 0.6 (range = 0.47—0.69)
were observed for the 53BP1 phenotype. The yH2AX
phenotype had an average CV of 7% (range = 5—9%) and an
average Z' of 0.68 (range = 0.56—0.8). In cells treated with
BEZ-235, an average CV of 5.1% (range = 4—6%) and an
average Z' of 0.61 (range = 0.46—0.72) were observed for the
53BP1 phenotype. The yH2AX phenotype had an average CV
of 11% (range = 6—14%) and an average Z' of 0.5 (range =
0.39—0.73).

To enable data comparison across the entire screen, the raw
data from each plate were normalized to the control data from
the same plate, where the mean of 16 BEZ-235 wells was set as
100% effect and the mean of 16 DMSO vehicle control wells
was set as 0% effect. The percent effect values across all of the
compounds were nearly normally distributed for yH2AX and
S3BP1 foci (Figure 3B), with a handful of compounds
displaying activity comparable to that of the positive controls.
A hit threshold of 3 standard deviations beyond the mean of
the normalized values of the entire population was defined.
This threshold corresponds to 67.8% effect relative to BEZ-235
for the 53BP1 foci phenotype and 41% effect relative to BEZ-
23S for the yH2AX foci phenotype. With this threshold, 47
compounds that inhibited S3BP1 foci resolution and 46
compounds that inhibited yH2AX foci resolution were
identified. Nineteen compounds delayed resolution of both
yH2AX and S3BP1. Seventeen hits suppressed S3BP1 foci
levels. (All of the primary screen hits are presented in
Supplementary Data File 1.) The hits that suppressed S3BP1
foci and simultaneously delayed yH2AX foci were deemed to be
of special interest as DSB repair modulators. As noted in the
Introduction, S3BP1 foci are formed downstream of yH2AX, so
suppression of S3BP1 foci with concomitant delay of yH2AX
foci resolution suggests a target between these two factors
(discussed further below). Several known DNA-damaging
agents, such as bleomycin, mitomycin, camptothecin, and
etoposide, were identified as screen actives (Supplementary
Figure 9). While these compounds induce DNA damage rather
than inhibit DSB repair, their detection serves as further
confirmation of the accuracy of the assay.

Hit Validation. Fifteen yH2AX hits and 15 S53BP1 hits
showed reproducible effects upon retesting (~30% validation
rate; see Supplementary Data File 2), and several compounds
delayed both yH2AX and S3BP1 foci resolution at levels
comparable to that observed for BEZ-235. Primary hits that
showed reproducible effects and are not known DNA-damaging
agents are shown in Figure 3C. Representative images for
selected hits are shown in Supplementary Figure 10.

Vorinostat™ and quercetin39 are known to possess DDR
inhibitory activity, and the identification of these compounds
supports the sensitivity of the approach. The cardiac glycosides
strophanthidin (1), ouabain (2), lanatoside C (3), and digoxin
(4) (Figure 3D) uniquely elevated yH2AX foci with
concomitant suppression of S3BP1 foci levels. These hits
were of great interest because they suggested a functional
suppression of proximal DNA damage signaling (S3BP1 foci
suppression) and disruption of DSB rejoining (delayed yH2AX
foci resolution). The structural similarity of the aglycon
residues of 1—4 (shown in blue) suggests specific recognition
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Selected Drugs from Hit-Pick Studies
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Figure 4. Hitpick and dose—response analysis of selected screen actives. (A) Hitpick table showing average and standard error values from DNA
damage foci assays performed in quadruplicate for 1—3. The percent effect values shown are relative to BEZ-235-treated wells, as described in
Materials and Methods. (B) Dose-dependent effects of 1—3 on cell viability and S3BP1 or yH2AX foci numbers in U20S cells subjected to 10 Gy
IR. Cells were pretreated with 1—3 for 1 h, irradiated, and then analyzed 24 h postirradiation. Percent viability relative to DMSO control wells and
normalized foci effects relative to BEZ-235-treated wells are shown. The X axis is the logarithm of the molar concentration of 1, 2, or 3. (C) S3BP1

and yH2AX foci images of cells 24 h postirradiation after treatment with 2.

with a DDR target. As 3 and 4 contain an identical aglycon
substructure, we focused on 3 for further studies.

Averages from four replicate assays using 1—3 demonstrated
that 1 and 2 displayed minimal effects on cell viability while 3
decreased cell viability by ~40% (Figure 4A). Moreover,
reproducible dose-dependent modulation of S53BP1 and
yYH2AX foci was observed (Figure 4B,C). These differences
did not correlate with adverse effects on cell viability, which was
calculated by dividing the cell numbers in the drug- versus
DMSO-treated wells. Ouabain (2) suppressed S3BP1 foci at
nanomolar concentrations (780 nM), while the effects on
YH2AX foci levels were apparent at higher doses (Figure 4B,C).
Importantly, increases in DNA damage foci levels were not
observed in the absence of IR (Supplementary Figure 11),
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suggesting that these effects are not related to direct DNA
damage. Evaluation of foci formation at earlier time points
(Supplementary Figure 12) showed that 1—3 did not affect the
induction of 53BP1 foci within 3—S5 h postirradiation, but dose-
dependent suppression of S3BP1 foci levels was observed
between 8—24 h postirradiation. These findings suggest that
these hits modulate repair activity or pathway choice rather
than directly inhibiting the initial recruitment of this factor to
the lesion (which occurs at near normal levels in the first 4 h for
cells treated with 1—3). The significance of these findings is
discussed further below in the Discussion.

We then tested whether 1—3 induced changes in the patterns
of foci induction and resolution of other key DSB repair
proteins. We chose to analyze DNA-PKcs** and BRCA1*' foci
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Figure S. Secondary assay platform for validation of DSB repair inhibition. (A) Schematic of the GFP/RFP-based DSB reporter assay to measure HR
and mutagenic NHEJ repair in cells at induced site-specific DSBs. (B) Validation of this reporter assay using the DNA-PK inhibitor NU7441. (C)
Effects of 1—3 on HR and mutagenic NHE] repair at a range of drug doses; the fractions of cells in the G1 phase, along with total cell counts, are
shown for each dose. (D) Representative cell-cycle phase histograms for the corresponding active compound concentrations from the DSB repair

assays presented in (C) are shown for each compound.

kinetics, as these factors are involved in canonical NHE] and
HR repair, respectively. In the absence of 1—3, DNA-PKcs and
BRCALI foci formation peaked at 4 and 6 h, respectively, which
is consistent with previous reports by our group and others
using this cell line.””™** 1—3 induced marked dose-dependent
suppression of BRCAl foci induction immediately after
irradiation; this was followed by suppression of BRCAIl-foci
levels 8—24 h postirradiation (Supplementary Figure 13). In
contrast, DNA-PKcs foci levels were moderately diminished 0—
4 h after irradiation, but substantial suppression of foci levels
was noted 8—24 h postirradiation (Supplementary Figure 13).
Among 1-3, 2 demonstrated the greatest response; for
example, a nearly 2-fold reduction in foci-positive cells was
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observed in cells treated with 390 nM 2 8 h postirradiation. For
all three drugs, we observed nearly complete loss of BRCAl
and DNA-PKcs foci (along with suppression of S3BP1 foci
levels), which corresponded to elevated yH2AX levels,
suggestive of unrepaired DSBs. These data indicate a profound
DSB repair defect in cells treated with these drugs. As will be
presented below, we did not observe any significant changes in
cell-cycle phase distribution, suggesting that these observations
do not arise from cell-cycle arrest.

Analysis of the Effects of 1-3 on DSB Repair Activity
Using a GFP/RFP Reporter Assay. We recently developed a
method to study NHE] and HR repair at site-specific DSBs
tethered to red fluorescent protein (RFP)- and green
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Figure 6. Analysis of the effects of aglycon substructures on DSB repair activity. (A) Structures of the isolated aglycones of 2 and 3 [ouabagenin (5)
and digoxigenin (6), respectively]. (B) Effects of § and 6 on DSB repair activity in the GFP/RFP-based reporter assays (the assay schematic shown
in Figure SA). (C) Representative cell-cycle phase histograms for each drug at selected concentrations from the assays presented in (B).

fluorescent protein (GFP)-based reporter assays in human
tumor cell lines.”” A schematic of this assay is shown in Figure
SA. This NHEJ assay measures mutagenic DSB repair, which is
predominantly driven by noncanonical pathways. The site-
specific DSBs are created by the rare-cutting endonuclease I-
Scel, which has a 23 base pair recognition sequence integrated
into the cell genome.”” We also created a novel ligand-
dependent I-Scel that can be stably integrated into these cells.””
In this manner, DSB cleavage kinetics can be precisely
controlled, which is ideal for testing the activity of putative
DSB repair inhibitors that may have short half-lives. This assay
has been validated using small interfering RNAs targeting
several key DSB repair genes”> and known DNA repair
inhibitors such as NU7441.”* Representative data for NU7441
using this assay are presented in Figure SB. Treatment with
NU7441 induced HR and mutagenic NHE] repair, indicating
that we could detect an expected shift away from canonical
NHE]J repair.”>* These assays are based on the repair of a
single cohesive-end DSB with a GFP- and RFP-based
functional readout. As such, these assays and their readouts
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are distinct from the IR-induced DNA damage foci assays
presented earlier.

Cells were counted in parallel at each dose to assess toxicity.
Cell death associated with DSB-repair-inhibitor-induced radio-
sensitization would not be expected in the 24 h postirradiation
time period since IR-associated cell killing typically takes a
minimum of 48—72 h to manifest.”* This phenomenon forms
the basis for the use of clonogenic survival assays to assess the
effects of DNA-damaging and other agents on cell viability.*
Similarly, inhibition of DSB repair itself typically would not be
expected to induce substantial adverse effects on cell viability,
on the basis of the finding that numerous cell lines have been
created with homozygous null mutations in key DSB repair
genes. Thus, any effects on cell viability in these foci-based
assays can be attributed to nonspecific toxicity. HOECHST
staining was used to measure DNA content and assess the
effects of each compound on the cell cycle distribution. Since
DNA DSB repair pathways are cell-cycle-dependent,””*® these
studies were necessary to exclude indirect effects on DSB repair
arising from cell-cycle arrest.
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The effects of 1—3 at concentrations of 0.300—5 M on DSB
repair were evaluated in these assays. As shown in Figure SC,
1—-3 suppressed both NHE] and HR repair independent of cell
toxicity, and no significant alterations in the cell cycle
distribution were observed. Representative cell cycle distribu-
tion plots are shown in Figure SD, and the corresponding plots
for each dose tested here are shown in Supplementary Figure
14A. Ouabain (2) displayed the most potent phenotype, with
approximately 60% reductions in both NHE]J and HR repair
activity at a concentration of 38 nM. Substantial DSB repair
inhibitory activity was observed for 2 even at <20 nM. DSB
repair inhibition was correlated with cell toxicity for this drug,
but there were no changes in the G1 phase fraction under these
same conditions. Similarly, minimal changes in cell doubling
were observed for these compounds at the doses where DSB
repair was suppressed (Supplementary Figure 14B). Thus, the
toxicity appeared to be cell-cycle-independent and could not
explain the phenotype of this drug on DSB repair.
Diphenylcyclopropenone was also included in these experi-
ments since it was validated as an initial hit (Figure 3C), but it
was excluded because it was found to induce DNA damage in
the absence of IR (data not shown). As expected, this
compound did not demonstrate any activity in these assays,
which detect DSB repair specifically at two site-specific induced
DSBs. These data highlight the specificity of this assay for DSB
repair activity.

We also evaluated the activities of the isolated aglycones of 2
and 3 [ouabagenin (5) and digoxigenin (6), respectively;
Figure 6A] in this repair assay to ascertain the influence of the
carbohydrate residues of 2 and 3 and obtain preliminary
structure—function data on the aglycon substructures. Both §
and 6 displayed comparable, albeit less robust, NHEJ and HR
inhibitory activities (Figure 6B). Negligible effects on cell
toxicity were noted at the doses observed (data not shown).
Cell-cycle analysis did not provide any evidence of cell-cycle
arrest (Figure 6C).

B DISCUSSION

DNA repair is bein§ ntensively investigated as a chemo-
therapeutic strategy.”” Because of deficiencies in genetic
buffering, tumor cells are often sensitized toward DDR
inhibitors, creating the potential to obtain selectivity in systemic
treatments.”® However, while over 100 proteins are known to
be directly involved in the DDR network, only a handful of
these have been targeted by small molecules,*” and nearl%r all of
these were discovered using target-based approaches. ”'® A
whole-cell unbiased approach promises to provide inhibitors of
known and unknown protein targets, including those that are
not readily obtained in purified form. This approach addresses
issues of solubility, uptake, and metabolism in the primary
screen and provides an opportunity to identify novel essential
factors in the DDR through follow-up target identification
studies. A recent review has highlighted the utility of
phenotypic screening in cancer drug discovery.”*

The assay we have reported employs yH2AX'” and $3BP1'*
as markers of repair activity in the primary screen. While S3BP1
alone is often regarded as a reliable indicator of DSB repair, ™
its use in conjunction with yH2AX and a time-dependent
analysis provides further confirmation of phenotype and
preliminary insight into the mechanism of action of the
compounds. This assay is fully automated and conducted in a
microwell-based format, rendering it amenable to larger
compound collections. Our secondary assays comprise a unique

i
9
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platform of experiments to rigorously exclude false positives
and gain further insight into the repair pathways targeted by
each compound. All of the hits were tested for yH2AX and
53BP1 foci formation in the absence of IR in order to exclude
false positive results arising from direct DNA damage induced
by the compounds. The restriction-enzyme-based DSB repair
assay we employed allows us to concurrently analyze mutagenic
NHEJ and HR repair activities and to determine the effect of
each compound on either pathway separately.”>** Furthermore,
this assay represents an orthogonal validation of activity as a
DSB repair modulator for each identified hit. In addition, high-
throughput cell-cycle analysis and cell counting allow us to
probe for changes in cell cycle and viability, which provide
insight into off-target effects such as direct DNA damage, cell-
cycle arrest, and toxicity. These latter assays are essential since
it has been shown that the rates of yH2AX and 53BP1 foci
resolution can be influenced by the cell-cycle phase in which
DSB repair is occurring.”’ Consequently, there is a possibility
that a compound could indirectly impair resolution of 53BP1
and yH2AX foci by inducing cell-cycle arrest.”” While such a
phenotype may lead to radio- or chemosensitization, we are
focused on the identification of molecules that directly
modulate DSB repair. By means of these secondary assays,
lead compounds identified in the primary screen can be rapidly
validated as direct DSB repair inhibitors and rank-ordered for
further studies.

By this approach, cardiac glycosides 1—4 emerged as
inhibitors of NHE]J and HR repair. This result was particularly
intriguing given the prior reported anticancer activities of these
compounds.*” Several discrete mechanisms of anticancer
activity have been proposed for these compounds, including
inhibition of Na*/K*-ATPase, which is overexpressed in many
cancers, poisoning of topoisomerase complexes, or inhibition of
glycolysis.*” Our data conclusively establish that these
compounds modulate NHE] and HR repair; moreover, we
did not observe toxicity or DNA damage upon treatment with
the cardiac glycosides alone, which excludes Na*/K"-ATPase
and topoisomerase inhibition as underlying their mechanism of
action. Interestingly, these compounds prolonged the lifetime
of yH2AX foci while inhibiting the formation of 53BP1 foci.
These observations suggest that the cardiac glycosides may
interact with a factor in the DDR between yH2AX and 53BP1.
The comparable activities of the aglycones ouabagenin (5) and
digoxigenin (6) suggest a common target for these compounds.
A recent study showed that ATM-mediated phosphorylation of
mediator of DNA damage checkpoint protein 1 (MDCI)
promotes recruitment of the E3 ubiquitin—protein ligase ring
finger protein 8 (RNF8) to the site of DSBs. RNFS8 in turn
recruits S3BP1 and BRCA1 to the damaged DNA.*° Thus, it is
possible that MDC1 or RNES8, which act downstream of
yH2AX but upstream of S3BP1, may be targets of the cardiac
glycosides. This hypothesis is consistent with the observation
that BRCAL foci levels were also suppressed upon treatment
with cardiac glycosides. In addition, 1-3 did not affect the
induction of 53BP1 foci 3—5 h postirradiation, but dose-
dependent suppression of S3BP1 foci levels was observed 8—24
h postirradiation. These data suggest a defect in S3BP1 foci
retention rather than recruitment. Previous studies have
suggested complex mechanisms that can independently regulate
the retention S3BP1 after its initial recruitment to DSBs.”" We
thus hypothesize that these drugs primarily affect the retention
of this molecule at DSBs. Future studies will focus on
evaluating this hypothesis.
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Several cardiac glycosides are in clinical use for the treatment
of heart failure and atrial arrhythmia. For example, digoxin and
digitoxin are used for the treatment of cardiac failure, and the
latter drug is also used for the treatment of supraventricular
arrhythmias, including atrial fibrillation. Peak digoxin levels of
8—12 pug/kg typically are required for a therapeutic effect.
Cardiac glycosides appear to have ICy, values against their
known target, Na,K-ATPase, in the range of 10—100 nM in
vitro.”> We observe an altered DNA damage response
phenotype at concentrations well within this in vitro range
(e.g, Figure SC, where DSB repair inhibitory activity is
observed even at <20 nM). In addition, UNBS1450 is a steroid
cardiac glycoside with structural similarities to digoxin® that
has been tested in a phase I clinical trial against nonsmall cell
lung cancer. Taken together, these findings suggest that we can
achieve effective concentrations in an oncology setting. On the
basis of our studies, the facile repurposing® of cardiac
glycosides as DDR inhibitors could be pursued. Recent
advances in the chemical synthesis of cardiac glycosides,>
including methods to produce libraries of glycosylated
derivatives,”® provide methods to further optimize their
structures and control their polypharmacology.

H CONCLUSION

We have developed the first fully automated whole-cell assay
for the discovery of DNA DSB repair inhibitors. Our assay
employs two well-established markers of DSB repair activity,
yH2AX and 53BP1, allowing us to confirm phenotype in the
primary screen and gain insight into their mechanism of action.
We have established a series of robust secondary assays to
validate lead compounds and exclude compounds that directly
damage DNA, decrease cell viability, or induce cell-cycle arrest.
These studies have led to the discovery that cardiac glycoside
natural products are potent modulators of NHE] and HR
repair. This observation provides an explanation for the
anticancer activity of these compounds, which has remained
unresolved. Our data suggest that the cardiac glycosides may
target a factor in the DDR downstream of yH2AX and
upstream of S3BP1, potentially either MDCI1 or RNF8, and
that this interaction may inhibit retention of 53BP1 at the site
of DSBs. We envision that these clinically approved agents
could be readily repurposed as radio- or chemosensitizers for
the treatment of a broad range of cancers. More broadly, the
assay we have reported is likely to enable the discovery of new
DDR inhibitors and new biological targets in these clinically
important pathways.
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