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Abstract

Most cancer therapies involve a component of treatment that
inflicts DNA damage in tumor cells, such as double-strand breaks
(DSBs), which are considered the most serious threat to genomic
integrity. Complex systems have evolved to repair these lesions,
and successful DSB repair is essential for tumor cell survival after
exposure to ionizing radiation (IR) and other DNA-damaging
agents. As such, inhibition ofDNA repair is a potentially efficacious
strategy for chemo- and radiosensitization. Homologous recom-
bination (HR) and nonhomologous end-joining (NHEJ) represent
the twomajor pathways bywhichDSBs are repaired inmammalian
cells. Here, we report the design and execution of a high-through-
put, cell-based small molecule screen for novel DSB repair inhibi-
tors. We miniaturized our recently developed dual NHEJ and
HR reporter system into a 384-well plate-based format and inter-

rogated a diverse library of 20,000 compounds for molecules that
selectively modulate NHEJ and HR repair in tumor cells. We
identified a collectionof novel hits that potently inhibit DSB repair,
and we have validated their functional activity in a comprehensive
panel of orthogonal secondary assays. A selection of these inhibi-
tors was found to radiosensitize cancer cell lines in vitro, which
suggests that they may be useful as novel chemo- and radio
sensitizers. Surprisingly, we identified several FDA-approved drugs,
including the calcium channel blockermibefradil dihydrochloride,
that demonstrated activity as DSB repair inhibitors and radio-
sensitizers. These findings suggest the possibility for repurposing
them as tumor cell radiosensitizers in the future. Accordingly, we
recently initiated a phase I clinical trial testing mibefradil as a
glioma radiosensitizer. Mol Cancer Ther; 14(2); 326–42. �2014 AACR.

Introduction
Most cancer therapies involve a component of treatment that

inflicts DNA damage in tumor cells. Ionizing radiation (IR) is a
potent inducer of double-strand breaks (DSB), which are consid-
ered themost serious formofDNAdamage.Complex systemshave
evolved to rapidly detect and repair these lesions, and successful
DSB repair is essential for tumor cell survival after exposure to IR
and other DNA-damaging agents. Homologous recombination

(HR) and nonhomologous end-joining (NHEJ) represent the two
major DSB repair pathways in cells (1–4). Emerging evidence
suggests that inhibition of DNA repair and damage checkpoints
is a viable and potentially efficacious strategy for chemo- and
radiosensitization in the clinic, which has been supported by
decades of work confirming a link between DNA repair and tumor
cell survival after IR (5). Examples of such drugs in clinical trials
and/or active preclinical development include inhibitors of poly
(ADP-ribose) polymerase (PARP; ref. 6), checkpoint kinase 1 and 2
(Chk1 and Chk2; ref. 7), and DNA-dependent protein kinase
(DNA-PK; ref. 8). Most of these drugs were identified in high-
throughput screens using a target-based, "reverse chemical genet-
ics" strategy focused on these particular targets (9). In this
approach, a small molecule library is screened for compounds
that bindor inhibit a particular proteinof interest, typicallyusing in
vitro assays with purified proteins. However, there are numerous
steps in key DSB repair pathways that have not yet been targeted.
These findings suggest the need for additional efforts, and also
alternative drug screening strategies, to identify new drugs that can
inhibit DSB repair. Here, we report on the results of a high-
throughput, cell-based screen for novel inhibitors of NHEJ and
HR repair, using a forward chemical genetics approach.

The HR pathway uses homologous DNA sequences as a tem-
plate for repair, whereas NHEJ processes and re-ligates the ends of
the breaks (10). NHEJ repair is considered more error prone
than HR and occurs more frequently in cells. NHEJ is the pre-
dominant pathway in the G0–G1-phases of the cell cycle, whereas
HR increases during S-phase, when a sister chromatid becomes
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available as a template for repair. As cells enter the G2–M-phase of
the cell cycle, NHEJ becomes more active and likely predominates
over HR repair (11). Emerging evidence indicates that many
subpathways exist within both the NHEJ and HR pathways of
repair. In particular, NHEJ repair mainly is composed of canonical
NHEJ (cNHEJ) and noncanonical NHEJ repair. The latter process
has been given many names, including back-up NHEJ (bNHEJ),
alternative NHEJ (aNHEJ), and microhomology-mediated NHEJ
(MMEJ; ref. 12). This lack of consensus, in part, canbe attributed to
the fact that specificDSB repair proteins thatmediate noncanonical
NHEJ repair remain elusive. The cNHEJ pathway is well defined
and results in minimal processing of the DSB ends (13), while the
latter process typically results in deletions with local sequence
microhomology (14–17). cNHEJ proteins include Ku70/80,
DNA-PK catalytic subunit (DNA-PKcs), X-ray repair cross-comple-
mentingprotein4 (XRCC4), and ligase IV (13). Asnotedabove, the
noncanonical pathway(s) are poorly defined but appear to require
MRE11 (18) and PARP-1 (19). Ligase III and X-ray repair cross-
complementing protein 1 (XRCC1) are also implicated in these
processes (20, 21), although more recent studies have ques-
tioned the requirement of these proteins (22–24). Examples of
key HR proteins include breast cancer 1 (BRCA1), BRCA2, and
Rad51 (10). CtIP is a key HR factor involved in the initial end-
resection step of this process (25), but it also appears to play a
role in NHEJ repair, particularly in pathways distinct from
cNHEJ (26). Collectively, the noncanonical NHEJ repair pro-
cesses share a common theme of higher rates of insertions,
deletions, and microhomology usage. As such, we have termed
this pathway mutagenic NHEJ (mNHEJ) repair previously, to
distinguish cNHEJ repair versus bNHEJ, aNHEJ, MMEJ, which
often are used interchangeably but sometimes distinctly (27).
However, MMEJ repair specifically may represent a subset of
mNHEJ in which flanking sequence microhomology is com-
monly (if not exclusively) used. Another DSB repair pathway
has been described, single-strand annealing (SSA), which is
distinct from NHEJ repair and likely represents a subpathway
of HR repair. SSA repair anneals adjacent sequence repeats
flanking a DSB, resulting in a deletion between the repeats (28).

Numerous assays to measure DSB repair in cells have been
described previously, and they typically use IR or endonu-
cleases to induce DNA cleavage events at chromosomal loci
or in plasmid substrates. DSB repair proteins form discrete foci
at DNA damage sites after treatment with IR, which can be
visualized by immunofluorescence microscopy. These foci pat-
terns can be used as markers for DSB repair in cultured cells
(29, 30). DSB repair can also be assayed using the neutral comet
assay, which relies on the altered mobility of cleaved DNA (31).
Weingeist and colleagues (32) recently demonstrated that this
technique can be miniaturized for high-throughput screening.
Fluorescence-based assays also have become an important tool
to assess DSB repair in cells. The DR-GFP assay is a commonly
used HR assay, which uses the I-SceI endonuclease to induce a
site-specific DSB in a cell (33). We recently developed a novel
mNHEJ repair assay, termed end joining-red fluorescent protein
(EJ-RFP), which can be combined with DR-GFP to measure
both DSB repair pathways simultaneously (27). We integrated
this system into a number of cells, including U2OS DR-GFP
cells (referred to as U2OS EJ-DR cells). We also developed a
novel, ligand-dependent I-SceI system for DSB induction in
cells (27). A similar inducible I-SceI system subsequently was
described by Truong and colleagues (34). Many other elegant

reporter assays and inducible cleavage systems have been
described previously, which have been used to gain critical
insights into DSB repair regulation (15, 18), (35–38).

Here, we report the design and execution of a high-throughput,
cell-based small molecule screen for novel DSB repair inhibitors.
We miniaturized our recently developed dual mNHEJ and HR
reporter system into a 384-well plate-based format, and we then
interrogated a diverse library of approximately 20,000 com-
pounds for molecules that selectively modulate mNHEJ and/or
HR repair in tumor cells. We identified a collection of novel hits
that potently inhibit DSB repair, andwe validated their functional
activity in a comprehensive panel of orthogonal secondary assays.
A selection of these inhibitors was found to radiosensitize cancer
cell lines in vitro, which suggests they may be useful as novel
chemo- and radiosensitizers for solid tumors in which local
recurrence after therapy is a barrier to treatment efficacy. Surpris-
ingly, we identified several currently or previously FDA-approved
drugs, including the calcium channel blocker, mibefradil dihy-
drochloride, which demonstrated substantial activity as DSB
repair inhibitors and radiosensitizers. These findings suggest the
possibility for repurposing them as tumor cell radiosensitizers in
the future. Along these lines, we recently initiated a phase I clinical
trial testing mibefradil as a radiosensitizer in patients with recur-
rent glioblastoma.

Materials and Methods
Cell lines and culture conditions

U2OS EJ-DRs, which consist of the U2OS osteosarcoma cell
line with integrated copies of the EJ-RFP and DR-GFP reporters,
along with the ligand-inducible ddSceGR cleavage system, have
been described previously (27). The parental U2OS cell line and
T98G cells were obtained directly from the American Type
Culture Collection (ATCC), which has provided certification of
authentication per the guidelines that are published on their
website (i.e., using STR Profiling Analysis). Additional U2OS
cells lines containing the GFP-based DSB repair assays to mea-
sure SSA, total NHEJ, and MMEJ were a generous gift from
Jeremy Stark (Department of Radiation Biology, Beckman
Research Institute of City of Hope) and have been described
and validated for authenticity previously (35, 36). These cell
lines were cultured in high-glucose Dulbecco's Modified Eagle
Medium (DMEM)with L-glutamine containing 10% tetracyline-
free (tet-free) fetal bovine serum (FBS; Clontech Laboratories
and Atlanta Biologics). All cells were maintained at 37�C with
5% CO2. Tet-free serum, instead of "regular" FBS, is needed for
routine passaging during experiments involving U2OS EJ-DRs
cells, to prevent DsRed gene expression in the EJ-RFP system,
which can result from residual tetracycline found in most
commercially available FBS preparations. For the long-term
culture of U2OS EJ-DRs cells, we used charcoal-stripped FBS
(Invitrogen Corporation), tominimize the levels of endogenous
glucocorticoids present in untreated FBS preparations. Ligand-
induced DNA cleavage by ddSceGR was performed by adding
the Shield1 and triamcinolone acetonide ligands at concentra-
tions of 0.5 to 1 mmol/L and 100 nmol/L, respectively, to the cell
cultures. Ligands were incubated in the cells for 24 hours,
followed by one or two washes with DMEM containing 10%
FBS without ligands. Specific conditions for ligand addition in
microplates are described below. All control drugs presented in
this study were purchased from Tocris Bioscience.
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High-throughput small molecule screening
All primary drug screening studies were performed in polysty-

rene clear bottomblack-walled 384-wellmicroplates (Greiner Bio
One International AG). The process for DSB induction, cell
incubation, and timing of reporter gene measurement using the
EJ-DRs assay was described in detail previously (27). All screening
compounds and control drugs were added from 5mmol/L source
plates in DMSO directly to microplates containing 10 mL of
DMEM without FBS (referred to as "preplating"), such that the
final concentration was 10 mmol/L, and used within 24 hours of
compound/drug dilution. The test compounds were dispensed
with Norgren Kloehn nanosyringes and each plate was bar-coded
for tracking at the Rockefeller High-Throughput & Spectroscopy
Resource Center (HTSRC; New York, NY), using well-established
in-house protocols at this facility. The control drugs were added
manually with a multichannel pipettor for the initial screening
optimization studies with known DSB repair inhibitors. DMSO
alone (1%) was added to columns 23 and 24 for all microplates
unless otherwise specified below in the Results (and these col-
umns were reserved for negative and positive controls, as
described below). U2OS EJ-DRs cells were seeded into each well
at afinal concentrationof1,000 cells perwell, in a volumeof 40mL
containing 12.5% tet-free FBS, such that the final FBS concentra-
tion was 10% v/v in each microplate well. This media also
contained the DSB ligands, Shield1 and triamcinolone acetonide,
which yielded final concentrations of 1 mmol/L and 100 nmol/L,
respectively. Themedia for column24 in eachplate did not contain
these DSB ligands, which served as the equivalent of a positive
control representingmaximal inhibition ofmNHEJ andHR repair.
Phenol-red free DMEM (Invitrogen) supplemented with penicil-
lin–streptomycin (Life Technologies) was used for all screening
experiments. Microplates were then set on flat benches for a
minimum of 30 minutes at room temperature to facilitate uni-
form seeding in the surfaces of eachmicroplatewell, thus reducing
possible edge effects, as described previously (39). The subse-
quent individual steps in the screening studies are described in
Supplementary Materials and Methods.

Secondary GFP-based DSB repair assays
We used a collection of GFP-based assays to measure SSA, total

NHEJ, and MMEJ repair, created by Bennardo and colleagues
(35, 36), which have been described previously. In these experi-
ments, each cell line was Amaxa nucleofected with the ddSceGR
plasmid in standard cuvettes provided by the manufacturer
(Lonza Group, Ltd.). Cells were then diluted in culture media
consisting of DMEM with 10% regular FBS, and then seeded at a
density of 20,000 cells per well in 96-well microplates. Cell
counting was performed before nucleofection, and as such a
25% cell loss factor was incorporating into the cell dilution
calculations to account for loss of cells during the nucleofection
process and the transfer from cuvettes to other vessels. Cells were
added in a 50-mL volume to themicroplate wells containing 25 mL
of culture media diluted with test compounds at the desired
concentration(s) along with DSB ligands. Unless otherwise spec-
ified, these assays tested compounds at 10 mmol/L concentrations
in DMSO. A single media wash was performed after 24 hours and
the cells were then incubated for an additional 48 hours to allow
maturation of the GFP expression. After a total incubation time of
72 hours, cells were washed with PBS (200 mL) and then disso-
ciated using 25 mL of Accutase incubated for 15 minutes at 37�C
(Innovative Cell Technologies, Inc.), followed by the addition of

25 mL of serum-free media. Accutase was used because this
dissociation reagent does not require subsequent incubation with
DMEM containing FBS for inactivation that can lead to higher
rates of clogging in flow cytometers. In addition, the rates of re-
attachment tomicroplate wells are lower in the absence of serum,
which can become an issue when handling larger numbers of
plates leading to longer incubation times in the microplates
during each processing step. Cells were then transferred to round
bottom, polypropylene 96-well plates for analysis by flow cyto-
metry. NHEJ andHR repair activity was assessed by quantification
of the percentages of DsRedþ and GFPþ cells, respectively, using
an Accuri C6 flow cytometer equipped with a HyperCyt auto-
sampler (Intellicyt Corporation). The Hypercyt is an instrument
that facilitates the automated analysis of microplates by flow
cytometry, and has been described previously (40). TheHyperCyt
sampling settings were as followed: 35 rpm peristaltic pump
speed, 15-second sip time (sampling�3.4 mL/s), 2.5-second rinse
time, and a 15-second plate shake during each rinse. Each plate
was thus analyzed in approximately 45 minutes using these
settings, and the entire volume of each microplate well was
sampled. Cell numbers were also acquired in each well using the
HyperCyt. Standard compensation techniques were used when
GFP and RFP were analyzed simultaneously to minimize spectral
overlap. The data were analyzed using FlowJo (TreeStar, Inc.).
Experiments were performed in either triplicate or quadruplicate,
and error bars represent standard errors of the mean (SEM).

IR foci formation assays
Cells were seeded into eight-chamber tissue culture slides (Fish-

er) and incubated overnight, and selected slides were then treated
with IR using a Cesium Irradiator to deliver a dose of 10Gy. Unless
otherwise specified, these assays tested compounds with IR at 10
mmol/L concentrations inDMSO, and thefinalDMSOv/v amount
was 0.1% in cell culture. The compoundswere added1hour before
irradiation and kept in the culture media until processing (i.e., 5
hours after IR). Cells were fixed in 4% paraformaldehyde (PFA) at
room temperature for 15 minutes, followed by a block and
permeabilization step with 10% bovine growth serum (BGS) and
0.5% Triton-X for 1 hour. Commercially available antibodies were
used to detect the following protein targets: phospho-specific
gH2AX (S139; #32827; Upstate), 53BP1 (rabbit polyclonal;
NB100-904SS; Novus Biologicals), phospho-specific DNA-PKcs
(T2609 and S2056; #ab18356 and #ab18192, respectively;
Abcam), BRCA1 (D9; Santa Cruz Biotechnology), and phospho-
specific Chk2 (T68; #2661; Cell Signaling Technology). The sec-
ondary antibodies used were Alexa Fluor 594–labeled goat anti-
mouse IgG (Molecular Probes) and Alexa Fluor 488–labeled
chicken anti-rabbit IgG (Molecular Probes), each at a 1:500 dilu-
tion. Cell nuclei were stained with 40,6-diamidino-2-phenylindole
(DAPI) that was included in the Vectashield mounting medium
(Vector Laboratories). Images were obtained using a Carl Zeiss
confocal laser scanning microscope (Carl Zeiss Microscopy, LLC)
and processed using ImageJ and Adobe Photoshop software. For
foci quantification, >100 nuclei were counted, with cells forming
>5 foci were scored as positive. Experiments were performed in
either triplicate or quadruplicate, and error bars represent SEM.

Clonogenic survival assays
U2OS and T98G cells were incubated with test compounds for

1 hour before irradiation on a cesium irradiator atmultiple doses,
and the cells were then trypsinized after a 4-hour incubation post-
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IRwith the compounds (10mmol/L concentrations inDMSO; and
the final DMSO v/v amount was 0.1% in cell culture.). Cells were
then seeded at 500, 200, 100, and 50 cells per well and grown for
14 days. Colonies (>50 cells) were visualized by fixing with
methanol and staining with crystal violet. Surviving fractions
were then calculated by normalizing to the plating efficiency for
each experiment (colony formation after 0 Gy dose), and as
described previously (41).

Results
Development of a cell-based, high-throughput small molecule
screening platform to identify novel DSB repair inhibitors

We first sought to miniaturize our dual NHEJ and HR reporter
assay into amicroplate format suitable for high-throughput small
molecule screening. Schematics of the mNHEJ and HR repair
assays, along with the inducible I-SceI system, are shown in Fig.
1A, and also have been described previously (27). Briefly, the EJ-
RFP repair assay is based on a tetracycline-dependent regulatory
system, and it consists of a repair substrate and a reporter vector.
The I-SceI recognition site [TAGGGATAA^CAGGGTAAT] was
inserted in-frame between the start codon and the open reading
frame (ORF) of the tet repressor (TetR) gene in the repair sub-
strate. The reporter vector contains an RFP gene driven by a
cytomegalovirus (CMV) promoter with an intervening TetR-bind-
ing site. When the repair substrate and reporter vector are chro-
mosomally integrated, RFP expression is basally repressed by the
TetR protein under normal conditions. Cleavage of the I-SceI site
and subsequent rejoining of the free DNA ends by error-prone
NHEJ results in disruption of the TetR ORF and consequent
expression of RFP. In the DR-GFP system, the 24-bp recognition
site of I-SceI has been integrated into the GFP gene such that it
disrupts the gene. Repair of the cleaved I-SceI site by HR gives rise
to a functional GFP gene, when the template used for repair is a
truncated GFP fragment located downstream in the plasmid (33).
RFP- and GFP-positive cells are typically measured by flow cyto-
metry to assess mNHEJ and HR repair activity, respectively. Our
inducible I-SceI protein contains amodifieddestabilizing FKBP12
domain on theN-terminus, and the ligand-binding domain of the
glucocorticoid receptor (GR) on the C-terminus (referred to as
ddSceGR; ref. 42). The addition of the small molecule, Shield1,
blocks the destabilizing effect of the N-terminal domain, and the
addition of the synthetic glucocorticoid receptor ligand, triam-
cinolone acetonide, induces translocation from the cytoplasm to
the nucleus.We recently created aU2OS cell line containing single
copies eachof EJ-RFP,DR-GFP, andddSceGR (referred to asU2OS
EJ-DRs cells), and we extensively validated its function as a
reliable and dynamic reporter of DSB repair, using a panel of
small interfering RNAs (siRNA) and selected small molecule DSB
repair inhibitors (27).

We previously characterized the timing and kinetics of our DSB
repair assay, with regard to DNA cleavage activity andmaturation
of the RFP and GFP signal (27), which is depicted in Fig 1B for
reference. A longer incubation time is required for thematuration
of EJ-RFP expression (96 hours), owing to the requirement for
wild-type (WT) TetR protein to be degraded before derepression
of the RFP gene in the reporter vector can occur (i.e., following
disruption of the TetR ORF by mNHEJ repair events). In our
previous studies involving U2OS EJ-DRs cells, we analyzed the
percentages of RFP- andGFP-positive cells byflowcytometry (27).
Although this approach is associatedwith high levels of sensitivity

and low error rates, it is not well suited for the analysis of small
numbers of cells grown in 384-well microplates. We thus devel-
oped a protocol to image RFP- and GFP-positive cells in micro-
plates using an automated laser scanning cytometer. We reasoned
that this approachwould be advantageous for the analysis of large
numbers of samples, because adherent cells can be measured
rapidly without the need for trypsinization and subsequent trans-
fer to flow cytometry tubes for analysis. Furthermore, most laser
scanning cytometers can process large numbers of microplates
automatically with the addition of a robotic plate exchanger. We
also considered using a conventional fluorescence plate reader to
measure the total amount of RFP and GFP fluorescence in each
microplate well, which has been described previously in high-
throughput screens with multicolor competition assays (43).
However, our initial tests using this approach indicated that
while RFP fluorescence could be measured successfully, GFP
fluorescence was not reliably detected in U2OS EJ-DRs cells
(data not shown). This likely can be explained by the finding
that the DR-GFP assay reports %GFP-positive cells in the range
of 1% to 10%, which is below the threshold to achieve a
reasonable signal-to-noise ratio for most conventional micro-
plate readers. In contrast, laser scanning cytometers typically
image the entire well and can identify any fluorescent objects in
the field, which significantly raises the sensitivity of detecting
smaller subpopulations of fluorescent protein-expressing cells
(e.g., in the range of 1%–10%).

To this end, we used the ImageXpress Velos laser scanning
cytometer for our studies (Molecular Devices). The Velos can
image a single 384-well plate in approximately 5 to 10 minutes,
capturing fluorescence in two separate channels (e.g., RFP and
GFP), and it is equipped with "on-the-fly" image analysis. We
validated and optimized image segmentation and spot recogni-
tion algorithms with the Velos software analysis tools to detect
RFP- and GFP-positive cells, using various controlled mixes of
RFP- and GFP-positive U2OS EJ-DRs cells, which were isolated by
fluorescence-activated cell sorting (FACS) after DSB ligand treat-
ment. It should be noted that RFP in the EJ-RFP assay was derived
from DsRed and is expressed in the entire cell (27), while GFP
expression in theDR-GFP assay is restricted to the nucleus because
of a nuclear localization signal added to the N-terminus (33).
These differences made it important to optimize the image
segmentation algorithms for each fluorescent protein, with cells
grown at a controlled range of densities in 384-well microplates.
For example, higher cell densities would confound the ability to
segment RFP-positive cells in close contact because of pan-cellular
fluorescent protein expression, while this issue would be less
problematic for nuclear-localized GFP-expressing cells. A repre-
sentative whole well image of RFP- and GFP-positive EJ-DRs cells
acquired by the Velos is shown in Fig. 1C, and the inset shows the
segmentation process we developed for GFP-positive cells. Sam-
ple whole well images of various mixes of fluorescent protein-
positive and -negative cells are shown in Supplementary Fig. S1A,
which illustrates the high sensitivity in detecting very low fre-
quencies of GFP-positive cells. We tested a range of cellular
fixation conditions in our initial studies, as fixation would permit
the analysis ofmicroplates at later timeswithout significant loss of
RFP and/orGFPfluorescence.We found thatfixationwith 4%PFA
for 5 to 10 minutes followed by a single wash with PBS was
sufficient to preserve RFP and GFP fluorescence. Interestingly,
fixation times beyond 10 minutes and/or omission of the PBS
wash led to significant reductions in RFP fluorescence at later time
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points, which could not be abrogated with quenchers such as
glycine (data not shown).

We also sought to incorporate a method for cell normalization
to control for differences in cell number between wells, which
could arise from either drug toxicity or intra- and/or inter-micro-
plate variations in liquid handling. We were limited to the use of
fluorescent proteins or fluorophores that did not have significant
spectral overlap with RFP or GFP, which would confound our

analyses of DSB repair. We selected the nuclear ultraviolet dye,
Hoechst 33342 (H33342), which does not interfere with the
detection of GFP or RFP fluorescence. We designed a protocol in
whichH33342was added at the time of PFAfixation (i.e., after the
PBS wash step). As noted earlier, the Velos can image with only
two channels, and thuswe chose tomeasureH33342fluorescence
with a conventional fluorescence plate reader after analysis on the
Velos. As shown in Fig. 1D, we confirmed that our optimized

Figure 1.
Initial design and miniaturization of a cell-based assay for DSB repair inhibitor screening. A, schematic of the EJ-RFP (left) and DR-GFP (right) assays to measure
mNHEJ and HR, respectively. Inset on the right, the ddSceGR system for ligand-dependent DSB induction. B, schematic depicting the timeline associated
with the use of the EJ-DRs assay to evaluate the effect of small molecules on DSB repair activity, which consists of six steps: (i) cell seeding, (ii) test compound
addition, (iii) DSB induction, (iv) ligand and compound wash-out, (v) incubation to permit repair and reporter gene expression, and (vi) analysis of RFP- and
GFP-positive cells indicating DSB repair events. C, sample image for a single well of a 384-well plate, acquired by the ImageXpress Velos, with the GFP-
and RFP-channels overlaid; inset/zoom-in, example of segmentation algorithm to enumerate GFP-positive cells. D, linearity of detection and enumeration of RFP-
and GFP-positive cell in 384-well plates (left and right, respectively), as detected with the ImageXpress Velos. The percentages of RFP- and GFP-positive cells for
each data point are shown on the X-axis, which were derived from cells analyzed by flow cytometry in parallel. Z0-factors are shown in each plot between the
maximum and minimum data points to highlight the sensitivity and reliability of the assay and detection platform for drug screening. E, linearity and correlation of
plated cell numbers with H33342 fluorescence, as detected using a fluorescence plate reader. F, overview of the process-flow for our high-throughput screen.
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imaging,fixation, and analysis protocols coulddetect awide range
of %RFP- and %GFP-positive U2OS EJ-DRs cells (left and right,
respectively). We specifically tested RFP and GFP mixes corre-
sponding to maximal versus minimal mNHEJ and HR repair
activity that would be associated with the EJ-DRs reporter assay
under normal assay conditions. These "high" and "low" values
correspond to cells treated with or without DSB ligands, respec-
tively (without any test compounds); and essentially these con-
ditions served as our initial negative and positive controls for the
first assay optimization studies. Background levels of RFP- and
GFP-positive cells are found in U2OS EJ-DRs cells, which are
associated with low levels of DNA cleavage by ddSceGR in the
absence of ligands (27). In this manner, maximal inhibition of
mNHEJ/HR repair would reduce RFP/GFP percentages to that
observed in cells that were not treated with the DSB ligands. The
Z0-factor, a common measure of assay reproducibility (44), was
>0.5 between the high and low values for both RFP- and GFP-
positive cell mixing experiments, which indicated suitability for
high-throughput screening. We also detected a highly linear
correlation between plated cell number andH33342 fluorescence
in these experiments (Fig. 1E). Taken together, these data sug-
gested that our miniaturized EJ-DRs assay and analysis protocols
would be suitable for high-throughput screening in 384-well
microplates.

On the basis of our initial optimization experiments
described above, we envisioned a screening process flow in
which cells are seeded directly into 384-well microplates with
test compounds of interest, along with ligands to induce DSBs.
After a period of induced DNA cleavage in the presence of
compounds (24 hours), a media wash is performed to terminate
DSB activity. This wash step also removes the compounds,
which would minimize the possibility of toxicity and fluores-
cence artifacts associated with some compounds in long-term
culture. Cells are then incubated for a period of time to allow
expression of RFP and GFP, followed by PFA fixation, H33342
staining, and finally fluorescence measurements to assess DSB
repair activity and cell numbers. In this manner, the effects of
small molecules on both mNHEJ and HR activity can be
assessed simultaneously, and cell viability can be used to
exclude toxic compounds from any identified hits. This process
flow is summarized in Fig. 1F. As discussed below, we next
validated this process flow using known chemical inhibitors of
DSB repair, and also in a pilot small molecule screen.

Validation of our miniaturized DSB repair screening assay
using known inhibitors of NHEJ and HR repair

We next sought to confirm we could detect the expected effects
of known chemical inhibitors on DSB repair activity in 384-well
microplates, using our screening process flow. To this end, we
tested mirin, a recently described inhibitor of the Mre11–Rad50–
Nbs1 (MRN) complex (45). We tested mirin along with DMSO
controls in 384-well plates, at a range of doses in triplicate. The
percentages of RFP- andGFP-positive cells from triplicate samples
in wells containing various doses of mirin were normalized to the
percentages observed in wells containing DMSO-treated cells for
bothmNHEJ andHR, respectively. In thismanner, the data can be
presented as a relative assessment of DSB repair on a two-dimen-
sional (2D) plot (which we have referred to as a RADaR plot,
based on our previous work; ref. 27), which allows one to rapidly
assess the effects of a given condition on both mNHEJ and HR
repair activity visually. A schematic of how EJ-DR measurements

in each quadrant are categorized is shown in Fig. 2A for reference.
Before testing with mirin, we first performed a DMSO tolerance
test to assess the possible contribution of artifacts in DSB repair
activity arising fromDMSO toxicity. These experiments confirmed
that DMSO concentrations as high as 2% did not significantly
affect cell viability and/or DSB repair activity (Supplementary
Figs. S1B and S1C, respectively). In contrast, DMSO concentra-
tions of 3% ormore led to substantial reductions in cell numbers,
which corresponded to reductions in both mNHEJ and HR repair
activity. As shown in Fig. 2B,mirin inhibited bothmNHEJ andHR
repair activity in a dose-dependent fashion from 25 to 100 mmol/
L. These data were normalized to H33342 staining results, which
revealed approximately 50% and 70% reductions in cell viability
at 50 and 75 mmol/L doses of mirin, respectively. Mirin is known
to be toxic to cells at doses above 25 mmol/L (45), which can
confound the ability to differentiate a direct effect on DSB repair
activity versus indirect suppression via disruption of normal
proliferation, as highlighted in the DMSO tolerance test above.
After normalizing for cell toxicity, the data revealed that mirin
preferentially inhibits HR over mNHEJ repair activity, with a half
maximal inhibitory concentration (IC50) for HR repair inhibition
of approximately 50 mmol/L, which is consistent with previous
studies using the DR-GFP reporter assay (45). The H33342-
normalized IC50 curves for mNHEJ and HR repair activity after
mirin treatment are shown in Supplementary Fig. S1D. These data
highlight the suitability of our miniaturized assay to detect small
molecule–induced changes in DSB repair activity. They also
highlight the importance of assessing cell toxicity as a potential
confounder for changes in DSB repair activity.

Execution of a pilot screen using a library of known bioactive
compounds

We next sought to assess the performance of our 384-well plate
EJ-DRs assay in a pilot compound screen, in preparation for
scaling up to interrogate 20,000 compound library. Initial studies
with several 384-well microplates containing U2OS EJ-DRs cells
treated with and without the DSB ligands indicated excellent
signal-to-noise ratios and high levels of assay stability (Fig.
2C). Minor edge effects were noted in selected plates, which were
attributed to the prolonged culture time (96 hours) required for
maximal RFP expression in the EJ-RFP portion of the DSB repair
assay (Fig. 2C and Supplementary Fig. S1E). This issue was
addressed by incorporating breathable plate seals, which mini-
mized the evaporation of media in the corners of the 384-well
plates during these prolonged cell culture periods. Next, we
performed a pilot drug screen with a commercially available
library containing approximately 1,200 compounds (Library of
Pharmacologically Active Compounds, LOPAC 1280; Sigma-
Aldrich).U2OSEJ-DRs cellswere added tomicroplates containing
compounds at a 10mmconcentration, and the last two columnsof
each microplate were reserved for positive and negative controls.
The positive control consisted of U2OS EJ-DRs cells treated
without DSB ligands, while the negative control consisted of cells
treated with DSB ligands and 1% DMSO. In the former case,
excluding the DSB ligands would simulate maximal inhibition of
NHEJ andHR repair in this assay. In the latter case, the addition of
DMSO along with the DSB ligands (and without any DSB repair
inhibitors) would represent basal NHEJ and HR repair activity
under normal conditions. We used the optimized screening
protocol described above, and library screening was performed
in duplicate over 2 days to test assay reproducibility. TheZ0-factors
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were greater than 0.5 between the positive and negative control
wells for each assay plate for both duplicates (Fig. 2D and data not
shown), indicating excellent assay stability and reproducibility. A
cutoff of greater than a 50% change in mNHEJ and/or HR repair
activity was set as the threshold for hits, based on our initial
optimization experiments with control drugs and our previous
work (27). As shown in the RADaR plot in Fig. 2E, several
compounds were identified that substantially altered the normal
pattern of DSB repair compared with DMSO-treated cells. These
results were highly reproducible across the duplicate experiments
(data not shown), and the hit rate was approximately 2%. The
most active hits are shown in Table 1, which are notable for
currently and previously FDA-approved drugs (e.g., pimozide and
mibefradil, respectively). Unexpectedly, we found that etoposide
substantially inhibited HR repair activity, which was validated

further in secondary assays (discussed below). Several of these
drugs were validated and evaluated further in combination with
the hits identified from the main compound screen presented
below.

Figure 2.
Validation of a high-throughput
screening strategy with control DSB
repair inhibitors and a completion of a
pilot small molecule screen. A,
schematic of our Relative Assessment
of DNA Repair (RADaR) plot to assign
hits to different categories each with
unique DSB repair modulation
phenotypes. B, effects of various
concentrations ofmirin onmNHEJ and
HR repair, as visualized on the RADaR
plot presented in A. C, performance
and stability of our miniaturized
EJ-DRs assay in 384-well plates. Data
from wells treated with DMSO alone,
with or without DSB ligands are
shown. Gray arrow indicates wells in
corners of 384-well plates suggestive
of a possible edge-effect. D, Z0-factors
calculated from the positive and
negative controls for one set of
replicates from the pilot LOPAC
screen. Dashed line highlights a
Z0-factor of >0.5 that indicates
suitability for high-throughput
screening. E, results of our pilot
LOPAC screen, presented as a 2D
RADaR plot; see hit categories in A.

Table 1. List of top hits from the LOPAC screen, which significantly affected
mNHEJ and/or HR repair activity

LOPAC 1280—top hits
Repair activity

Drug name NHEJ HR

Pimozide 0.28 0.55
Loperamide 0.20 0.57
Mibefradil 0.28 0.57
Etoposide 0.65 0.08
SR 59230A 0.27 0.58
AMN082 0.19 0.92
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Interrogation of a diverse small molecule library for novel DSB
repair inhibitors

After demonstrating feasibility in the pilot LOPAC drug screen,
we performed a high-throughput smallmolecule screen using our
miniaturized EJ-DRs assay. We interrogated a library containing
approximately a subset of 20,000 diverse compounds, from a
150,000 member library from the Rockefeller University HTSRC.
On the basis of our initial results in the pilot LOPAC screen, each
compound was tested in singlicate at a 10-mm concentration. We
again used the optimized screening protocols described above.
The entire library,with positive andnegative controls, consisted of
55 384-well plates. The Z0-factor for individual plates was mon-
itored throughout the screen to assess for potential assay drift and
other possible confounders, and was >0.5 as in the pilot LOPAC
screen (data not shown). Hit thresholds similar to those used in
the pilot LOPAC screen were applied to identify novel DSB repair
modulators, and hits that decreased viability by greater than 50%
were excluded from the hit-list. The results of the screen are shown
in Fig. 3 as a three-dimensional (3D) plot withHR (GFP),mNHEJ
(RFP), and cell number (H33342) plotted on the X-, Y-, and Z-

axes, respectively. A 2D plot depicting HR versus mNHEJ alone is
also shown in Supplementary Fig. S2 for reference. Approximately
750 hits were identified that significantly altered DSB repair,
corresponding to a hit rate approximately 3.8%. Hit rates from
cell-based assays typically range between 1% and 2% for a single
phenotype, although the number of hits from a given screen is
highly dependent on multiple variables, including the screening
phenotype itself, the type of cell-based measurement, and the hit
thresholds that are set (46). In our screen, we envisioned four
possible types of hits: (i) selective HR inhibitors, (ii) stimulators
of HR and/or mNHEJ (e.g., which could occur via disruption of
cNHEJ as described previously; refs. 27, 47), (iii) selective inhi-
bitors ofmNHEJ, and (iv) dual inhibitors of bothHR andmNHEJ
(see schematic in Fig. 2A). Thus, we expected a higher hit-rate than
would be observed for a typical cell-based screen with a single
readout and phenotype.

Our hit confirmation and validation strategy is summarized
in Fig. 4.Wefirst cherry-picked and re-tested each of the 750hits at
three concentrations (1, 5, and 10 mm) in duplicate as a means to
rule out random false-positives. This also allowed an initial
ranking of potency. These experiments led to the identification
of 100 confirmed hits with descending concentration-responses
and high rates of reproducibility between replicates. We then
tested these confirmed hits at a larger range of concentrations in
triplicate, to rank those compounds demonstrating a statistically
significant full sigmoidal concentration-response. For these
experiments, we used the same 384-well plate-based protocol
from theprimary screen to assessmNHEJ andHRactivity.We then
selected compounds with reproducible IC50s less than 20 mm.We
also excluded hits corresponding to pan assay interference com-
pounds (PAINS) from a database created by the Rockefeller
University HTSRC. These compounds, often referred to as "fre-
quent hitters," are known tononspecifically block activity inmany
high-throughput screening studies (48). These experiments led to
the identification of 63 refined hits. We then ordered powder
stocks for each of these hits, solubilized them in DMSO, and
performed concentration-response studies once again to confirm
reproducibility with the freshly prepared compound stocks. At
this stage, wemeasuredmNHEJ andHR repair in the EJ-DRs assay
using flow cytometry in 96-well plates. This approach facilitated
the assessment of possible fluorescence artifacts and confounding
cell viability effects, because detailed cell-level fluorescence could
be quantitatively analyzed in the entire population of cells for
each treated well. We used an automated 96-well plate flow
cytometer for these studies, which is discussed further in the
section below. Cell numbers were also enumerated for each
compound to further assess compound toxicity. Furthermore, a
larger number of cells could be analyzed for RFP and GFP
fluorescence for each sample (e.g., 10–20K cells per tube), which
increases the sensitivity of the analysis. In parallel, we performed
structure clustering analyses to assess whether hits with similar
structures displayed similar EJ-DRs repair assay phenotypes.

Figure 3.
Results of a high-throughput screen of approximately 20,000 small
molecules for novel DSB repair inhibitors. Results of an approximately 20,000
compound screen for novel DSB repair inhibitors, presented here as a 3D
Relative Assessment of DNA Repair (RADaR) plot; all results have been
normalized toU2OS EJ-DRs cells treatedwith DMSOalone (andDSB ligands).
The Y-axis shows relativemNHEJ repair activity, the X-axis shows relative HR
repair activity, and H33342 fluorescence is plotted on the Z-axis for relative
cell number. Each dot represents a single test compound, which has also been
color coded according to relative cell number, as depicted in the compound
legend.

Figure 4.
Overview of hit confirmation and
validation process. Flow chart
schematic overview of our hit
confirmation and validation strategy.
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Compounds that clustered in this manner were prioritized,
because these data provided another layer of supporting evidence
for phenotypic specificity, as described previously (49).

The experiments described above led to the identification of 16
validatedhits,whichwe then testedbelow inorthogonal secondary
assays. The structures for each of these 16 hits are shown in Table 2,
along with the IC50 results for mNHEJ and HR repair. The full IC50

curves for eachof these hits formNHEJ,HR repair, and cell number,
as measured by flow cytometry, are shown in Supplementary Fig.
S3. The analysis of mibefradil using our hit confirmation and
validation strategy, starting from its identification in the primary
screen as a selectivemNHEJ repair inhibitor to its validationbyflow
cytometry, is shown in Fig. 5A. The IC50 curves for each of the 100
confirmed hits are shown in Supplementary Fig. S8, which also
contains the SMILES IDs for reference. One example of a structure
clusterwith similar effects onmNHEJ/HR repair and cell viability is
shown inFig. 5B. The index compound in this cluster,RU-0154704,
is notable for highly selective repression of mNHEJ repair, with
minimal effects onHR or cell viability. Themajor structure clusters
that we identified with similar EJ-DRs phenotypes are shown in
Supplementary Fig. S8B, and all identified clusters are shown in
Supplementary Fig. S8C for reference. Our hit-list was notable for
several knowndrugs that inhibitedDSB repair, includingpimozide,
mibefradil, loperamide, AMN082, and cyproterone (several of
these drugs were detected in the pilot LOPAC screen; see Table
1). In addition, many of the identified hits selectively inhibited
mNHEJ and/or HRwithout any discernable effects on cell viability,
except at high doses. For example, compound RU-0093845 (listed
as #3 in Table 2) significantly inhibited bothmNHEJ andHR repair
to levels similar to cells treated without DSB ligands, withminimal
effects on cell viability even at a 50 mmol/L dose. As a final
assessment to rule out false-positive hits that suppress RFP and/
or GFP fluorescence, we tested the hits in a counter-screen in which
U2OS EJ-DRs cells were treatedwith ligands for 24 hours to induce
DSBs, in the absence of test compounds, followed by incubation
with the test compounds. RFP and GFP fluorescence was then
measured as performed in the primary screen (process flow shown
in Supplementary Fig. S4A). None of our hits affected RFP or GFP
fluorescence, and several examples are shown in Supplementary
Fig. S4B. Next, we tested each of these 16 hits in a comprehensive
panel of orthogonal secondary assays to further assess their func-
tional effects on DSB repair activity.

Evaluation of identified hits in orthogonal secondary assays
Next, we sought to test the activity of our 16 validated hits in

secondary DSB repair assays. Our secondary assay process flow is

outlined in Fig. 6A.We chose to test themfirst in apanel of unique,
GFP-basedDNA repair assays that again use I-SceI to induce a site-
specific DSB. The goal of these studies was to demonstrate
functional activity as an additional validation step, and also
possibly to further elucidate the mechanism(s) by which these
compounds regulate DSB repair. As discussed earlier, our EJ-RFP
assay detects anymNHEJ events in a robustmanner, whichmakes
it particularly useful as an initial screen for novel DSB repair
inhibitors. However, it does not necessarily discriminate specif-
ically between the NHEJ repair subpathways. Bennardo and
colleagues (35) recently created a series of elegantly designed
DSB repair assays that specificallymeasure totalNHEJ,MMEJ, and
SSA in U2OS cells. The total NHEJ repair assay contains a
promoter separated from a GFP gene by an intervening puromy-
cin (puro) gene. The puro gene is flanked by two I-SceI sites in the
same orientation, such that cleavage of both sites by I-SceI results
in a two-ended, cohesive DSB. Any NHEJ repair events that join
the two DSB ends bring the promoter in close proximity to the
GFP gene resulting in expression (with loss of the puro gene). The
MMEJ reporter consists of a single GFP gene disrupted by an I-SceI
site with stop codons in all three reading frames, and also with a
flanking 8-bp sequence that serves as amicrohomology substrate.
NHEJ events after DSB induction with I-SceI that use this specific
microhomology sequence restore the GFP ORF. As mentioned in
the Introduction, MMEJ may represent a subpathway of mNHEJ
in which flanking sequence microhomology is extensively used;
and thus it is possible that this MMEJ reporter could reveal
changes in repair that are not necessarily reflected in our mNHEJ
reporter (and vice versa), which measures any mutagenic repair
event, regardless ofmicrohomology usage. Finally, the SSA report-
er consists of a GFP gene split into two overlapping fragments and
separated by approximately 2 kbp, and the downstream 30-frag-
ment contains an I-SceI site. In this manner, SSA events that occur
between the two regions of homology eliminate the I-SceI site
and restore the GFP gene (with deletion of the intervening
sequence). Importantly, these assays have been validated previ-
ously using both RNAi and small molecule DSB repair inhibitors
(35–37, 50–52).

We sought to evaluate each of our hits, along with several
control drugs, in each cell line over multiple replicates for each of
the reporter assays described above. Once again, wewanted to use
our ligand-dependent I-SceI cleavage system to precisely control
DSB activity during incubation with the compounds. To this end,
we designed a medium-throughput protocol for these studies,
which is outlined in Fig. 6B. Briefly, U2OS cell lines containing
each of the stably integratedDSB reporters are transfectedwith the

Table 2. List of confirmed and validated hits that inhibit key DSB repair pathways

List of validated hits
IC50 IC50

# Drug ID (RU#) Common name mNHEJ HR # Drug ID (RU#) Common name mNHEJ HR

1 RU-0000476 Pimozide 21.3 16.5 9 RU-0001843 Benzamil hydrochloride 23.7 19.6
2 RU-0093452 Unknown 6.0 46.4 10 RU-0084642 SR 59230A Oxalate 7.4 52.8
3 RU-0093845 Unknown 6.6 9.5 11 RU-0000824 Loperamide hydrochloride 2.8 n.r.
4 RU-0097818 Unknown 0.6 6.3 12 RU-0084490 AMN082 6.6 31.3
5 RU-0104496 Unknown 18.3 21.8 13 RU-0094349 Unknown 6.3 58.3
6 RU-0000092 Cyproterone acetate 10.8 13.1 14 RU-0154704 Unknown 14.9 41.7
7 RU-0001125 3a-Acetoxydihydro–deoxygedunin 6.5 4.3 15 RU-0084411 Mibefradil dihydrochloride 4.1 n.r.
8 RU-0102758 Unknown 1.4 1.2 16 RU-0005520 Unknown 10.5 n.r.

NOTE: Summary of the 16 hits thatwe confirmed and validated using the strategy described in Fig. 4. Rockefeller IDs are shown for each compound that can be cross-
referencedwith the correspondingSMILES strings in Supplementary Fig. S8. Commonnames for each compoundare shownwhenoneexists, and the IC50s formNHEJ
and HR repair activity are shown. The structures for each compound are shown in Supplementary Fig. S3.
Abbreviation: n.r., not reached.
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Figure 5.
Examples of the confirmation and validation process for novel DSB repair inhibitors. A, example of the confirmation and validation process for a single hit,
RU-0084411 (mibefradil), numbers correspond to the strategy presented in Fig. 4. B, example of structure clustering studies in which multiple compounds share a
selective effect on mNHEJ repair activity, with little repression of HR repair or cell toxicity, as detected in the full IC50 curves. Data are shown as acquired on
the ImageXpressVelos formNHEJ andHR repair, and a conventional plate reader for H33342 fluorescence to assess cell number. Superior and inferior horizontal lines
in each plot represent the maximal and minimum signal for each assay. Rockefeller IDs are shown for each compound along with their structures, which can
be cross-referenced with the corresponding SMILES strings in Supplementary Fig. S8.
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ddSceGR plasmid and then seeded into 96-well plates containing
test compounds along with the DSB ligands, followed by amedia
wash after 24 hours. The percentages ofGFP-positive cells are then
measured using a HyperCyt autosampler coupled to an Accuri C6
flow cytometer (see Materials and Methods for additional infor-
mation about this platform). This allowed us to rapidly test our
compounds in each of the key GFP-based DSB repair assays in
multiple replicates, with high sensitivity and specificity. As noted
earlier, we also used this platform to generate full IC50 curves for
our 16 refined hits using flow cytometry to assess EJ-DRs repair
events. We first validated the sensitivity of this approach using
several known DSB repair inhibitors, including mirin (Fig. 6C),

and also several DNA-PK inhibitors (Supplementary Fig. S5A). As
expected, mirin substantially repressed the activity of all key DSB
repair pathways, consistent with blockade of MRN complex
function leading to a proximalDSB repair defect (45). Conversely,
the DNA-PK inhibitors induced mNHEJ repair, and in some cases
also SSA and/or HR repair, consistent with previous studies
(Supplementary Fig. S5A and data not shown; refs. 27, 53, 54).
Interestingly, topoisomerase inhibitors were found to preferen-
tially suppress HR repair in the pilot LOPAC screen, and thuswere
included in our initial studies with these secondary assays. The
results of these studies are shown in Supplementary Fig. S5B,
which revealed substantial inhibition of multiple DSB repair

Figure 6.
Analysis of hits in secondary GFP-based DSB repair and IR foci formation assays. A, overview of the process flow to test our hits in secondary assays. B, schematic of
the analysis process to interrogate the effects of each hit in a panel of GFP-based DSB repair assays. C, results for selected hits in the GFP-based repair assays to
measure SSA, total NHEJ (global NHEJ, gNHEJ), and MMEJ. The results for mNHEJ and HR, as detected in the EJ-DRs assay, are also shown for comparison.
Repair activities were normalized to DMSO-treated cells, as indicated by the dashed lines. Compounds were tested at 10 mmol/L concentrations. The result for
one positive control, mirin, is also shown for reference (left). D, example of the results for one confirmed and validated hit (RU-0097818) in IR foci formation
assays. In these assays, we tested the compound at a 10 mmol/L concentration. Antibodies specific to each of the proteins and/or posttranslational modifications are
shown in each plot. The percentages of cells with >5 foci are shown. Black bars, cells treated with no IR; gray bars, cells treated with IR alone (10 Gy); and light gray
bars, cells treated with IR and the test compound. E, representative confocal microscopy images from the results presented in D are shown.
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pathways (discussed further below). Collectively, these data sup-
port the utility of these secondary assays to assess the function of
putative DSB repair inhibitors.

We then tested each of the validated hits from our primary
screen in theGFP-based secondary assay panel using the protocols
described above. The results for active hits are shown in Supple-
mentary Fig. S6, and selected examples are presented in Fig. 6C.
Each hit was tested in four independent replicates. In these assays,
we tested compounds at 10 mmol/L concentrations in DMSO.
Compound RU-0093845 demonstrated substantial inhibition of
both mNHEJ and HR repair in the primary screen, and was
notable also for suppression of SSA, total NHEJ, andMMEJ repair.
As discussed earlier, this was an intriguing compound because
there were virtually no effects on cell viability even at a 50 mmol/L
dose. The counter-screening studies presented earlier and shown
in Supplementary Fig. S4 ruled out a possible nonspecific effect of
fluorescence inhibition. A similar result was noted for compound
RU-0102758, also shown in Fig. 6C. As shown in Supplementary
Fig. S6, eight hits demonstrated activity in almost all of the DSB
repair assays tested (depicted as black bar graphs), three hits
demonstrated activity in two to three of the assays (depicted as
dark gray bar graphs), while one hit only suppressed mNHEJ
repair activity (depicted as light gray bar graphs). Collectively,
these data suggest these compounds affect DSB repair activity,
although their effects are diverse and warrant further study.

In addition, we tested the effects of our hits on the repair of IR-
induced DSBs. DSB repair proteins form discrete foci at DNA
damage sites after treatment with IR, which can be visualized by
immunofluorescence microscopy. Such foci patterns can be used
as markers for DSB repair in cultured cells (29, 30). Importantly,
such foci-based assays represent an orthogonal secondary assay
thatwould further support the functional activity of our identified
hits as DSB repair inhibitors. We also reasoned that, as with the
panel of GFP-based DSB repair assays, these foci-based studies
could provide additional insights into the mechanisms by which
the identified hits regulate DSB repair. To this end, we developed
optimizedprotocols to detect IR-induced foci formationby awide
range of DNA-damage response and repair proteins, including
phosphorylated DNA-PKcs (on threonine 2609 and serine 2056;
T2609 and S2056, respectively), BRCA1, phosphorylated Chk2
(threonine 68), phosphorylated H2AX (gH2AX; on serine 139),
and 53BP1. As discussed earlier, DNA-PK is a key cNHEJ factor
that is recruited shortly after Ku70/80 binding toDSB ends, which
then facilitates end processing and ligation of the DNA ends (13).
Phosphorylation of T2609 and S2056 on DNA-PKcs promotes
end processing (55) andDSB ligation (56), respectively, and there
arewell-established, commercially available antibodies specific to
these two sites. Alsomentioned earlier, BRCA1 is a keyHRprotein
that binds to DSBs early in the DNA-damage response and
competes with NHEJ factors to promote HR (57). Chk2 is an
important kinase that is phosphorylated in response to DSBs
created by IR, and which activates BRCA1 and several other key
DNA-damage response mediators (58). Serine 139 phosphory-
lation onH2AX represents one of the earliest events in the cellular
response to DSBs, and thus serves as a good control for DSB
induction (59). 53BP1 serves as a molecular scaffold to recruit
other key DSB repair proteins after H2AX phosphorylation, and
recent studies suggest it plays a key role in DSB repair pathway
choice (60). We tested the effects of each of our hits on foci
formation by these proteins, 5 hours after a single 10Gy IR dose in
U2OS cells. In these assays, we tested compounds at 10 mmol/L

concentrations inDMSO, and the drugs were added 1 hour before
IR. The results for active hits are shown in Supplementary Fig. S7.
None of the hits affected the gH2AX levels after IR, which is
expected because few molecules have been described that can
directly inhibit this early event in the DNA-damage response.
However, each of the hits shown displayed aberrant foci forma-
tion for at least one of the targets that was studied. The results for
compound RU-0097818 are shown in shown Fig. 6D, which are
notable for substantial reductions in foci formation by phosphor-
ylated DNA-PKcs, BRCA1, phosphorylated Chk2, and 53BP1.
Importantly, this compound was also found to inhibit both
mNHEJ and HR repair in the primary screen, as well as SSA and
MMEJ in the GFP-based secondary assay studies. As mentioned
above, we tested this compound at a 10 mmol/L concentration
here, a dose that appears to inhibit all DSB repair pathways
without affecting cell viability in the secondary GFP-based assays
(see Supplementary Fig. S3). Of note, this drug has a slight
preference for inhibition of mNHEJ over HR at lower doses
(e.g., 1 mmol/L), and studies are ongoing to assess IR foci forma-
tion patterns under these conditions in our laboratory (data not
shown). Taken together, these findings provide additional sup-
port that our identified hits are functionally active as DSB repair
inhibitors, which was the goal of these particular experiments.
Nonetheless, additional future studies are needed to elucidate the
exact mechanism(s) by which these compounds inhibit DSB
repair.

Assessment of novel DSB repair inhibitors as tumor cell
radiosensitizers

Finally, we sought to test whether any of our identified hits
could radiosensitize tumor cells in vitro. The inhibition of DSB
repair is associated with increased sensitivity to IR (61), and thus
the finding that our hits act as radiosensitizers would provide
additional evidence, supporting their functional activity as DSB
repair inhibitors. As discussed earlier, emerging evidence suggests
that tumor cell radiosensitization via inhibition of DNA repair
and damage checkpoints has great therapeutic potential for many
solid tumors (5). Glioblastoma is a notable example, as despite
aggressive surgical intervention followed by high doses of radio-
therapy and chemotherapy, local recurrences are common (62).
Given that we identified several known drugs in our primary
screen,we reasoned that these hits could be rapidly translated into
clinical testing if they also radiosensitized tumor cells. To this end,
we tested each of our 16 hits in clonogenic survival assays, which
are considered the "gold standard" for the assessment of IR
response patterns in vitro (63, 64). We tested the parental U2OS
cell line, and also an adult glioblastoma multiforme (GBM) cell
line, T98G, in these experiments. In these assays, we tested
compounds at 10 mmol/L concentrations in DMSO. Nine hits
demonstrated radiosensitization in either or both cell lines at
multiple IR doses, and representative data are shown in Fig. 7A.
The observed radiosensitization was substantial, in the range of
1.4- to 2.6-fold for these compounds. Differences in IR-induced
cell kill (without drugs) in these studies likely can be attributed to
variations in the plating efficiencies and experimental conditions,
because these compounds were tested in separate experiments.
For example, RU-0084411 and RU-0000476 were tested as radio-
sensitizers in the same experiments, and they had similar levels of
radiosensitization that correlated with similar effects in the sec-
ondary GFP-based reporter assays (see Supplementary Fig. S6).
These experiments were also notable for no adverse effects on
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plating efficiency in the presence of the compounds, which
suggests a true synergistic interaction between IR and the mole-
cules (65). Two known drugs, benzamil and loperamide, exhib-
ited significant radiosensitization at each of the IR doses tested,
and the complete clonogenic survival curves from representative
experiments are shown in Figs. 7B and C, respectively. These data
were also fitted to the linear quadratic model for IR survival (63,
64), which are presented in Supplementary Fig. S7B and S7C,
respectively.

Finally, we sought to test whether mibefradil was active as a
radiosensitizer in patient-derived primary tumor cell lines. Our
group recently developed optimized and validated protocols to
assess radio- and chemosensitization by test drugs in primary cell
cultures, using a short-term growth delay assay (66). We have
validated this assay in parallel clonogenic survival assays, and also
with known radiosensitizers, using a collection of early-passage
primary melanoma cell lines derived from patient tumors. As
melanomas are known radioresistant tumors, there is great inter-
est in radiosensitization for this disease, especially for melanoma
brainmetastases. We thus testedmibefradil as a radiosensitizer in
this system, given that the platform was readily available in our
laboratory, and also given the clinically relevant question. We
used our previously established protocols in these experiments
(66). As shown in Supplementary Fig. S7D, we detected substan-
tial radiosensitization with mibefradil in primary melanoma
cells. In these experiments, the mibefradil dose was reduced to

1 mmol/L, because initial studies in the absence of IR indicated
that these primary cell cultures were substantially more sensitive
to this drug compared with established cancer cell lines (data not
shown). As shown in Supplementary Fig. S7D, the dose we tested
for radiosensitization did not adversely affect cell viability (and
possibly even increased the plating efficiency) in the absence of IR.
Collectively, these data suggest that several of our validated hits
inhibit DSB repair that is also associated with radiosensitization
of tumor cells in vitro. Several of these compounds are either
currently or previously FDA-approved drugs, which suggest the
potential for rapidly translating them into clinical trials as radio-
sensitizers. Along these lines, we are now testing mibefradil as a
glioma radiosensitizer in a clinical trial, which is discussed further
below.

Discussion
Here, we present the design and execution of a cell-based, high-

throughput screen for small molecule inhibitors of DSB repair.
Specifically, we interrogated an approximately 20,000 compound
library for molecules that alter either or both mNHEJ and HR
repair activity, using a novel assay recently developed by our
group. This study has revealed several interesting hits that were
validated in a comprehensive panel of secondary DSB repair
assays. Importantly, several of the compounds that we identified
in this screen demonstrated tumor cell radiosensitivity in vitro.

Figure 7.
Assessment of validated hits as tumor
cell radiosensitizers in vitro. A,
surviving fractions for the compounds
with the most robust activity as
radiosensitizers are shown for 8 Gy in
U2OS cells (the first five compounds)
and 10 Gy in T98G cells (the last four
compounds). Error bars, SEMs from
duplicate plating experiments. The
relative plating efficiencies (P.E.s)
between no IR and no IR with
compound are shown for each hit, to
highlight minimal effects on P.E. in the
absence of IR. B and C, representative
clonogenic survival assay curves are
shown for two hits with substantial
radiosensitization observed at all
tested IR doses. Compounds were
tested at 10 mmol/L concentrations.
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Many novel structures were identified that potently inhibitedDSB
repair with minimal effects on cell viability. Furthermore, we
identified several novel DSB repair inhibitors that are either
known or previously FDA-approved drugs. These hits are of
particular interest, because they may be repurposed as radio-
sensitizers for clinical use in the near future.

Our study is unique because it analyzes the effects of small
molecules on two major DSB repair pathways simultaneously,
while also assessing effects on cell viability in parallel. This
approach permits one to rapidly excludemolecules that indirectly
affect DSB repair via toxic effects, and it can immediately yield
information on the selectivity of a given hit on a particular DSB
repair pathway. In addition, the incorporation of orthogonal
secondary assays to further interrogate DSB repair subpathways
provides a key validation step to assess the functional significance
of the identifiedhits. Shahar and colleagues (67) recently reported
the results of a 96-well plate-based, DR-GFP screen of 1,200
approved drugs for novel HR modulators. These studies revealed
three drugs that inhibited HR: spirolactone, aripiprazole, and
hycanthone. Interestingly, spirolactone was found to sensitize
cells to cisplatin, mitomycin C, and PARP inhibitors. Of note, this
study also used a glucocorticoid receptor–based inducible I-Sce
cleavage system, which we recently engineered further to create
ddSceGR (27). This study also differed from our screen in that the
drugs were continuously incubated for approximately 64 hours
with the cells during the screen, and a higher screening concen-
tration was used (20 mmol/L). We incubated cells with com-
pounds at 10 mmol/L concentrations for only 24 hours to min-
imize potentially confounding effects on viability. The three drug
hits identified in this previous study were observed to inhibit HR
repair in our screen, although they were below our defined
threshold for significance. This could be, in part, attributed to
our lower drug screening concentrations and shorter incubation
times. Several other small molecule screens for DSB repair inhi-
bitors have been reported previously, although most of these
studies consisted of in vitro screens focused on disrupting the
activity of Rad51 (68–71). To our knowledge, there have been no
published cell-based screens focused on identifying small mole-
cules that block NHEJ repair pathways.

We identified several novel molecules that inhibited mNHEJ
and/or HR repair to nearly undetectable levels in our screen.
Remarkably, many of these compounds had minimal effects on
cell viability, even at the highest concentrations tested. We were
also surprised tofind compounds that specifically blocked unique
andunexpected combinations ofHR, SSA, and theNHEJ subpath-
ways. For example, several hits specifically blockedmNHEJ repair
without affecting MMEJ, such as RU-000824 (loperamide) and
RU-0005520. As noted earlier, our mNHEJ assay measures any
mNHEJ repair events, whereas the MMEJ assay specifically mea-
sures NHEJ repair events that use a single 8 bp flanking micro-
homology sequence. Further studies are needed to understand the
mechanisms underlying these differential results. Recent studies
suggest that mNHEJ-related pathways are used to repair DSBs at
collapsed forks in S-phase (34), and that these pathways may be
suppressed in quiescent cells (27, 72). It is thus tempting to
speculate that pharmacologic inhibition of mNHEJ will prefer-
entially radiosensitize actively replicating tumor cells overG0–G1-
arrested normal tissues.

Our IR foci–based secondary assays revealed that each hit
altered the DNA-damage response, although further studies are
needed to understand the significance of these changes. In par-

ticular, it will be critical to study these foci patterns over multiple
time points to assess kinetics, which likely will yield further
insights into the effects of our hits on DSB repair processes. For
example, our laboratory has recently found that most small
molecule DNA-PKcs inhibitors do not suppress the levels of IR-
induced phosphorylated DNA-PKcs foci formation; rather, they
induce a persistence of these foci at DSBs after IR (Bindra labo-
ratory; unpublished results). Furthermore, the study of foci for-
mation patterns for other key DNA repair proteins in the presence
of our hits will also be important to gain additional mechanistic
insights. It should also be noted that we excluded several hits that
significantly reduced mNHEJ and/or HR repair, but which also
substantially reduced cell viability (i.e., >50% reductions in cell
numbers). One notable example was helenine, which reduced
mNHEJ and HR repair activity to 20% and 6%, respectively,
although cell viability was also reduced to 20% (relative to
DMSO-treated cells). Helenine is an antiviral drug that has been
used therapeutically previously, but it is not in clinical use
currently (73). These hits could be of great interest, because it is
possible that the effects on viability are not related to the DSB
repair phenotype(s), especially because we measured cell num-
bers at 96 hours. For example, cell toxicity could occur 48 to 96
hours after compound exposure, which would not be expected to
affect the DSB repair processes occurring during the initial 0 to 48
hours phase of the assay protocol. Studies are ongoing in our
laboratory to evaluate these possibilities.

As presented in Supplementary Fig. S5A, we confirmed that
incubation with known small molecule DNA-PKcs inhibitors
substantially altered DSB repair pathway utilization in U2OS
cells. An overall trend for increased activity in multiple reporter
assays was observed, consistent with inhibition of cNHEJ repair
leading to upregulated HR, SSA, and other noncanonical NHEJ
repair pathways (27, 53, 54). However, we found it surprising
that the two DNA-PKcs inhibitors we tested demonstrated
unique, and in some cases unexpected, differences in reporter
assay phenotypes. For example, the DNA-PKcs inhibitor, DNA-
PK V, predominantly induced an increase in SSA repair activity
(74). We have confirmed previously that these drugs induce
substantial radiosensitivity in U2OS cells at the doses tested
here, which confirms the functional activity of both agents as
DSB repair inhibitors (data not shown; refs. 27). These results
suggest subtle differences in DNA-PKcs inhibitors on overall
DSB repair, which warrants further study. Similarly, we were
surprised to find that inhibitors of both topoisomerase I and II
had profound effects on multiple DSB repair pathways (Sup-
plementary Fig. S5B). These effects were apparent at doses of
drug well below that observed affecting cell viability (e.g., 1
mmol/L for etoposide; data not shown). Furthermore, we found
that multiple drugs in these classes repressed DSB repair in the
EJ-DRs assay (including camptothecin, irinotecan, and tenipo-
side; data not shown).

Finally, the findings that multiple known FDA-approved drugs
have activity as DSB repair inhibitors and tumor cell radiosensi-
tizers raise the possibility that these agents can be readily tested in
clinical trials as radiosensitizers in the near future. As discussed
earlier, GBM tumors would be an ideal target to test such agents,
because they are exquisitely radioresistant tumors, and local
recurrence is the predominant mode of failure for these tumors
(62). Drugs in our hit-list, such as mibefradil, pimozide, and
AMN082, are of particular interest for the treatment of brain
tumors, because they are known to penetrate the blood brain
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barrier (75–77). Intriguingly, mibefradil has been shown to
synergize with both temozolomide chemotherapy and IR, both
in vitro in glioma cell lines, and in vivo in mouse GBM xenografts
(78–80). These findings are consistent with our observations in
this study that mibefradil inhibits mNHEJ repair and radiosensi-
tizes glioma cells. As described above, we believe there is an
inherent therapeutic index to targeting mNHEJ, which may allow
for selective glioma tumor cell radiosensitization withmibefradil.
On the basis of the data presented here and recently published by
our collaborators (78–80), we recently initiated a phase I clinical
trial at Yale, testing mibefradil as a glioma radiosensitizer
(Trial#NCT02202993). Work is ongoing in our laboratory to
elucidate the exact mechanism(s) by which mibefradil inhibits
mNHEJ repair. Similar efforts are underway for pimozide at our
institution,which also inhibitsDSB repair and leads to substantial
tumor cell radiosensitivity (data not shown). These efforts high-
light the potential utility of repurposing known drugs as radio-
sensitizers in clinical trials.

In summary, we have identified a small collection of novel
compounds in a unique cell-based screen that inhibit key DSB
repair pathways, a selection of which are known drugs and which
radiosensitize tumor cells in vitro. In future studies, we will
interrogate a larger compound library (e.g., >100K molecules)
for additionalmolecules using our screening platform. Studies are
also under way to further elucidate the mechanisms of action by
which the compounds identified in this screen regulate DSB
repair. Selected hits will also be tested for radiosensitization using
xenograft tumors grown inmice, to confirm that they have activity
in vivo. For the knowndrugs identified in this study, efforts are now
focused on repurposing themas radiosensitizers for radioresistant
tumors such as high-grade gliomas. NCT02202993 is one such

example, in which we are testing one of the hits from this screen,
mibefradil, as a radiosensitizer in patients with recurrent GBM.
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