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ABSTRACT

Apurinic/apyrimidinic (AP) endonuclease 1 (Apel) is an essen-
tial DNA repair protein that plays a critical role in repair of AP
sites via base excision repair. Ape1 has received attention as a
druggable oncotherapeutic target, especially for treating intrac-
table cancers such as glioblastoma. The goal of this study was
to identify small-molecule inhibitors of Ape1 AP endonuclease.
For this purpose, a fluorescence-based high-throughput assay
was used to screen a library of 60,000 small-molecule com-
pounds for ability to inhibit Ape1 AP endonuclease activity.
Four compounds with I1C5, values less than 10 uM were iden-
tified, validated, and characterized. One of the most promising
compounds, designated Ape1 repair inhibitor 03 [2,4,9-trimeth-

ylbenzo[b][1,8]-naphthyridin-5-amine; ARO03), inhibited cleav-
age of AP sites in vivo in SF767 glioblastoma cells and in vitro
in whole cell extracts and inhibited purified human Ape1 in vitro.
ARO03 has low affinity for double-stranded DNA and weakly
inhibits the Escherichia coli endonuclease IV, requiring a 20-
fold higher concentration than for inhibition of Ape1. AR03 also
potentiates the cytotoxicity of methyl methanesulfonate and
temozolomide in SF767 cells. ARO3 is chemically distinct from
the previously reported small-molecule inhibitors of Apel.
ARO3 is a novel small-molecule inhibitor of Ape1, which may
have potential as an oncotherapeutic drug for treating glioblas-
toma and other cancers.

Introduction

DNA repair pathways maintain the integrity of eukaryotic
and prokaryotic genomes. The base excision repair (BER)
pathway repairs bases damaged by endogenous and exoge-
nous alkylating and oxidizing agents (Christmann et al.,
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2003). The BER pathway is initiated by a damage-specific
DNA glycosylase, which recognizes and excises the damaged
base to generate an apurinic/apyrimidinic site (AP) site. Al-
ternatively, AP sites also can be generated by spontaneous
depurination (Wilson and Barsky, 2001). AP endonuclease 1
(Apel) cleaves the phosphodiester backbone 5’ to the AP site,
generating 3'-hydroxyl and 5’-deoxy ribose phosphate ter-
mini. Polymerase B removes the 5’-deoxy ribose phosphate,
fills in the one-base gap, and the nick is ligated by DNA
ligase III/X-ray cross-species complementing 1 to complete
repair (Evans et al., 2000; Robertson et al., 2009).

Apel belongs to the xth family of class II endonucleases,
whose prototypical member is the Escherichia coli exonucle-
ase III. The xth-related proteins account for almost 95% of
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ARO02, 4-(2,6,8-trimethylquinolin-4-ylamino)phenol; MES, 2-(N-morpholino)ethanesulfonic acid; DTT, dithiothreitol; FAM, 5-carboxyfluorescein;
THF, tetrahydrofuran; HEX, hexa-chloro phosphoramidite fluorescein; DMSO, dimethyl sulfoxide; FID, fluorescence intercalator displacement;
EtBr, ethidium bromide; PBS, phosphate-buffered saline; TBS, Tris-buffered saline; ARP, aldehyde reactive probe; ARO1, 2-(4-(2,5-dimethyl-1H-
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noxy)methyl)-2,5-dimethylfuran-3-carboxylic acid; 13755, C7TH6NO7Sb; 13793, C12H1705Sb.
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the cellular AP endonuclease activity in most eukaryotic
species (Evans et al., 2000). Apel exhibits a prominent 5’
hydrolytic AP endonuclease, a weak 3'-diesterase, and a 3'-5’
exonuclease activity (Chou and Cheng, 2003; Parsons et al.,
2004). In Saccharomyces cerevisiae (yeast), however, AP en-
donuclease 1 is the most abundant AP endonuclease (Popoff
et al., 1990) and along with E. coli endonuclease IV belongs to
the nfo family of the class II endonucleases (Evans et al.,
2000). Although the E. coli endonuclease IV and Apel pro-
teins have similar biological roles, their protein sequences
are dissimilar (Wilson and Barsky, 2001; Garcin et al., 2008).

Apel is also a redox factor, which stimulates the DNA
binding capacity of several transcription factors [e.g., p53,
activator protein-1 (Fos/Jun), hypoxia-inducible factor 1-«,
nuclear factor-kB] by reducing cysteine residues in their
DNA binding domains (Xanthoudakis et al., 1994; Tell et al.,
2009; Luo et al., 2010). Through its DNA repair and redox
functions, Apel is involved in protein-protein interactions
within the BER pathway and several other signaling path-
ways (Fan and Wilson, 2005). Probably, both these functions
of Apel contribute to the resistance of cancer cells to chemo-
therapeutic agents. Although the repair function of Apel
probably plays a direct role in resistance, the redox function
may play an indirect role through its modulation of transcrip-
tion factors, which control the expression of genes with im-
portant roles in cell survival, tumor promotion, and tumor
progression (Fishel and Kelley, 2007; Reed et al., 2009; Luo et
al., 2010).

Malignant glioma is a common and often fatal brain can-
cer, with a 2-year survival rate of ~26%. Treatment options
for gliomas include surgical resection followed by chemother-
apy with temozolomide (TMZ) or radiation, both of which
generate lesions repaired by the BER pathway (Evans et al.,
2000; Chaudhry, 2007; Stupp et al., 2007). These treatments
rarely result in complete remission and are often accompa-
nied by adverse toxic effects in longer surviving patients
(Stupp et al., 2007). High expression levels of Apel in cancer
cells, including glioblastomas, compared with normal cells
have been reported, and altered subcellular localization of
Apel correlates with cellular resistance to chemotherapeutic
agents such as methyl methane sulfonate (MMS), TMZ, hy-
drogen peroxide, bleomycin, and gemcitabine in several can-
cer cell lines (Bobola et al., 2001; Kelley et al., 2001; Robert-
son et al., 2001; Silber et al., 2002). Congruously, treatment
with Apel-targeted small interfering RNA or expression of
dominant-negative Apel increases cellular sensitivity to ion-
izing radiation and alkylating and oxidizing agents, suggest-
ing Apel as a potential therapeutic target in cancer cells
(Evans et al., 2000; Fishel and Kelley, 2007; Fishel et al.,
2007; McNeill and Wilson, 2007).

Known inhibitors of the repair activity of Apel include
methoxyamine (MX) as well as small molecules identified in
high-throughput screens. MX reacts with and covalently
modifies AP sites to nonspecifically inhibit enzymes that bind
to AP sites (Rosa et al., 1991), including Apel, DNA polymer-
ase B (Horton and Wilson, 2007), and other BER enzymes
(Taverna et al., 2001). MX enhances the sensitivity of several
cancer cell lines to TMZ and radiation (Fishel et al., 2007).
Recent studies identified small-molecule inhibitors of the
endonuclease activity of Apel: 7-nitro-indole-2-carboxylic
acid (NCA; CRT0044876) (Madhusudan et al., 2005), arylsti-
bonic acid compounds (Seiple et al., 2007), pharmacophore-
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based compounds (Zawahir et al., 2009), and Reactive Blue
2,6-hydroxyl-nL-DOPA and myricetin (Simeonov et al., 2009).
The arylstibonic compounds effectively inhibit Apel in vitro
but are ineffective in vivo due to poor cellular uptake (Seiple
et al., 2007), whereas the pharmacophore compounds were
not tested in cell-based assays (Zawahir et al., 2009). Reac-
tive Blue 2,6-hydroxyl-DL-DOPA and myricetin have numer-
ous other targets besides Apel in cells; therefore, they are not
very promising agents with selectivity or specificity as Apel
inhibitors (Simeonov et al., 2009).

Here, we aimed to identify and characterize specific inhib-
itor(s) of the Apel AP endonuclease, using a high-throughput
screening (HTS) assay to screen a library of 60,000 small-
molecule compounds, which is the largest HT'S performed to
date. Four compounds with IC;, values less than 10 pM were
identified, validated, and characterized. The most promising
compound, designated Apel repair inhibitor 03 (AR03), in-
hibits the AP endonuclease activity of purified human Apel
in vitro and inhibits cleavage of AP sites in SF767 cell ex-
tracts in vitro and in SF767 glioblastoma cells in vivo. AR03
also potentiates the cytotoxicity of MMS and TMZ in SF767
cells.

Materials and Methods

Enzymes. The human A40 Apel protein was purified as described
previously (Georgiadis et al., 2008). In brief, the A40Apel protein in
the pET15b vector with an N-terminal hexa-His tag was expressed in
the Rosetta E. coli strain. The cell pellets were resuspended in buffer
A (50 mM phosphate, pH 7.8, 0.3 M NaCl, and 10 mM immidazol)
and lysed using a French press. The supernatant was first eluted
from a nickel column with buffer B (50 mM phosphate, pH 7.8, 0.3 M
NaCl, and 250 mM immidazol), and the pooled Apel fractions were
diluted five times with buffer C (50 mM MES, pH 6.5, and 1 mM
DTT) to a salt concentration of 50 mM, which was eluted a second
time from an S-Sepharose column with buffer D (50 mM MES, pH
6.5, 1 M NaCl, and 1 mM DTT). The Apel fractions digested over-
night with thrombin (2 U) to remove the hexa-His tag were diluted
eight times to 50 mM NaCl using buffer E (50 mM MES, pH 6.0, and
1 mM DTT) and gradient-eluted from an S-Sepharose column with
buffer F (50 mM MES, pH 6.0, 1 M NaCl, and 1 mM DTT). Apel
fractions were concentrated using a 10,000 Da-cut-off protein con-
centrator, and protein concentration and activity of the protein were
determined.

The E. coli endonuclease IV protein (100 units) used in the gel-
based AP endonuclease assays was purchased from Trevigen (Gaith-
ersburg, MD).

Cell extracts from SF767 glioblastoma cells were prepared as
described previously (Kreklau et al., 2001). The protein concentra-
tion of the SF767 cell extracts was determined using the Bio-Rad
Bradford assay (Bio-Rad Laboratories, Hercules, CA; Bradford,
1976).

Oligonucleotides. The pair of oligonucleotides used in the HTS
assay were 30 base pairs (5'-6-FAM-GCCCCC*GGGGACGTACGA-
TATCCCGCTCC-3" and 3'-Q-CGGGGGCCCCCTGCATGCTATAG-
GGCGAGG-5') and were synthesized via custom order from Euro-
gentec Ltd. (San Diego, CA) (Madhusudan et al., 2005). Of the pair,
one of the oligonucleotides has a fluorescein label (6-FAM) at the 5’
end and contains an AP site mimic called tetrahydrofuran (THF,
represented as * in the oligonucleotide). The complimentary strand
has a quenching moiety (dabcyl-Q in the oligonucleotide) at its 3’
end. A stretch of G and C base pairs was used before and after the
THF moiety in the HTS assay to prevent spontaneous dissociation
of the short labeled fragment before cleavage by Apel. The 26-
base pair oligonucleotides used in the gel-based AP endonuclease
assay were obtained from the Midland Certified Reagent (Mid-
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land, TX). The oligonucleotides comprise one strand (5'-HEX-
AATTCACCGGTACC*CCTAGAATTCG-3') with a hexa-chloro
phosphoramidite fluorescein (HEX) label and tetrahydrofuran
(THF, represented as *) molecule, and its opposite strand (3’-
TTAAGTGGCCATGGTGGATCTTAAGC-5") (Kreklau et al.,
2001).

For both the HTS and the gel-based AP endonuclease assay, the
single-stranded oligonucleotides were dissolved and annealed in 1X
TEN buffer (25 mM Tris, pH 7.5, 1 mM EDTA, and 50 mM NaCl) at
95°C for 5 min at a 1:1 ratio at a concentration of 10 uM and allowed
to cool to room temperature overnight. The DNA was appropriately
diluted, aliquoted, and stored at —20°C.

HTS Assay. The HTS assay used here was modified for our use
from that described by Madhusudan et al. (2005). A library of 60,000
diverse compounds adhering to Lipinski’s rules (Lipinski and Hop-
kins, 2004) from Chemical Diversity Ltd. Inc. (San Diego, CA) was
tested at the Chemical Genomics Core Facility at Indiana University
School of Medicine (Indianapolis, IN). The library was aliquoted and
screened at a concentration of 10 pM in black 384-well plates in a
50-pl reaction volume including 0.8% DMSO. The Tecan Genesis
Workstation 150 TeMo (Tecan, Durham NC) with a 96-channel pi-
petting head was used to first add 20 pl of a reaction mix containing
the annealed fluorescein-dabcyl-containing oligonucleotide substrate
(100 nM) and the assay buffer (50 mM Tris, pH 8.0, 1 mM MgCl,, 50
mM NaCl, and 2 mM DTT) to the plates containing the compound
library (10 pM) in a 20-pl volume. Then, 10 pl of the Apel protein at
a final concentration of 0.35 nM was added to the reaction mix in the
assay plates to initiate the reaction, and changes in fluorescence
were measured at 37°C over 5 min using an Ultra384 plate reader
(Tecan) in the kinetic mode with an excitation frequency of 495 nm
and an emission frequency of 530 nm. The presence of Apel results
in cleavage of the AP site mimic and a subsequent release of the
short fluorescein-labeled fragment, resulting in a proportionate in-
crease in fluorescence. The rates of reaction were used to determine
percentage of inhibition, and the rate of reaction Apel protein with-
out inhibitors was considered as the 100% control; subsequent inhi-
bition by the compounds was considered relative to that of the
control.

Calculation of IC;, Values of Compounds. After two rounds of
screening, IC;, values of the compounds selected for validation were
determined. The assay used to determine the IC;, values was similar
to the HTS assay, where a wide range of concentrations (0.1-100 pM)
of the compounds were tested with 0.35 nM Apel, 100 nM annealed
substrate, and the assay buffer (50 mM Tris, pH 8.0, 1 mM MgCl,, 50
mM NaCl, and 2 mM DTT) in a 50-pl reaction volume, with a final
DMSO concentration of 0.8%. Fluorescence readings were taken at
37°C for 5 min, and percentage of inhibition for each compound
concentration was determined compared with the control with no
inhibitor. IC;, values were calculated using the SigmaPlot graphing
software (Systat Software, Inc., San Jose, CA) using the four-param-
eter logistic equation as follows:

. Max — Min
¥ = MR R ee
Each data value is an average of three independent experiments
with standard errors. Statistical analysis of the data was done using
the student’s ¢ test with p values representing the comparison be-
tween lanes with inhibitor and without inhibitor.

Gel-Based AP Endonuclease Assay. An annealed 26-base pair
oligonucleotide substrate containing a THF moiety at position 13 is
used in this assay, such that cleavage by Apel results in two 13 mer
fragments of DNA: one fragment with the fluorescent HEX label and
one fragment unlabeled. Apel (0.175 nM) was added to the reaction
mix also containing assay buffer (50 mM HEPES, pH 7.5, 50 mM
KCl, 1 mM MgCl,, and 2 mM DTT), 25 nM HEX-labeled DNA
substrate, and the inhibitor compounds in a range of concentrations
in a total reaction volume of 20 pl. The reaction mixture was then

incubated at 37°C for 15 min, and the reaction was stopped by the
addition of 10 pl of formamide without dyes. Then, 15 pl of the
resultant reaction mixture was resolved on a 20% denaturing (7 M
urea) polyacrylamide gel in 1X Tris-borate EDTA at 300 V for 35 min
to reveal two bands: the longer full-length labeled strand and the
shorter cleaved fragment with the HEX label.

For the endonuclease IV protein (100 units), the assay was per-
formed as described above with 6.25 units of endonuclease IV protein
and different concentrations of the inhibitor compounds.

The assay with SF767 cell extracts also was performed as de-
scribed above. We incubated 3.75 ng of the SF767 cell extract along
with the assay buffer, DNA substrate, and inhibitor compounds at
37°C for 30 min, and the reaction was stopped by the addition of 10
wl of formamide without dyes. For the experiments where pure Apel
protein was added back to the SF767 cell extracts treated with the
inhibitor compounds, 3.75 ng of the SF767 cell extracts was first
incubated with the compounds for 30 min at 37°C. The DNA sub-
strate and pure Apel (0.7-5.6 nM) was added to the reaction mix-
ture, and the reaction was allowed to proceed at 37°C for 30 min,
after which it was terminated by the addition of 10 pl of formamide
without dyes. Similarly, for SF767 whole cell extracts immunode-
pleted of Apel, the reaction was carried out as described above
(Kreklau et al., 2001).

For each of the above-mentioned gel-based assays (with pure Apel
protein, endonuclease IV protein, and SF767 cell extracts), assays
were performed three times, and the data are presented as the
average of three individual experiments and standard error. The
Student’s ¢ test was used to calculate p values. For the gel assays
with pure Apel and SF767 cell extracts alone, lanes with inhibitor
are compared with the lane without inhibitors. For the experiments
showing restoration of AP endonuclease activity of the cell extracts,
lanes that contain pure Apel protein are compared with the lane
with the cell extract and inhibitor alone.

Fluorescence Intercalation Displacement Assay to Deter-
mine DNA Binding. All validated Apel inhibitors were tested for
DNA binding using a fluorescence intercalation displacement (FID)
assay that takes advantage of the greatly increased fluorescence
observed for ethidium bromide (EtBr) when bound to DNA (Fox,
1997; Glass et al., 2010), in this case using calf thymus DNA to
present all possible DNA binding sites. Compounds that effectively
compete with EtBr for binding to DNA will result in a decrease in the
fluorescence measured for EtBr. Triplicate measurements were
made using an Envision 2102 multilabel plate reader (PerkinElmer
Life and Analytical Sciences, Boston, MA) for 1, 10, and 100 pM
compound (final concentration of 0.8% DMSO) in a total of 50 pl
including 21 pM calf thymus DNA, 6.5 pM ethidium bromide, 100
mM NaCl, and 10 mM Tris, pH 7.4, in 384-well black Nunc plates
(Nalge Nunc International, Rochester, NY). The fluorescence was
measured for each well at 530 nm excitation and 615 nm emission
and compared with the negative control (no added compound) to
calculate percentage of fluorescence decrease for each well and stan-
dard deviations. Positive controls included known DNA binding
agents, the minor groove binder netropsin, and the intercalator
actinomycin D.

Immunodepletion of Apel from SF767 Whole Cell Extracts.
SF767 cell extracts were immunodepleted of the Apel protein using
a polyclonal Apel antibody (Novus Biologicals, Inc., Littleton CO).
SF767 cell extracts (250 pg) in 1X PBS were precleared by adding 50
pl of washed (beads were washed with 450 pl of PBS twice and
resuspended in 50 pl of PBS) protein A/G Plus-agarose beads (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA) to the cell extracts and
gently rocking them at 4°C for 1 h. The extracts were centrifuged at
10,000g for 1 min, and the supernatants were collected. The super-
natants were incubated with 10 wg of the polyclonal Apel antibody
(Novus Biologicals, Inc.) or normal rabbit IgG (Santa Cruz Biotech-
nology, Inc.) at 4°C with gentle shaking for 2 h. Then, 50 pl of washed
beads was added to the cell extracts, and the extracts were incubated
for another 2 h with gentle rocking at 4°C. The cell extracts were



centrifuged at 10,000g for 5 min, and the supernatants were col-
lected. The protein concentration of the immunodepleted cell ex-
tracts was measured with the Bradford assay (Bio-Rad Laborato-
ries), and aliquots were stored at —80°C.

Western Blot Analysis. To determine Apel levels in SF767 cell
extracts after immunodepletion, appropriate samples were mixed
with equal amounts of 2X protein loading dye and boiled in boiling
water bath for 5 min. The samples were loaded onto a 12% Tris-HCI
precast gel (Bio-Rad Laboratories) and allowed to separate at 150 V
for 40 min. The gel was transferred onto a nitrocellulose membrane
at 90V for 2 h at room temperature. After the transfer of proteins
onto the membrane, the membrane was blocked in 5% blocking
solution made from blotting grade blocker, nonfat dry milk (Bio-Rad
Laboratories) dissolved in 1X TBS for 2 to 4 h. Apel monoclonal
antibody at a dilution of 1:1000 in 1% blocking solution was added to
the membrane and allowed to rotate overnight at 4°C. The next day,
the membranes were washed with 1X TBS + 0.1% Tween 20, and a
secondary anti-mouse horseradish peroxidase-labeled antibody was
added to the blots at a dilution of 1:1000 and allowed to rotate for 1
to 2 h at room temperature. After washing the membranes with 1X
TBS + 0.1% Tween 20, the SuperSignal West Femto Maximum
Sensitivity Substrate (Pierce Chemical, Rockford, IL) was added to
the blots, and the blots were developed using the Bio-Rad Chemi Doc
XRS system in the chemiluminescence hi-sensitivity mode. Actin
was used as the internal loading control, and the actin antibody
(NeoMarkers, Fremont, CA) was used at a dilution of 1:1000, and
actin was detected using the ECL Western Blotting Detection re-
agent (GE Healthcare, Little Chalfont, Buckinghamshire, UK). The
experiment was performed three times, and the data are an average
of three individual experiments and standard error. For both the gel
assays with the immunodepleted extracts and the Western blot anal-
ysis, comparisons were made between corresponding lanes in the
IgG-treated and the immunodepleted samples.

Cell Culture-Based Survival Assay. SF767 glioblastoma cells
were cultured in Dulbecco’s modified Eagle’s medium with high
glucose supplemented with 10% fetal bovine serum and 1% penicil-
lin-streptomycin. The effects of the inhibitor compounds on the
growth and survival of these SF767 glioblastoma cells were deter-
mined using the xCELLigence DP System (Roche Applied Science,
Indianapolis IN) (Solly et al., 2004). SF'767 glioblastoma cells (3000)
were plated in each well of the 16-well plates in a 100-pl volume, and
before plating the cells, a background reading of the wells with 90 .l
of appropriate media was recorded. After adding the cells to the
wells, the plates were kept at room temperature for 30 min after
which they were inserted into the cradles. The cells were allowed to
grow for 20 to 24 h before the cytotoxic agents were added. MMS (100
wM), TMZ (2.25 mM), and AR03 (0.5 and 0.75 pM) in a 10-pl volume
at a concentration 20X the final concentration were added to the
wells, alone or in combination. Continuous impedance measure-
ments were then monitored over 72 h. The assay was performed in
triplicate.

AP Site Determination Assay. To determine number of AP sites
formed, SF767 cells were treated with 275 pM MMS and 3 pM AR03
alone or in combination for 24 h. Cells were collected after 24 h, and
the genomic DNA was isolated using the Get-Pure DNA isolation kit
(Dojindo Molecular Technologies, Rockville, MD). The ARP reagent
specifically reacts with the aldehyde group of AP sites in the open
conformation, converting them to biotin-tagged AP sites. The
amount of biotin can then be quantified by an enzyme-linked immu-
nosorbent assay-like assay (Kow and Dare, 2000). The number of AP
sites formed was determined using the AP Site Quantitation kit
(Dojindo Molecular Technologies) as per the kit instructions. The
experiments were repeated in triplicate, and the data presented are
averages of four independent experiments with standard error. An
n = 12 was considered while calculating the p values for this exper-
iment, and p values were obtained using the Student’s ¢ test where
the combined treatment group was compared with ARO3 inhibitor-
and MMS-treated group alone.
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Redox Electrophoretic Mobility Shift Assay. Redox electro-
phoretic mobility shift assays were performed as described previ-
ously (Georgiadis et al., 2008).

Results

Optimization of the Fluorescence-Based Assay for
Apel AP Endonuclease Activity. A fluorescence-based AP
endonuclease assay described by Madhusudan et al. (2005)
was adapted in this study for HTS of a library of 60,000
small-molecule compounds (see Materials and Methods). In
brief, the assay uses two complementary 30-bp synthetic
oligonucleotides, one oligonucleotide of which carries 5'-fluo-
rescein and a THF AP site mimic (Wilson and Barsky, 2001),
whereas the complementary oligonucleotide carries a 3'-
dabcyl fluorescence-quenching moiety (Fig. 1A). After cleav-
age at the THF moiety, a short single-stranded DNA frag-
ment 5'-tagged with fluorescein is released from the duplex
DNA substrate, resulting in increased fluorescence. In the
linear range of this assay, the increase in fluorescence over
time is proportional to the amount of AP endonuclease activ-
ity in the reaction (Madhusudan et al., 2005; Fig. 1A). To
optimize the HTS, increasing concentrations of Apel were
added to the reaction mixture, and a concentration of 0.35 nM
Apel was selected for screening at 37°C for 5 min (data not
shown). Under these conditions, the Z' factor was 0.78, which
indicates that the assay provides a statistically valid measure of
inhibition of the Apel AP endonuclease (Zhang et al., 1999).

Identification and Validation of Apel Inhibitors
from a 60,000-Compound Library. The HTS protocol used
in this study is described in detail under Materials and
Methods (see Supplemental Fig. 1). In the first HTS cycle,
190 compounds were found to inhibit =50% of the Apel
endonuclease activity. In a parallel effort, the same 60,000
compound library was screened for DNA binding activity
using a high-throughput fluorescence intercalator displace-
ment assay (Glass et al., 2010). Compounds identified as
Apel endonuclease inhibitors that also demonstrated strong
DNA binding were not further evaluated; these compounds
would not be expected to be specific inhibitors of Apel endo-
nuclease activity. After two rounds of rescreening, 45 com-
pounds were identified that achieved =40% inhibition of
Apel endonuclease activity (Fig. 1, B and C). Forty-one of
these compounds were available from ChemDiv (http://us.
chemdiv.com/) at that time and were further validated as
described below.

The concentration dependence for inhibition of AP endonu-
clease activity was determined for the 41 compounds that
emerged as hits from the secondary HTS. NCA (Madhusudan
et al., 2005) was used as a positive control, and IC;, values
were calculated using SigmaPlot software. Eighteen com-
pounds had an IC;, value =50 p.M, and nine compounds had
an IC;, value =10 pM (Supplemental Table 1; data not
shown in text). Representative data are shown for ARO1 and
ARO03, including four-parameter logistic curves for determin-
ing IC;, values, in Fig. 2, A and B, respectively. From the 41
compounds, seven chemically distinct classes of compounds
were selected. Table 1 shows the most potent inhibitor of
each chemical class, representing the chemical diversity of
inhibitors identified in the HTS.

For comparison, a similar IC, analysis was carried out for
previously characterized inhibitors of Apel AP endonuclease:
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Fig. 1. HTS assay to identify inhibitors of Apel. A, principle of the HTS
Assay. This figure represents the principle of the modified fluorescent
HTS assay used for our screening purposes. The fluorescence of 6-FAM is
diminished by Q because of their proximity to each other. On addition of
Apel, it cleaves the THF residue releasing the short 6-FAM-labeled
fragment that results in a proportionate increase in fluorescence. This
increase in fluorescence can be considered to be an indirect measure of
cleavage activity of Apel. B, results of the initial screen of the 60,000-
compound library. After the screen of the entire library, we identified 190
compounds that inhibited the activity of Apel by 50% or more. C, results
of a secondary screen of all the hits from the initial screen showing =50%
inhibition of the activity of Apel. Of the 190 compounds identified, 174
were retested in this same assay to weed out false positives, and 41
compounds with =40% inhibition of the DNA repair activity of Apel were
validated. For both B and C, the graphs are representations of the
numbers of compounds plotted with their corresponding percentage of
inhibition of the activity of Apel.

these compounds included two arylstibonic acid compounds
(13755 and 13793) reported by Seiple et al. (2007) and the
pharmacophore compound 18 (A1NI2-A3NI1) reported by
Zawahir et al. (2009). Previously reported inhibitory effects

on Apel activity of NCA (Madhusudan et al., 2005), resvera-
trol (Yang et al., 2005), and arylstilbonic acids 13755 and
13793 (Seiple et al., 2007) were not reproducible or were
quantitatively different in the present study than in previous
studies (Supplemental Table 2; data not shown in text). Al-
though the precise reason for these discrepancies is not
known, they may reflect differences in the AP endonuclease
assay conditions used in each study.

The seven chemically distinct AP endonuclease inhibitors
were retested for DNA binding using an FID assay (Table 1;
Supplemental Fig. 2); Glass et al., 2010). In the FID assay, 10
pM netropsin or 10 pM actinomycin D (positive controls)
caused a 32 or 63% decrease in fluorescence, respectively. A
decrease in fluorescence of <20% indicated no significant DNA
binding activity. The FID data confirm that inhibitors AR01-
ARO07 do not exhibit significant DNA binding (Table 1).

At this point in the study, five inhibitors—ARO01, 02, 03, 05,
and 06 —appeared to be the most promising of the chemically
distinct inhibitors, with IC;, values less than 10 pM. How-
ever, when diluted in aqueous solutions required for cell-
based assays, AR0O5 was found to be completely insoluble.
Thus, four chemically distinct inhibitors, AR01, AR02, AR03,
and AR06 (Table 1), were further characterized.

Further validation of AR01, AR02, AR03, and ARO06 in-
cluded inhibition of Apel endonuclease activity using a gel-
based AP endonuclease assay (see Materials and Methods for
details; Kreklau et al., 2001). The results of the gel-based
assay confirm that all four inhibitors effectively inhibit Apel
AP endonuclease activity. Representative results for AR0O1
and ARO3 are shown in Fig. 3A. The inhibitors were also
tested for ability to inhibit E. coli endonuclease IV, which is
structurally unrelated to Apel (Wilson and Barsky, 2001;
Garcin et al., 2008). The results of gel-based AP endonuclease
assays show that in this assay, AR03 is approximately 8-fold
less effective in inhibiting endonuclease IV than Apel (40 pM
for 50% inhibition versus 5 pM), whereas ARO1 inhibited
endonuclease IV and Apel at similar concentrations (0.6 pM
for 50% inhibition versus 1.4 puM; Fig. 3B). AR06 and AR02
inhibited endonuclease IV by 50% at 10 and 50 wM, respec-
tively (Supplemental Fig. 3).

Inhibition of Apel in SF767 Whole Cell Extracts. The
ability of AR01, AR02, AR03, and ARO06 to inhibit AP site
cleavage in SF767 glioblastoma whole cell extracts (Kreklau
et al., 2001) was examined using the gel-based AP endonu-
clease assay. ARO1 and ARO3 inhibited purified Apel and AP
endonuclease activity in SF767 extracts with similar effi-
ciency (Fig. 4A). However, higher concentrations of AR02 and
ARO06 (~93 and 26 pM, respectively, for 50% inhibition) were
required to inhibit the AP endonuclease activity in SF767 cell
extracts than to inhibit purified Apel (Supplemental Fig. 4).
It is important to note that addition of purified Apel (0.7-5.6
nM) reversed inhibition of AP site cleavage in SF767 cell
extracts treated with 50 M ARO03 (Fig. 4B) or 10 puM ARO1
in a dose-dependent manner. Immunodepletion of Apel from
SF767 cell extracts with a polyclonal Apel antibody also
strongly reduced AP site cleavage activity in the cell extracts
(Fig. 4, C and D). These data suggest that Apel is the pri-
mary AP endonuclease in SF767 extracts and that AR01 and
ARO3 specifically target the endonuclease activity of Apel,
thereby reducing AP site cleavage within the context of gli-
oblastoma whole cell lysate. The higher concentrations of
ARO02 and ARO06 required to inhibit AP endonuclease activity
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Fig. 2. Calculation of the IC,, values of the AR01 and AR03 compounds. IC, values of the top hit compounds were determined using the HTS assay. A range
of concentrations of each of the compounds were tested with 0.35 nM Apel. The percentage of inhibition of Apel’s activity was calculated using the rates of
reaction for each of the concentrations of the compounds compared against the percentage of activity of Apel alone. The assays for each compound were
performed three individual times. SigmaPlot software (see equation described under Materials and Methods) was used to calculate the values, and they are
presented here is a semilog plot of the ICy, value determination. A,IC,, value curve for ARO1. B, IC;, value curve for AR03. The p values were calculated
using the Student’s ¢ test comparing lanes with inhibitor with lane with no inhibitor (DMSO), *, p = 0.03; #*, p = 0.0005; and ##**, p = 0.0001.

Table 1
Inhibitors identified in the HTS

Small Molecule Mol. Wt. cLog P No. Relative Compounds First HTS Assay Second HTS Assay 1C50 AFID, DNA binding

M %

ARO1 245.274 3.7 1 74 70 1.7+ 0.3 8

ARO02 278.348 5.3 10 54 40 6.4 *1.1 9.60

ARO03 237.3 3.7 60 58 2.1+0.1 12.80

AR04 350.414 4.8 1 58 45 14.9 = 84 <15

ARO5 351.379 2.4 75 85 6.6 =09 <15

ARO06 262.692 2.7 1 52 44 1.6 = 0.1 3.10

ARO7 400.534 5.3 12 80 41 ~100 <15

in SF767 cell extracts suggest that they do not selectively
target Apel in cell extracts; therefore, they were not further
characterized.

Effect of AR03 on SF767 Cells. Initially, both ARO1 and
ARO03 were tested in an 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium cell proliferation assays using SF767 gli-
oblastoma cells. However, no effect on cell proliferation was
observed for ARO1 at concentrations as high as 200 pM,
suggesting that it may not be cell-permeable, whereas AR03
was found to effectively kill cells at low micromolar concen-
trations (LD;, value of ~1 pM; Supplemental Fig. 5). There-
fore, the ability of AR03 to inhibit proliferation, reduce sur-
vival of SF767 glioblastoma cells, or both was further
characterized using the xCELLigence DP system (Roche Ap-
plied Science). This system measures a dimensionless pa-
rameter called the cell index, which evaluates the ionic en-
vironment at an electrode/solution interface and integrates
information on cell viability, number, morphology, and adhe-
sion (Xing et al., 2005; Kirstein et al., 2006). AR03 reduced
the cell index of SF767 cells efficiently and in a dose-depen-
dent manner, suggesting that it inhibits growth and/or kills
SF767 cells (Fig. 5A). AR0O3 also enhanced the cytotoxicity of
MMS and TMZ (Fig. 5, B and C). These data are consistent
with the idea that AR03 inhibits AP site cleavage by Apel
and that MMS and TMZ increase the load of AP sites, leading
to increased cytotoxicity.

Quantification of AP Sites in AR03-Treated SF767
Cells. The above-mentioned data predict that treatment
with ARO3 will increase the number of AP sites in MMS-
treated SF767 cells. This idea was tested by treating SF767

cells with MMS and ARO3 and quantifying AP sites using the
ARP assay (Kow and Dare, 2000). As predicted, more AP
sites were detected in cells treated with AR03 and MMS than
in cells treated with either agent alone (Fig. 6). These data
further support the conclusion that AR03 inhibits Apel-cat-
alyzed repair of AP sites in SF767 cells.

Effects of AR Inhibitors on Apel Redox Activity. The
effect of ARO1, AR02, AR03, and AR06 on Apel redox activity
(Tell et al., 2009) was investigated using an electrophoretic
mobility shift assay (Georgiadis et al., 2008). In this assay,
reduction of c-Jun/c-Fos by Apel increases its DNA binding
affinity for DNA containing an AP-1 binding site and is
measured by quantitation of the shifted band. AR02, ARO03,
and ARO06 had no effect on the redox activity of Apel or the
ability of c-Jun/c-Fos to bind DNA (data not shown). This
result confirms the low binding affinity of these compounds
for duplex DNA. However, addition of ARO1 reduced the
ability of c-Jun to bind DNA in this assay (50% inhibition at
15 uM). To determine whether this reduction was dependent
on the presence of Apel, the assay was repeated using re-
duced c-Jun/c-Fos in the absence of Apel protein, and a
similar result (50% inhibition at 15 wM) was obtained, sug-
gesting that ARO1 affects the ability of c-Jun/c-Fos to bind
DNA in the absence of Apel and is therefore not a redox
inhibitor (data not shown).

Discussion

This study reports the results of a high-throughput screen
of 60,000 small-molecule compounds, leading to the identifi-
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cation and characterization of several small-molecule inhib-
itors of Apel AP endonuclease activity. Seven chemically
distinct inhibitors were initially selected of which four
emerged from initial validation studies as promising inhibi-
tors and were further characterized. ARO1 is negatively
charged like many of the Apel inhibitors reported previously
(Madhusudan et al., 2005; Seiple et al., 2007; Simeonov et al.,
2009; Zawahir et al., 2009), but it is otherwise unrelated to
the previously described inhibitors. AR02, AR03, and AR06
are novel inhibitors of Apel. Having established that AR02
and AR06 may have significant off-target interactions (Sup-
plemental Fig. 2), the focus of this study was to characterize
the specificity of AR0O1 and AR03 as Apel inhibitors in vitro
and in SF767 glioblastoma cells.

The most potent inhibitors identified in this screen have
low affinity for duplex DNA (Table 1), a critical characteristic
for a specific inhibitor of Apel. The ability of AR01, AR02,
ARO03, and ARO06 to inhibit AP site cleavage by endonuclease
IV was also examined as a measure of specificity, due to
functional but not structural similarity to Apel. ARO1 inhib-
its Apel and endonuclease IV at similar concentrations; thus,
it is possible that ARO1 binds to an active site metal (i.e.,
through its carboxylate moiety) or another positively charged
protein region, a site that normally binds to the DNA phos-

100

ARO3 (M)

phate backbone. The ability of ARO1 to inhibit binding of
c-Jun/c-Fos to DNA is consistent with the latter mechanism
of inhibition. Significantly higher concentrations of AR02,
ARO03, and ARO6 are required to inhibit endonuclease IV
than Apel; these compounds may interact directly with Apel
or the Apel-DNA substrate complex, which is structurally
distinct from the endonuclease IV-DNA substrate complex.
An important result of this study is that AR0O1 and AR0O3
inhibit the predominant AP endonuclease activity in SF767
cell extracts (Fig. 4A) and do so as effectively as they inhibit
pure Apel in vitro. Furthermore, this effect is reversed in a
linear- and dose-dependent manner by addition of purified
Apel to the ARO3-treated cell extract (Fig. 4B). Immu-
nodepletion of Apel from the SF767 cell extract confirms the
conclusion, based on other published studies, that Apel is the
predominant AP endonuclease in SF767 cells (Fig. 4, C and
D). Together, these results suggest that AR03 inhibits the AP
endonuclease activity of Apel protein in cellular extracts and
that Apel is the primary target of AR03 in SF767 cells; thus,
we conclude that ARO3 selectively targets Apel. Although
ARO1 also efficiently inhibits AP site cleavage in SF767 cell
extracts, it inhibits purified Apel and endonuclease IV at
similar concentrations and inhibits the binding of c-Jun/c-
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Fos to DNA. Therefore, the specificity of ARO1 for Apel is less
well defined and warrants further study.

Glioblastoma is a relatively intractable cancer that is often
treated with alkylating agents or radiation therapy (Stupp et
al., 2007). Here, SF767 glioblastoma cells were used as a
representative cancer cell line to explore the potential effi-
cacy of AR03 as an oncotherapeutic agent alone or in combi-
nation with other cancer drugs. ARO3 inhibits growth and
viability of SF767 cells using the xCELLigence and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-based prolif-
eration assays (Fig. 5A; data not shown). In the present study
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shown here as the average with stan-
dard error. For C and D, IgG control
lanes were compared with the lanes
with the immunodepleted cell extracts.
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using SF767 cells, the most likely mechanism for AR03-
induced loss of cell viability is the accumulation of cytotoxic
AP sites (Evans et al., 2000; Wilson and Barsky, 2001), a
mechanism that is strongly supported by direct demonstra-
tion of increased accumulation of AP sites in these cells (Fig.
6). Further supporting the inhibition of Apel by AR03, xCEL-
Ligence assays show that AR0O3 enhances the cytotoxicity of
MMS and TMZ (Fig. 5, B and C). Both of these DNA-damag-
ing agents create lesions acted upon by BER and Apel, and
we expected potentiation of MMS and TMZ under conditions
in which Apel was not functioning. The combination of AR03
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Fig. 5. Cell survival analysis of SF767 glioblastoma cells
with ARO3 alone and in combination with MMS and TMZ.
The xCELLigence DP system was used to determine cell
survival and growth after treatment with AR0O3 alone and
in combination with MMS and TMZ. A, AR03 can act as a
single agent to kill SF767 glioblastoma cells. Combined
treatment of the SF767 cells with AR0O3 and MMS (B) or
TMZ (C) results in greater cell killing compared with either
agent alone. The assay was performed in triplicate, three
individual times, and a representative experiment is
shown.
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and traditional chemotherapeutic agents could collabora- not shown), which may be due to poor uptake of this nega-
tively block and overload the BER pathway, leading to cancer tively charged compound by these cells.
cell death. In contrast, ARO1 is not toxic to SF767 cells (data In conclusion, this study describes several inhibitors of
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Apel AP endonuclease, the most promising of which is AR03.
ARO3 appears to be a specific inhibitor of Apel AP endonu-
clease activity, with low micromolar efficacy as an inhibitor
of purified Apel or Apel in cell extracts, low affinity for
duplex DNA and much lower ability to inhibit E. coli endo-
nuclease IV than human Apel protein. AR03 reduces prolif-
eration and viability of cultured SF767 glioblastoma cells and
enhances the cytotoxicity of MMS and TMZ, suggesting that
it may have potential therapeutic applications. Additional
studies are needed to determine the effect of AR03 in combi-
nation with other cancer chemotherapeutic agents, in combi-
nation with other Apel inhibitors, or with other BER targets
such as poly(ADP-ribose) polymerase (Reed et al., 2009) and
on other cancer cell lines and in the context of other in vitro
or in vivo model systems. Additional analyses also are needed
to determine whether there are any off-target effects of
ARO03, such as effects on mitotic and postmitotic normal cells.
Furthermore, some structure-activity studies and pharmaco-
kinetic studies to determine the mechanism of inhibition of
ARO3 need to be performed to assess the therapeutic poten-
tial of this class of small-molecule inhibitor of Apel endonu-
clease activity.
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