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Abstract: The human apurinic/apyrimidinic endonuclease 1/redox enhancing factor-1
(APE1/Ref-1), an essential multifunctional protein involved in the repair of oxidative deoxyribo-
nucleic acid (DNA) damage and transcriptional regulation, is often overexpressed in tumor tissues
and cancer cells. Moreover, APE1/Ref-1 (APE1) overexpression has been linked to chemoresistance
in human tumors. Thus, inhibiting APE1 function in cancer cells is considered a promising strategy
to overcome resistance to therapeutic agents. Gossypol is a Bcl-2 homology 3 (BH3)-mimetic
agent and is able to bind to the BH3 domain of B-cell lymphoma 2 (Bcl-2) family members. Other
studies demonstrated that Bel-2 directly interacted with APE1 via its BH domains. Using apurinic/
apyrimidinic (AP) endonuclease assays, we found that gossypol inhibits the repair activity of APE1.
Electrophoretic mobility shift assays and dual luciferase assays showed that gossypol could also
inhibit the redox function of APE1. Using dual polarization interferometry technology, we show
that gossypol can directly interact with APE1. Furthermore, addition of gossypol, in conjunction
with APE1 overexpression, leads to cancer cell death. The addition of gossypol also enhances the
cell killing effect of the laboratory alkylating agent methyl methanesulfonate and the clinical agent
cisplatin (DDP). Administration of gossypol significantly inhibited the growth of xenografts. Fur-
thermore, the combined treatment of gossypol and DDP resulted in a statistically higher antitumor
activity compared with DDP alone in vivo. In conclusion, we have demonstrated that gossypol
effectively inhibits the repair and redox activity of APE1 through a direct interaction.
Keywords: cancer, oxidative DNA damage, BH3-mimetic

Introduction

The multifunctional enzyme apurinic/apyrimidinic endonuclease 1/redox enhancing
factor-1 (APE1/Ref-1, referred to from hereon as APE1) is a vital protein that acts as
an essential master regulator of oxidative deoxyribonucleic acid (DNA) damage repair,
contributing to the maintenance of genome stability. After it was cloned by two indepen-
dent groups in 1991 as a DNA repair enzyme first and as a redox protein the following
year, APE1 has been described as playing a role in several biological contexts.'* APE1
is the major apurinic/apyrimidinic endonuclease of the base excision repair (BER)
pathway and repairs apurinic/apyrimidinic (AP) sites throughout the genome. More
recently, there is mounting evidence that DNA repair is an effective target for improv-
ing anticancer treatment paradigms using DNA-interactive cytotoxins.* APE1 redox
activity was initially identified when it was shown to reduce the transcription factor
activator protein-1 (AP-1), thus enhancing its DNA-binding activity."* APE1 maintains
a number of transcription factors, such as nuclear factor-xB (NF-xB), AP-1, and p53,
in their active, reduced state, thereby influencing gene expression and maintaining
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genomic stability.® Emerging studies continue to add to the
different activities of APEI. Its redox regulation influences
stress responses, DNA repair, and other cellular functions,
including angiogenesis, inflammation, and cell survival.

APEI is often overexpressed in tumor tissues and
cancer cells of diverse origin, such as germ cell tumors,
osteosarcomas, hepatocellular carcinomas, multiple
myelomas, and pancreatic, breast, prostate, ovarian, cervical,
and non-small-cell lung cancers.”!” High APE1 expression
is associated with chemo- and radiotherapy resistance, poor
outcome, incomplete therapeutic responses, shorter relapse-
free intervals, shorter survival times, and accelerated angio-
genesis.'®? Targeted knockdown or functional impairment of
APE1 in mammalian cells enhances apoptosis, inhibits cell
proliferation, and sensitizes cells to a variety of genotoxic
agents (eg, methyl methanesulfonate [MMS], H,O,, temozo-
lomide, etoposide, cisplatin [DDP], and doxorubicin).?!

APE! thus represents a promising therapeutic target
in different mechanistic contexts. Inhibitors that affect the
BER function of APEI can be utilized as a complementary
treatment option for those patients encountering resistance
to DNA-damaging agents. Alternatively, chemically blocking
the redox function of APE1 via selective inhibition in cancer
cells might interfere with regulation of transcription and
alter a number of stress-induced responses of cancer cells.”
Recent data indicate that blocking the repair function of APE1
leads to cell death, while redox activity inhibition leads to
decreased cell growth and cytostatic effects.! Due to the dual
functions of APEI, several inhibitors have been discovered
that selectively inhibit either its DNA repair or redox function.
DNA repair inhibitors include the indirect inhibitor methox-
amine and the direct/indirect inhibitors such as lucanthone
and CRT0044876.% The redox function inhibitors are soy
isoflavones, resveratrol,* E3330,%>%¢ and its benzoquinone
and naphthoquinone analogs.”’

Gossypol is a yellow compound extracted from the cotton
plant and tropical trees (Figure 1). Gossypol is a potent anti-
fertility agent in males® and inhibits the proliferation of many
human cancer cells in vitro and in vivo.?=! However, a detailed
mechanism by which proliferation inhibition occurs, remains
to be elucidated. Existing literature shows that gossypol exerts
its pharmacological actions, either therapeutic or toxic, by an
interaction with biomolecular targets such as enzymes, signal
transduction mediators and membranes.*? Through the study of
these interactions, potential therapeutic exploitations of gossypol
can be explored. The mechanism of gossypol’s apoptotic effect
involves the inhibition of the antiapoptotic B-cell lymphoma 2
(Bcl-2) family members and interaction with the mitochondrial
caspase pathways. Gossypol is a Bcl-2 homology 3 (BH3)-
mimetic agent, and is able to bind to the BH3 domain of the
antiapoptotic proteins B-cell lymphoma-extra large (Bcl-x1) and
Bcl-2 and antagonize their effect.* Zhao et al** found that Bcl-2
directly interacted with APE1 via its BH domains.

Because gossypol has been shown to function as a BH3-
mimetic agent enhancer and Bcl-2 directly interacts with
APEI1 via its BH domains, we undertook a series of studies
to determine whether gossypol was able to inhibit APE1
activity and thereby enhance the cytotoxic effects of alkylat-
ing agents. We describe here that gossypol is an inhibitor of
APE1 that effectively abolished both the repair and redox
activity of APE1 through a direct interaction. Importantly,
when in combination with APE1 overexpression, gossypol
kills cancer cells more effectively, and addition of gossypol
enhances the cell-killing effect of the laboratory alkylating
agent MMS and the clinically relevant agent DDP.

Materials and methods

Materials
Gossypol and myricetin were purchased from Sigma-Aldrich (St
Louis, MO, USA), dissolved in 100% dimethyl sulfoxide, and
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Figure | Structure of gossypol.
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stored as 10 mM stocks at —20°C. Dulbecco’s Modified Eagle’s
Medium (DMEM), fetal bovine serum (FBS), and trypsin
were obtained from GE Healthcare Life Sciences (Logan,
UT, USA). A LightShift chemiluminescence electrophoretic
mobility shift assay (EMSA) kit was purchased from Thermo
Fisher Scientific (Rockford, IL, USA). The luciferase-harboring
vector (pGL3)-control vector, thymidine kinase-driven Renilla
luciferase (pRL-TK) vector, Dual-Luciferase Assay System kit,
T4 polynucleotide kinase, T4 ligase, restriction endonucleases,
and high-fidelity Pyrococcus furiosis DNA polymerase were
from Promega (Madison, WI, USA). A Cell Counting Kit-8
(CCK-8) was purchased from Beyotime Institute of Biotech-
nology (Shanghai, People’s Republic of China).

Cell culture

HeLa (human cervical cancer cell line), A549 (human lung
cancer cell line), and HepG2 (human liver hepatocellular car-
cinoma cell line) cell lines were purchased from the American
Type Culture Collection (Manassas, VA, USA) and cultured
in DMEM supplemented with 10% (volume/volume [v/v])
heat-inactivated FBS, 100 U/mL penicillin and 100 pg/mL
streptomycin in a humidified 5% CO,/95% air incubator at
37°C. Redox-deficient mutant APE1-reconstituted HeLa cell
lines, APE1°%S, were developed as described previously.*
Cell lines stably expressing high levels of APE1 were gen-
erated using a pCDH-APE]1 expression plasmid. Plasmids
were transfected into HeLa cells, and stable cell lines were
established by selection with 10 pg/mL puromycin.

AP endonuclease assays

To test inhibition of AP endonucleases by gossypol, an oligo-
nucleotide cleavage assay designed to monitor the cleavage of
substrate to product through electrophoretic separation was
utilized.*® Briefly, a 42-mer oligonucleotide containing a tetra-
hydrofuran site at the 20th position, the analog of an abasic site,
was 5’-end labeled with 32P. The labeling reaction consisted
of 10 pmol of the single-stranded oligonucleotide, 2.5 pmol
of y-32P-ATP, T4 polynucleotide kinase, and the appropriate
kinase buffer in a total volume of 10 UL, and was incubated
for 30 minutes at 37°C and 5 minutes at 95°C. Complemen-
tary oligonucleotide was then added at 22°C to form duplex
DNA. Activity assays contained 0.5 pmol of labeled duplex
oligonucleotide, 1x REC buffer (50 mM HEPES, 50 mM KCl,
10 mM MgCl, 1% [weight/volume {w/v}] bovine serum
albumin, 0.05% [v/v] Triton X-100 [pH 7.5]), and APE1 (0 to
10 pg) in a 10 pL reaction volume and were incubated at 37°C
for 15 minutes. The reactions were terminated by adding 10 uL.
formamide without dyes. Equal volumes (20 L) of the reaction

products from the AP endonuclease activity assay were resolved
on a 20% polyacrylamide gel with 7 M urea in 1x Tris-borate
ethylenediaminetetraacetic acid (EDTA) buffer at 300 V for 40
minutes. Wet gels were autoradiographed at —70°C overnight.

APE|-DNA binding assay

APE1-DNA binding experiments were performed as described
previously, with slight modifications.’” Briefly, to elucidate
whether gossypol could inhibit APE1 by interfering with the
APE1-DNA interaction through its DNA intercalation ability,
we measured the DNA-binding capacity of APE1 in the pres-
ence of gossypol by incubating different concentrations of gos-
sypol (10 uM and 100 uM) with 30 ng of purified human APE1
protein at room temperature for 30 minutes in 25 mM 3-(N-mor-
pholino)propanesulfonic acid (MOPS)-KOH, pH 7.2, 100 mM
KCl, 10% glycerol, 1 mM DL-Dithiothreitol, 50 pg/mL bovine
serum albumin, and 4 mM EDTA. Incubations were then
mixed with 0.1 pmol 32P-radiolabeled oligonucleotide (Mid-
land Certified Reagent Co, Midland, TX, USA) on ice for 5
minutes. Binding reactions were resolved on a nondenaturing
polyacrylamide gel (20 mM Tris-HCI, pH 7.5, 10 mM sodium
acetate, 0.5 mM EDTA, 8% acrylamide, 2.5% glycerol) in 20
mM Tris-HCI, pH 7.5, 10 mM sodium acetate, pH 7.5, 0.5 mM
EDTA, and electrophoresis was performed at 4°C for 2 hours
at 120 V. The gel was dried and autoradiographed to identify
the location of bound and unbound DNA.

EMSA

Experiments were performed according to the manufacturer’s
instructions from the LightShift chemiluminescence EMSA
kit (Thermo Fisher Scientific), with minor modifications.
Briefly, the nuclear extracts were incubated with 3’-biotin-
labeled and purified double-stranded oligonucleotide probes
containing consensus sequences for NF-kB binding sites
(Invitrogen, Shanghai, People’s republic of China). After incu-
bation, the samples were separated on a 5% polyacrylamide
gel at 100V for 1 hour and then transferred to a Zeta-Probe
GT nylon membrane (Bio-Rad Laboratories, Hercules, CA,
USA). The probes were detected by horse radish peroxidase
(HRP)-conjugated streptavidin (1:300) and the bands were
visualized by electrochemiluminescence reagents provided
with the kit. The resultant bands were quantified using Quan-
tity One imaging software (Bio-Rad Laboratories).

Dual luciferase assays

HeLa cells were seeded into 24-well plates in Dulbecco’s
Modified Eagle’s Medium with 10% FBS and then
cotransfected with 800 ng of NF-kB luciferase (Luc) or
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AP-1 Luc (luciferase gene with the NF-kB-responsive
or AP-1-responsive promoter) (Beyotime Institute of
Biotechnology) and 40 ng of pRL-TK, using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol. Transfections were done in tripli-
cate, and after 48 hours cells were treated with gossypol (0,
25, 50 uM) for 24 hours. Luciferase assays were carried out
using the Dual-Luciferase Reporter Assay System (Promega)
according to the manufacturer’s instructions. Luciferase
activity was measured by a Monolight 2010 luminometer
(Analytical Luminescence Laboratory, San Diego, CA,
USA). Sample values were normalized to Renilla luciferase
(Promega). Values shown are the averages and standard error
from three independent experiments.

Dual polarization interferometry

Interactions between gossypol and APE1 were investigated
using the dual polarization interferometry (DPI) technique
with an AnaLight Bio200 (Farfield Scientific, Crew, UK).
This instrument has been described in detail previously.?**
Briefly, APE1 was immobilized on the surface of unmodified
chips on different channels at a concentration of 0.1 mg/mL in
running buffer containing 20 mM HEPES (pH 7.4), 100 mM
NaCl, and 1 mM MgCl,. Gossypol was injected at different
concentrations in the same buffer. The dissociation constant
value was calculated from curve fitting over the early associa-
tion phase from three independent experiments.

Cell viability assay

Cell viability was determined using CCK-8 dye according
to the manufacturer’s instructions. Briefly, 5x10° cells/well
were seeded in a 96-well flat-bottomed plate, grown at 37°C
for 24 hours, and then placed in serum-starved conditions
for a further 6 hours. Subsequently, cells were treated with
gossypol at increasing concentrations in the presence of
10% FBS for 72 hours. After 10% CCK-8 dye was add to
each well, cells were incubated at 37°C for 2 hours and the
absorbance was determined at 450 nm using a microplate
reader (Bio-Rad Laboratories).

Xenograft assays

Athymic nude mice, 4-6 weeks of age, were purchased from
Beijing Laboratory Animal Research Center (Beijing, People’s
Republic of China). Animal experiments were approved by
Third Military Medical University Guidelines for Use and
Care of Animals. HeLa cells (1x107 in 100 puL phosphate
buffered saline) were injected subcutaneously near the left
subaxillary area of the nude mice. When tumors reached an

appropriate size (200-250 mm?), the mice were randomized
into four groups with three mice in each group accord-
ing to tumor volumes and body weights for the following treat-
ments: vehicle control, gossypol (35 mg/kg/day, per os daily for2
weeks), DDP (4 mg/kg, intraperitoneal injection, twice per week
for 2 weeks), and the combination of gossypol and DDP. Tumors
were determined by a caliper every 3 days, and the tumor volume
was calculated using the formula V =1/2 (width? x length). Body
weights were also recorded every 3 days. Mice were killed by
cervical dislocation after 20 days of drug exposure.

Statistical analysis

Anunpaired Student’s 7 test or analysis of variance with the Bon-
ferroni post hoc test (SPSS software 13.0; IBM Corporation,
Armonk, NY, USA) was used for statistical comparison.
Statistical tests and P values were two-sided. A P-value <0.05
was set as the threshold for statistical significance.

Results
Gossypol inhibits APE| endonuclease

activity and APEI/AP site interaction

APE] is the major BER AP endonuclease and comprises 95% of
the total AP endonuclease activity in mammals.** We examined
whether gossypol inhibited APE1 endonuclease activity in vitro,
using a 42 bp double-stranded DNA oligonucleotide substrate
with a tetrahydrofuran abasic site analog at position 20 (Figure
2A). In this assay, APE1-mediated cleavage of the AP site gen-
erates a 20-mer 32P-end-labeled product that can be separated
from uncleaved substrate on a polyacrylamide gel. Myricetin
was used as a positive control, as it was previously identified as
an APE1 endonuclease activity inhibitor.” In the presence of
300 pg recombinant APE1 protein, gossypol inhibited APE1
endonuclease activity starting at 0.001 uM, with a half maximal
inhibitory concentration (IC50) of 0.036 uM. Gossypol inhibi-
tion of APE1 was more potent than myricetin (Figure 2B and
C). To confirm that this was not an artifact of using recombinant
APEL, we performed AP endonuclease activity assays with cel-
lular extract from HeLa cells. Preincubation of gossypol with
APEI protein prior to addition of substrate DNA resulted in
a significant reduction in the DNA-binding capacity of APE1
(Figure 2D). Gossypol also inhibited AP site cleavage directed
by APE1 in HeLa whole cell extract (Figure 2E).

Gossypol blocks the redox function

of APEI in cell-free assays

EMSASs were used to determine if gossypol could inhibit the
redox function of APE1. APEI affects redox activity through
the control of the redox state of the cysteine (Cys) residues
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Notes: (A) Schematic for the gel-based AP site cleavage assay. (B) Gossypol dose-dependently inhibited AP site cleavage activity with purified APEI (lane 3-6: 100, 10, I,
0.1 uM gossypol; lane 7-10: 100, 10, I, 0.1 uM myricetin). (C) Gossypol inhibited AP site cleavage activity with 300 ng purified APEI. (D) Purified APEI protein (30 ng) was
exposed to gossypol prior to measuring AP site interaction activity via a radiolabel assay. The upper band indicates APEI-bound AP oligonucleotides while the lower band
represents the unbound AP oligonucleotide. (E) Gossypol inhibited AP site cleavage activity in HeLa whole cell extracts (lanes 3—6: 10, I, 0.1, 0.01 uM gossypol).
Abbreviations: AP, apurinic/apyrimidinic; APEI, apurinic/apyrimidinic endonuclease |; DMSO, dimethyl sulfoxide; Hela, human cervical cancer cell ling; oligo, oligonucleotides.

located either in the DNA-binding domains or within regulatory
regions of the transcription factor itself.*' Mutation of Cys65 has
been consistently shown to negatively affect the redox activity
of APEL.* To investigate whether gossypol interferes with
APE1-activated transcription factor-DNA binding, we incubated
nuclear extracts of APE1-wild type (APE1VT) and APE1¢%
HeLa cells with gossypol at different doses and analyzed the
outcome by EMSA. The NF-kB DNA-binding activity of
APE1Y'-containing nuclear extracts was significantly reduced in
a dose-dependent manner by direct coincubation with gossypol,
whereas inhibition was no longer evident in APE1%*®-containing
nuclear extracts (Figure 3B and C). AP-1 and hypoxia-induc-
ible factor 1-alpha (HIF1-0t) DNA-binding activities in the
presence of gossypol are consistent with the NF-kB results
(Figure 3D and E). Taken together, these results suggest that
gossypol significantly inhibits APE1 redox activity.

Gossypol blocks APEI redox

signaling in cells

The data presented above suggest that gossypol can potently
inhibit APE1 redox function in vitro. However, in order to

have general utility as a redox inhibitor of APEI, it was
important to confirm that gossypol could block APE1 func-
tion in living cells. To determine the effect of gossypol in
intact cells, we investigated the ability of gossypol to block
APE1 redox activity in a cell-based transactivation assay.
In this assay, an NF-kB/AP-1 binding sequence upstream
of a luciferase reporter was stably expressed in HeLa cells.
Increasing amounts of gossypol decreased the ability of
NF-xB/AP-1 to bind to the promoter in a dose-dependent
manner (Figure 4A and B). The results of this in vitro assay
indicate that, in cellular studies, gossypol has the potential
to block APEI redox function.

APEI directly interacts with gossypol

DPI is a method for characterizing thin molecular films
based on the analysis of interference patterns resulting
from coherent laser light propagating along two vertically
stacked, independent optical waveguides. DPI allows
simultaneous determination of thickness and density of
a biological layer on a sensing wavelength surface in real
time. Detection of protein conformational changes upon
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Figure 3 APE| redox function is inhibited by gossypol.

Notes: (A) Scheme for APEI redox signaling activity. APEI interacts with downstream TFs, such as NF-«B, AP-1, and HIFI-c, converting them from oxidized to reduced
states and allowing them to bind to their target promoters and switch on transcription. Cysé5 is critical for APE| redox function. (B) Gossypol inhibited NF-kB DNA-binding
activities of APEI'YT or APE|<** HeLa cell nuclear extracts in a dose-dependent manner (0, 25, 50 LM). (C) Quantification of the data from EMSA arrays showing the percentage
inhibition of NF-kB DNA-binding activities in APEIYT and APE|%* nuclear extracts after gossypol addition. Each bar represents the mean + SD of three experiments.
*P<0.05. (D) AP-1 and (E) HIFI-0. DNA-binding activities were inhibited by gossypol in Hela cell nuclear extracts in a dose-dependent manner (0, 25, 50 uM).
Abbreviations: AP-1, activator protein |; APEI, apurinic/apyrimidinic endonuclease |; APE| %, redox-deficient mutant APE|-reconstituted Hela cell lines; Cys, cysteine;
DNA, deoxyribonucleic acid; EMSA, electrophoretic mobility shift assay; Hela, human cervical cancer cell line; HIFI-0, hypoxia-inducible factor I-alpha; NF-xB, nuclear
factor-kB; SD, standard deviation; TF, transcription factor; APEIYT, APE|-wild type Hela cell line.

binding of small molecules using DPI techniques has performed at the early association phase of protein inter-
been reported.’® Using DPI, we investigated the binding action, indicates that the dissociation constant for the
affinity of APE1 and gossypol. Analysis of the thickness ~APE1-gossypol interaction was 1.40 uM (Figure 5B).
and density of the binding event showed that gossypol  Our results indicate that gossypol was able to bind with
was able to bind APE1 (Figure 5A). The kinetic analysis, ~APE1 directly.
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Figure 4 Gossypol inhibited APE| redox activity in a transactivation assay.

Notes: (A) NF-kB-luc and (B) AP-1 reporter constructs transfected into Hela cells were treated with gossypol (0, 25, 50 uM). Each bar represents the mean + SD from
three independent experiments. *P<<0.05.

Abbreviations: AP-1, activator protein |; APEI, apurinic/apyrimidinic endonuclease |; Hela, human cervical cancer cell line; NF-kB-luc, nuclear factor-xB luciferase;
SD, standard deviation.
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Effects of gossypol on human

cancer cell lines

The data presented suggest that gossypol can potently
and selectively inhibit APE1 in vitro. To further evalu-
ate the biological effect of gossypol, HeLa, HepG2, and
AS549 cells were treated with increasing concentrations
of gossypol for 72 hours, and cell viability was measured
with a CCK-8 assay. Gossypol had a cell-growth inhibitory
effect on cancer cells (Figure 6A). To determine the role of
APEI in cancer cells treated with gossypol, we generated
HeLa cells stably expressing high levels of APE1 using
the pCDH-APE] expression plasmid. In the presence of
high APE1 concentrations, gossypol kills cancer cells more
effectively than the negative control (Figure 6B). As an
additional means of examining the biological potential
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of the APEI inhibitors displaying the most promise in
the assays above, we evaluated the ability of gossypol to
enhance cellular sensitivity to the alkylating agent MMS
and the clinically relevant agent, DDP. We determined
whether gossypol alone or in combination with alkylating
agents had any effect on cell survival, presumably through
the inhibition of APE1 repair activity. First, we determined
the dose of gossypol that yielded minimal toxicity effects
on HeLa cells. As demonstrated in Figure 6A, gossypol
reduced the survival of HelLa cells approximately 10%
at a 5 UM dose. We then used this dose of gossypol in
combination with increasing doses of MMS or DDP
(Figure 6C and D). We observed a clear enhancement of
cell killing in the presence of gossypol over alkylating

agents alone.
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Notes: (A) Cancer cells (Hela, HepG2, and A549) were treated with increasing doses of gossypol for 72 hours and survival was evaluated using the CCK-8 assay. (B) Hela
cells (APEI negative control and APE| overexpression) were treated with increasing doses of gossypol for 72 hours and survival was determined using the CCK-8 assay.
(C) Using a dose of gossypol that caused minimal cell death (5 uM), Hela cells were treated with MMS with or without gossypol. (D) Using a dose of gossypol that caused
minimal cell death (5 uM), Hela cells were treated with DDP with or without gossypol. Cell survival percentages were calculated based on the plating efficiency of the
untreated cells. Error bars refer to 95% confidence intervals; *P<<0.001. A two-tailed ANOVA with Bonferroni post hoc test was used.

Abbreviations: A549, human lung cancer cell line; ANOVA, analysis of variance; APEI, apurinic/apyrimidinic endonuclease |; CCK-8, Cell Counting Kit-8; DDP, cisplatin;
Hela, human cervical cancer cell line; HepG2, human liver hepatocellular carcinoma cell line; MMS, methyl methanesulfonate.

Effects of gossypol on xenograft

To investigate whether gossypol alone or in combination with
the clinically relevant agent DDP can inhibit the tumor in vivo,
we tested effects of gossypol on a HeLLa xenograft model in athy-
mic nude mice. As shown in Figure 7A—C, differences in tumor
growth were significant between the gossypol or DDP alone
group and the vehicle control group; the combined treatment
of gossypol and DDP had the greatest effect on tumor growth
suppression. The animal body weights of the control group
and experimental group did not differ significantly throughout
the experimental protocol (Figure 7D). Although gossypol had
minimal efficacy as a single agent, the combination arm showed
the most dramatic tumor response, with a significant delay in
the progression of cancer in our xenograft model.

Discussion
APE] acts not only as an AP endonuclease but also as a redox-
modifying protein for a diverse array of transcription factors.

Accumulating evidence has implicated APE1 in tumor pro-
motion, progression, and drug resistance, which highlight its
potential as a target for new cancer preventive and therapeutic
strategies. Because signaling proteins do not act in isolation
but rather within an intricate network in the cell, compounds
that target multifunctional proteins would not only affect one
pathway but would interfere with multiple pathways and their
downstream targets. To overcome tumor cell resistance or
sensitize tumor cells to currently used but potentially sub-
optimal chemotherapeutic treatments, we have analyzed the
role of APE1 inhibitors as a means of enhancing apoptosis
induced by alkylating agents in tumor cells.

Our findings demonstrate that gossypol inhibits the repair
activity of APE1 as well as its redox function. Furthermore,
using DPI, we found that APE1 directly interacts with
gossypol. Our data are preclinical, proof of principle evi-
dence that gossypol targets APE1 and has potent anticancer
effects. The results of this study show that gossypol inhibits
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Abbreviations: ANOVA, analysis of variance; DDP, cisplatin; HeLa, human cervical cancer cell line.

not only the repair activity of APEI, but also its redox
function. Furthermore, we found that APE1 directly interacts
with gossypol using a DPI approach. Given these data, we
provide evidence that APEI is an important anticancer target
of gossypol. These findings have significant translational
implications. Importantly, gossypol has been shown to inhibit
the proliferation of many human cancer cells in vitro and
in vivo, and is nontoxic to normal cells and noncancerous
cells.’434 For instance, studies conducted by three inde-
pendent laboratories in clinical trials indicate gossypol is
apparently safe in doses up to 70 mg/day.*

We initially investigated whether gossypol can inhibit
the endonuclease activity of APEI using an oligonucleotide
cleavage assay. Targeting DNA repair enzymes in human
cells is a more promising strategy for the inhibition of DNA
repair during cancer chemotherapy because APE1 performs
DNA repair roles in addition to removal of AP sites. The
3’-phosphodiesterase activity of APE1 is important in the
protection of cells against the toxic effects of certain agents,

such as bleomycin. Indeed, APE1 has been shown to be a
predominant contributor to 3’-phosphoglycolate diesterase
activity in human cells.*® Moreover, the results from the
DNA-binding assay demonstrated that gossypol significantly
affected the DNA-binding capacity of APE1 (Figure 2D).
These studies showed that gossypol strongly inhibited the
repair function of APE1.

EMSA results showed that APE1 was involved in nuclear
transcription factor (eg, NF-xB, AP-1, HIF1-q, etc,) DNA-
binding complexes and played an important role in maintain-
ing their DNA-binding activities. Our data also showed that
nuclear extracts treated with gossypol exhibited reduced
transcription factor DNA-binding activities. Reduction/oxi-
dation of specific Cys residues located in the DNA-binding
domain of transcription factors represents a fast and efficient
way to regulate their activities. Vascotto et al***” developed
a series of APEI stable knockdown and knock-in HeLa cell
lines. APE1¢%S, for example, is an APE1 redox-deficient cell
line in which the Cys at position 65 was mutated to a serine.
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We exploited these cell lines to determine whether inhibi-
tion of redox function by gossypol was specific to APEI or
just a nonspecific inhibitory effect on general transcription
factor DNA-binding activities. Our data showed that gos-
sypol significantly inhibited NF-kB DNA-binding activities
in APE1YT nuclear extract when compared to the APE1¢%S
extract (Figure 3). These results suggest that gossypol can
potently inhibit APE1 redox function in vitro. Gossypol can
also block APE1 redox function in intact cells (Figure 4).

Currently available APE1 inhibitors predominantly inhibit
only one of its functions. E3330, for example, inhibits the
APE]1 redox function, while CRT0044876 blocks its repair
function.”* Importantly, gossypol inhibits both the redox
and repair functions of APE1. In order to confirm whether
APELI interacted with gossypol directly, we investigated
the binding affinity of APE1 and gossypol using DPI. After
binding of gossypol, protein conformational changes were
observed (Figure 5). Future analyses will include cocrystal-
lization of APE1 with gossypol or its derivatives in order
to develop a synthetic chemistry program aimed at further
improving the potency and selectivity of the compounds.

We found that downregulation of APE1 was associated
with enhanced cytotoxicity and induction of apoptosis fol-
lowing exposure to alkylating agents, hydrogen peroxide,
and other DNA-damaging agents.” This potentiation of
cytotoxicity was very similar to the effects of gossypol
seen in our study. Co-application of gossypol and the
alkylating agents MMS or DDP resulted in an enhance-
ment of cell killing. The growth of HeLa cells xenografts
were significantly inhibited by gossypol. Furthermore,
the combined treatment of gossypol and DDP resulted
in a statistically higher antitumor activity compared with
DDP alone, in vivo. These results indicate that gossypol
sensitizes DDP induced growth suppression in vivo and
suggests that it is a good chemosensitizer candidate to
antitumor activity.

Gossypol exerts anticancer activity through a broad
effect on cells by regulating Bcl-2 proteins, steroid receptor
coactivator (SRC)-1 and SRC-3, activating p53, generat-
ing reactive oxygen species and so on.**>! In cancer cells,
gossypol selectively reduces the cellular protein concentra-
tions of SRC-1 and SRC-3 without generally altering overall
protein expression patterns.’! Interestingly, Carrero et al
have demonstrated that APE1 can also regulate the activ-
ity of SRC-1 by facilitating the recruitment of SRC-1 to
HIF1-0..52 Our data demonstrate that gossypol inhibits the
redox activity of APE1. These data indicate that gossypol
can not only inhibit SRC-1 directly but also regulate it

indirectly by blocking redox activity of APE1. Moreover,
further exploration of new mechanisms will lead to a better
understanding of gossypol’s biological activity to promote
an effective therapeutic exploitation of gossypol. From our
initial findings, it is necessary to further develop gossypol
as an APEI inhibitor through structure-function studies to
enhance the efficacy of gossypol inhibition of APE] and,
ultimately, tumor sensitization to alkylating agents. Moreover,
the addition of gossypol could provide a potent combination
for small molecule treatment of tumors receiving alkylation
and antiapoptotic therapies.

In conclusion, we have demonstrated that APE1 is a
potential molecular target of gossypol, which effectively
inhibits both the repair and redox activities of APE1
through a direct interaction. Furthermore, gossypol kills
cancer cells more effectively when APE1 is overexpressed.
The addition of gossypol also enhanced the cell killing
effect of the laboratory alkylating agent MMS and the clini-
cally relevant agent DDP. Given these initial findings, it is
necessary to further develop gossypol as an APE1 inhibitor.
Through structure-function analyses, the efficiency of gos-
sypol as an APE1 inhibitor can be enhanced, ultimately
increasing tumor cell death or sensitization to alkylating
agents.
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