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Abstract

Natural anmindenol A isolated from the marine-derived bacteria Streptomyces sp. caused
potent inhibition of inducible nitric oxide synthase without any significant cytotoxicity. This
compound consists of a structurally unique 3,10-dialkylbenzofulvene skeleton. We previ-
ously synthesized and screened the novel derivatives of anmindenol A and identified AM-
18002, an anmindenol A derivative, as a promising anticancer agent. The combination of
AM-18002 and ionizing radiation (IR) improved anticancer effects, which were exerted by
promoting apoptosis and inhibiting the proliferation of FM3A mouse breast cancer cells. AM-
18002 increased the production of reactive oxygen species (ROS) and was more effective
in inducing DNA damage. AM-18002 treatment was found to inhibit the expansion of mye-
loid-derived suppressor cells (MDSC), cancer cell migration and invasion, and STAT3 phos-
phorylation. The AM-18002 and IR combination synergistically induced cancer cell death,
and AM-18002 acted as a potent anticancer agent by increasing ROS generation and block-
ing MDSC-mediated STAT3 activation in breast cancer cells.

Introduction

Cancer remains the leading cause of human death worldwide and is mainly characterized by
uncontrolled and irregular cell proliferation and growth [1]. Radiation therapy (RT), along
with chemotherapy and surgery, is a mainstream cancer treatment method [2-4]. In RT, ioniz-
ing radiation (IR) is applied to kill cancer cells and prevent tumor progression and recurrence
[4]. However, tumor radioresistance causes RT failure and consequent tumor relapse, espe-
cially in patients with solid tumors. A possible solution for radioresistance is to increase local
energy deposition at the tumor while ensuring space surrounding healthy tissues. Radiosensiti-
zers [5], which are agents sensitizing tumor cells to radiation, can offer this solution [6]. There-
fore, effective radiosensitizers that can overcome radioresistance must be investigated to
improve cancer treatment effectiveness.
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Mitochondria are organelles essential for cell survival, death, and signaling and are among
the primary sites of production of reactive oxygen species (ROS) [7, 8]. These organelles also
play a prominent regulatory role in apoptosis [9-11]. ROS levels are typically higher in tumor
cells and the tumor environment (TME), and serve as effector molecules of radiation, contrib-
uting to radiation-induced DNA damage and cancer cell death [12, 13].

The TME is a crucial player in tumor progression, treatment responses, and patient prog-
nosis. Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of myeloid
progenitor cells in the inflammation-, tumor progression-, and metastasis-associated TME
[14, 15]. The signal transducer and activator of transcription 3 (STAT3) is an oncogenic pro-
tein, and the STATS3 signaling pathway has a critical role in tumor cell occurrence and devel-
opment [16]. Treatment with STAT3 inhibitors alone or in combination with other clinical
therapeutic drugs may have more promising effects on suppressing or reversing chemoresis-
tance in breast cancer [17]. Yin et al. recently reported that an Aurora-A kinase inhibitor (Ali-
sertib) is involved in regulating the immunosuppressive functions of STAT3 and MDSCs in
breast cancer TME [18]. Overall, STAT3-related MDSC generation is a major obstacle to anti-
tumor immunotherapy.

This study investigated whether the AM-18002 and RT combination synergistically induced
cancer cell death and whether AM-18002 exerted its anticancer effect by inhibiting STAT3-re-
lated MDSC generation in FM3A breast cancer cells in vitro.

Materials and methods
Preparation of AM-18002

AM-18002 was synthesized according to our previous procedures [19]. Its structure was con-
firmed through nuclear magnetic resonance spectroscopy, liquid chromatography-mass spec-
trometry, and infrared spectroscopy. For the in vitro experiments, AM-18002 was dissolved in
dimethyl sulfoxide (DMSO) (#D2650, Sigma-Aldrich) to prepare a 10 mM stock solution and
stored at -20°C.

Determining the purity of AM-18002

A 10 mM stock solution of AM-18002 in DMSO was used for analysis. This solution was fil-
tered through a 0.45-mm hydrophobic PTEE filter and analyzed through semi-preparative
HPLC by using SPD-20A/20AV Series Prominence HPLC UV-Vis detectors (Shimadzu,
Tokyo, Japan). The analysis was performed by injecting 10 uL of the sample into a Phenom-
enex Luna C18 (4.6 x 100 mm, 3.5 pm) column. For the post-run reconditioning of the col-
umn, the mobile phase consisting of formic acid in H,O [0.1% (v/v)] (A) and acetonitrile
[0.1% (v/v)] (B) was delivered at a 2 mL/min flow rate by applying the following programmed
gradient elution: 0%-100% (B) for 50 min, 100% (B) for 1 min, 100% (B) isocratic for 10 min,
and then 0% (B) isocratic for 10 min. AM-18002 was detected at 23.30 min (retention time)
through semi-preparative HPLC analysis.

In silico drug-likeness and ADME profile prediction

The Swiss ADME online software is used to evaluate the drug-likeness and pharmacokinetic of
chemical compounds before the molecular modeling study [20]. The ADME feature of the
molecule was evaluated and analyzed using the online system pkCSM (https://biosig.lab.uq.
edu.au/pkesm/) [21].
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Molecular docking analysis

To investigate the binding propensities of AM-18002 to the SH2 domain of STAT3, a docking
simulation was performed as described elsewhere [22]. The 3D structure of the ligand was pre-
pared and minimized by MM2 using Chem 3D pro 15.1 software. The STAT3 structure was
downloaded from the RCSB protein data bank (PDB code: 1BG1). Using UCSF chimera 1.15,
chain A of the receptor was prepared for docking simulation by removing the other chain and
all non-standard residues. The ligand and protein files were processed using the AutoDock
Protocol [23]. Docking simulation was performed using a Lamarckian Genetic Algorithm. The
hydrogen binding analysis and visual investigations with the ligand and receptor were con-
ducted using UCSF chimera 1.15 [24].

Cell line and culture

The mouse mammary carcinoma cell line FM3A (RRID:CVCL_3869) was cultured every 2
days in RPMI 1640 medium (#10-040-CV, Corning) containing 10% fetal bovine serum (FBS)
(#35-015-CV, Corning) and 1% antibiotic-antimycotic solution (#15240-062, Gibco). The
FM3A cells were maintained in a humidified incubator under a 5% CO, atmosphere at 37°C.

Animals

C3H/He female mice (age: 5 weeks) were purchased from Central Lab Animal Incorporation
(Seoul, Korea) and were maintained under specific pathogen-free (SPF) conditions. The
FM3A cells (2 x 10° cells/50 pL) were subcutaneously injected into the right flanks of the CH3/
He mice. After approximately 4 weeks, the mice were euthanized through carbon dioxide inha-
lation. Spleen cells were isolated from the tumor-bearing mice, and MDSCs were isolated from
their spleen cells by using the magnetic-activated cell sorting (MACS) method. Animal experi-
ments were performed according to the protocols approved by the Institutional Animal Care
and Use Committee of the Dongnam Institute of Radiological & Medical Sciences (DIRMAS)
(Busan, Korea) (Approval No. DIRMAS AEC-2021-009).

Cell sorting and flow cytometry analyses

Spleen cells isolated from the FM3A cell tumor-bearing mice were depleted of red blood cells
by using ACK Lysing Buffer (#A1049201, Gibco, Thermo Fisher Scientific) and washed twice
with cold PBS. The spleen cells were then separated by labeling them with the MDSC marker
mouse anti-Ly-6G UltraPure MicroBeads (#130-120-337, Miltenyi Biotec) for 10 min at 4°C.
The cells were then sorted through the magnetic-activated cell sorting (MACS) method by
using the LS column (#130-042-401, Miltenyi Biotec) containing the MACS stock solution
(#130-091-376, Miltenyi Biotec). To analyze the purity of the cell population, the cells were
resuspended in 100 pL of 1% FBS solution in PBS and incubated with anti-CD11b [fluorescein
isothiocyanate (FITC)-conjugated] (#130-113-805, Miltenyi Biotec) and anti-Gr1 (APC-conju-
gated) (#130-112-149, Miltenyi Biotec) for 20 min at 4°C. The cell pellets were resuspended in
400 pL of 1% FBS solution in PBS and analyzed through flow cytometry (Navios Analyzer,
Beckman Coulter, Inc.). MDSCs were analyzed using FLowJo software.

Co-culture

The FM3A cells (1 x 10°/2 mL) were seeded into each well of a 6-well plate (#353046, Falcon),
and the spleen cells or MDSCs (1x10°/3 mL) were seeded into the insert of a 6-well plate with
a 1.0-um pore size (#353102, Falcon). The spleen cells or MDSCs were treated with different
AM-18002 concentrations (0, 1.5, 3, and 6 uM). All cell types were co-cultured for 72 h and
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then harvested. These cells were analyzed through flow cytometry (Navios Analyzer, Beckman
Coulter, Inc.) and subjected to invasion and migration assays and western blotting.

Viability test

The FM3A cells (1 x 10° cells/well) were seeded into 6-well plates, cultured for 24 h, and
treated with 0, 3, 6, 12.5, 25, and 50 pM AM-18002 for 24, 48, and 72 h to establish an adequate
AM-18002 regimen without overt toxicity. Moreover, MDSCs were seeded into 6-well plates,
cultured for 24 h, and treated with 0, 3, 6, 12.5, 25, and 50 uM of AM-18002 for 72 h. Subse-
quently, 500 uL MTT reagent (Beyotime Biotechnology) was added to each well and incubated
for another 4 h at 37°C. Finally, the culture medium was replaced with 500 pL DMSO. To
assess cell viability, optical density was measured at 490 nm by using a SpectraMax Paradigm
microplate spectrophotometer (Molecular Devices).

Clonogenic cell survival assay

The FM3A cells were pretreated with different concentrations (0, 12.5, and 25 uM) of AM-
18002. The next day, the cells were harvested and seeded into 100-mm culture plates at a den-
sity of 1,000 cells/mL. After 2 h, the cells were exposed to gamma rays from a '*’Cs gamma-ray
source (Eckwert & Ziegler) at a dose rate of 2.6 Gy/min. After the cells were subjected to differ-
ent doses (0, 0.5, 1, 2, 4, and 6 Gy) of IR, the cells were incubated for 10 days. The colonies
formed were washed with PBS, fixed with methanol for 10 min, stained with 0.5% crystal violet
for 2 h, and washed with distilled water. After cell staining, the colonies containing more than
50 cells were counted and survival curves were generated.

Annexin V/propidium iodide staining

The FM3A cells (1x10° cells/well) were seeded in 6-well plates and cultured for 24h. The cells
were pretreated with different concentrations (0, 12.5, and 25 uM) of AM-18002 for 2 h, and
exposed to IR at 0, 4, and 8 Gy. The next day, the cells were harvested and washed with PBS.
The pellets were resuspended in 1x Annexin V binding buffer (#556547, BD Biosciences) at a
concentration of 1x10° cells/mL. Next, 100 pL of the solution was transferred to a 5 mL culture
tube, and 5 uL of FITC Annexin V and 5 uL of propidium iodide (PI) were added to the tube.
The cells were then gently vortexed and incubated for 15 min at room temperature in the dark.
Next, 400 UL of 1x binding buffer was added to each tube, and the samples were analyzed
through flow cytometry (FACSAria cell sorter, BD Biosciences) within 1 h. The percentages of
cells within a population that are actively undergoing apoptosis were analyzed using FlowJo
software.

JC-10 mitochondrial membrane potential assay

Changes in the mitochondrial membrane potential were assessed in the FM3A cells at 24 h
after the AM-18002 and IR combination treatment by using the JC-10 Mitochondrial Mem-
brane Potential Assay Kit (#ab112133, Abcam). The FM3A cells were pretreated with different
concentrations (0, 12.5, and 25 uM) of AM-18002 for 2 h and then exposed to IR at 0, 4, and 8
Gy. The next day, the cells were collected, washed with 1% FBS in PBS, stained for 30 min in
the dark at room temperature, and analyzed through flow cytometry (Navios Analyzer, Beck-
man Coulter, Inc.). The percentages of green (apoptotic/necrotic) and orange/red (normal)
cells were analyzed through FlowJo software.
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Western blotting

The FM3A cells were pretreated with different concentrations (0, 12.5, and 25 pM) of AM-
18002 for 2 h and then exposed to IR at 0, 4, and 8 Gy. The next day, the cells were washed
with cold PBS and lysed using lysis buffer (#TLP-121CETi, TransLab). The protein concentra-
tion was quantified using the Bio-Rad Protein Assay Kit (#5000001, Bio-Rad). Protein samples
(10 ug) were loaded onto 4%-12% Bis-Tris Plus gradient gels (¥NW04120, Invitrogen) and
then transferred to polyvinylidene fluoride membranes (#10600100, GE Healthcare). The
membranes were blocked with 5% skim milk (#232100, BD) at room temperature for 1 h and
incubated with primary antibodies at 4°C overnight. Following incubation, the membranes
were washed three times with Tris-buffered saline with Tween20 (TBS-T) and reprobed with
secondary antibodies at room temperature for 2 h. Finally, the membranes were developed
using ECL solution (#RPN2109, GE Healthcare) and visualized and captured using an Amer-
sham ImageQuant 800 (Amersham) imaging system.

Antibodies

Western blotting was performed using cleaved caspase-9 (Asp353) (#9509, Cell Signaling),
cleaved caspase-3 (Aspl75) (#9661, Cell Signaling), PARP (#9542, Cell Signaling), p-Stat3
(Tyr705) (#9145, Cell Signaling), Stat3 (#9139, Cell Signaling), and 8-actin (#SC-47778, Santa
Cruz) antibodies.

ROS generation

ROS levels in the FM3A cells treated with different AM-18002 concentrations and IR were
measured using a commercial kit (DCFDA/H2DCFCA-Cellular ROS Assay Kit, #ab113851,
Abcam) according to the manufacturer’s protocols. The cells were pretreated with different
concentrations (0, 12.5, and 25 uM) of AM-18002 for 2 h and then exposed to IR at 0, 4, and 8
Gy. The next day, the cells were collected, washed with 1% FBS in PBS, stained for 30 min in
the dark at room temperature, and analyzed through flow cytometry (Navios analyzer, Beck-
man Coulter, Inc.). The ROS levels were analyzed using Flow]Jo software.

v-H2AX foci staining

The FM3A cells were plated on poly-L-lysine-coated glass coverslips (#72292, EMS) in 6-well
plates. The next day, the cells were pretreated with different concentrations (0, 12.5, and

25 uM) of AM-18002 for 2 h and then exposed to IR at 0, 4, and 8 Gy. After 24 h, the cells were
fixed with 100% methanol for 5 min, permeabilized with 0.1% PBS-Triton X-100 for 5 min,
blocked with 1% BSA in 0.1% PBS-Tween20 for 1 h, and incubated with anti-gamma H2A X
(phosphor S139) primary antibody (#ab11174, Abcam, 1:100) at 4°C overnight. The cells were
then incubated with goat antirabbit IgG H&L (Alexa Fluor 488) preabsorbed (#ab15008,
Abcam, 1:200) secondary antibody at room temperature for 2 h. The slides were washed,
dried, and mounted (#H-1400-10, VECTASHIELD HardSet Antifade Mounting Medium). y-
H2AX staining was performed according to the Abcam immunofluorescence staining proto-
col. Images were captured using a Nikon Eclipse NI-E fluorescence microscope (Nikon). All
images were analyzed using NIS-Elements BR analysis software.

Comet assay

The FM3A cells were pretreated with different concentrations (0, 12.5, and 25 pM) of AM-
18002 for 2 h and then exposed to IR at 0, 4, and 8 Gy. The next day, the cells were mixed with
low-melting agarose at a 1:10 volume ratio and smeared on the slides. The slides were placed at
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4°C for 30 min in the dark, immersed in lysis solution at 4°C overnight, and treated with an
alkaline unwinding solution to relax and denature DNA at 4°C for 1 h. The samples were elec-
trophoresed in an electrophoresis system tank (#4250-050-ES, R&D Systems) with precooled
alkaline electrophoresis solution at pH >13 and 21 V for 40 min and then stained with SYBR
Gold Nucleic Acid Gel Stain (#S11494, Invitrogen) for 30 min in the dark. The comet assay
was performed using the Comet Assay Kit (#4250-050-K, Trevigen). Images were captured
under a Nikon Eclipse NI-E fluorescence microscope (Nikon) and analyzed using NIS-Ele-
ments BR analysis software.

Cell migration and invasion assay

First, 8-um pore size Transwell inserts (#353097, Falcon) were placed in 24-well plates and
coated with the Matrigel matrix (Matrigel Basement Membrane Matrix, Corning) for 1 h. The
FM3A cells co-cultured with MDSCs at different concentration (0, 1.5, 3, and 6 uM) for 72 h
were harvested. In the upper compartment, 150 pL of FM3A cells (1 x 10° cells/mL) was gently
added to a serum-free medium. Then, 800 pL of culture medium was added to the lower com-
partment. The inserts were incubated overnight and then carefully removed. To fix the cells on
the lower side of the insert filter, 100% methanol was used for 10 min and stained with 0.5%
crystal violet solution for 1 h. After the washes, the insert membrane was thoroughly dried.
The number of cells was counted under an EVOS microscope (EVOS XL Cell Imaging System,
Life Technologies) at 200x magnification.

Statistical analysis

The data were analyzed and plotted using GraphPad Prism 8. The results are expressed as the
mean + standard deviation (SD). Significant differences between the treatments and control
were evaluated through an analysis of variance (Dunnett’s test, PASW Statistics 18). P < 0.05
indicated statistical significance.

Results
In silico drug-likeness and ADME profile prediction

The calculated scores suggested that AM-18002 exhibits favorable drug-likeness (Table 1).
AM-18002 satisfied the criteria of Topological Polar Surface Area (<140 A), with an Absolute
Solubility Score of 0.55, which indicated its high potential for oral bioavailability [25-27]. The
investigated compound demonstrated reasonable physicochemical properties, including
ClogP and LogS values within the lead-likeness range [28]. Moreover, it fell under the moder-
ately soluble category based on the Ali solubility class. Additionally, AM-18002 is predicted to
exhibit a high likelihood of gastrointestinal absorption, but it is not expected to be a substrate
for p-glycoprotein. Finally, AM-18002 was assessed for drug-likeness and the absence of Pan
Assay Interference Structures [29, 30]. No structural alerts were identified.

AM-18002 exhibits a Log S value of —3.702, which indicates favorable water solubility
among the listed ADME features. According to the pkCSM web server, the standard range for
good Caco-2 permeability is >0.90 [21]. We noted that AM-18002 surpasses this standard,

Table 1. Drug-likeness prediction for AM-18002.

Comp. TPSA (A?%) ABS CLogP Ali LogS Ali class GA Pgp Drug-likeness (# viol.) PAINS
AM-18002 20.23 0.55 3.10 -2.58 MS High No Yes (0) 0 alerts

https://doi.org/10.1371/journal.pone.0296989.t001
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Table 2. ADME profiling prediction for AM-18002.

Comp. |Absorption Distribution Metabolism Excretion
Water solubility | Caco-2 Permeability | VDss BBB CYP450 1A2 CYP450 2D6 Total clearance (ml/ | Renal OCT2
Log S 107¢ cm/s (human) permeability Inhibitor substrate min/kg) substrate
AM- -3.702 1.466 0.832 0.371 YES NO 0.209 NO
18002

https://doi.org/10.1371/journal.pone.0296989.t002

exhibiting excellent Caco-2 permeability (Table 2). The distributional features of AM-18002,
including volume distribution (VD) and blood-brain barrier (BBB) permeability, are also pre-
sented in Table 2. A lower VD suggests a more significant plasm drug concentration, which
indicates less effective tissue distribution [31]. AM-18002, in this context, exhibited low VD
levels and BBB permeability. However, AM-18002 may be inhibited by CYP450 1A2 in the
metabolic aspect. The total clearance of AM-18002 is approximately 0.209 (mL/min/kg), sug-
gesting that the body can eliminate a maximum of 0.209 (mL/min/kg) of the drug. Moreover,
AM-18002 is not excreted through the renal OCT?2 substrate. In conclusion, this computa-
tional ADME study provides evidence that AM-18002 has favorable biological characteristics
as a potential drug candidate.

Viability of AM-18002-treated cells

The effects of AM-18002 on the viability of FM3A mouse breast cancer cells and spleen cells
were determined through the MTT assay. The spleen cells were isolated from the FM3A cell
tumor-bearing mice after removing the red blood cells. No marked reduction in cell viability
was observed at 24 h in the FM3A cells treated with <12.5 uM AM-18002, whereas treatment
with 25 uM AM-18002 was cytotoxic (Fig 1B). Therefore, we used 12.5 and 25 uM AM-18002
in the subsequent experiments. MDSCs and spleen cells with 0, 3, and 6 uM AM-18002 exhib-
ited no obvious cytotoxicity at 72 h (Fig 2C). Thus, 6 uM was selected as the upper dose limit

in this study.
A B C
FM3A cells
OH 120 = 24H 120 mm Spleen cells
9 1 48H =
~ 1004 == 72H s 100 = MDSCs
° °
‘ 3 807 3 80+
k] b
Me \ o 60 o 60
(=] (=]
£ 404 £ 40
8 [T}
£ 204 S 20
AM-18002 o o
0- 0-
0 30 60 125 25 50 0 30 60 125 25 50
AM-18002 (uM) AM-18002 (uM)

Fig 1. Effect of AM-18002 on FM3A cells and MDSCs viability. (A) The chemical structure of AM-18002. (B) FM3A cells and (C) MDSCs were treated with

AM-18002 at different concentrations (0, 3, 6, 12.5, 25, and 50 uM) for different durations (24, 48, and 72 h). Cell viability was measured after incubation by
using the MTT assay.

https://doi.org/10.1371/journal.pone.0296989.9001
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AM-18002 significantly enhances the apoptosis of irradiated FM3A cells

Apoptosis is a major form of chemotherapeutic agent-induced cell death and is implicated in
the cytotoxic mechanisms of various chemotherapy types [32]. We first determined whether
AM-18002 increased FM3A cell radiosensitivity by inducing apoptosis and compared the
effects of AM-18002 combined with IR through flow cytometry by using the Annexin
V-FITC/PI kit. Annexin V-FITC and PI dual-staining unveiled that treatment with 12.5 or
25 uM AM-18002 plus IR synergistically induced apoptosis (Fig 2A and 2B). A JC-10 assay
and flow cytometry were performed to investigate the effects of AM-18002 on the mitochon-
drial membrane potential. The FM3A cells treated with the AM-18002 and IR combination for
24 h exhibited a greater loss of membrane potential than those treated with irradiation alone
(Fig 2C and 2D). Altogether, the aforementioned results indicated that AM-18002 increases
the radiosensitivity of the FM3A cells, at least partially by inducing apoptosis.

Next, the expression of proteins associated with mitochondria-mediated apoptosis was
investigated to identify signaling pathways associated with AM-18002-enhanced radiation-
induced apoptosis. Caspase family members are critical regulators of cell apoptosis [33]. Irradi-
ation dose-dependently upregulated cleaved caspase-9 and 3. Of note, western blotting
revealed that the upregulation of these proteins in the cells treated with the AM-18002 and IR
combination was greater than that in the cells treated with irradiation alone. Cleaved PARP,
one of the most pivotal biochemical markers of caspase-3 activation-triggered cell apoptosis,
was also upregulated by the combined treatment of AM-18002 and IR compared with the irra-
diation alone treatment, as exhibited by western blotting (Fig 2E), which confirmed that AM-
18002 exerted a radiosensitizing effect on FM3A cells by enhancing IR-induced apoptosis.
Together, these results indicated that the caspase-3 pathway was involved in AM-
18002-induced apoptosis of irradiated FM3A cells.

We further investigated the effect of AM-18002 on FM3A cell radiosensitivity through the
clonogenic assay. The cells were pretreated with AM-18002 for 24 h, irradiated with 0, 0.5, 1, 2,
4, and 6 Gy, and cultured for 10 days. Irradiation significantly dose-dependently decreased the
colony formation of cancer cells. The number of AM-18002-treated colonies after irradiation
significantly reduced compared with the number of cells treated with irradiation alone (Fig
2F). These results demonstrated that AM-18002 significantly reduces the ability of dying cells
to repair IR-induced damage.

AM-18002 induces ROS production and modulates the abundance of DNA
double-strand breaks in irradiated FM3A cells

Intracellular ROS are a vital player in cell survival. Therefore, ROS levels in radiation-exposed
FM3A cells were measured. We compared the effects of AM-18002 on IR-induced ROS levels
in the FM3A cells to determine whether this compound increased the radiosensitivity of these
cells by increasing intracellular ROS levels. Flow cytometry revealed that AM-18002 dose-
dependently induces ROS generation. The combination of AM-18002 and IR significantly
increased ROS levels in the FM3A cells after 4 or 8 Gy irradiation (Fig 3A).

IR induces mitotic arrest directly and indirectly by inducing the production of high ROS
levels, thereby leading to DNA damage [34]. The AM-18002-treated cells were irradiated to
determine whether ROS accumulation was functionally crucial for AM-18002-induced apo-
ptosis. Then, immunofluorescence was performed to detect y-H2AX foci, an indicator of radi-
ation-induced DNA double-strand breaks (DSBs). Fig 3B shows the y-H2AX foci in
unirradiated FM3A cells treated with DMSO or AM-18002 alone and FM3A cells subjected to
4 or 8 Gy radiation with or without AM-18002 treatment (12.5 or 25 pM). Without irradiation,
AM-18002 produced no y-H2AX foci. The number of y-H2AX foci dose-dependently
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https://doi.org/10.1371/journal.pone.0296989.9002
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https://doi.org/10.1371/journal.pone.0296989.9003
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increased in the irradiated FM3A cells. After 24 h of irradiation, AM-18002 (12.5 or 25 uM)
combined with 8 Gy irradiation produced more y-H2AX foci than 8 Gy irradiation alone. The
sustained increase in y-H2AX foci in the FM3A cells after irradiation suggested that AM-
18002-mediated radiosensitization involves an increase in DSBs and the inhibition of DNA
repair.

Next, to determine whether AM-18002 directly affects DNA damage, a comet assay was
conducted. The comet tail length significantly increased in the AM-18002-treated and irradi-
ated FM3A cells compared with the cells subjected to irradiation alone (Fig 3C). Thus, these
data suggested that AM-18002 enhances IR-induced DSB generation to promote FM3A cell
apoptosis.

AM-18002 represses tumor-induced MDSCs and STAT3 activation

MDSCs are a heterogeneous population of immature myeloid cells comprising granulocytes,
macrophages, and dendritic cell precursors that accumulate during chronic inflammation and
tumor progression [15, 35-37]. The percentage of MDSCs under co-culture conditions was
analyzed through flow cytometry to determine the effects of AM-18002 on FM3A cell-induced
MDSC expansion in vitro. The MDSC phenotype in the mice was Gr1"CD11b", and we there-
fore analyzed these populations through double-staining. The number of double-positive cells
(Gr1*CD11b") increased when MDSCs were co-cultured with the FM3A cells, whereas AM-
18002 treatment significantly dose-dependently decreased the number of these cells (Fig 4A).
The results indicate that the FM3A breast cancer cells promoted MDSC generation and that
AM-18002 inhibited this activity.

In subsequent experiments, MDSCs were isolated from the spleens of the FM3A cell
tumor-bearing mice through MACS, and the MDSC abundance in the sorted cell preparation
was reconfirmed at 99% (Fig 4B). MDSCs mediate tumor-induced immunosuppressive activi-
ties and are directly implicated in promoting tumor angiogenesis, invasion, and metastasis
[38]. Therefore, the effects of AM-18002 on MDSC-induced FM3A cell invasion and migra-
tion were examined. MDSCs enhanced FM3A cell invasion and migration compared with the
untreated control group. This enhancement was significantly dose-dependently prevented by
AM-18002 treatment (Figs 4C and 5D). These results indicate that AM-18002 can regulate the
MDSC-mediated migration and invasion of FM3A cancer cells.

MDSCs triggered persistent STAT3 activation and increased the invasiveness of breast can-
cer cells [39]. STAT3 phosphorylation was examined through western blotting to investigate
whether AM-18002 affected the activation of STAT3 signaling pathways. FM3A cells co-cul-
tured with MDSCs exhibited STAT3 phosphorylation. However, AM-18002 prevented persis-
tent STAT3 activation (Fig 4E). These data suggest that AM-18002 treatment potently blocks
MDSC-mediated STAT3 phosphorylation in FM3A cells.

Molecular docking against targeted protein

On visualizing the complex (Fig 5A), we further noted that AM-18002 penetrated deep inside
the STATS3 cavity and settled well by establishing a network of hydrogen bonding and electro-
static forces with the STAT3 protein. Specifically, AM-18002 used its oxygen atom (hydrogen
bond acceptor) of the benzofulvene moiety to form hydrogen bonds with the amine (hydrogen
bond donor) functionalities of Arg609 in the STAT3 SH2 domain (Fig 5B). Several anticancer
agents targeting Arg609 have been reported [40, 41]. Additionally, hydrophobic interaction
and electrostatic forces between the NH, group of Lys591 and the aromatic framework of AM-
18002 facilitated the locking of its conformation in the STAT3 binding domain. Overall, the
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https://doi.org/10.1371/journal.pone.0296989.9g004

docking results unveiled favorable binding of AM-18002 to the STAT?3 protein and supported
our experimental results.

Discussion

RT is among the common approaches for cancer therapy. It can be used alone or combined
with chemotherapy and/or surgery [42]. Although RT is among the most effective cancer treat-
ments, many patients exhibit radioresistance [43]. IR combined with other treatment modes
may act as a promising strategy against radioresistant cancers. IR can directly or indirectly
cause DNA damage. Natural products, including crude extracts, bioactive component-
enriched fractions, herb-derived pure compounds, and herbal formulas, prevent and treat can-
cer [44]. Natural anmindenol A was isolated from the marine-derived bacteria Streptomyces
sp. [45]. Anmindenol A exerts potent inhibitory activity against inducible nitric oxide synthase
without exhibiting any significant cytotoxicity. We here investigated whether a novel deriva-
tive of anmindenol A, AM-18002, combined with IR can act synergistically as a potent antican-
cer agent.
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Apoptosis, or programmed cell death, is a highly regulated cell death mechanism involved
in many physiological processes, such as development, elimination of damaged cells, and the
immune response [46-54]. First, the effect of AM-18002 on radiation-induced apoptosis was
determined through flow cytometry. Compared with irradiation alone, AM-18002 combined
with IR synergistically induced FM3A cell apoptosis (Fig 2A). Mitochondrial permeability
transition is a key event in apoptosis. Therefore, the mitochondrial function was evaluated by
assessing the mitochondrial membrane potential. AM-18002 significantly increased the degree
of green fluorescence, thereby indicating that the AM-18002 and IR combination decreased
the mitochondrial membrane potential (Fig 2C). Defects in caspase cascade activation are
known to induce tumor progression and metastasis, whereas the activation of this cascade by
compounds that sensitize tumor cells to irradiation-induced apoptosis reduced tumor sizes
and controlled cancer development [55, 56]. Caspase 3 serves as an executor of apoptosis, and
many radiosensitizers, including AM-18002, target the activation of the caspase cascade (Fig
2E). Colonies formed by AM-18002-treated cells were significantly smaller than those formed
by the irradiated cells (Fig 2F). The aforementioned results indicated that AM-18002 induces
apoptosis, thereby increasing the radiosensitivity of FM3A cells.

Irradiation- and chemotherapeutic agent-mediated induction of apoptosis is a known strat-
egy for killing tumor cells. Irradiation leads to the generation of ROS and free radicals, thereby
inducing DNA damage. DSBs are the most abundant and toxic irradiation-induced DNA
damage [57]. The AM-18002 and IR combination significantly increased ROS levels and more
effectively induced DNA damage, as observed through the upregulated expression of y-H2AX
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foci and increased comet tail length in the cells treated with the aforementioned combination
therapy compared with irradiation treatment alone (Fig 3). These results suggested the utility
of AM-18002 as a sensitizer for FM3A cell irradiation.

MDSCs, which can exert immunosuppressive functions through multiple pathways and
mechanisms, are crucial players in tumor evasion [35]. ROS generation and interleukin (IL)-
6-triggered STAT3 activation regulates MDSC expansion in breast cancer [58]. Yu et al.
observed STAT3 activation in various cancers and reported that this activation might control
cancer progression and metastasis [17, 59-63]. MDSCs strongly induce STAT3 phosphoryla-
tion in breast cancer cells co-cultured with MDSCs [64]. MDSCs were expanded by co-culture
with the FM3A cells and were significantly inhibited by AM-18002 (Fig 4). MDSC-enhanced
invasion, migration, and STAT3 phosphorylation decreased dose-dependently after AM-
18002 treatment. In Fig 5, the docking results revealed the favorable binding of AM-18002 to
the STAT3 protein and supported our experimental results. Altogether, these results suggest
that AM-18002 is an effective STAT3 inhibitor and MDSC depletion inhibited the migration
and invasion of breast cancer cells.

In this study, the anmindenol A derivative AM-18002 served as a radiosensitizer and anti-
cancer agent in FM3A mouse breast cancer cells. The AM-18002 and IR combination synergis-
tically induced cancer cell death by increasing ROS generation, and AM-18002 increased the
radiosensitivity of FM3A cells. AM-18002 exerted its anticancer effect by inhibiting MDSC
expansion and decreasing the invasion and migration of cancer cells, which was related to the
suppression of STAT3 phosphorylation (Fig 5C). Therefore AM-18002 can be a promising
therapeutic strategy against breast cancer.
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