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I . Introduction

Head and neck squamous cell carcinoma (HNSCC) generally develops in the
mucosal lining of the oral cavity, pharynx, larynx, salivary glands, paranasal
sinuses and nasal cavity (Jemal et al., 2007). More than approximately 640,000
new cases of HNSCC are reported annually and account for 4% of all
cancer-related deaths globally (Chen and Hu, 2010). HNSCC is reprted as the
sixth most common cancer and has a high mortality rate (Guenin et al.,
2014).

The general clinical symptoms of HNSCC are known to include unusual
ulcers or pain, sore throat, troubled breathing, discomfort when swallowing,
swelling under the jawbone or around the salivary glands, and paralysis of
the muscles in the face (Jakobi et al., 2015). Although large studies
assoclated with the investigation of the pathophysiological factors of HNSCC
are in progress, its specific pathological etiologies remain largely unknown
(Galbiatti et al, 2013). However, recent studies have reported that
consumption of alcohol, and smokeless tobacco, and chewing tobacco are
major risk factors in at least 75% of HNSCC (Hashibe et al., 2009). The risk
factors for HNSCC disease include human papillomavirus (HPV) infection are
2 to 6 times higher than the one in the general population (Ceccarelli et al.,
2018), industrial exposure to nickel dust or formaldehyde (Luce et al., 1993),
Epstein-Barr virus infection (Chien et al., 2001), and Asian ancestry (mainly
Chinese descent) (Yu and Yuan, 2002). Furthermore, the explosive global
increase in the elderly population will also increase, the prevalence of patients
diagnosed with HNSCC (Boscolo-Rizzo et al., 2018). The clinical management
of patients with HNSCC encompasses surgical procedures, radiotherapy,
chemotherapy, or a combination of in the clinical therapies (Galbiatti et al.,
2013). Although surgical procedures are the most frequently performed clinical
management strategy for patients with HNSCC, they may result in many side

effects, such as the alteration of chewing, or swallowing functions, effects on
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speech, and facial deformity of patients after surgery. Although the
non-surgical management strategy of radiotherapy has exhibited clinical
efficacy, it also is accompanied by many side effects, such as redness,
irritation, and inflammation of the mouth (Shrotriya et al., 2015). Furthermore,
radiotherapy can result in a dry mouth and dysphagia caused by destruction
of the salivary glands; in addition, nutritional imbalances occur caused by the
reduction of appetite through the loss of taste (Pinna et al., 2015). Moreover,
patients with HNSCC are frquently treated with chemotherapy, either alone or
in combination with radiotherapy, after surgical procedures; although
chemotherapy is able adequately to induce cancer cell death, it is potently
cytotoxic to healthy cells, and chemotherapy 1is, therefore, accompanied by
many side effects, including nausea, vomiting, stomatitis, diarrhea, and bone
marrow dysfunction. Consequently, despite the rapid progression in the field
of medicine, the five-year survival rate and mortality of patients diagnosed
with HNSCC have not improved significantly over the past 40 years.
(Radhakrishnan et al, 2016). Collectively, these factors indicate the
requirement for new clinical management strategies, able to effectively induce

cancer cell death with fewer side effects, for patients with HNSCC.

Recent strategies of using chemotherapeutic agents for the management of
patients with cancer have targeted cancer—specific cell death through the
induction of apoptosis, inhibition of migration and invasion, and cancer cell
cycle arrest (Lu et al, 2011). The development of strategies for using
chemotherapeutic reagents based on the induction of apoptosis, as known as
programmed cell death, has focused on the acceleration of programmed
cancer—specific cell death through the activation of apoptotic factors. However,
the development of chemotherapeutic reagents based on this strategy cannot
induce cancer—specific cell death without damaging normal cells, because the
cellular biology of cancer cells is similar to that of normal cells (Ricci and
Zong, 2006). In addition, cancer cell metastasis is closely associated with

migration and invasion (Luo et al, 2018). The primary methods of cancer
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metastasis are direct extension, invasion, or when cancer cells break away
from a primary tumor and travel to another part of the body through the
lymphatic system or, bloodstream (Gupta and Massague, 2006). Thus, this
contrubtes to the increased mortality of patients as the cancer spreads to
other organs in the body. Hence, the inhibition of cancer cell migration and
invasion 1is particularly crucial in the development of chemotherapeutic
reagents, as metastatic cancer is usually more difficult to treat than cancer
that has not spread. In most cases, the goal of treatment for metastatic
cancer is to prolong survival and maintain quality of life (Dattatreya, 2013).
Therefore, recent studies associated with the development of chemotherapeutic
reagents able to effectively induce cancer cell-specific death with fewer side
effects have focused on natural compounds purified from herbal plants that

are used in traditional folk or oriental medicines.

Traditional medicines based on herbal plants have played an essential part
in healthcare in many cultures for thousands of years. Furthermore, many
scientific studies have confirmed that natural metabolites originating from
herbal plants may offer advantages over synthetic compounds, such as the
possibility to transport to the required intracellular site of action (Ii and
Vederas, 2011). Herbal plants have tremendous potential to provide novel
drugs and, as such, are natural chemicals that may be chemoprotective or
anticancer agents (Desai et al, 2008). Moreover, recent studies associated
with chemotherapies based on the herbal metabolites have reported their high
bioavailability, biological activity, and activity as substrates for the
transporter systems that deliver the compounds to their target (Taylor and
Jabbarzadeh, 2017). Most recently, substances derived from herbal plants were
investigated for their biological safety and a wide range of pharmacological
effects in many studies (Kinghorn et al, 2011). Among these substances,
phytoestrogens, which are polyphenols similar to human estrogens found in
plants or derived from plant precursors, comprise several classes of chemical

compounds coumestans, isoflavones, ellagitannins, stilbenes, and lignans (Gaya
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et al., 2016). Coumestrol is a natural organic compound in the class of
coumestans; it is found in various plants, such as clover, soybeans and
brussels sprouts (Bacciottini et al, 2007). Clover is known to have
antioxidant, anti-inflammatory and anticancer effects (Khorasani Esmaeili et
al., 2015). Likewise, soybean is known to have anti-inflammatory (Tang et
al,, 2017), antioxidant, and anti-pain effects in various diseases; both plants

contain notable amounts of phytoestrogens (Pandey and Rizvi, 2009).

As shown in Figure 1, coumestrol 1is an estrogen compound
(3,9-dihydroxy—-6-benzofurano [3,2-c] chromenone, chemical abstracts service,
CAS number: 479-13-3). Many recent studies have reported that coumestrol
has anti-inflammatory and antioxidant properties (Jantaratnotai et al., 2013).
Although the anticancer effects of coumestrol in various types of cancers,
including breast cancer cells (Zafar et al., 2018), prostate cancer, and lung
cancer (Reger et al, 2018), have been reported, the anticancer activities,
including the induction of apoptosis and the inhibition of metastasis, have not
yvet been investigated in HNSCC. Therefore, the aim of the present study was
to evaluate the potential of coumestrol to induce apoptosis in HNSCC and

identify the signaling pathway responsible for apoptosis.
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. Coumestrol

. CAS Number : 479-13-0

*  IUPAC NAME : 3,9-Dihydroxy-6-benzofurano [3,2-c]
chromenone

s Chemical formulation : C;5HgO5

. Molecular mass : 268.22

Figure 1. Chemical structure of coumestrol.
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II. Materials and Methods

II-1. Chemicals and antibodies

Coumestrol was purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX,
USA) and was dissolved in ethanol at stock concentration (= 100 mM).
Antibodies for Fas ligand (FasL, 48 kDa), cleaved caspase-3 (17 and 19 kDa),
cleaved caspase-8 (18 kDa), cleaved caspase-9 (37 kDa), poly (ADP ribose)
polymerase (PARP, preform 116 kDa and cleaved form 85 kDa),
phospho-Erkl1/2 (42 and 44 kDa), total-Erkl/2 (42 and 44 kDa), phospho-p38
(38 kDa), total-p38 (38 kDa), and A —actin (45 kDa) were from Cell signaling
Technology Inc. (Denver, MA, USA) B-cell lymphoma 2 (Bcl-2, 26 kDa),
B-cell lymphoma extra-large (Bcl-xL, 26 kDa), Bcl-2-associated X protein
(Bax, 21 kDa), Bax-like BH3 protein (Bid, 22 and 15 kDa), Bcl-2-associated
death promoter (Bad, 23 kDa), phospho-Akt (60 and 56 kDa), total Akt (62
kDa), pb3 (63 kDa), p2l1 (21 kDa), p27 (27 kDa), matrix metalloproteinase
(MMP-2, 72 and 63 kDa), MMP-9 (92 kDa), and secondary antibodies were
purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, TUSA)
Phospho-mTOR (250 kDa) and total-mTOR (250 kDa) was purchased from
Life Technologies, (Carlsbad, CA, USA).

I-2. Cell line and cell culture

FaDu cells, a human pharyngeal squamous carcinoma cell line was obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA)
and were grown in maintained in minimum essential medium (MEM, Life
Technologies, Grand Island, NY, USA). Mouse normal connective tissue
(L929) were purchased from Korea cell line bank (KCLB, Seoul, Republic of
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Korea). The 1929 were maintained in Dulbecco’s modified Eagle’s medium
(DMEM, Life Technologies, Grand Island, NY, USA) containing 10% fetal
bovine serum (FBS, Life Technologies, Grand Island, NY, USA). Media which
was supplemented with 10% FBS and 1% antibiotics. The cells were

maintained in a humidified and 5% CO, controlled incubator at 37C.

I -3. Cell viability by MTT assay

Cell cytotoxic effect of coumestrol on cells was measured by 3-(4-,
5-Dimethylthiazol-2-y1)-2 5-diphenyl  tetrazolium  bromide (MTT, Life
Technologies, Grand Island, NY, USA) assay. Cells seeded on a 96-well
culture plate (2 X 10* cells/well) for overnight. After incubation, the cultured
cells were treated with 5, 10, 20, or 50 M coumestrol for 24, 48, and 72 h at
37" C to determine its dose-dependent effects. After incubation under the
defined conditions, cells were incubated for another 4 h in 20 ¢#L of 5 mg/mL
MTT working solution. The supernatant subsequently removed, and MTT
crystals dissolved in 200 gL/well dimethyl sulfoxide (DMSO). After that,
optical density was measured at 570 nm wusing a spectrometer. The
experiments were repeated three times, independently. The mean OD =
standard deviation (SD) for each group of replicates calculated. The entire
procedure repeated three times. The inhibitory rate of cell growth was
calculated using the equation: % growth inhibition = [(1 - OD extract

treated)/(OD negative control)] X 100

IM-4. Cell live & dead assay

Cell live & dead assay (Thermo Fisher Scientific, Rockford, IL, USA),
which 1s composed of green calcein AM to stain the live cells with green

fluorescence and ethidium homodimer-1 to stain the dead cells with red
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fluorescence, was performed to visualize. Briefly, L929 and FaDu cells were
cultured at a density of 2 X 10% cells/mL in an 8-well chamber slide
(Electron Microscopy Sciences, Hatfield, PA, USA) and allowed to attach to
the well overnight. After incubation, cultured 1929 and FaDu cells were
treated with 0, 25, and 50 #M coumestrol for 48 h. After treatment, the cells
were washed twice with Dulbecco’s phosphate-buffered saline (DPBS) after
removing the medium. Stained with green calcein AM and ethidium
homodimer-1 (1 pL/ml) at room temperature in the dark for 30 min. After
staining, cells were washed three times with DPBS. After that, cells were
imaged using fluorescence microscopy (Eclipse TE2000, Nikon Instruments,
Melville, NY, USA).

II-5. Hematoxylin & eosin staining

Hematoxylin & eosin (H&E) staining was performed to observe the
morphological changes of cells. FaDu cells were cultured at a density of 5 X
10* cells/mL 24 h and then treated with different concentrations 0, 25, and 50
2 M of coumestrol for 48 h at 37° C. After that, cells were rinsed three times
with PBS at 4° C and fixed with 4% paraformaldehyde, for 5 min at 4° C. The
cells were observed and imaged by microscopy (Eclipse TE2000, Nikon
Instruments, Melville, NY, USA).

II-6. Nuclear staining using DAPI

DAPI staining was performed to detection of cells with a condensed
nucleus, which 1s an apoptotic phenomenon. Briefly, 1929 and FaDu cells
were cultured at a density of 2 X 10* cells/mL in an 8-well chamber slide
(Electron Microscopy Sciences, Hatfield, PA, USA) and allowed to attach to
the well overnight. After incubation, cultured 1929 and FaDu cells treated
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with 0, 25, and 50 M coumestrol for 48 h. Thereafter, L.929 and FaDu cells
were fixed with 496 paraformaldehyde after washing with phosphate buffer
solution (PBS) and stained with 1 mg/ml DAPI (Sigma-Aldrich, St. Louis,
MO, USA) for 20 min. The nucleus of L929 and FaDu cells were imaged
using fluorescence microscopy (Eclipse TE2000, Nikon Instruments, Melville,

NY, USA).

II-7. DNA fragmentation assay

FaDu cells were collected after treatment with coumestrol (0, 25, and 50 g
M) and incubation for 48 h, and rinsed in PBS at 4 ° C. The cells were then
treated with 100 gL of cell lysate buffer (100 mM NaCl, 300 mM EDTA, 200
mM Tris-HCl, pH 75) and 10% sodium dodecyl sulfate (SDS) add to
incubated at 65 ° C for 10 min, then 5 M sodium acetate add to store at 4° C
for 30 min followed by centrifugation at 12,000 X g for 15 min. RNase A was
added to the supernatant and incubated at 37 ° C for 1 h. An equal volume of
phenol: chloroform: isoamyl alcohol (PCI, Life Technologies, Grand Island, NY,
USA) was added then centrifugation at 12,000 X g for 15 min at 4 ° C. The
supernatant was incubated at -80°C for 30 min, then removed after
centrifugation at 12,000 X g for 15 min at 4 ° C. The pellet was allowed to dry
naturally and was dissolved in TE buffer (10 mM Tris-HC], pH 7.6, 0.1 mM
EDTA), followed by electrophoresis on 1.5% agarose gel. The imaging system

was used for observation and images were captured.

II-8. Cell apoptosis analysis by flow cytometry

Flow cytometric analysis (FACS) was performed to detect apoptosis using
co-stained with annexin V-FITC and propidium iodide (PI) (Cell Signaling
Technology, Danvers, MA, USA). After 5 X10° cells/mL of FaDu cells were

plated into a 6-well culture plate and then treated with coumestrol for 48 h.
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Both floating and attached cells were then collected, washed twice with PBS,
and resuspended in 500 L of 1X binding buffer (BD Biosciences, San Diego,
CA, USA). Annexin V-FITC and PI were added to the cells for 15 min at
37" C in the dark. The population of annexin—-V-positive cells and the cell
cycle phase were analyzed using a BD Cell Quest®version 3.3 instrument
(Becton Dickinson, San Jose, CA, USA) and WinMDI version 2.9 software
(The Scripps Research Institute, San Diego, CA, USA).

I1-9. Western blot analysis

FaDu cells at a density of 1 X 10° cells/ml. were plated on culture dishes
and incubated for 24 h in a humidified incubator at 37 ° C in 5% CO,. FaDu
cells treated with coumestrol for 48 h. Thereafter, FaDu cells were harvested
and were lysed using a cell lysis buffer (Cell Signaling Technology, Danvers,
MA, USA) containing Protease and Phosphatase Inhibitor Cocktails (Life
Technologies, Grand Island, NY, USA) and incubated for 1 h at 4 ° C. Lysates
were centrifuged at 14,000 X g for 10 min at 4 ° C. The supernatant used as
the cytosolic fraction. Total protein concentrations of the cell lysates
determined by bicinchoninic acid protein assay (BCA Protein Assay Kit,
Thermo Scientific, Rockford, IL, USA). Loading 5X buffer (250 mM Tris—-HC],
pH 6.8, 10% SDS, 30% (v/v) Glycerol, 5% B -mercaptoethanol, bromophenol
Blue) was added to equal amounts of protein, and the mixture boiled at 90 ° C
for 10 min. Total proteins were separated using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto
nitrocellulose membranes. After blocking for 1 h with 5% bovine serum
albumin in Tris-buffered saline (BD Biosciences, San Diego, CA, USA)
containing Tween-20 (Life Technologies, Grand Island, NY, USA) at room
temperature. Membranes were incubated with primary antibody at 4 ° C (1 :
1000 or 1 @ 5000 dilution) overnight and then incubated with secondary
antibody (1 : 5000 dilution) for 1 h at room temperature. The antibodies used
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to study the apoptotic signaling pathways included antibodies against Fas
ligand (48 kDa), cleaved caspase-3 (17 and 19 kDa), cleaved caspase-8 (18
kDa), and cleaved caspase-9 (37 kDa), PARP (116 and &5 kDa), Bid (22 and
15 kDa ), Bcel-2 (26 kDa), Bel-xL (26 kDa), Bax (21 kDa), Bad (23 kDa), A
-actin (45 kDa), phospho-Erkl/2 (42 and 44 kDa), total-Erkl/2 (42 and 44
kDa), Phospho—p38 (43 kDa), total-p38 (43 kDa), phospho-Akt (60 and 56
kDa), total Akt (62 kDa), phospho-mTOR (250 kDa), total-mTOR (250 kDa),
po3(53 kDa), p2l (21 kDa), p27 (27 kDa), MMP-2 (72 and 63 kDa), and
MMP-9 (92 kDa). The immunoreactivity bands were visualized using the
ECL System (Amersham Biosciences, Piscataway, NJ, USA) and exposed on

radiographic film.

I -10. Caspase—-3/-7 activity assay

To detection of caspase-3/7 activity. NucView 488 caspase-3/-7 substrate
solution (Biotium Inc., Hayward, CA, USA), FaDu cells were cultured at a
density of 5 X 10* cells/mL in an 8-well chamber slide (Electron Microscopy
Sciences, Hatfield, PA, USA) and allowed to attach to the well overnight.
After incubation, cultured FaDu cells were treated with 0, 25, and 50 ¢ M
coumestrol for 48 h. Replace medium with fresh medium or PBS containing 1
1M NucView 488 substrate stock solution. Incubate cells with a substrate at
room temperature for 30 min. The cells wash with PBS and observe cells by
fluorescence microscopy in using filter sets for green fluorescence
(excitation/emission: 485/515 nm). It was Photographed using fluorescence

microscopy (Eclipse TE2000, Nikon Instruments, Melville, NY, USA).

II-11. Caspase dependent cell survival assay

The cells were plated at a density of 5 X 10? cells/mL in 96-well culture

plates and allowed to attach to the well overnight. After incubation, cultured
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cells were treated with 50 M coumestrol in presence or absence of 20 ¢ M
caspase-3 inhibitor (Z-VAD-FMK, Enzyme Systems, Dublin, CA, USA) were
incubated for 48 h at 37° C. After incubation, under the defined conditions, cell
cytotoxicity was measured by MTT assay and FACS was performed.

MI-12. Colony formation assay

A colony formation assay was performed to assess the survival and
proliferation of FaDu cells treated with coumestrol. FaDu cells were cultured
at a density of 500 cells/well in a 12-well culture plate and allowed to attach
to the well overnight. After incubation cultured FaDu cells treated with 5 and
10 M coumestrol for 24 h and then were incubated in the culture media
without coumestrol for 7 and 10 days. After that, the medium removed, and
the cells were washed with PBS and fixed with 4% paraformaldehyde for 10
min at 4 * C. Sequentially the colonies were stained with 0.5% crystal violet for
10 min. The colonies were washed with PBS and dried at room temperature,
before being imaged by a digital camera (Nikon Instruments, Melville, NY,
USA).

II-13. Migration assay

To perform the migration assay, FaDu cells cultured onto 1 X 10° cells/mL,
and 70 gL of cell suspension (35,000 cells per reservoir) added to each
chamber of the insert (Ibidi Regensburg, Germany). FaDu cells were allowed
to attach to the coated bottom of the dish and to reach confluency overnight.
After that, the inserts removed after washing the cell patch with 2 mL of
DPBS, and it replaced with 2 mL of culture medium containing treated
concentration with 10 M coumestrol for 24 and 48 h. Wound widths were
imaged and measured using an inverted microscope (Eclipse TE2000, Nikon

Instruments, Melville, NY, USA).
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II-14. Invasion assay

For in vitro invasion assays, the upper chambers of the transwell (6.5-mm
transwell inserts with 80 4#m ©pore size polycarbonate membrane
CLS3422-48EA, Sigma Aldrich, St. Louis, MO, USA) transwell was
pre—coated with 10 #L of 0.5 mg/ml extracellular matrix collagen I (Sigma-
Aldrich, St. Louis, MO, USA). FaDu cells 1 X 10° cells/mL seeded onto the
upper side of the transwell. After 24 h, the transwell was washed in PBS
and placed into serum-free FBS growth medium. Full growth medium
containing 10% FBS was added to the bottom well. After incubated at 37T
for treated concentration with O, 5, and 10 #M coumestrol for 72 h. Remove
medium from the chamber wash in PBS. The insert membranes fixed with
cold methanol room temperature for 20 min remove methanol from the
chamber wash twice in PBS. The FaDu cells were stained with 0.05% crystal
violet in PBS for 15 min. The upper side cells on the filters removed with
cotton-tipped swabs and the positively stained cells invaded to the under part
of the membranes counted. Positively stained cells were imaged using an
inverted microscope (Eclipse TE2000, Nikon Instruments, Melville, NY, USA).
The invaded FaDu cell numbers averaged from counting numbers of five

random fields.

II-15. Gelatin zymography

Gelatin zymography was performed to assess the activity of matrix
metalloproteinases secreted from FaDu cells treated with coumestrol. An equal
volume of conditioned media was mixed with non-reducing sample buffer (4%
SDS, 015 M Tris pH 6.8, and 20% (v/v) glycerol containing 0.05% (w/v)
bromophenol blue) and resolved on a 10% polyacrylamide gel containing
copolymerized 0.2% (1 mg/mL) swine skin gelatin. After electrophoresis of

the conditioned media samples, gels washed with cold PBS containing 2.5%
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(v/v) Triton X-100 for 30 min and washed twice with cold PBS for 15 min.
After washing, gels were incubated in the zymogram renaturing buffer (50
mM Tris-HCI (pH 7.6), 10 mM CaCl,, 50 mM NaCl, and 0.05% Brij—-35) at
37° C for 48 h. After renaturation of MMPs, gels were stained with 0.196
Coomassie brilliant blue R250. The activity revealed a clear band on a

background of uniform light blue staining.

IT-16. Xenograft mouse model

All animal studies have performed the protocol (CIACUC2017-A0054)
approved by the Institutional Animal Care and Use Committee (IACUC) of
Chosun University, Gwangju Republic of Korea. Four-week-old female nude
mice (Koatec, Osan, South Korea) kept under the sterile condition of the
temperature of 24 ~ 26C and 40 ~ 60% relative humidity. FaDu cell was
harvested and washed with PBS, and at a concentration of 1 X 107 cells/100
1L were injected subcutaneously into the right and left flanks. 10 days after
tumor formation coumestrol (1 mg/kg) dissolved in ethanol 5% and an equal
volume of the ethanol (control) treatment by daily of oral administration.
Three times per week for 3 consecutive weeks. Tumor sizes were measured
weekly using a vernier caliper for 3 weeks following FaDu cell xenografting,
and the formula of A X B2 X 052 used. A is the longest diameter of the
tumor and B is the shortest diameter of the tumor. Body weights were
recorded every other day as the assessment of drug toxicity. After 19 days
the mice were sacrificed, and the tumor tissues were excised and fixed in 4%

paraformaldehyde and embedded in paraffin for immunohistological analysis.

IM-17. Histology and immunohistochemistry

Immunohistochemistry was performed using Vectastain® ABC Kit (Vector

Laboratories, Burlingame, CA, USA) tumor masses were excised, post-fixed
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in 4% paraformaldehyde for 7 days, dehydrated in a series of ethanol
solutions (70, 80, 90, and 100%; 2 h per step), and then submerged in xylene
twice for 2 h and in paraffin twice for 2 h. Paraffin-embedded tissue blocks
were prepared and cut using a microtome. The 8- ¢ m-thick sections placed on
glass slides. The sections were deparaffinized using two changes of xylene
for 3 min, rehydrated with two washes each of 100, 90, 80, and 70% ethanol
for 3 min, and then rinsed with tap water for 3 min. The sections incubated
at 4° C with phospho-Akt, p53 antibody overnight and incubated for 1 h at
room temperature with peroxidase-conjugated goat anti-mouse antibody.
Sections were subsequently counterstained using hematoxylin, transferred to

the mounting reagent, and examined by microscopy.

II-18. Statistical analysis

The experimental data are presented as the mean * standard deviation (SD)
from at least three independent experiments and were compared using
analysis of variance, followed by Student’s #test. p < 0.05 and p < 0.01 was

considered statistically significant.
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III. Results

IM-1. Coumestrol exerts dose—dependent -cytotoxicity

in FaDu cells, but not in 1.929.

The cytotoxicity of the compounds was assessed by using an MTT assay.
As shown in Figure 2, coumestrol was not toxic to L929 treated with
coumestrol at 10, 20, or 50 M. In contrast, the survival rate of FaDu cells
significantly decreased in response to coumestrol in a time- and
dose-dependent manner. As shown in Figure 3, coumestrol treatment for 24 h
resulted in a viable percentage of 98.8 = 4.3, 83.1 * 34, and 679 = 2.6%
respectively, compared with the untreated controls (100 *+ 4.9%) in FaDu
cells. Furthermore, the relative viability of FaDu cells treated with the same
concentrations of coumestrol for 48 h was 97.0 = 3.2, 725 £ 5.0, and 39.7 £
2.9%, respectively, and 944 = 6.1, (p < 0.01), 70.1 £ 4.6 (p < 0.01), and 30.9
+ 19% (p < 001), respectively, after treatment for 72 h. These data
demonstrated that coumestrol exerted cytotoxic effects in a time- and

dose-dependent manner, specifically in FaDu cancer cells.
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Figure 2. Coumestrol does not affect the viability of 1929, used as the
normal cells. 1.929 were cultured in 10 ~ 50 ¢ M coumestrol for 24, 48, and
72 h. The presented data are the mean T standard deviation of the results
of three independent experiments (SD; p < 0.05 and p < 0.01 compared to

the control).
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Figure 3. Coumestrol increases the cytotoxicity in FaDu cells. FaDu
cells were cultured in 10 ~ 50 #M coumestrol for 24, 48, and 72 h. The
presented data are the mean =+ standard deviation of the results of three
independent experiments (SD; “p < 0.05 and *p < 0.0l compared to the

control).
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M-2. Coumestrol reduces the survival of FaDu cells,
but did not affect 1.929.

To confirm the toxicity of coumestrol, the cells were seeded in 8-well
chamber slides and treated with different concentrations of coumestrol (0, 25,
and 50 «M) for 48 h. Cell-permeable calcein-AM was used to stain live cells
with green fluorescence, and ethidium homodimer-1 was used to stain the
dead cells with red fluorescence. 1.929 were stained as green fluorescence by
membrane—-permeable calcein-AM, as shown in Figure 4. The number of dead
cells stained with red fluorescence by ethidium homodimer-1 was significantly
increased in a dose-dependent manner in FaDu cells after treatment with
coumestrol (Figure 5). The relative percentage of live FaDu cells after
treatment with 20 and 50 #M coumestrol was 81.2 = 4.6 and 64.8 = 9.3%,
respectively. These data demonstrated that coumestrol induced toxicity to

FaDu cells in a dose-dependent manner, but not 1L929 used as a normal cells.
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Figure 4. Coumestrol does not affect the survival of 1929, used as the
normal cells. The live & dead assay using green calcein-AM and ethidium
homodimer-1 to stain the live cells and dead -cells, respectively, was
performed in L1929 treated with 25 and 50 M coumestrol for 48 h and
fluorescence microscopy images of the cells were captured. (Eclipse TE2000;
Nikon Instruments, Melville, NY) (SD; p < 0.05 and p < 0.01 compared to

the control).
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Figure 5. Coumestrol reduces the survival of FaDu cells. FaDu cells
were treated with 25 and 50 ¢ M coumestrol for 48 h. Thereafter, the live &
dead assay using green calcein-AM and ethidium homodimer-1 to stain the
live cells and dead cells, respectively, was performed and fluorescence
microscopy images of the cells were captured. (Eclipse TE2000; Nikon
Instruments, Melville, NY) (SD; p < 0.05 and p < 0.01 compared to the

control).
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IM-3. Formation of apoptotic bodies increases in FaDu

cells treated with coumestrol.

FaDu cells were treated with 25 and 50 M coumestrol for 48 h and H&E
staining was performed to identify the formation of apoptotic bodies and
morphological alterations that are typical apoptotic phenomena. As shown in
Figure 6, the number of FaDu cells was decreased by coumestrol in a
dose-dependent manner. Furthermore, the number of FaDu cells with the
outer membrane bulges and shrinkages that are representative morphological
characteristics of apoptotic bodies was increased after treatment with
coumestrol in a dose-dependent manner. These data indicated that

coumestrol-induced FaDu cell death was involved with apoptosis.
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Figure 6. Coumestrol increases the formation of apoptotic bodies
formation in FaDu cells. FaDu cells were treated with 25 and 50 pM
coumestrol for 48 h, hematoxylin and eosin staining was performed to
investigate the apoptotic body formation and morphological alterations in
FaDu cells treated with coumestrol, and microscopy images of the cells were
captured. The white arrows indicate morphologically altered FaDu cells
(Eclipse TE2000; Nikon Instruments, Melville, NY).
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M-4. Coumestrol elevates the number of FaDu cells

with chromatin—-condensed nuclei.

To evaluate whether coumestrol-induced FaDu cell death was involved with
apoptosis, 1929 and FaDu cells were treated with 25 and 50 ¢ M coumestrol
for 48 h. Thereafter, nuclear staining using DAPI was conducted to
investigate the chromatin condensation in FaDu cells. As shown in Figure 7,
coumestrol did not induce the chromatin condensation in 1.929, which were
used as normal cells. However, the number of FaDu cells with
chromatin-condensed nuclei was significantly higher in the coumestrol-treated
cells than in the untreated cells. These data indicated that coumestrol-induced

FaDu cell death was mediated through the apoptotic signaling pathway.
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Figure 7. Coumestrol increases the number of FaDu cells with
chromatin-condensed nuclei. FaDu cells were treated with 25 and 50 #«M
coumestrol for 48 h. Thereafter, nuclear staining using DAPI was performed
to observe the nucleus condensation and fluorescence microscopy images of
the cells were captured. The white arrows indicate the cells with
chromatin—condensed nuclei (Eclipse TE2000; Nikon Instruments, Melville,
NY).
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M-5. Coumestrol induces the DNA fragmentation in
FaDu cells.

To elucidate whether coumestrol induced DNA fragmentation, which is a
representative apoptotic phenomenon, FaDu cells were treated with 25 and 50
u# M coumestrol for 48 h. Thereafter, total DNA was isolated and DNA
fragmentation was investigated by using agarose gel electrophoresis. As
shown in Figure 8, coumestrol significantly increased DNA fragmentation in
FaDu cells in a dose-dependent manner compared with the untreated control
cells. These data were consistent with the suggestion that coumestrol-induced

FaDu cell death was mediated through the cellular apoptosis.
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Figure 8. DNA fragmentation dose-dependently increases in FaDu cells
treated with coumestrol. FaDu cells were treated with 25 and 50 M
coumestrol for 48 h. Thereafter, total DNA was isolated and electrophoresed

on 1% agarose gel to observe the DNA fragmentation.
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IM-6. Coumestrol increases the proportion of apoptotic
FaDu cells.

To confirm that coumestrol-induced FaDu cell apoptosis, FaDu cells were
treated with 25 and 50 #M coumestrol for 48 h. Thereafter, FACS analysis
was performed using annexin V-FITC and PI, as shown in Figure 9. The
total population of apoptotic cells was significantly increased by 279 and
497% 1in FaDu cells treated with 25 and 50 M coumestrol for 48 h,
respectively, compared with the untreated controls (9.8%). These data
indicated that coumestrol increased the proportion of apoptotic FaDu cells.
Furthermore, these data were consistent with the indication that coumestrol

induced the death of FaDu cells through the apoptotic cellular pathways.
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Figure 9. Coumestrol dose-dependently increases the proportion of
FaDu cells undergoing apoptosis. FaDu cells were treated with 25 and 50
# M coumestrol for 48 h. Thereafter, FACS analysis using annexin V and
propidium iodide staining was performed to confirm coumestrol-induced
apoptosis in FaDu cells. Black bar, necrosis;, dark grey, late-stage apoptosis;
light grey, early stage apoptosis (SD; p < 0.05 and p < 0.01 compared to

the control).
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IM-7. Coumestrol-induced FaDu cell death is mediated by
apoptosis through the death receptor-mediated (extrinsic)
and mitochondria—dependent (intrinsic) pathways.

To verify the coumestrol-induced pathway of cellular apoptosis, FaDu cells
were treated with 25 and 50 ¢M coumestrol for 48 h. Thereafter, FaDu cells
were harvested, lysed in cell lysis buffer, and analyzed by western blotting.
As shown in Figure 10, the expression of FasL, a representative death ligand
associated with death receptor-mediated (extrinsic) apoptosis, was
significantly increased in FaDu cells treated with coumestrol in a
dose-dependent manner. Subsequently, the expression of cleaved caspase—8
was significantly increased through the cleavage of pro-caspase-8, a
downstream target pro—-apoptotic factor of FasL. These data suggested that
coumestrol-induced  FaDu cell death was involved with  death
receptor-mediated (extrinsic) apoptosis, which is triggered by death ligand
FasL. Cleaved caspase-8 may initiate mitochondrial-dependent (intrinsic)
apoptosis through the cleavage of Bid to tBid. Hence, the alteration of the
anti-apoptotic and pro—apoptotic factors associated with mitochondrial-
dependent apoptosis was investigated, as shown in Figure 11. The expression
of anti—apoptotic factors, such as Bcl-2 and Bcel-xL, was decreased in FaDu
cells treated with coumestrol in a dose-dependent manner, whereas
coumestrol increased the expression of pro—apoptotic factors, such as tBid,
Bax, and Bad, which are closely associated with a decrease in mitochondrial
membrane potential. Subsequently, the expression of cleaved caspase-9 was
dose-dependently increased by coumestrol through the cleavage of
pro—caspase-9 by cytochrome c¢ released from mitochondria, which decreased

the mitochondrial membrane potential of FaDu cells. These data suggested

that coumestrol-induced FaDu cell death was mediated by the mitochondria.
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Figure 10. Cleaved caspase-8 a death receptor-mediated (extrinsic)
pro—apoptotic factor, is dose-dependently increased by the expression
of FasL in FaDu cells treated with coumestrol. FaDu cells were treated
with coumestrol for 48 h. Thereafter, total proteins were extracted and
identified by western blotting for antibodies associated with extrinsic
apoptosis such as FasL and caspase-8. Densitometry analysis of the western
blot was computed by Image] software to verify changes in the expression

of pro-apoptotic factors associated with the extrinsic apoptosis pathway.
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Figure 11. Mitochondrial-dependent intrinsic apoptosis is involved with
FaDu cell death mediated by coumestrol. Coumestrol induces mitochondrial—-
dependent intrinsic apoptosis through the upregulation of pro—apoptotic

factors and the downregulation of anti—apoptotic factors in FaDu cells.

_32_

Collection @ chosun



FaDu cells treated with
coumesterol (uM)for 48 h

0 25 50
Caspase-3 —» <4 35kDa

Cleaved Caspase-3 —» - <4— 19kDa
o R -]
Cleaved PARP —» - <4 89 kDa

B-actin —» | D > T 4 42 kDa

7]

§=

L

2200 -

D

g

g 150 |

]

S

=100 1

.2

8

= -

& 50

o

g

Z 0 . ' . _

E proform Cleaved PARP  Cleaved PARP
caspase-3 caspase-3

OControl 025 uM coumestrol ®50 pM coumestrol

Figure 12. Coumestrol induces FaDu cell death through the activation
of caspase-3 and poly(ADP ribose)polymerase (PARP). Coumestrol
increases the expression of cleaved caspase-3 and cleaved PARP, which are
downstream apoptotic target molecules of death receptor-mediated (extrinsic)

and mitochondrial-dependent (intrinsic) apoptosis pathways, in FaDu cells.
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To verify the cleavage of pro-caspase-3, which is a downstream target
pro—apoptotic factor of cleaved caspase-8 and cleaved caspase-9 located in
the death receptor-mediated (extrinsic) and mitochondrial-dependent (intrinsic)
apoptotic pathways, respectively, changes in the expression of caspase-3 and
its downstream target molecule, PARP, were investigated, as shown in Figure
12. The expression of cleaved caspase-3 and its downstream target molecule,
PARP, was increased in a dose-dependent manner in FaDu cells treated with
coumestrol. These data consistently demonstrated that coumestrol induced the
apoptosis of FaDu cells through both the death receptor-mediated (extrinsic)

and mitochondrial-dependent (intrinsic) pathways.
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M-8  Coumestrol-induced FaDu «cell apoptosis is

dependent on the activation of caspase-3.

To verify whether coumestrol induced the apoptosis of FaDu cells through
the activation of caspase-3, FaDu cells were treated with 25 and 50 ¢ M
coumestrol for 48 h. Subsequently, a caspase-3/-7 activity assay, using a
cell-permeable caspase-3/-7 substrate solution, was performed to verify the
activation of caspase-3 in FaDu cells treated with coumestrol. As shown in
Figure 13, the number of FaDu cells with green fluorescence that resulted
from the cleavage of the cell permeable fluorogenic substrate by cleaved
caspase—3, was significantly increased in a dose-dependent manner by the
presence of coumestrol compared with that the control sample. These data
suggested that coumestrol-induced FaDu cell apoptosis was dependent on the
activation of caspase-3. Hence, to verify that coumestrol-induced FaDu cell
apoptosis was dependent on the activation of caspase-3, FaDu cells were
treated with 50 M coumestrol in the presence or absence of 20 M
7Z-VAD-FMK for 48 h. Subsequently, an MTT assay (Figure 14A) and
western blotting (Figure 14B) were performed. The MTT assay showed that
coumestrol decreased the survival rate of FaDu cells, and that the effects of
coumestrol were rescued by 20 ¢M Z-VAD-FMK. These data consistently
demonstrated that coumestrol-induced apoptosis of FaDu cells was dependent
on the activation of caspases. Moreover, western blotting was conducted to
verify the changes in caspase-3 and its downstream target molecule PARP in
FaDu cells treated with coumestrol and 20 M Z-VAD-FMK. Z-VAD-FMK
(20 #M) was shown to antagonize the coumestrol-induced expression of
cleaved caspase-3 and cleaved PARP in FaDu cells. To confirm that the
coumestrol-induced apoptosis of FaDu cells was dependent on the activation
of caspases, FACS analysis was performed. FaDu cells were stimulated with
50 #M coumestrol in the presence or absence of 20 M Z-VAD-FMK for 48

h, as shown in Figure 15. The relative proportion of apoptotic cells was
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Figure 13. The activity of caspase-3/-7 is dose-dependently
upregulated in FaDu cells treated with coumestrol. The caspase-3/-7
activity assay using the cell-permeable fluorogenic substrate caspase-3/-7
substrate solution (Biotium Inc., Hayward, CA, USA), was performed to
verify the activation of caspase-3 in FaDu cells treated with coumestrol and
fluorescence microscopy images of the cells were captured (Eclipse TE2000;

Nikon Instruments, Melville, NY).
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Figure 14. Coumestrol-induced FaDu cell apoptosis is dependent on
caspase activation. FaDu cells were cultured with coumestrol in the
presence or absence of Z-VAD-FMK. Cell cytotoxicity using an MTT assay
(A) and western blotting for caspase-3 and PARP (B) were performed to
determine whether coumestrol-induced FaDu cell death was

caspase—-dependent (SD; p < 0.05 and p < 0.01 compared to the control).
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Figure 15. Pan-caspase inhibitor, Z-VAD-FMK suppresses apoptotic
cell death in FaDu cells treated with coumestrol. FaDu cells were
treated with 50 xM coumestrol in the presence or abhsence of 20 ¢M
Z-VAD-FMK. FACS analysis was  performed to verify the
caspase—dependent coumestrol induction of FaDu cell death (SD; p < 0.05
and p < 0.01 compared to the control).
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measured to be approximately 409 in FaDu cells treated with coumestrol.
However, in the presence of 20 #M Z-VAD-FMK, the proportion of apoptotic
cells was increased by approximately 17% in FaDu cells treated with
coumestrol. These data demonstrated that Z-VAD-FMK rescued the viability
of FaDu cells treated with coumestrol. Furthermore, these data indicated that
coumestrol-induced apoptosis of FaDu cells was dependent on the activation

of caspases.
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M-9. Coumestrol suppresses colony formation in
FaDu cells.

The colony formation assay was performed to determine the effects of
coumestrol on the proliferation of FaDu cells. FaDu cells treated with 5 and
10 M coumestrol for 24 h and were then incubated in the culture media
without coumestrol for 7 and 10 days. Thereafter, the formed colonies of
FaDu cells were stained by crystal violet and counted. The number of
colonies in the untreated FaDu cells (control) was 177 * 1.4 colonies; in
contrast, the number of colonies was 137 £ 35 and 113 £ 4.9 colonies in
FaDu cells treated with 5 and 10 ¢M coumestrol for 7 days, respectively.
After 10 days, 289 £ 2.1 colonies were counted in the control; in contrast, 258
+ 10 and 170 £ 2.1 colonies were counted in FaDu cells treated with 5 and
10 #M coumestrol for 10 days, respectively. As shown in Figure 16,
coumestrol suppressed colony formation in FaDu cells in a dose-dependent
manner. These data demonstrated the antitumor effects of coumestrol,
suppressing colony formation through the inhibition of the proliferation of
FaDu cells.
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Figure 16. Coumestrol suppresses colony formation through the
attenuation of FaDu cell proliferation. The colony formation assay was
performed in FaDu cells treated with 5 and 10 M coumestrol for 24 h and
then incubated in culture media without coumestrol for 7 and 10 days.
Crystal violet staining was performed to identify colony formation (SD; p <
0.05 and p < 0.01 compared to the control).
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M-10. Coumestrol attenuates effectively the migration
of FaDu cell.

To observe the effects of coumestrol on FaDu cell migration, cells were
photographed after 24 and 48 h of treatment. Coumestrol effectively inhibited
migration in a concentration—dependent manner compared with that in the
untreated control cells. The migration distance in control FaDu cells was 99.2
* 25 pm; in contrast, the migration distance in FaDu cells treated with 10
M coumestrol for 24 h was 1523 * 109 pgm. After 48 h, the migration
distance was 404 = 82 gxm in control FaDu cells and 101.6 £ 1.7 gm in
FaDu cells treated with 10 ¢#M coumestrol. As shown in Figure 17, the
migration distance was reduced in FaDu cells. However, the migration of
FaDu cells was effectively attenuated by coumestrol compared with the
untreated control. Collectively, these data suggested that coumestrol attenuated

the migration of FaDu cells. (Eclipse TEZ2000; Nikon Instruments, Melville,

NY). (SD; p < 0.05 and p < 0.01 compared to the control).
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Figure 17. Migration decreases in FaDu cells treated with coumestrol.

FaDu cells were treated with coumestrol for 24 and 48 h to verify whether

coumestrol effectively suppresses the migration compared with the untreated

control and fluorescence microscopy images of the cells were captured.
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M-11. Coumestrol suppresses the invasion of FaDu

cells.

The chamber insert apparatus was used to measure cell invasion. Medium
containing 10% FBS was added to the lower chamber as a chemo-attractant.
FaDu cells were treated with 5 and 10 M coumestrol for 72 h. Thereafter,
crystal violet staining was used to verify the invasion of FaDu cells. As
shown in Figure 18, the percentage of invading FaDu cells was 787 £ 3.1
and 589 * 1.1% upon treatment with 5 and 10 M coumestrol for 72 h,
respectively, compared with that of the control cells. Coumestrol inhibited the
invasion of FaDu cells. Therefore, these data suggested that coumestrol
exerts antitumor effects through the suppression of the invasion of FaDu

cells.
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Figure 18. Coumestrol suppresses the invasion of FaDu cells. FaDu
cells were treated with coumestrol for 72 h to verify if coumestrol
suppresses invasion, and fluorescence microscopy images of the cells were
captured. (Eclipse TE2000; Nikon Instruments, Melville, NY). (SD; p < 0.05
and p < 0.01 compared to the control).
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M-12. Downstream molecules affect the metastatic

suppression of coumestrol in FaDu cells.

To identify the signaling molecules involved in the effect of coumestrol on
the migration and invasion of FaDu cells, FaDu cells were stimulated with 5
and 10 #M coumestrol for 48 h. Subsequently, western blotting and gelatin
zymography were performed to verify the expression and activity of MMP-2
and MMP-9 in the conditioned media of FaDu cells treated with coumestrol.
The expression of MMP-2 and MMP-9 gradually decreased in FaDu cells
treated with coumestrol in a dose-dependent manner (Figure 19A).
Furthermore, similar to their expression, the activation of MMPs was
significantly suppressed in FaDu cells treated with coumestrol (Figure 19B).
These data indicated that coumestrol suppressed the proliferation, wounding
migration, and invasion of FaDu cells through the downregulation of the

expression and activation of MMPs.
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Figure 19. The expression and activity of MMP-2 and MMP-9
decreases in FaDu cells treated with coumestrol. Western blotting (A)
and gelatin zymography (B) were performed to verify the changes in factors

associated with the migration and proliferation of FaDu cells.
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IM-13. Coumestrol-induced antitumor effects are mediated
by alterations in the PISK/Akt-mTOR axis and MAPK
cellular signaling pathways in FaDu cells.

To investigate the cellular signal transduction pathways associated with the
coumestrol-induced antitumor effects in FaDu cells, the alteration of cellular
signaling molecules, such as the PI3K/Akt-mTOR axis, cell arrest markers such
as p2l and p27, and mitogen-activated protein kinases, were observed (Figures
20-22). The changes in Akt, which is a serine/threonine-specific protein kinase
associated with cell proliferation and cell survival, were observed by using
western blot, as shown in Figure 20. The phosphorylation of Akt and its
downstream target, mTOR, was dose-dependently decreased in FaDu cells treated
with 10, 25, and 50 x# M coumestrol. Subsequently, the expression of pb3, a known
tumor suppressor, was increased in a dose-dependent manner in FaDu cells
treated with coumestrol. These data indicated that coumestrol-induced antitumor
effects, including apoptosis, the suppression of colony formation, and the
inhibition of invasion and wounding migration, were mediated by the suppression
of FaDu cell proliferation through the modulation of the PISK/Akt-mTOR axis
and the expression of tumor suppressor pb3. Furthermore, cell division was
powerfully regulated by cell-cycle inhibitors, such as the p2l and p27¢P%P
proteins. Therefore, western blotting was performed to determine whether
coumestrol induced the expression of p21 and p27 in FaDu cells (Figure 21). The
expression of p2l1 and p27 was gradually decreased in FaDu cells treated with 25
and 50 M coumestrol for 48 h. These data suggested that coumestrol may
induce the arrest of FaDu cells through the upregulation of p2l and p27, which
act as cyclin—-dependent kinases. Next, western blotting was performed to verify
the alteration of mitogen-activated protein kinases in FaDu cells treated with
coumestrol (Figure 22). FaDu cells were treated with 50 #M coumestrol for 15,
30, and 60 min. Thereafter, the proteins were extracted from harvested FaDu

cells and were electrophoresed on 10% SDS-PAGE gels prior to protein
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Figure 20. Coumestrol suppresses the phosphorylation of Akt

and its

downstream factor mTOR, but increases the tumor suppressor pS3 in

FaDu cells. FaDu cells were treated with 10, 25, and 50 M coumestrol for

48 h. Western blotting was performed to investigated the changes in Akt,

mTOR, and pb3. The immunoreactivity bands were visualized by using the

ECL system and exposed on radiographic film.
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Figure 21. Coumestrol increases the cell-cycle arrest markers p2l and
p27 in FaDu cells. FaDu cells were treated with 5 and 10 M of
coumestrol for 48 h. Thereafter, western blotting for cyclin-dependent kinase
inhibitors such as the p2l and p27 proteins was performed to verify their

expression.
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Figure 22. Coumestrol-induced cell anti—proliferation and apoptosis is
mediated by the suppression of MAPK in FaDu cells.
Coumestrol-induced cell anti-proliferation and apoptosis is mediated by the

suppression of MAPK in FaDu cells.
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identification by western blotting. As shown in Figure 22, the phosphorylation of
ERK1/2 and p38 were time-dependently suppressed in FaDu cells treated with 50
M coumestrol. These data suggested that coumestrol-induced antitumor effects
were closely associated or regulated by the alteration of the MAPK cellular

signaling pathway in FaDu cells.
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M-14. Antitumor effects of coumestrol in the animals

xenografted with FaDu cells.

To assess the effects of coumestrol on FaDu tumor growth in vivo, FaDu
cells were xenografted into experimental animals (mice) and the resulting
tumor sizes and body weights were measured weekly for up to 3 weeks. As
shown in Figure 23, there was no obvious loss of body weight in
xenografted animals for 3 weeks, which indicated that coumestrol was well
tolerated. The tumor volumes and growth were significantly lower in mice
that were administered coumestrol than those in the control group (Figure
23B-23D). Furthermore, immunohistochemical analysis of the tumors showed
that the phosphorylation of Akt was significantly downregulated in
coumestrol-treated tumors compared with control tumors. In contrast, the
expression of pd3 was markedly increased in coumestrol-treated tumors
compared with the control (Figure 24). Collectively, these data consistently
indicated that coumestrol suppressed tumor formation through the modulation

of the Akt signaling pathway in animals xenografted with FaDu cells.
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Figure 23. Coumestrol inhibits the growth of FaDu tumors in a
xenograft animal model. Coumestrol (1 mg/kg) and vehicle were orally
administered to the experimental and control groups of animals, respectively,
three times per week for 3 weeks consecutively. The tumor sizes and body
weights were measured for up to 3 weeks. (A) Coumestrol (1 mg/kg) does
not affect animal body weight. (B) Coumestrol significantly reduces tumor
growth in the FaDu xenograft animal model. (C) Coumestrol (I mg/kg)
significantly inhibits tumor size in animals. (D) Coumestrol significantly

reduces tumor weight in the FaDu xenograft animal model.
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Figure 24. Coumestrol-induced antitumor effects are mediated by the
modulation of the Akt cellular signaling pathway and upregulation of
tumor suppressor pb3 in the FaDu =xenograft animal model. The control
and coumestrol-treated mice sacrificed at the indicated intervals and tumor
tissues were subjected to hematoxylin and eosin staining. Tumor tissues were
dissected from =xenograft animals, perfused, and fixed in saline and 4%
paraformaldehyde, respectively. The dissected tumor tissues were post—fixed in
4%  paraformaldehyde and embedded in paraffin for  sectioning.
Immunohistochemical staining of phospho-Akt and pb3 was conducted and

sections were counterstained using hematoxylin.
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IV. Discussion

HNSCC, a malignant tumor that forms on the mucosal surfaces of the
upper orogastrointestinal tract, including the oral cavity, pharynx, larynx, and
paranasal sinuses, has previously been treated with either surgery alone or in
combination with radiotherapy and chemotherapy ,based on according to the
tumor stage and location (Martino et al., 2008; Lydiatt et al., 2017). However,
these clinical treatments for patients with HNSCC frequently resulted in a
lower quality of life, owing side effects such as masticatory dysfunction and
psychological problems caused by the alteration of the patient’ s orofacial
appearance (Martino et al, 2008). Therefore, the development of
chemotherapeutic reagents with fewer side effects and excellent antitumor
activity needed to achieve cance cellr-specific death and reduce side effects.
Furthermore, some recent studies, which have been associated with the
development of chemotherapeutic reagents, have focused on the anticancer
effects of natural compounds isolated from either herbal plants used in folk
medicine or biologically-proven natural materials.

Phytoestrogens, which have a similar chemical structure to 17 /8 —estradiol,
are natural bioactive materials that are present in various edible herbal plants
and fruits (Soni et al., 2014; Sirokin et al.,, 2014). Therefore, phytoestrogens
can mediate the various physiological and pathological responses that are
associated with reproduction, bone remodeling, cardiovascular function,
immune system activity, and many other metabolic diseases, through
interaction with the estrogen receptor (Sirotkin and Harrath, 2014). Moreover,
recent studies have revealed that phytoestrogens prevent cancer and have
been used as chemotherapeutic reagents in various cancers, including cancers
of the liver, lung, colon, breast, prostate, and mouth (Heald et al., 2007). In
addition, it was recently reported that biochanin-A, a phytoestrogen derived
from Trifolium pratense (7T. pratense), also known as red clover, induced the

apoptosis of FaDu cells through both the death receptor-dependent (extrinsic)
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and mitochondrial-dependent (intrinsic) pathways of apoptosis (Cho et al.,
2017). In the present study, coumestrol, a phytoestrogen isolated from herbal
plants, induced FaDu cell death through both the death receptor-mediated
(extrinsic) and mitochondrial-dependent (intrinsic) apoptosis pathways and
suppressed colony formation, wounding migration, and invasion in vitro and
in vivo. For development as chemotherapeutic reagents, candidat materials
must have biological safety and cause fewer side effects on normal tissues.
Therefore, to verify the biological safety of coumestrol, the cytotoxicity of
coumestrol was first assessed on the normal cells, as shown in Figure 2;
treatment with 10 ~ 50 #M coumestrol did not increase toxicity or survival
in L929, which were used as normal cells. These data indicated that
coumestrol has a high degree of biological safety in normal tissues and
exerts fewer side effects in the defined treatment conditions. However, the
cytotoxicity of FaDu cells was significantly increased in the does range of 20
~ 50 M coumestrol, as shown in Figure 3. Collectively, these data
suggested that coumestrol may act as a promising chemotherapeutic material
with fewer side effects and specific toxicity to cancer cells and HNSCC.
However, to verify the biological safety and the greater specificity of the
toxicity to cancer cells, we conducted a, cell survival assay using a cell live
& dead assay kit, composed of green calcein AM to stain the live cells with
green fluorescence and ethidium homodimer-1 to stain the dead cells with red
fluorescence (shown in Figures 4 and 5 in 1929 [normal control cells] and in
FaDu cells [cancer cells], respectively). As shown in Figure 4, 25 ~ 50 «M
coumestrol did not increase intensity of red fluorescence in 1.929, whereas,
coumestrol not only decreased the total number of cells, but also increased
the number of dead cells stained with red fluorescence when FaDu cells were
concerned. The data have consistently suggested that as coumestrol has few
side effects and may induce cancer cell-specific death, it may be a potential
candidate chemotherapeutic material for the patients with HNSCC.

In general, cell death, including apoptosis and necrosis, is accompanied by

morphological alterations, such as cell shrinkage including apoptotic body
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formation (Bortner et al.,, 2007), nuclear condensation (Kass et al., 1996), and
chromosomal DNA fragmentation (Higuchi, 2003). Therefore, to investigate the
morphological alterations of FaDu cells in the presence or absence of
coumestrol, H&E staining was performed (Figure 6). Many cells exhibited
cytoplasmic shrinkage; moreover, the number of FaDu cells exhibiting nuclear
shrinkage was significantly increased by treatment with coumestrol.
Furthermore, the results of DAPI nuclear staining showed that the number of
FaDu cells with condensed nuclei was increased in a dose-dependent manner
by treatment with coumestrol (Figure 7). Moreover, chromosomal DNA
fragmentation was significantly higher in FaDu cells than in the
coumestrol-treated cells (Figure 8). In the present study, coumestrol induced
morphological alteration in apoptotic bodies, chromatin condensation, and DNA
fragmentation, which are typical characteristics of apoptosis (Bortner et al.,
2007; Kass et al.,, 1996, Higuchi, 2003), in FaDu cells. Collectively, these data
indicated that coumestrol-induced FaDu cell death was closely mediated by
apoptotic cellular processes. Hence, to elucidate whether coumestrol induced
the apoptosis in FaDu cells, FACS analysis of annexin—-V and PI-stained was
performed (Figure 9). Both cell of apoptotic cells populations (the early and
late stages of apoptosis) were gradually increased in FaDu cells treated with
coumestrol. These data strongly indicated that coumestrol induced the

apoptosis of FaDu cells.

However, the targeted regulation of cellular mechanisms for the acceleration
of cell death is a highly effective strategy for cancer therapy. Apoptosis is a
particularly pivotal process that 1is associated with the elimination of
unwanted cells during development to maintain homeostasis in long-lived
mammals (Wang and Youle, 2009). Therefore, many recent studies have
associated with the development of chemotherapeutic reagents have focused
on the induction of cancer cell-specific apoptosis through the modulation of
apoptotic signaling pathways (Jia et al, 2012). Apoptosis is generally

classified into death receptor-mediated (extrinsic) and mitochondrial dependent
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(intrinsic); apoptosis pathways (Khosravi-Far and Esposti, 2004). Notably,
apoptosis is highly regulated by the activation (cleavage) of caspases
(cysteine aspartyl- specific proteases) to induce cell death (Gray et al., 2010).

The death receptor-mediated (extrinsic) apoptosis pathway is triggered by
the recruitment of adaptor proteins: such as Fas-associated death domain
(FADD) and tumor necrosis factor (TNF) receptor—associated death domain
(TRADD), and through the binding of death ligands: such as FasL,
TNF-related apoptosis—inducing ligand (TRAIL), and TNF to TNF family
death receptors (Zaman et al, 2014; Goldar et al., 2015; Liu et al., 2017).
Subsequently, adaptor proteins induce the activation of caspase-8, through the
cleavage of pro—caspase-8. Finally, activated caspase-8 induces the activation
of executioner caspase-3, which leads to cell death (Goldar et al., 2015).
Therefore, to investigate the coumestrol-induced apoptotic pathway, western
blotting was performed (Figures 10-12).

As shown in Figure 10, coumestrol increased the expression of FasL and
the activation of caspase-8 in FaDu cells. Furthermore, the activation of
caspase-3 and its downstream pro-apoptotic substrate, PARP, was higher in
FaDu cells than in the coumestrol-treated cells. These results consistently
indicated that coumestrol-induced apoptosis was coordinated by the death
receptor-mediated (extrinsic) apoptosis pathway, through an upregulation of
the expression of death Iligand FasL in FaDu cells. Generally, the
mitochondrial-dependent (intrinsic) apoptosis pathway is initiated by the
cleavage of Bid to tBid in response to apoptotic stress, such as damaged
DNA, upregulated oncogenes, growth factor deprivation, increased Ca?" levels,
DNA-damaging molecules, oxidants, and microtubule-targeting drugs (Hassan
et al., 2014). In addition, the activation of caspase-8, which is involved in the
death receptor-mediated extrinsic apoptosis pathway, can initiate the
mitochondrial-dependent intrinsic apoptosis pathway through the cleavage of
Bid to tBid (Green et al., 2015). Subsequently, the oligomerization of activated
Bax and Bak led to the release of intermembrane cytochrome c, through the

induction of mitochondrial outer membrane permeabilization (Suhaili et al.,
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2017). However, although the oligomerization of activated Bax and Bak is
suppressed by anti-apoptotic factors such as Bcl-2 and Bcel-xL, the
anti—apoptotic activity of Bcl-2 and Bcl-xL. are regulated by pro—apoptotic
factors, such as Bik, Bim, and Bad (Czabotar et al., 2009; Gogada et al.,
2013). As shown in Figure 11, the activation of caspase-8 induced a decrease
in Bid, through the cleavage of Bid to tBid, in FaDu cells treated with
coumestrol. In addition, coumestrol induced a decrease in anti-apoptotic
activities through the downregulation of the expression of anti—apoptotic
factors, such as Bcl-2 and Bcl-xL in FaDu cells. Moreover, coumestrol
increased the expression of mitochondrial-dependent pro—apoptotic factors,
such as Bik, Bim, and Bad. Subsequently, alterations in the levels of these
anti- and pro—apoptotic factors associated with the mitochondria-dependent
apoptosis pathway induced the cascade activation of caspase-9, caspase-3,
and PARP in FaDu cells treated with coumestrol as shown in Figure 12.
Collectively, these data indicated that coumestrol-induced apoptosis was
mediated by the mitochondrial-dependent (intrinsic) apoptosis pathway
through the activation of caspase-8, which was triggered by the upregulation
of FasL expression in FaDu cells. In support of this study, coumestrol was
been found to induce mitochondrial-dependent apoptosis pathways through the
downregulation of Bcl-2 expression and upregulation of Bax expression in
human placental choriocarcinoma cells and, human breast cancer MCF-7 cells
(Lim et al, 2017, Zafar et al, 2017). Collectively, these data indicate that
coumestrol-induced apoptosis was mediated by both death receptor mediated
(extrinsic) apoptosis triggered by upregulation of FasL, and mitochondrial
dependent (intrinsic) apoptosis through the cleavage of Bid to tBid by cleaved
caspase-8 in FaDu cells. Furthermore, coumestrol induced the activation of
caspase-3 1n a dose-dependent manner, which it was significantly
counteracted by pan-caspase inhibitor Z-VAD-FMK (Figures 13-15). These
results suggested that coumestrol-induced apoptosis in FaDu cells was
mediated by the activation of caspase-3 and occurred through both the death

receptor-mediated (extrinsic) and mitochondrial-dependent (intrinsic) apoptotic
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pathways.

Migration and invasion of cancer cells to other tissues through the
bloodstream and lymphatic system are generally observed in the terminal
stage of cancer (Cho et al., 2017; Stec et al, 2011). Therefore, the inhibition
of cancer cell growth and metastasis are crucial aims of clinical cancer
treatment (Hsieh et al., 2017). In the present study, coumestrol significantly
decelerated colony formation, wounding migration, and invasion in FaDu cells
(Figures 16-18). Furthermore, MMPs, including MMP-2 and MMP-9, were
closely associated with the invasion and metastasis of cancer cells and
neoangiogenesis in cancer tissues (Marshall et al., 2000). Hence, the inhibition
of MMP activation was a representative pharmacological target for cancer
therapy (Marshall et al.,, 2000). As shown in Figure 19, the expression and
activation of MMPs including MMP-2 and MMP-9, were significantly
downregulated and suppressed by coumestrol in FaDu cells. These data
suggested that coumestrol may have not only apoptotic effects, but also the
suppress of metastasis in HNSCC. In addition, the phosphorylation of Akt and
mTOR in FaDu cells was decreased after coumestrol treatment. Generally, the
phosphorylation of Akt is triggered by the activation of PI3K, a phospholipid
kinase, though interaction with receptor tyrosine Kkinases. After activation,
PI3K converts its substrate phosphatidylinositol 4, 5-biphosphate (PIP2) to
phosphatidylinositol 3, 4, b5-triphosphate (PIP3). PIP3 then induces the
phosphorylation of Akt, which is a serine-threonine kinase with an essential
role as a cellular signaling molecule in cell survival, migration, cell cycle
progression, and metabolism during development and carcinogenesis (Zhang et
al,, 2011). Notably, the activation of Akt signaling regulates the suppression
of apoptosis in cancer cells, through either the reduction of pro-apoptotic
factors Bad and Bax or the elevation of anti-apoptotic factors Bcl-2 and
Bcl-xL. Therefore, the abnormal activation of Akt signaling pathologically
accelerates tumorigenesis in human cancers (Crowell et al., 2007), which
indicates that the targeted inhibition of Akt may suppress carcinogenesis and

induce apoptosis. However, the activation of PI3K/Akt signaling is negatively
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regulated by phosphatase and tensin homolog (PTEN) through the conversion
of PIP3 to PIP2 (Okumura et al, 2012). in the present study, coumestrol
dose-dependently suppressed the phosphorylation of Akt and its downstream
target molecule mTOR in FaDu cells. Furthermore, many recent studies have
reported pd3 mutations in over 50% of all human cancers and highlighted the
crucial role of pb3 as a tumor suppressor in preventing cancer (Mello et al.,
2017). In mammalian cells, pb3 is a nuclear transcriptional factor that
regulates apoptosis, cell cycle arrest, and senescence in response to cell
stress.  Furthermore, pb3 iIncreases mitochondrial outer membrane
permeabilization and is associated with the mitochondrial-dependent apoptosis
pathway through the upregulation of the expression of pro-apoptotic factors,
such as Bax, Bad, and Bak (Tait et al., 2010). However, PTEN is inactivated
by the phosphorylation of Akt, leading to the suppression of pb3 expression.
Conversely, PTEN activation increases the expression of pb3 through the
inactivation of Akt signaling (Yao et al, 2013). In the present study, the
expression of pb3 was dose—-dependently increased in FaDu cells treated with
coumestrol, (Figure 20). This indicated that the coumestrol-induced antitumor
effects, including the induction of apoptosis, the attenuation of colony
formation, and the suppression of wounding migration and invasion, were
mediated by the alteration of the PI3K/Akt-mTOR axis and the upregulation
of tumor suppressor pb3 in FaDu cells.

However, cell division is regulated by the activation of cyclins, which
interact with the cyclin-dependent kinases (CDKs) to induce cell-cycle
progression (Coqueret, 2003). Therefore, the regulation of the cell cycle has
become a chemotherapeutic targeting strategy to combat associated with the
proliferation, migration, and invasion of cancer cells. In particular, the
upregulation of the cell cycle inhibitors such as the p2l and p27 %P
proteins induce the cell arrest to attenuate the proliferation, migration, and
invasion of cancer cells (Roy et al, 2007). In the present study, the
expression of p2l and p27 were significantly increased in FaDu cells treated

with coumestrol (Figure 21). These data indicated that coumestrol-induced
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anticancer effects such as the suppression of colony formation through the
attenuation of proliferation and the deceleration of wounding migration and
invasion, were closely associated with cell-cycle arrest through the

Civ’Kip proteins in

modulation of cell-cycle inhibitors, such as the pZ2l and p27
FaDu cells.

Another cellular signaling molecule associated with carcinogenesis, MAPK,
is closely involved with tumor cell proliferation, differentiation, apoptosis,
angiogenesis, invasion, and metastasis (Peng et al, 2018) through the
expression of MMPs including MMP-2 and MMP-9. As shown in Figure 22,
the phosphorylation of ERK1/2 and p38 was significantly and dose-
dependently suppressed in FaDu cells treated with coumestrol. Recent studies
have reported that the MAPK signaling pathway may directly or indirectly
suppress the activation of caspase-3 and caspase-9 through the inhibition of
the release of cytochrome ¢ from mitochondria (Peng et al., 2018, Huang et
al.,, 2017; Lv et al., 2017; Chen et al., 2016). Recently, Lim et al. reported that
coumestrol inhibited proliferation and migration of prostate cancer cells
through the regulation of AKT, and ERKI1/2-MAPK cellular signaling
cascades, which was similar to the results of present study. Therefore, as the
MAPK signaling pathway is frequently activated in cancer cells, the
inactivation of this signaling pathway may contribute to antitumor effects.

To evaluate the in vivo antitumor effects of coumestrol, animals were
xenografted with FaDu cells and orally administrated coumestrol for 21 days;
the observed changes are in Figure 23. The oral administration of coumestrol
effectively suppressed the tumor growth compared with the control animal.
Furthermore, the histology results (Figure 24) showed that the expression of
tumor suppressor pb3 was significantly upregulated in the tumor tissues
dissected from xenograft animals administered coumestrol compared with
those in the control group. Moreover, the phosphorylation of Akt was
significantly suppressed in the tumor tissues in the animals administered
coumestrol. Hence, these data indicated that both the suppression of PISK/Akt

and the wupregulation of pbd3 were crucial factors associated with the
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coumestrol-induced antitumor effects in HNSCC.

In conclusion, coumestrol effectively induced cell death through both the
death receptor-mediated (extrinsic) and mitochondrial-dependent (intrinsic)
apoptosis pathways in FaDu cells. Furthermore, coumestrol-induced apoptosis
was involved in the upregulation of pd3 expression, through the inactivation
of Akt-mTOR axis and the MAPK cellular signaling pathways in FaDu cells.
These, findings suggest that coumestrol may be a promising candidate

chemotherapeutic agent for the treatment of HNSCC.
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Figure 25. Schematic diagram of the coumestrol-induced apoptotic

phenomenon.
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