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Abstract

The head and neck squamous cell carcinoma (HNSCC) constitute about 90% of all head and neck cancers. HNSCC falls
in the top 10 cancers in men globally. Epoxyazadiradione (EPA) and Azadiradione (AZA) are the limonoids derived from
the medicinal plant Azadirachta indica (popularly known as Neem). Whether or not the limonoids exhibit activities against
HNSCC and the associated mechanism remains elusive. Herein, we demonstrate that EPA exhibits stronger activity in
HNSCC in comparison to AZA. The limonoids obeyed the Lipinski’s rule of 5. EPA exhibited activities in a variety of
HNSCC lines like suppression of the proliferation and the induction of apoptosis. The limonoid suppressed the level of
proteins associated with anti-apoptosis (survivin, Bcl-2, Bcl-xL), proliferation (cyclin D1), and invasion (MMP-9). Further,
the expression of proapoptotic Bax and caspase-9 cleavage was induced by the limonoid. Exposure of EPA induced reactive
oxygen species (ROS) generation in the FaDu cells. N-acetyl-L-cysteine (ROS scavenger) abrogated the down-regulation
of tumorigenic proteins caused by EPA exposure. EPA induced NOX-5 while suppressing the expression of programmed
death-ligand 1 (PD-L1). Further, hydrogen peroxide induced NF-kB-p65 nuclear translocation and EPA inhibited the trans-
location. Finally, EPA modulated the expression of IncRNAs in HNSCC lines. Overall, these results have shown that EPA
exhibit activities against HNSCC by targeting multiple cancer related signalling molecules. Currently, we are evaluating the
efficacy of this molecule in mice models.

Keywords Carcinogenesis - Head and neck squamous cell carcinoma - Limonoid - Long non-coding RNA - Reactive
oxygen species

Introduction

Head and neck cancer (HNC) is one of the ten common can-
cers globally. More than 650,000 cases are identified world-
wide, out of which 330,000 dies of the disease annually [1].
HNC is a heterogeneous tumour at various anatomic sites
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[2]. It accounts for one-fourth of male cancers and one-tenth
of female cancers in India. HNC consistently metastasize to
the cervical lymph nodes and the distant organs such as the
liver and lung. Of all HNC, 90% is constituted by head and
neck squamous cell carcinoma (HNSCC). Although people
with over 60 years of age are prone to develop this disease,
studies suggest that younger age group can also be affected
by HNSCC [3, 4]. The hypopharynx, larynx, oropharynx,
and oral cavity are the common locations for HNSCC [5].
Environmental and lifestyle factors such as tobacco chewing,
alcohol consumption, and smoking are the main risk factors
for HNSCC.

At the molecular level, multiple cancer related targets
including the nuclear factor (NF)-kB contribute to the
HNSCC pathogenesis [6]. The NF-xB signalling is also
activated by epidermal growth factor receptor (EGFR) and
PI3K pathways. In about 90% cases of HNSCC, EGFR is
overexpressed [7]. The constitutively active NF-kB regu-
lates cytokines production such as IL-6 and IL-8 in HNSCC
[8]. Discovered in early 1980s, NF-xB has provided a link
between inflammation and several human chronic diseases
including cancer. Multiple cancer types including HNSCC
constitutively express NF-xB. It is now well known that
NF-«kB regulates multiple cancer- related genes involved in
tumour development [9]. Studies suggest that NF-kB cross
talk with long non-coding RNAs (IncRNAs), the recently
discovered class of non-coding RNAs [10]. Antisense non-
coding RNA in the INK4 locus (ANRIL), NF-kB interact-
ing IncRNAs (NKILA), Lethe, Metastasis Associated Lung
Adenocarcinoma Transcript 1 (MALAT1), H19, and HOX
transcript antisense RNA (HOTAIR) are some of the IncR-
NAs associated with the NF-kB signalling. The reactive oxy-
gen species (ROS) are generated during normal conditions.
ROS can also regulate various steps of tumour development
[11]. ROS can contribute to tumour development through its
cross talk with IncRNAs and NF-«B signalling [12].

The agents derived from Mother Nature are reported to
be safe, affordable, and can modulate multiple cell signal-
ling pathways. It is estimated that approximately 50% of
the anticancer drugs (1940-2014) are directly or indirectly
related to natural products [13]. Azadirachta indica (also
called ‘Neem’ or ‘nature’s drugstore’) is one such medicinal
plant. The parts of this plant such as bark, flowers, leaves,
and seeds are reported to possess activities against both
acute and chronic human diseases. Over 300 structurally
diverse constituents have been isolated from this plant, one-
third of which are limonoids [14]. Two such limonoids are
epoxyazadiradione (EPA) and azadiradione (AZA). Both
EPA and AZA are reported to overcome Alzheimer’s dis-
ease—associated Tau pathology [15]. AZA was found to
produce strong cytotoxicity in HL60 leukemia cells with
minimum effects on normal lymphocyte RPMI 1788 cell
line [16]. In triple- negative and ER + breast cancer cells,
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EPA induced apoptosis and reduced mitochondrial poten-
tial, cell viability, angiogenesis, and migration [17]. Further,
the expression of pro-metastatic and pro-angiogenic genes
such as COX-2, VEGF, OPN, and MMP-9 was suppressed
by the limonoid. EPA also attenuated AP-1 activation and
suppressed tumour growth and angiogenesis in nude mice
bearing breast cancer [17]. EPA was found to induce apop-
tosis and exhibit anti-cancer activities in cervical cancer
cells with minimum effects in normal cells [18]. EPA also
exhibited activities against neuroblastoma and osteosar-
coma cells [19]. In RAW 264.7 cells, EPA inhibited proin-
flammatory activities [20]. EPA also inhibited the release
of the cytokines (such as IL-1a, IL-6, IL-1p, and TNF-a)
induced by LPS and migration inhibitory factor (MIF) in
mice model. EPA was also found to prevent MIF-induced
macrophage chemotactic migration, nuclear translocation of
NF-xB, and nitric oxide production [20].

The implication of the above evidence suggests that
EPA and AZA exhibit activities against some cancer types.
Whether AZA and EPA exhibit activities against HNSCC
and the underlying molecular mechanism is not known. In
this study, we evaluated the activities and the associated
mechanism of EPA and AZA in squamous cell carcinoma
of the hypopharynx and the oral tongue.

Material and methods
Reagents

EPA and AZA were isolated from Azadirachta indica at
the Council of Scientific and Industrial Research-National
Institute for Interdisciplinary Science and Technology
Thiruvananthapuram, India by the group of Dr. Mangalam
Nair. We followed a method as described previously [18].
The reagents procured from Himedia (Mumbai, Maharash-
tra) were Dulbecco’s modified Eagle’s medium (DMEM),
Trypsin—EDTA, streptomycin, and penicillin. The ven-
dor for Dimethyl sulfoxide (DMSO), crystal violet, and
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bro-
mide (MTT) was SRL Diagnostics (Mumbai, Maharash-
tra). Acridine orange, propidium iodide, ethidium bromide,
4',6-diamidino-2-phenylindole (DAPI), agarose, 5, 5, 6,
6'-Tetrachloro-1, 1', 3, 3'-tetraethyl benzimidazolyl carbo-
cyanineiodide (JC-1), fetal bovine serum (FBS), 2',7'-dichlo-
rodihydrofluorescein diacetate (H,DCFDA), Alexa Fluor
488, and Annexin V staining kit were purchased from Inv-
itrogen (Carlsbad, California). Antibodies against Bcl-xL,
Bcl-2, and survivin were procured from Santa Cruz Biotech-
nology (Santa Cruz, California), and the p65 antibody was
obtained from Abcam (Cambridge, UK). PDL-1 antibody
was obtained from proteintech (Rosemont, Illinios). The
mouse NOX-5 antibody was a gift from Dr. Smitha Antony,
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National Cancer Institute, National Institutes of Health,
USA. The SYBR green PCR master mix was purchased from
Agilent Technologies (Foster City, California). The prim-
ers for Cyclin D1, Bcl-2, ANRIL, MALAT1, MEG3, H19,
HOTAIR, GASS, and GAPDH were synthesized by Eurofins
Genomics (Bangalore, Karnataka).

Cell lines

The human head and neck cancer cell lines, FaDu, SCC-4
and Cal-27 (American Type Culture Collection; Manas-
sas, VA) were obtained from the laboratories of Dr. Sanjay
Yadav and Dr. Satya N. Das. The cell lines were cultured in
the DMEM (high glucose) containing streptomycin (100 pg/
mL), penicillin (100 units/mL), and FBS (10%).

Assay for cell viability

The MTT substrate- based assay was employed for deter-
mining the cytotoxic potential of EPA and AZA in HNSCC
[21]. In brief, the viability in control and treated cells was
determined by estimating the mitochondrial reductase activ-
ity and measuring the absorbance of the purple formazan
formed at 570 nm.

Colony formation assay

Colony formation assay was used to determine the abil-
ity of cells to grow into colonies as described in an earlier
study [22]. The cells (1000/well) were cultured for 6 h in the
absence or presence of various concentrations of EPA. The
cells were washed to remove EPA and the colony formation
was monitored for 10 days. The counting of the colonies was
performed in a manual manner after staining with 0.25%
crystal violet.

DAPI staining

This staining was used to examine if EPA affects the nuclear
morphology [23]. After exposing to the different concentra-
tions of EPA, the cells were washed with PBS. Then, 4%
paraformaldehyde was used for fixation for 15 min at room
temperature. After permeabilization with methanol, the cells
were stained with DAPI at room temperature. Finally, the
cells were visualized under the fluorescence microscope to
determine the changes in the nuclear morphology.

Acridine orange/propidium iodide (AO/PI) staining

We used AO/PI staining to determine the effects of EPA
on the morphology of cells. The healthy cells with intact
membrane produce green fluorescence. The characteristics
such as membrane blebbing and nuclear condensation are

observed when the cells are in the early phases of apopto-
sis. Briefly, the normal and treated cells were stained with
AO/PT (100 pg/mL) and visualized under the fluorescence
microscope.

DNA fragmentation assay

DNA laddering is the characteristic of the late stages of
apoptosis. For this assay, we employed a method described
previously [24]. The cells were lysed in lysis buffer con-
taining Tris (100 mM-pH 8.0), EDTA (20 mM), RNaseA
(500 unit/mL), and SDS (0.8%) at 37 °C for 30 min. The
lysate was then deproteinized using proteinase K (20 mg/
mL) at 55 °C for 2 h. Chloroform and isopropanol were used
for the DNA precipitation. We used 70% ethanol to wash
the precipitate before air drying. The DNA was dissolved
in Tris—EDTA buffer and electrophoresed over agarose gel
(1.5%). Finally, the DNA was visualized and imaged using
the BioRad Gel Doc XR + documentation system.

Cell cycle analysis

Whether EPA affects cell cycle phases was evaluated by PI
staining [25]. The control and treated cells were washed with
PBS and fixed with chilled methanol (70%) before treatment
with RNaseA. PI was used to stain the cells and assessment
was performed by flow cytometer. The population in dif-
ferent phases of the cell cycle was analysed by cell quest
software (Becton Dickinson).

Evaluation of mitochondrial membrane potential
(av)

We used the fluorochrome, JC-1 to evaluate the depolari-
zation in mitochondrial membrane potential [26]. Briefly,
the normal and exposed cells were washed and stained with
10 pM JC-1 in the dark at 37 °C for 20 min. The stained
cells were analysed by flow cytometry. While intact mito-
chondria produce red fluorescence, the cells with depolar-
ized mitochondria produce green fluorescence. The FL1-H
indicates green fluorescence, while FL2-H represents the
red fluorescence.

Assay for cellular localization of p65

Whether EPA affects the cellular localization of p65 was
evaluated by immunocytochemistry [27]. Hydrogen perox-
ide (H,0,) was used to induce nuclear translocation of p65.
The FaDu cells were treated with EPA before stimulation
with H,O,. The cells were then incubated with rabbit p65
antibody followed by Alexa Fluor 488 conjugated anti-rab-
bit secondary antibody. After counterstaining with DAPI,
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cells were visualized and imaged under the fluorescence
microscope.

Western blotting

To examine the expression pattern of tumorigenic pro-
teins, we performed western blotting [28]. The whole cell
extract was prepared from the normal and exposed cells and
resolved by SDS-PAGE. The electrophoresed protein was
then transferred onto nitrocellulose membrane and probed
with primary and secondary antibodies. Finally, the signals
were detected by using ECL reagent.

Scratch assay

We performed scratch assay to examine the effects of EPA
on cell migration [29]. The FaDu cells were allowed to grow
till 80% confluency. The cell monolayer was then wounded
using a sterile tip. The debris was then washed off and the
cells were cultured in the absence or presence of EPA. We
used phase contrast microscope to examine the width of the
wounded area at 0, 12 and 24 h of EPA treatment. At each
time point, we calculated the percentage of the healed area
and wound size using the Image J software.

Semi-quantitative and quantitative RT-PCR

We examined the effects of EPA on the expression of Bcl-2
and cyclin D1 by the semiquantitative RT-PCR analysis.
The quantitative real-time PCR analysis was carried out to
examine if EPA modulates the expression of IncRNAs [30].

Table 1 provides a list of the primer sequences of the
genes of interest. The Trizol reagent was used for the extrac-
tion of the total RNA from the control and exposed cells.
The high capacity cDNA synthesis kit (Invitrogen) was used

for the reverse transcription of RNA. The PCR product was
electrophoresed over the agarose gel (1.5%). The image
Lab™ software was used for the densitometric quantifica-
tion of the DNA bands. GAPDH was used for the normaliza-
tion of the data. The IncRNAs expression pattern was ana-
lysed by the quantitative real-time PCR analysis. The fold
change in the IncRNAs expression pattern was quantified by
2~AACT method [31]. The normalization of the quantitative
RT-PCR data was performed using the house-keeping genes
(5S rRNA and ACTB).

Computational analyses

Drug like properties of EPA (PubChem ID: 49863985) and
AZA (PubChem ID: 12308714) were examined using the
Lipinski’s rule of 5 (https://www.molinspiration.com//cgi-
bin/properties). The screening for Absorption, Distribution,
Metabolism, Excretion & Toxicity (ADMET) was also car-
ried out as described earlier [32]. The putative bioactivity
was evaluated from the additional feature of molinspiration.
PubChem database was used for the SMILE IDs of EPA and
AZA. The SMILE IDs were converted to .pdb files using
CORINA 3D server. RCSB protein databank was used to
download crystal structures of NF-kB-p65 (INFI Chain A),
NF-xB-p50 (INFI Chain B) and IxkBa (Chain E). IKKa and
TAK-1 were procured from STQY and 2EVA, respectively.
The binding affinities and binding pattern of proteins and
ligands were predicted using the MGL tool [33, 34].

Statistical analysis

The two groups i.e., treatment and control were compared
using the unpaired Student’s #-test. The significance level
was ascribed at a value of P <0.05.

Table 1 The sequences of the primers used in the semi-quantitative and quantitative RT-PCR

Gene/IncRNA

Forward sequence (5'-3')

Reverse sequence (5'-3")

Semi-quantitative RT-PCR

Bcl-2 GGGTATGAAGGACCTGTATTGG CATGCTGATGTCTCTGGAATCT

Cyclin D1 CTCCACCTCACCCCCTAAAT AGAGCCCAAAAGCCATCC

GAPDH GCTCTCTGCTCCTCCTGTTC ACGACCAAATCCGTTGACTC
Quantitative RT-PCR

H19 ATCGGTGCCTCAGCGTTCGG CTGTCCTCGCCGTCACACCG

GAS5 CTTCTGGGCTCAAGTGATCCT TTGTGCCATGAGACTCCATCAG

MEG3 CTGCCCATCTACACCTCACG CTCTCCGCCGTCTGCGCTAGGGGCT

ANRIL TGCTCTATCCGCCAATCAGG GGGCCTCAGTGGCACATACC

HOTAIR GGTAGAAAAAGCAACCACGAAGC ACATAAACCTCTGTCTGTGAGTGCC

MALATI1 TGATAGCCAAATTGAGACAA TTCAGGGTGAGGAAGTAAAA

ACTB CTGTGGCATCCACGAAAC CAGACAGCACTGTGTTGG

5S rRNA GGCCATACCACCCTGAACGC CAGCACCCGGTATTCCCAGG
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Results

The goal of this study was to determine the comparative
efficacy of EPA and AZA in HNSCC. Although most of the
experiments were performed using EPA, preliminary experi-
ments were performed using AZA as well. We used the cell
lines from the squamous cell carcinoma of the hypopharynx
(FaDu) and the oral tongue (SCC4, Cal-27). The mechanism
for the activities of EPA in HNSCC was also examined.

NF-kB activation is suppressed by EPA in HNSCC

Because NF-kB regulates the expression of tumorigenic pro-
teins, we examined whether EPA can suppress NF-kB acti-
vation in HNSCC. Under control conditions, the p65 subunit
of NF-kB is located mostly in the cytoplasm. In response to
the inducing stimuli, p65 translocate from cytoplasm to the
nucleus. We used H,0, for the activation of NF-kB before
treatment with EPA. The microenvironment of tumours is
characterized by high concentration of H,O, that acts as
a double-edged sword [35]. While H,0, induced nuclear
accumulation of p65, EPA alone was unable to affect NF-xB
activation (Fig. 1a). However, when FaDu cells were treated
with EPA before stimulation with H,0,, p65 nuclear accu-
mulation was drastically reduced.

We also employed molecular docking tools to examine
if EPA and AZA can interact with the regulatory molecules
in the NF-kB signalling. The dissociation constant (Ki,
uM) and binding energies (kcal/mol) values of NF-kB p65,
NF-xB p50, inhibitor of kappa-B alpha (IxkBa), IxB kinase
alpha (IKKa), and transforming growth factor-p-activating
kinase-1 (TAK1) with EPA were 88.26 and — 5.53, 29.55
and—6.18, 3.75 mM and —3.31, 13.75 and —6.63, 17.77
and — 6.48, respectively (Table 2; Fig. 1b). Similarly, the
Ki (uM) and binding energies (kcal/mol) values of IkBa,
NF-xB p50, NF-xB p65, TAK1, and IKKa with AZA were
631.27 and — 4.37, 11.80 and —6.72, 14.70 and — 6.59, 5.81
and —7.14, 23.60 and — 6.3 1, respectively (Table 2; Fig. 1c¢).
The affinity of IxBa, p50, p65, and TAK1 was slightly higher
for AZA as compared to EPA. However, IKKa exhibited a
higher affinity for EPA as compared to AZA.

The IncRNAs expression is modulated by EPA
in HNSCC

The IncRNAs are the recently emerged class of non-coding
RNAs with an ability to modulate the process of tumorigen-
esis. The IncRNAs cross talk with cancer related signalling
molecules including NF-kB. We observed that EPA modu-
lated the expression of IncRNAs in HNSCC lines. When
SCC-4 cells were exposed to 10-25 uM EPA, the expression

of ANRIL, MALATI1, MEG3, H19, and HOTAIR was sup-
pressed (Fig. 2a). For example, the expression of MALAT 1
was reduced to 0.43-folds and 0.33-folds in SCC-4 cells by
10 uM and 25 uM EPA, respectively. Similarly, the expres-
sion of H19 was reduced to 0.18-folds and 0.14-folds in
SCC-4 cells by 10 uM and 25 pM EPA, respectively. How-
ever, the expression of GAS-5 and HOTAIR was enhanced
by EPA in FaDu cells (Fig. 2b). Collectively, EPA can modu-
late the IncRNAs expression in HNSCC.

EPA induces ROS generation and NOX-5 in HNSCC

Next, we examined if EPA can induce ROS generation
in HNSCC lines. FaDu cells were exposed for 1 h with
1-25 uM EPA and ROS generation was estimated by flow
cytometry. EPA induced ROS in HNSCC in a dose- depend-
ent manner. For example, ROS generation was increased
by 2.3-folds and 2.8-folds by 10 uM and 25 uM EPA,
respectively (Fig. 2c). The ROS is produced inside the
cell through multiple mechanisms, the major of which is
through the involvement of NADPH oxidase (NOX) com-
plex in cell membranes [36]. NOX exists in multiple forms,
one of which is NOX-5. We examined if EPA can induce
NOX-5 expression. Cells were treated with 25 uM EPA from
30 min to 24 h. The whole cell extract was used for NOX-5
expression by western blotting. The NOX-5 expression was
induced by EPA in a time-dependent manner (Fig. 2d). For
example, 1.2-folds and 1.5-folds induction in the expression
was observed after 6 h and 24 h, respectively.

EPA modulates the expression of tumorigenic
proteins in HNSCC

Because EPA suppressed the NF-kB activation, we evaluated
its effect on the expression of tumorigenic proteins. FaDu
cells were exposed to 1-25 uM EPA for 24 h. The whole
cell extract was then used for the expression of proteins.
The cell survival proteins such as Bcl-xL, Bcl-2, and sur-
vivin were suppressed by EPA (Fig. 3a). For example, the
level of Bcl-xL was reduced to 0.49-folds and 0.42-folds
at 5 uM and 25 pM EPA, respectively. Similarly, the level
of survivin was suppressed to 0.95-folds and 0.01-folds at
5 uM and 25 uM EPA, respectively. The level of MMP-9,
which is involved in tumour invasion was also suppressed by
EPA. Conversely, EPA induced the expression of Bax (pro-
apoptotic protein) and caspase-9 cleavage in HNSCC line.
For example, the level of cleaved caspase-9 was increased
by 1.87-folds at 25 uM EPA. Programmed death-ligand 1
(PD-L1), a transmembrane protein is an immunosuppressive
molecule. Cancer cells evade the immune response due to
higher expression of PD-L1 [37]. EPA was found to suppress
PD-L1 expression in HNSCC cell line. We also observed
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A Control 0.2 mMH,0,

EPA

./"
/|

Fig. 1 EPA reduces NF-kB activation in HNSCC lines and binds with
p65 subunit of NF-kB. a FaDu cells were exposed to 25 pM EPA for
6 h. Then, the cells were stimulated with 0.2 mM H,O, for 1 h. The
content of p65 in the cytoplasm and nucleus was then determined by
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25 uM EPA 25 UM EPA > 0.2 mM H,0,

immunocytochemistry. Note a reduction in the H,O, induced nuclear
accumulation of p65 after EPA treatment. b, ¢ The binding interac-
tion analysis and binding pose of EPA and AZA with NF-kB p65.
AZA azadiradione; EPA epoxyazadiradione
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Table 2 Molecular docking analyses of EPA and AZA with key pro-
teins of NF-kB signalling pathway

Receptor Ligand: EPA Ligand: AZA

Binding Ki (uM)  Binding Ki (uM)

energy (kcal/ energy (kcal/

mol) mol)
IxBa -331 375mM  —4.37 631.27
NF-«B-p50 —6.18 29.55 -6.72 11.80
NF-«B-p65 —5.3 88.26 - 6.59 14.70
TAK1 - 648 17.77 -17.14 5.81
IKKa - 6.63 13.75 - 6.31 23.60

AZA azadiradione; EPA epoxyazadiradione

that EPA can suppress the mRNA transcript of Cyclin D1
and Bcl-2 (Fig. 3b).

Whether the modulation in the expression of tumori-
genic proteins by EPA is mediated through ROS was exam-
ined. We used N-acetylcysteine (NAC), the ROS scaven-
ger to examine this possibility. FaDu cells were exposed to
1-10 mM NAC before treatment with 25 pM EPA. While
EPA reduced the expression of MMP-9, Bcl-2, and Bcl-xL,
NAC alone was unable to modulate the expression of these
proteins (Fig. 3c). When FaDu cells were exposed with NAC
before EPA, the suppression in the expression of Bcl-2,
MMP-9, and Bcl-xL was almost completely reversed. Over-
all, it can be concluded that the suppression in the expression
of Bcl-xL, Bcl-2, and MMP-9 by EPA is mediated through
ROS.

EPA exhibit anti-proliferative activities and reduces
colony formation in HNSCC lines

Because EPA modulated the expression of tumorigenic pro-
teins, we evaluated if this limonoid can reduce the prolifera-
tion of HNSCC lines. FaDu cells were exposed to 0.1 pM
to 100 uM EPA for 24 h to 72 h and the viability was deter-
mined by estimating the mitochondrial reductase activity.
We also compared the anti-proliferative activities of EPA
with AZA, which is another limonoid. Both EPA and AZA
exhibited antiproliferative activities in a concentration and
time- dependent manner (Fig. 4b). However, EPA exhib-
ited stronger activities in comparison to AZA (Fig. 4c). For
example, the viability was reduced by 72.8% and 79.3%,
when FaDu cells were treated for 72 h with 25 yM and
50 uM EPA, respectively. However, the proliferation was
suppressed by 58.4% and 65.2%, when FaDu cells were
treated for 72 h with 25 uM and 50 uM AZA, respectively.
The cell proliferation (percent of control) was drawn over
concentration (log) uM of EPA and AZA in FaDu cells at
24,48 and 72 h and IC value was calculated using Graph-
Pad Prism software. The ICs, value for EPA was found to

be 16.2 uM, 8.3 uM and 1.6 uM after 24 h, 48 h and 72 h,
respectively (Fig. S1A). However, 1Cs,, value for AZA was
observed at 39.9 uM, 15.4 uM and 8.4 uM after 24 h, 48 h
and 72 h, respectively (Fig. S1B). Overall, these results sug-
gest that EPA exhibit stronger anti-proliferative activities in
comparison to AZA.

We also examined the drug- like properties of EPA and
AZA using Lipinski’s rule of 5 (Table 3). The values for
lipophilicity (log P: 3.66 for EPA and 4.23 for AZA), topo-
logical polar surface area (TPSA: 86.11 for EPA and 73.59
for AZA), molecular weight (466.57 for EPA and 450.57
for AZA), hydrogen bond acceptor (6 for EPA and 5 for
AZA), hydrogen bond donor (0 for EPA and O for AZA), and
rotatable bonds (3 for EPA and 3 for AZA) suggested that
both EPA and AZA obeyed Lipinski’s rule of 5 (Table 3).
Next, we predicted the bioactivity (Table 4; Fig. 4d) and
performed ADMET analysis (Table 5) for EPA and AZA.
Both the limonoids exhibited almost similar character-
istics. For example, strong nuclear receptor ligand and
enzyme inhibitor activity was observed by both EPA and
AZA (Table 4; Fig. 4D). The two limonoids also exhibited
slight GPCR ligand and ion channel modulator activities.
Unlike AZA, EPA exhibited protease inhibitor activity. The
kinase inhibitor activity was not observed by any of these
limonoids. From the ADMET analysis, we observed that
both EPA and AZA can cross the blood-brain barrier and
intestine (Table 5). Further, both limonoids did not exhibit
any evidence of carcinogenicity and genotoxicity (Table 5).
Overall, these observations suggest that EPA and AZA pos-
sess drug- like properties.

Whether the effects of EPA are restricted to FaDu cells
or it exhibits activities in other HNSCC lines was examined.
EPA suppressed the proliferation of squamous cell carci-
noma of the oral tongue such as Cal-27 and SCC-4 in a dose-
(Fig. 5a) and time-dependent manner (Fig. 5b). However,
Cal-27 cells were sensitive to EPA as compared to SCC-4.
For example, the proliferation of Cal-27 cells was suppressed
by 55.6% at 25 uM EPA after 72 h. On the other hand, the
proliferation of SCC-4 cells was suppressed by 36.8% at
25 uM EPA after 72 h. Further, the IC, value of EPA in Cal-
27 cells was observed at 17.69 uM, 11.52 uM and 5.7 pM
after 24 h, 48 h and 72 h, respectively (Fig. S2A). The IC;,
value was observed at 80.0 uM, 64.4 uM and 26.9 uM after
24 h, 48 h and 72 h, respectively in SCC-4 cells (Fig. S2B).
These observations further confirmed stronger sensitivity of
Cal-27 to EPA in comparison to SCC-4.

Next, we examined if EPA can affect the long-term colony
formation of HNSCC lines. The colony formation is a char-
acteristic of tumour cells and mimics the in-vivo situation.
The FaDu cells were exposed to 1-25 pM EPA for 24 h. The
EPA was removed by washing and the colony formation was
monitored for 10 days. EPA reduced the colony formation in
a dose-dependent manner (Fig. 5¢). The colony formation
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«Fig.2 EPA modulates the expression of IncRNAs, NOX-5, and
induces ROS generation in HNSCC lines. a, b SCC-4 and FaDu
cell lines were treated for 24 h with 10-25 pM EPA. TRIZOL rea-
gent was used for RNA extraction. RNA was then reverse transcribed
and analysed for IncRNAs expression by quantitative RT-PCR. ¢ The
FaDu cells were exposed to indicated concentrations of EPA. After
1 h, the cells were incubated for 30 min with H,DCFDA. The ROS
generation was estimated by flow cytometry. d Cells were treated
with 25 pM EPA from 30 min to 24 h. Whole cell extract was used
for NOX-5 expression by western blotting. Where indicated, val-
ues are average +SE from 3 experiments. The significance level (*)
was determined in comparison to the control group; P<0.05. EPA
epoxyazadiradione

was reduced by 12.5%, 34.7%, and 54.5% by 1 pM, 10 pM
and 25 pM EPA, respectively. Collectively, EPA suppresses
the colony formation by FaDu cells that may be applicable
to other HNSCC lines.

EPA induces apoptosis in HNSCC lines
through the mediation of mitochondria

One strategy of cancer treatment is to trigger death in tumour
cells in a designed manner (apoptosis) without affecting
normal cells. Whether EPA induces apoptosis in HNSCC
lines was examined by a number of assays. We examined the
cell viability after EPA treatment by AO/PI staining assay.
Because of its permeability to both live and dead cells, AO
stains the nucleated cells and produces green fluorescence.
On the other hand, only the dead cells with reduced mem-
brane integrity are stained with PI. The dead nucleated cells
produce red fluorescence after staining with PI. We observed
a reduction in the viability of FaDu cells after increasing
the concentration of EPA (Fig. 6a). The characteristics of
apoptosis such as nuclear condensation and membrane bleb-
bing were observed after treatment with EPA. We meas-
ured the cell population in different phases of the cell cycle
after staining with PI. The subG1 population was increased
by increasing EPA concentration. For instance, the subG1
population was observed at 1.75% and 7.84% by 5 pM and
25 uM EPA, respectively (Fig. 6b).

The early phase of apoptosis is characterized by the
phosphatidylserine (PS) externalization on the outer surface
of the plasma membrane. Due to the affinity with the PS,
Annexin V can be used to analyse the population of early
apoptotic cells. In the control FaDu cells, no early apop-
totic cells were observed. However, treatment of cells was
associated with an increase in the number of early apoptotic
cells (Fig. 6¢). For instance, the early apoptotic cells were
observed at 28.83% and 38.16% by 5 pM and 25 pM EPA,
respectively.

The advanced stages of apoptosis are associated with
the DNA cleavage (180-200 base pairs) in the form of lad-
ders. We observed DNA smearing pattern in the FaDu cells
exposed with 10 pM and 25 pM EPA (Fig. 6d). However,

in the control and in the cells treated with lower concentra-
tions of EPA, DNA was intact. The changes in the nuclear
morphology of normal and treated cells were also examined
after DAPI staining. While normal cells exhibited round or
oval- shaped (normal) nuclei, chromatin condensation and
nuclear fragmentation were observed in EPA treated cells
(Fig. 6e).

Whether EPA induced apoptosis in HNSCC lines is medi-
ated through mitochondria was investigated. For this, we
used JC-1 fluorochrome. The healthy and depolarized mito-
chondria were examined by measuring changes in MMP
using JC-1 dye. In normal cells, JC-1 exists as aggregates
(red, upper right quadrant) and indicate normal MMP. In
cells with depolarized mitochondria, JC-1 exists as mono-
mers (green, lower right quadrant). In control cells, JC-1 was
observed as aggregates (Fig. 6f). With an increase in EPA
concentration, a reduction in JC-1 aggregates and an induc-
tion in JC-1 monomer was observed (Fig. 6f). For example,
the red/green ratio (healthy/depolarized mitochondria) was
observed at 17.61 in the control cells. However, the ratio was
observed at 5.72 in the group of cells treated with 25 pM
EPA (Fig. 6g).

EPA suppresses the migration of HNSCC

One feature of HNSCC is its metastasis to cervical lymph
nodes, liver, and lung. The metastasis is preceded by migra-
tion and invasion. Whether EPA affects the migration of
FaDu cells was examined by wound healing scratch assay
(Fig. 7a). The control FaDu cells exhibited a respective
36.9% and 27.6% of the original wound area after 12 h and
24 h (Fig. 7b). EPA was found to significantly reduce the
wound areas. At 1 pM EPA, the wound area was observed
at 42% and 36.6% after 12 h and 24 h, respectively (Fig. 7b).
Similarly, at 5 pM EPA, the wound area was observed at 57%
and 52.3% after 12 h and 24 h, respectively (Fig. 7b). In the
control group, the healing was observed at 63% and 72.3%
after 12 h and 24 h, respectively (Fig. 7c). The healed area
was reduced with an increase in EPA concentration (Fig. 7c).
Collectively, EPA can suppress the migration of FaDu cells.

Discussion

HNSCC is an epithelial malignancy that originates from the
mucosal lining of hypopharynx, larynx, oral cavity, and oro-
pharynx. Studies suggest that the rate of HNSCC occurrence
is more than twice in men as compared to women [5]. The
causative factors for HNSCC include tobacco-chewing, betel
or areca nut chewing, and cigarette-smoking [5]. Although
chemotherapy, radiotherapy, and surgery are used as the
standard treatment for HNSCC, the survival rate has not
improved over the years. Approximately 30-50% of HNSCC
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Fig. 3 EPA modulates the
tumorigenic proteins in HNSCC
lines. a FaDu cells were treated
with 1-25 uM EPA for 24 h.
The whole cell extract was used
to evaluate the expression of
indicated proteins by western
blotting. GAPDH was used for
the normalization of the data.
b The RNA was isolated from
the normal and EPA treated
cells and reverse transcribed.
The cDNA was amplified by
PCR, electrophoresed, and
stained with ethidium bromide.
GAPDH was used for the nor-
malization of the data. ¢ FaDu
cells were treated with NAC
before EPA and the indicated
proteins were evaluated by
western blotting. GAPDH was
used for the normalization of
the data. EPA epoxyazadira-
dione
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patients are estimated to develop a regional or local recur-
rence [38]. Further, many patients develop metastases to dis-
tant organs [38]. Therefore, novel therapeutics with better
efficacy and minimum side effects are required.

It is now well documented that the dysregulation in sev-
eral genes contributes to the pathogenesis of multiple cancer
types including HNSCC. Yet, majority of the chemothera-
peutics are designed based on a single target. We determined
the efficacy of EPA and AZA in a number of HNSCC lines
such as FaDu, SCC4, and Cal-27 in this study. Both EPA
and AZA are limonoids derived from Azadirachta indica
(Neem). The parts of this plant have been used since ancient
times to treat human ailments [14]. We observed that H,0,
induced p65 nuclear translocation in HNSCC and EPA
suppressed the translocation. The pro-inflammatory role
of NF-kB is now well established. As many as 500 cancer
-related genes are regulated by this transcription factor [39].
We also observed that the proteins involved in anti-apoptosis
such as Bcl-xL, Bcl-2, and survivin were downregulated
while pro-apoptotic Bax was upregulated. Because NF-«xB
regulates the expression of these proteins [40], a possibil-
ity that suppression in the expression of these proteins by
EPA is due to its negative effects on NF-xB cannot be ruled
out. These observations also suggested that EPA induces
apoptosis in HNSCC. In fact, assays such as AO/PI stain-
ing, DAPI staining, and DNA fragmentation suggested the
potential of EPA in triggering apoptosis at the molecular and
cellular levels. The observations that EPA induces caspase-9
cleavage suggest the role of mitochondria in the apoptosis
induction by this limonoid. The involvement of mitochon-
dria in the EPA induced apoptosis was further confirmed
by the disruption in the mitochondrial membrane potential.
Consistent with these observations, EPA is known to induce
apoptosis in triple- negative breast cancer [17], ER + breast
cancer [17] and cervical cancer [18]. The major cause of
death due to HNSCC is not the primary tumour but because
of the metastasis to the distant organs [41]. We observed that
EPA suppresses HNSCC migration which is a step before
invasion and metastasis. Because of its ability to suppress
MMP-9 expression, the limonoid may also reduce the inva-
sion activity of HNSCC. In agreement with these observa-
tions, EPA was also found to suppress migration in triple-
negative and ER + breast cancer cells [17].

The cross-talk of NF-kB with other signalling molecules
and transcription factors is well documented [42]. NF-kB
has also been reported to cross talk with IncRNAs [10]. A
dysregulation in the HOTAIR expression is reported in sev-
eral cancer types [43]. In ovarian cancer cells, the upregula-
tion in the HOTAIR expression associate with an enhance-
ment in NF-kB activation [44]. Conversely, LPS induced
HOTAIR significantly suppressed NF-kB activation in chon-
drocytes and in a mouse model of rheumatoid arthritis [30].
In our observations, EPA induced HOTAIR expression in

FaDu cells. However, HOTAIR expression was suppressed
in SCC-4 cells by EPA. Similar to these observations, pacli-
taxel was found to suppress HOTAIR expression in laryngeal
squamous cell carcinoma [45]. Overall, the limonoid modu-
lates the expression of HOTAIR in HNSCC in a cell type-
specific manner. It is possible that EPA induced HOTAIR
to abrogate NF-xB activation in FaDu cells. Whether EPA
modulates NF-kB activation in SCC-4 cells remain to be
investigated. EPA was also found to induce GASS in FaDu
cells. The tumour suppressor function of GASS is reported
in multiple cancer types [46]. The suppressed expression of
GASS could promote tumorigenic properties in esophageal
squamous cell carcinoma [47]. Further, GASS5 can predict
the response of head and neck cancer patients to therapy
[48]. It is likely that the induced expression of GASS in
response to EPA contributes to its anti-carcinogenic activi-
ties. The GASS expression is significantly enhanced dur-
ing the growth arrest of the tumour cells [49]. In agreement
with this report, we observed an enhancement in the subG1
population of FaDu cells with an increase in the EPA con-
centration. Our unpublished observations indicate that the
anti-proliferative activities of EPA are abrogated by the gene
silencing of GASS5. This suggests that GASS is required for
the anti-proliferative activities of EPA.

ROS generated during normal conditions is also known
to regulate multiple aspects of tumour development [11].
Moreover, the interaction between ROS and IncRNAs can
control the process of tumorigenesis [12]. In our observa-
tions, EPA induced ROS generation in HNSCC lines. The
EPA induced suppression in the expression of Bcl-xL, Bcl-
2, and MMP-9 were reversed by the use of NAC, which
is a ROS scavenger. These observations suggest that EPA
reduces the expression of these proteins through the genera-
tion of ROS. In agreement with these observations, a chal-
cone exhibited activities in colon cancer cells through ROS
generation [50]. Similarly, licochalcone C induced apopto-
sis in human esophageal squamous carcinoma cells through
ROS generation [51]. An induction in NOX-5 expression
suggests that this oxidase might be required for ROS genera-
tion in response to EPA in HNSCC lines. In agreement with
these observations, an increase in the activity and expression
of NOX-5 was reported in multiple cancer types [52].

Both EPA and AZA obeyed the ‘five rules of Lipinski’
suggesting their drug- like properties. The limonoids exhib-
ited the permeability to the blood-brain barrier and intestinal
absorption. The inability of EPA and AZA to exhibit car-
cinogenic and genotoxic properties further confirmed their
drug- like properties. However, EPA was more effective in
comparison to AZA. Whereas EPA contains 3-membered
epoxy ring, AZA has a double bond. Whether the epoxy
ring is responsible for the stronger anti-cancer activity of
EPA remains to be elucidated. Previous studies have demon-
strated that EPA possesses insecticidal [53] and anti-malarial
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«Fig. 4 EPA exhibit stronger anti-proliferative activities in comparison
to AZA. a The chemical structure of EPA and AZA. EPA contains a
3-membered epoxy ring, whereas AZA has a double bond. b FaDu
cells were exposed to 0.1 to 100 pM EPA or AZA for 24-72 h. The
anti-proliferative activity was examined by MTT assay. ¢ The com-
parison of sensitivity of FaDu cells to 25 pM and 50 uM EPA and
AZA at 24-72 h. d The bioactivity prediction of EPA and AZA using
computational analyses. Where indicated, the values are average + SE
from 3 experiments. The significance level (¥) was calculated as com-
pared to the control group; P<0.05. EPA epoxyazadiradione; AZA
azadiradione

[54] activities. The current study suggests that EPA can also
be repurposed for anti-carcinogenic activities.

Overall, EPA exhibited anti-cancer, anti-proliferative,
pro-apoptotic, and anti-migratory activities in HNSCC lines.
At the molecular level, EPA increased ROS generation,
NOX-5 expression, reduced NF-kB activation, and modu-
lated the IncRNAs expression. Further, the relative potency
of EPA is stronger in comparison to AZA. To our knowl-
edge, this is the first study evaluating EPA’s efficacy against
HNSCC. Future studies should delineate if the changes at
the molecular level are really responsible for the anti-cancer
activities of EPA. Studies are also needed to evaluate EPA’s
efficacy in animal models before moving for the human
clinical trials.
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Table 3 Drug like properties (Lipinski’s rule of 5) of EPA and AZA

Parameters EPA AZA
logP 3.66 4.23
TPSA 86.11 73.59
Number of atoms 34 33
mol wt 466.57 450.57
Number of ON (H-bond acceptor) 6 5
Number of OHNH (H-bond donor) 0 0
Number of rotable bonds 3 3
Volume 430.17 426.11
Number of violations 0 0

AZA azadiradione; EPA epoxyazadiradione; TPSA topological polar
surface area

Table 4 Predicted bioactivity score of EPA and AZA

Predicted bioactivity EPA score AZA score
GPCR ligand 0.18 0.08
Ion channel modulator 0.17 0.07
Kinase inhibitor —-0.40 - 0.51
Nuclear receptor ligand 0.60 0.44
Protease inhibitor 0.16 —0.01
Enzyme inhibitor 0.47 0.41

AZA azadiradione; EPA epoxyazadiradione

Table 5 In silico ADMET analysis of EPA and AZA

Absorption Metabolism Excretion  Toxicity

BBB HIA  P-Glycoprotein CYP-450 substrate CYP-450 inhibitor

Pg-S Pgl1/2 2C9 2D6  3A4 1A2  2C9 2D6 2C19 3A4 ROCT AMES  Carcinogen

EPA [Pubchem ID: 49863985; SMILE ID: CC(=0)OC1CC2C(C(=0)C=CC2(C3C1(C45C(04)C(=0)C(C5(CC3)C)C6=COC=C6)C)C)
(&8

+ + + —/- - - + - - - - + - - -
AZA [Pubchem ID: 12308714; SMILE ID: CC(=0)OC1CC2C(C(=0)C=CC2(C3C1(C4=CC(=0)C(C4(CC3)C)C5=COC=C5)C)C)(C)C]
+ + + —/- - - + - - - - + - - -

AZA azadiradione; EPA epoxyazadiradione
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Fig.5 EPA exhibit anti-pro-
liferative activities in multiple
HNSCC lines and reduces
colony formation. HNSCC
lines (Cal-27, SCC-4) were
exposed to a 0.1-100 uM EPA
for 24-72 h or b 10 pM and

25 uM EPA for 24-72 h. The
anti-proliferative activity was
determined by estimating the
mitochondrial reductase activ-
ity. ¢ FaDu cells were treated
with 1-25 uM EPA. After 24 h,
EPA was removed and the cells
were left. After 10 days, the col-
onies were counted in a manual
manner after staining with 0.1%
crystal violet. Where indicated,
values are average + SE from 3
experiments. The significance
level (*) was calculated as
compared to the control group;
P <0.05. EPA epoxyazadiradi-
one (Color figure online)
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«Fig.6 EPA induces apoptosis through mitochondria in HNSCC lines.
a FaDu cells were exposed to 1, 5, 10, and 25 pM EPA. After 24 h,
the normal and treated cells were incubated with AO/PI and visual-
ized under the fluorescence microscope. b Control and EPA exposed
FaDu cells were incubated with PI, and the population in differ-
ent phases of the cell cycle was analysed by flow cytometry. ¢ FaDu
cells were treated with 1-25 pM EPA for 24 h. The cells were then
washed, stained with annexin V antibody conjugated with Alexafluor
488, and analysed by flow cytometry. d DNA was isolated from the
normal and EPA exposed cells and electrophoresed on ethidium bro-
mide containing 1.5% agarose gel. € DAPI was used to stain the cells
and visualized under the fluorescence microscope. f FaDu cells were
treated with 1-25 pM EPA for 24 h. The cells were then stained with
JC-1 and analysed by flow cytometry. The upper right quadrant rep-
resents cells with JC-1 aggregates (red, heathy mitochondria) while
the lower right quadrant represents cells with JC-1 monomers (green,
depolarized mitochondria). g The ratio of intensities of JC-1 aggre-
gates to JC-1 monomers was analysed and compared with values for
control cells. EPA epoxyazadiradione (Color figure online)
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Fig. 7 EPA suppresses the migration of HNSCC lines. At 80% con-
fluency, the monolayer of FaDu cells were scratched and cultured in
media containing different concentrations of EPA. a The cells were
visualized under the phase contrast microscope at 0 h, 12 h, and
24 h of EPA exposure. b, ¢ The wounded area was measured over
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