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Abstract

Lung cancer has a relatively poor prognosis with a low survival rate and drugs that target other cell death mechanism like
autophagy may help improving current therapeutic strategy. This study investigated the anti-proliferative effect of Licarin A
(LCA) from Myristica fragrans in non-small cell lung cancer cell lines—A549, NCI-H23, NCI-H520 and NCI-H460. LCA
inhibited proliferation of all the four cell lines in a dose and time dependent manner with minimum IC50 of 20.03 +3.12,
22.19+1.37 uM in NCI-H23 and A549 cells respectively. Hence NCI-H23 and A549 cells were used to assess the ability
LCA to induce autophagy and apoptosis. LCA treatment caused G1 arrest, increase in Beclin 1, LC3II levels and degrada-
tion of p62 indicating activation of autophagy in both NCI-H23 and A549 cells. In addition, LCA mediated apoptotic cell
death was confirmed by MMP loss, increased ROS, cleaved PARP and decreased pro-caspase3. To understand the role of
LCA induced autophagy and its association with apoptosis, cells were analysed following treatment with a late autophagy
inhibitor-chloroquine and also after Beclin 1 siRNA transfection. Data indicated that inhibition of autophagy resulted
in reduced anti-proliferative as well as pro-apoptotic ability of LCA. These findings confirmed that LCA brought about
autophagy dependent apoptosis in non-small cell lung cancer cells and hence it may serve as a potential drug candidate for
non-small cell lung cancer therapy.
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Introduction

Lung cancer is the leading cancer worldwide and, among the
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kinase (ALK) gene are major marks for target based therapy.
Several drugs and monoclonal antibodies as EGFR inhibitor,
EGREF kinase inhibitor, ALK inhibitors have been discovered
in recent years and are in clinical trials [2—4]. Despite the
advances in treatment, cancer survival rate is about 15-18%
only [5] and this is eventually due to drug resistance devel-
oped by cancer cells [6]. Poor prognosis and high mortal-
ity rate alarms us for early diagnosis and discovery of new
therapeutic agents.

Apoptosis is a well-established type I programmed cell
death mechanism and is the major route by which chemo-
therapy induces reduction in growth of cancer cells. How-
ever, many studies have reported that apoptosis is mitigated
in certain cancer type and thus develop resistance to chemo-
therapy [7]. Therefore it is necessary to discover drugs that
can cause cancer cell death by activation of other death
inducing mechanism like autophagy.

Autophagy (self-eating) is a tightly regulated type II pro-
grammed cell death mechanism which involves four step
process: (1) initiation of phagophore formation, (2) elon-
gation of phagophore to engulf cells cytoplasmic contents
like long-lived intracellular organelles and proteins which
are sequestered into vacuoles known as autophagosome,
(3) delivery or fusion of autophagosome with lysosome to
form autophagolysosome followed by, (4) degradation of
autophagosomal content by lysosomal enzymes and acids
inside autophagolysosome, a process termed autophagic
flux. The degrades are given back to cytoplasm to be reused
for building macromolecules and thus helps in maintain-
ing cellular homeostasis [8]. Autophagy is activated under
starvation to provide nutrients required for cell survival.
Autophagy in cancer has a dual role, tumor promotion and
suppression [9]. Certain cancer type triggers autophagy to
provide nutrients in order to overcome the chemotherapeutic
stress [10-12]. However, prolonged expression of chemo-
therapy-induced autophagy leads to cancer cell death [13,
14].

Lignans derived from the seed and aril of Myristica fra-
grans (commonly known as nutmeg) have proven thera-
peutic values [15]. Licarin A(LCA), one such lignan has
been reported for its anti-inflammatory, antiparasitic, anti-
mycobacterial and anticancer properties [16—19]. Recent
studies showed that lignans potentially activates autophagic
cell death in many cancer cells [20, 21]. In the present study
we isolated LCA from the seeds of nutmeg and evaluated its
anti-proliferative potential, its ability to induce autophagy
and apoptosis in non-small cell lung cancer cells lines. Fur-
ther the association between autophagy and apoptosis was
determined using a late autophagy inhibitor-chloroquine and
gene knock down studies.

Materials and method
Reagent and chemicals

Nutmeg seeds were purchased from Kureekunnel Nutmeg
Nursery and Gardens, Kottayam, Kerala, India. LCA isolated
from seeds of nutmeg was dissolved in DMSO at a stock
concentration of 20 mM and was stored in -80 °C. Cells
treated with DMSO were considered as control. Dulbecco’s
Modified Eagle’s Medium was purchased from Gibco. Fetal
bovine serum and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide) were purchased from HiMedia.
Chloroquine diphosphate, RIPA buffer, Protease inhibitor
cocktail and Monodansylcadaverine were purchased from
Sigma Aldrich. Beclin 1 (#3495), LC3A/B (#1274), p62
(#8025), pro-caspase 3 (#9665), PARP (#9542), caspase
3 (#9662), and p53 (#48818), anti-rabbit IgG, HRP-linked
Antibody (#7074) were purchased from Cell Signalling.
Cyclin D1 was purchased from Cloud clone (PAAS5S85Hu01)
and beta actin was purchased from Abcam (ab16039).

Isolation of Licarin A from nutmeg seeds

100 g of dried nutmeg seeds were ground and extracted
twice with 75% methanol (400 ml, v/v) for 24 h at room
temperature. Methanol extract was concentrated and frac-
tionated with equal volume of n-hexane and ethyl acetate
twice at room temperature. Ethyl acetate extract was concen-
trated and dried under reduced pressure. Further separation
of ethyl acetate extract was performed using silica gel col-
umn chromatography (100-200 mesh size) and was eluted
with n-hexane and ethyl acetate (10:1). 10 ml volume frac-
tions were collected in each test tubes and HPTLC (60 F,s,,
Merk) was performed simultaneously. Based on the HPTLC
results, collected tubes were divided into Fraction 1-Frac-
tion 4. Fraction 1 was further eluted with 20:1 n-hexane
and ethyl acetate to obtain single compound C1 (crystalline,
35 mg). Fraction 2 was re-crystallized using petroleum ether
and ethyl acetate (4:1) which led to isolation of a single com-
pound C2 (colourless needle, 50 mg). Fraction 3 purification
led to isolation C3 (white needle, 10 mg) and fraction 4
was highly viscous. NMR, Mass Spectrometry, FTIR, HPLC
were performed to identify the compounds and to assess its
purity of the compound.

Cell culture

Non-small cell lung cancer cell line, A549, NCI-H23, NCI-
H460 and NCI-H520 were procured from National Centre
for Cell Science, Pune, India. All cell lines were cultured in
Dulbecco’s Modified Eagle’s Medium, supplemented with
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10% (V/V) FBS in a humidified atmosphere at 37 °C with
5% CO,. Only the low passage number cells as received
from the source were used to conduct experiments.

MTT assay

Cell viability was evaluated by MTT assay. Briefly 5 x 10
A549, NCI-H23, NCI-H460 and NCI-H520 cells/well were
seeded in a 96-well plates and cultured for 24 h. Cells were
then treated with various concentration ranging from 10 to
60 uM of LCA, control cells were treated with the vehicle
(DMSO) and further incubated for 24 and 48 h. After the
incubation period, MTT solution (0.5 mg/ml) was added to
each well and incubated for another 4 h. Purple formazan
crystal formed were dissolved in 100 uL DMSO and absorb-
ance of each well was measured at a wavelength of 570 nm
using SpectromaxM2e multimode reader.

Percentage inhibition was calculated by the using the
formula:

Percentage Inhibition = ((%) X Ac> x 100

where Ac and At are absorbance of DMSO control and test
respectively.

CQ dose fixation

A549 and NCI-H23 Cell were cultured to about 70-80%
confluence, treated with different concentration of CQ
(30-150 uM) for 6, 9, 12 and 24 h and MTT was performed
in after each indicated period. Also, Acidic vacuoles orga-
nelles (AVOs) formation was determined by acridine orange
staining for A549 cells. Since 30 uM CQ mostly induced
formation of Acidic vesicular organelles (AVOs) with min-
imal inhibition on A549 cells in 12 h, in the subsequent
experiments, the dose of CQ was set at 30 uM, followed by
a wash with PBS and treatment with indicated dose of LCA
for another 24 h.

Cellular morphological changes

Briefly A549 and NCI-H23 cells were seeded in a 6 well
plate (2x 10° cells/well) and cultured for 24 h and treated
with 25 uM of LCA for another 24 h and the cell morphol-
ogy changes was observed using Optika inverted phase-
contrast microscope.

Colony formation assay
A549 and NCI-H23 cells were cultured for 24 h in a 35 mm
petridish at a density of 1000 cells per dish. Freshly prepared

LCA at concentrations of 25 uM was added and incubated
for 24 h at 37 °C with 5% CO,. Following incubation drug
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was removed; cells were washed with PBS and were cul-
tured with drug-free complete medium for 12 days. Colonies
formed stained with 1% methylene blue in 50% methanol.
Colonies were counted manually.

Acidic vacuoles staining by acridine orange (AO)

Briefly A549 and NCI-H23 cells were seeded in a 24 well
plate (5 % 10* cells/well), cultured for 24 h and treated with
LCA for another 24 h at 37 °C with 5% CO,. After treat-
ment cells were washed with PBS, stained with AO solution
(10 pg/mL) and viewed under Optika fluorescence micro-
scope with blue excitation wavelength for acidic vacuole
formation characteristics.

Monodansylcadaverine (MDC) staining

MDC staining was performed to examine autophagic vacu-
ole formation by LCA. Treated cells were incubated with
50 uM of MDC for 30 min at 37 °C. Following incuba-
tion cells were washed twice with PBS and observed using
OPTIKA fluorescence microscope with UV excitation
wavelength.

Acridine orange and ethidium bromide staining
(AO/EB)

Acridine orange and Ethidium Bromide dual staining
method was performed to examine apoptotic changes in
treated cells. Cells were cultured in a 24 well plate and
treated with LCA for 24 h. After treatment cells were washed
with PBS, stained with AO/EB staining solution (10 pg/mL)
and viewed using OPTIKA fluorescent microscope using
blue excitation wavelength.

DAPI staining

Chromosome condensation and DNA fragmentation were
observed by DAPI stating technique. Treated cells were fixed
using 4% paraformaldehyde for 10 min and permeabilized
with 70% ethanol for 5 min. Finally, cells were stained with
DAPI (1 pg/ml) and viewed under Optika fluorescent micro-
scope with UV wavelength.

Intracellular ROS measurement

After treatment with LCA cells were incubated with 10 uM
of 2',7'-dichlorofluorescein diacetate (DCF-DA) for 15 min
at room temperature. Then cells were washed with PBS and
imaged under Optika fluorescence microscope with blue
excitation filter. Also, fluorescence intensity was measured
using Guava 8HT Flow cytometer.
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Detection of mitochondrial membrane potential

Mitochondrial membrane potential was evaluated by fluores-
cence microscopy and flow cytometry using Rhodamine-123
staining method. Treated cells were stained with 10 uM of
Rho 123 for 15 min and observed under fluorescence micro-
scope with blue excitation filter. DAPI was used for staining
the nuclei.

Cells were stained with 10 uM of DAPI at room tem-
perature for 45 min followed by PI for 10 min. Fluorescence
intensity was measured using Guava 8HT Flow cytometer.

Cell cycle analysis

Briefly, 3x 107 cells/well in 6 well plate and treated with
LCA for 24 h. After incubation cells were trypsinized and
washed with PBS. The cells were suspended in ice cold
70% ethanol for fixation at 4 °C overnight. Finally, cells
were stained with propidium iodide/RNAse solution (50 uL.
of 100 pg/mL RNase and 200 pL of 50 pg/mL propidium
iodide) and analysed using Guava 8HT Flow cytometer.

Immunofluorescence staining

Cells were grown on coverslip and treated with LCA for
24 h. CQ was used as positive control. After treatment, cells
were fixed with 100% ice cold methanol at 20 °C for 15 min
and then washed with PBS for 3 times, 5 min each. Follow-
ing washing, cells were blocked with 5% BSA in 0.3% tween
for 1 h and then incubated with primary antibody, LC3A/B
(#1274, cell signalling, 1:100 dilution) at 4 °C overnight.
After primary antibody incubation, cells were washed with
PBS for 3 times 5 min each and incubated with secondary
antibody (Alexa fluor 555, # A21428, Invitrogen, 1:500 dilu-
tions) for 1 h in dark. Cells were further stained with DAPI
for 5 min, washed with PBS for 3 times 5 min each and
mounted on slide with prolong super gold Antifade reagent
(#9071, cell signalling).Imaging was done using Confocal
microscopy, LSM 700, Carl Zeiss.

Quantitative reverse-transcriptase PCR for mRNA
expression

Gene expressions of autophagy markers were quantified
using Quantitative reverse-transcriptase PCR (qQRT-PCR).
Total RNA was isolated as per trizol method and the RNA
concentration was measured using nanodrop at 260 and
280 nm. Following RNA quantification, cDNA was syn-
thesized by using High-Capacity cDNA Reverse Transcrip-
tion Kit applied biosystems kit (Thermofisher scientific)
according to manufacturer’s instruction. mRNA expression

for Beclin 1 and LC3 were quantified using Lightcycler®
480 SYBR Green I Master kit (Roche applied science).
GAPDH was used as the control housekeeping primer for
each sample.

Primer details are as follows:

Gene Forward Reverse

BECLIN 1 CTGGACACTCAG CTCTAGTGCCAG
CTCAACGTCA CTCCTTTAGC

MAPILC3A GCTACAAGGGTG CTGGTTCACCAG
AGAAGCAGCT CAGGAAGAAG

GAPDH GTCTCCTCTGAC ACCACCCTGTTG
TTCAACAGCG CTGTAGCCAA

Small interfering RNA (siRNA) transfection

Cells were grown in a 6 well plate until 60% confluence
and transfected with 100 nM SignalSilence® Control
siRNA (Unconjugated) (#6568(—), cell signalling tech-
nology.) and 100 nM SignalSilence® Beclin-1 siRNA
I (+) (#6222(+), cell signalling technology.) using Lipo-
fectamine™ RNAiIMAX transfection reagent (#13778-075,
Life technologies.) following manufacturer protocol. After
48 h of transfection cell were treated with LCA for 24 h and
protein levels of Beclin 1, LC3, p62, caspase 3 and PARP
were detected using western blotting.

Western bolting

Cells were cultured in 100 mm plate at a density of 1x 10°
cells and treated with indicated concentration of LCA with
or without CQ pre-treatment and CQ alone for 24 h. After
treatment, the cytosolic proteins were extracted by lysing
cells with 400 pL radio-immunoprecipitation assay (RIPA)
buffer with constant agitation for 30 min at 4 °C followed
by centrifugation of the lysate at 12,000 rpm for 15 min.
The supernatant was carefully collected and protein con-
centration was measured by Bradford method using BSA as
standard. 25 pg protein was resolved in a 10% SDS PAGE,
transferred to PVDF membrane using semi-dry blot transfer
(Bio-Rad) and blocked with 5% Skim milk or 5% BSA in
TBS-Tween (0.01%) for 1 h at room temperature. After incu-
bation, the membrane was washed thrice with TBS-Tween
(0.01%) and further incubated with primary antibody at 4 °C
overnight. After washing thrice with TBS-Tween (0.01%)
membrane was incubated with anti-rabbit IgG, HRP-linked
Antibody for 1 h at room temperature. Detection was per-
formed using Enhanced chemiluminescence Substrate (ECL)
(Thermo Scientific Pierce). Beta-actin was used as loading
control. Band intensity of protein expression was quantified
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using the Image-J software. Band intensity of protein expres-
sion was quantified using Image-J software.

Statistical analysis
The results were analysed using Graphpad prism 5 software

and Microsoft excel. The data is represented as mean + SD
of three individual experiments.

Results

Isolation and purification of Licarin A from Myristica
fragrans (nutmeg)

Three compounds were isolated from ethyl acetate fraction
of seeds of nutmeg and were assessed for antiproliferative
effect against NSCLC cells using MTT assay. C1 showed
no cytotoxic effect, C3 had solubility issue and C2 showed
potent growth inhibition activity in NSCLC cells. Hence, C2
was used for further studies. To identify the structure and
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Fig. 1 Antiproliferative effect of LCA in non-small cell lung cancer
cell. a Mass spectrometry analysis and the structure of the Licarin
A isolated from Myristica fragrans (nutmeg). b—f A549, NCI-H23,
NCI-H520 and NCI-H460 cells were treated with various concentra-
tions of LCA ranging from 10 to 60 uM for 24 and 48 h and the per-
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centage cell inhibition was calculated by comparing with the DMSO
treated control cells using MTT assay, and the IC50 was calculated
using GraphPad Prism 5 software. Data represented as mean=+ SD of
three independent experiments
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mass of the purified compound 2, NMR, FTIR and Mass
spectrometry analysis was performed. Through detailed
analysis of data, the compound purified was identified as
Licarin A (LCA) with molecular weight of 326.16 from
EI-MS 327.16 [M+1]* (Fig. 1a), with reference to previ-
ously reports [17, 22]. Purity of the compound was assessed
by analytical HPLC which showed a single peak at 254 nm.

Licarin A inhibits the proliferation of non-small cell
lung cancer cell lines

The growth inhibitory effect of LCA in non-small cell
lung cancer cell lines: A549, NCI-H23, NCI-H520 and
NCI-H460 were determined by MTT assay. Cells were
treated with various concentrations of LCA ranging from
10 to 60 uM for 24 and 48 h. LCA was found to inhibit
proliferation of A549, NCI-H520 and NCI-H460 cells in a
dose and time dependent manner (Fig. 1b—e) with an IC50
of A549: 26.85+2.769 and 22.19 +1.37 uM, NCI-H23:
26.39+4.22 and 20.03 +3.12 uM, NCI-H520: 34.06 +3.06
and 30.2+5.53 uM, and NCI-H460: 44.15+3.21 and
35.01 +4.15 uM after 24 and 48 h respectively (Fig. 1f).

Fig.2 Cellular morpho- a
logical changes were observed A549 &
using Phase contrast micro-

scope. a A549 and NCI-H23

cells were treated with 25 pM of

LCA for 24 h and change in the

cell morphology was observed.

Treated cells showed elongated

and distorted structures with

lager number of vacuoles com-

pared to DMSO treated control

cells. b, ¢ The effect of LCA on

colony formation was evaluated

by treating cells with 25 uM of

LCA for 24 h. After incuba-

tion drug containing media was

replaced with fresh media and

further cultured for 12 days.

Colonies formed were stained

using methylene blue and

counted. Data represented as b
mean + SD of three independent
experiments. **P <0.01, when
compared with the control

NCI-H23 §
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Subsequent experiments were carried out with A549 and
NCI-H23 cells considering the anti-proliferative activity of
LCA with minimum IC50 in these cell lines. Cells when
examined for morphological changes under phase con-
trast microscope following treatment with 25 pM of LCA
showed elongated and distorted structure with large number
of vacuoles compared to control cells (Fig. 2a).The effect of
LCA on colony formation ability was also assessed. Results
showed that LCA effectively decreased the colony forming
ability of both A549 and NCI-H23 cells when compared to
control cells (Fig. 2b, c).

Licarin A induced autophagy in non-small cell lung
cancer cells

Autophagy is a self-degradation process in which the cell’s
cytoplasmic content is degraded to provide nutrition under
starvation and stress conditions, thus maintaining the cell
homeostasis [23]. Autophagy in cancer cells has been
reported to exhibit both pro-survival and pro-death role.
Autophagy can be activated by the cancer cells to provide
nutrients during chemotherapy that prolongs cancer cell
survival. However, constitutive autophagy flux leads to cell
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Fig.3 LCA induces autophagy in non-small cell lung cancer cells,
A549 and NCI-H23. a Acidic vacuole organelles (AVOs) were
observed by incubating cells with 10 pg/ml of acridine orange (AO)
for 10 min and imaging was done using fluorescence microscope with
blue excitation wavelength. Autophagic vacuoles were further con-
firmed by staining the cells with 50 pM of Monodansylcadaverine
(MDC), a dye that specifically stains autophagic vacuoles for 30 min
at RT and imaging them using fluorescence microscope with UV
excitation wavelength. b, ¢ mRNA expression of the autophagy mark-
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ers Beclin 1 and LC3 II were quantified by Real Time PCR. d, Immu-
nofluorescence staining to visualize LC3 localization. Cells were
fixed with 100% ice cold methanol washed and incubated with spe-
cific primary antibody for LC3 protein and probed with a secondary
antibody conjugated with alexa fluor 555 that emits red fluorescence
when excited at 533 nm. Cellular nucleus was stained with DAPI
and imaging was done using confocal microscopy (X20). Cells were
data represented as mean+SD of three independent experiments.
*P <0.05 and **P <0.01 compared to control
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«Fig.4 CQ pre-treatment reduces the growth inhibitory effect of
LCA in A549 and NCI-H23 cells. a Cells were treated with various
doses of LCA (10-50 uM) with or without CQ 30 uM pre-treatment
(12 h) for 24 h and the percentage cell growth inhibition was quan-
tified using MTT assay. b Western blot analysis for the expression
of the autophagy markers Beclin 1, LC3 II, p62 and p-actin (load-
ing control) in cells lysate treated with different dose of LCA, CQ
alone or CQ pre-treatment followed by LCA at the indicated doses
for 24 h. c—e Graphical representation of the protein expression lev-
els of Beclin 1, LC3 II, and p62 normalized with the loading control.
Data represented as mean=+SD of three independent experiments.
*P<0.05, **P<0.01 and ***P<0.001, compared to control and
#P <0.05, #¥P <0.01 and **P <0.001 compared to LCA 20 uM

death of the cancer cells [24]. In this study, presence of large
number of vacuole structures observed in LCA treated cells
prompted us to investigate whether autophagy is induced by
LCA. Formation of Acidic vacuole organelles (AVOs) is a
characteristic feature of autophagy. To observe AVOs, LCA
treated cells were stained with acridine orange, a lysosomo-
tropic dye which easily penetrate into cells, gets protonated
in the acidic compartments, accumulates and emits charac-
teristic orange red fluorescence when excited with blue exci-
tation wavelength. In this study, LCA treated A549 and NCI-
H23 cells showed increased number for orange red AVOs
while it was rarely seen in control cells (Fig. 3a). Presence of
autophagic vacuoles was further confirmed by staining cells
with monodansylcadaverine, a dye that specifically stains
autophagic vacuoles wherein LCA treated cells exhibited
punctuated staining of the autophagic vacuoles while control
cells showed diffused staining (Fig. 3a).

In order to assess the level of autophagy markers in
LCA treated cells, mRNA expression of Beclin-1, which is
involved in autophagy initiation and microtubule-associated
protein light chain 3 (LC3) involved in autophagy elonga-
tion were quantified using real time PCR. Exposure to LCA
induced significant increase in mRNA levels of both Bec-
lin-1 and LC3 at 10 and 20 pM concentrations after 24 h
(Fig. 3b, c). These results indicated that LCA induced
autophagy in A549 and NCI-H23 cells in a dose and time
dependent manner.

In order to visualize localization of LC3, immunofluo-
rescence staining was performed by using specific primary
antibody for LC3 protein and a secondary antibody conju-
gated with alexa fluor 555 dye that emits red fluorescence
while nucleus was stained with DAPI. Confocal microscopy
images showed more punctuated localization of LC3 in the
cytoplasm and nucleus of LCA treated cells when compared
to control cells (Fig. 3d). All the above data confirmed that
LCA induces autophagy in non-small cell lung cancer cells.
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Effect of CQ on cell proliferation of non-small cell
lung cancer cells

Chloroquine (CQ) is lysosomotropic weak base, which in the
monoprotonated form diffuses into lysosomes, gets diproto-
nated and trapped. Protonated chloroquine increases lyso-
somal pH and thereby inhibit autophagosome degradation
in lysosomes [25]. MTT assay (time and dose) and acrid-
ine orange staining for AVOs were performed to determine
the dose at which CQ showed more AVOs formation with
minimal growth inhibition. At 30 uM concentration and 12 h
exposure, CQ showed weak cytotoxic activity with more
AVOs formation while increased cytotoxicity was observed
at 24 h for the same dose (Sup Fig. 1a, b). Based on these
results, 30 uM of CQ for 12 h was selected as pre-treatment
does and time for further experiments.

CQ pre-treatment reduced the cell death induced
by LCA non-small cell lung cancer cells

To understand the role of autophagy in LCA mediated cell
death, cells were pre-treated with 30 uM of chloroquine (CQ)
for 12 h followed by incubation with various concentrations
of LCA for 24 h and growth inhibition was determined
by MTT assay (Fig. 4a). We found that CQ pre-treatment
decreased the growth inhibitory effect of LCA. To support
this finding, protein expression of autophagy markers such as
Beclin-1, LC3 II (active form) and autophagy flux marker—
Sequestosome-1/ubiquitin-binding protein (p62) were deter-
mined by western blot analysis in LCA treated cells with or
without CQ pre-treatment. In LCA alone treated cells, a dose
dependent increase in Beclin-1, LC3 II levels and augmented
degradation of p62 was observed while in CQ alone treated
cells increased levels of Beclin-1, LC3 II and accumula-
tion of p62 was seen which indicated effective blockage of
autophagy by CQ (Fig. 4b). Most importantly, the blockade
effect of CQ in the degradation of p62 was found overcome
by LCA (Fig. 4b—d), indicating enhanced autophagy flux.
These findings revealed that LCA induced autophagy plays
a death promoting role in non-small cell lung cancer cells.

Effect of Licarin A on the cell cycle arrest
in non-small cell lung cancer cells

We wanted to determine the effect of LCA on the cell cycle
distribution. Cells were treated with 25 uM of LCA for 24 h
and analysed using flow cytometer after staining them with
PI/RNAse solution. LCA treatment caused increased accu-
mulation of cells in the G1 phase when compared to con-
trol which suggested LCA induced G1 arrest (Fig. 5a).We
further assessed the levels of tumor suppressor protein p53
which causes G1 cell cycle arrest triggered by DNA damage
and cyclin D1 protein that plays a role in G1/S transition
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«Fig.5 The effect of LCA on cell cycle distribution and intracellular
ROS generation in A549and NCI-H23 cells. a Cells were treated with
25 uM of LCA for 24 h. The DNA was stained with Propidium iodide
and cell cycle distribution was determined by flow cytometry. b, ¢
Western blot analysis of protein levels of tumor suppressor protein
p53 and cyclin D1 in cells lysate treated with 20 uM of LCA for indi-
cated time period. Graphical representation of the protein expression
levels normalized with the loading control. d Dichlorodihydrofluo-
rescein diacetate (DCF-DA) staining was performed to examine the
intracellular ROS generation by LCA. Cells were treated with 25 uM
of LCA for 24 h, after incubation cells were stained with 10 uM of
DCF-DA and imaging them using fluorescence microscope (blue
excitation wavelength), also cells were subjected to flow cytometry
analysis. Data represented as mean + SD of three independent experi-
ments. ¥*P <0.05, **P <0.01 and ***P <0.001 compared to control

[26]. Protein expression of p53 increased while cyclin D1
levels decreased in LCA treated cells in a time dependent
manner (Fig. 5b, ¢). These results indicated that LCA caused
pS53 dependent G1 arrest in A549 and NCI-H23 cells.

Effect of Licarin A in the generation of intracellular
ROS in non-small cell lung cancer cells

Several studies have reported the role of intracellular reac-
tive oxygen species (ROS) in the induction of autophagy and
apoptosis [27, 28]. Therefore we wanted to check if LCA
induces intracellular ROS generation in A549 and NCI-H23.
Briefly, cells were treated with 25 uM LCA for 24 h and
were stained with 2',7'-dichlorofluorescein diacetate (DCF-
DA), a cell permeable dye which is deacetylated by cellular
esterase and is oxidized byROS into 2',7'-dichlorofluores-
cein that emits green fluorescence [29]. LCA treated cells
showed bright green fluorescence compared to control cells
(Fig. 5d). The intensity of fluorescence was measured by
flow cytometer as well (Fig. 5d).

Licarin A induced apoptotic cell death in non-small
cell lung cancer cells

Having understood that LCA induces autophagy that plays a
pro-death role, causes p53 dependent G1 arrest and increases
intracellular ROS in A549and NCI-H23 cells, we further
wanted to investigate the effect of LCA on apoptosis. Firstly,
acridine orange and ethidium bromide staining was per-
formed to examine apoptotic changes in LCA treated cells.
Acridine orange is a vital dye that stains both live and dead
cells. Ethidium bromide stains only those cells that have lost
membrane integrity. Live cells appear uniformly green and
early apoptotic cells stain green with bright green punctate
in the nuclei due to chromatin condensation and nuclear
fragmentation. Late apoptotic cells incorporate ethidium
bromide and therefore stain orange, showing condensed and
fragmented nuclei. Necrotic cells stain orange, but have a
nuclear morphology resembling that of viable cells [30]. In
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the present study, cells treated with LCA showed early and
few late apoptotic bodies and very few cells with necrotic
changes (Fig. 6a).

DAPI staining technique is commonly used for identifica-
tion of DNA condensation and nuclear fragmentation. DAPI
preferentially binds to the minor groove of A-T rich region of
the DNA [31]. In this study, treated cells showed bright and
fragmented nuclei indicating that LCA caused both DNA
condensation and nuclear fragmentation (Fig. 6a). Further,
the effect of LCA on mitochondrial membrane potential
(MMP) was assessed using Rhodamine 123 staining. MMP
loss is associated with early events in the intrinsic apoptotic
pathway. Rhodamine 123, a cationic dye gets accumulated in
intact mitochondria and emits green fluorescence. Any loss
in mitochondrial membrane potential leads to decrease in the
intensity of Rhodamine 123 [32]. In this study, a remarkable
reduction in the fluorescence intensity was observed in LCA
treated cells as compared to control indicating loss of MMP
(Fig. 6a). The same was confirmed by flow cytometry analy-
sis (Fig. 6b). Also, protein level of pro-caspase 3 was found
to be decrease following treatment with 20 pM of LCA for
various time periods (Fig. 6¢, d). These results confirmed
that LCA activated apoptosis in non-small cell lung cancer
cells A549 and NCI-H23.

Licarin A induced autophagy dependent apoptotic
cell death in non-small cell lung cancer cells

The association of autophagy and apoptosis in LCA treated
cells was investigated by assessing the protein expression
levels of caspase 3 and PARP with or without CQ pre-treat-
ment. Levels of pro-caspase3 were found decreased while
cleaved PARP increased in LCA alone treated cells. On
the other hand, in CQ pre-treated cells increased expres-
sion of pro-caspase 3 and decreased cleaved PARP were
observed when compared to LCA alone treated cells indicat-
ing, autophagy plays a major role in LCA induced apopto-
sis in non-small cell lung cancer cells A549 and NCI-H23.
(Fig. 7a, b).

Further to confirm the role of autophagy induced by
LCA, we performed autophagy gene knockdown assay by
silencing Beclin 1 gene using Beclin 1 siRNA along with
western blot analysis of autophagy and apoptosis markers.
Firstly, Beclin 1 levels in Beclin 1 siRNA transfected cells
were significantly reduced when compared to control siRNA
transfected cells confirming effective transfection. Further,
in cells transfected with Beclin 1 siRNA followed by LCA
treatment the levels of Beclin 1 and LC3II were found sig-
nificantly reduced, while p62 levels were increased when
compared to LCA alone treated cells indicating the induction
of autophagy by LCA in A549 and NCI-H23 cells (Fig. 7c).
Protein expression levels of cleaved caspase 3 and PARP
were significantly decreased in Beclin 1 siRNA transfected
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cells followed by LCA treatment compared to the LCA alone
treated cells thus confirming LCA induces autophagy medi-
ated apoptotic cell death in non-small cell lung cancer cells
(Fig. 7c).
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Discussion

Phytochemicals are of interest for treatment of several dis-
eases including cancer because of their low toxicity and
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«Fig.6 LCA induced apoptosis in non-small cell lung cancer cell
line A549 and NCI-H23. Cells were treated with 25 uM of LCA and
DMSO control cells for 24 h and examined for the apoptotic changes
using different staining techniques. a Acridine orange and Ethidium
bromide staining for detection of early apoptotic, late apoptotic and
necrotic bodies. DAPI staining for examination of DNA condensa-
tion. Rhodamine 123 and DAPI dual staining for evaluation of mito-
chondrial membrane potential. b Rhodamine 123 flow cytometry
analysis for mitochondrial membrane potential. ¢, d Western blot
analysis of protein levels of pro-caspase 3 in cells lysate treated with
20 uM of LCA for indicated time period. Graphical representation
of the protein expression levels normalized with the loading control.
Data represented as mean=+SD of three independent experiments.
*P<0.05, *¥P<0.01 and ***P <0.001, compared to control

less side effects. Previous reports showed that lignans iso-
lated from Myristica fragrans have many therapeutic uses
including anti-diabetic, anti-inflammatory, hepato protective,
anticancer properties etc [16—18]. Licarin A isolated from
Miliusa fragrans was previously reported for its anticancer
activity in KB (oral carcinoma), MCF-7 (Breast cancer)
and NCI-H187 (Small cell lung cancer) [18]. However, the
effect of LCA on non-small cell cancer and the underlying
mechanism has not yet been reported. In the present study,
we isolated Licarin A from the seeds of Myristica fragrans
(nutmeg) and demonstrated that the purified LCA exhibited
antiproliferative effect in a dose and time dependent manner
in non-small cell lung cancer cell line lines, A549, NCI-H23,
NCI-H460 and NCI-H520 with lesser IC50 value in A549
and NCI-H23 cells.

Autophagy, a type II programmed cell death is an evo-
lutionarily conserved process in which a cell self-eats its
long lived or unfolded proteins and cytoplasmic organelles
to maintain cellular homeostasis [33]. This process is tightly
regulated by a distinct set of proteins named Atg (autophagy-
related) [8]. Autophagy has been reported for its dual role
in tumorigenesis. Cancer cells induce autophagy under
stressful or in nutrition deprived conditions thus promoting
cell survival [34], but constitutive or sustained autophagy
leads to cancer cell death [23, 35]. A recent study reported
that Honokiol, a lignan derived from bark of magnolia trees
induced apoptosis and autophagy in K-ras mutant lung can-
cer cell lines [20]. In this study we observed LCA induced
autophagy in A549 and NCI-H23 cells characterized by
increased autophagic vacuoles, upregulation of mRNA lev-
els of autophagy markers—Beclin 1 and LC3A as well as
conversion of LC3 I to LC3II, an indicator of autophago-
some formation along with degradation of p62, an autophagy
flux indicator. Furthermore, inhibition of autophagy with
chloroquine (lysosome inhibitor) remarkably decreased the
cytotoxic effect of LCA by downregulating the degradation
of p62 thereby suggesting that autophagy induced by LCA
play a pro-death role in non-small cell lung cancer cells [20,
36].

@ Springer

Cell cycle is essential for cell proliferation which is a
tightly regulated process with checkpoints in each phase
and if cells failed to meet necessary needs in any phase,
the progression of cell cycle is halted [37]. pS3 controls
cell proliferation mostly by intervening with the G1 phase
of the cell cycle. p53 is activated as a result of DNA dam-
age due to chemotherapy, radiation or hypoxia, increases the
expression of p21 which in turn inhibits Cyclin D1 leading
to G1 arrest [38]. In the present study, we observed that
LCA increased p53 expression as well as caused G1 arrest
as observed by flow cytometry. It is evident that following
increased p53 levels and G1 cell cycle arrest, cells may enter
apoptosis [39]. In this study we observed that cells treated
with LCA exhibited increased intracellular ROS, collapse in
the mitochondrial membrane potential, DNA condensation,
downregulation of pro-caspase 3 and upregulation of cleaved
PARP. These results pointed towards induction of apoptosis
by LCA in A549 and NCI-H23 cells.

Several reports showed that apoptosis and autophagy are
interlinked either positively or negatively [10, 40, 41]. Also
many reports suggest that autophagy and apoptosis go hand
in hand to cease cancer cell growth [20, 42]. To understand
if autophagy induced by LCA play a cyto-protective or pro-
death role, cells were pre-treated with autophagy inhibitor-
chloroquine. We observed that inhibition of autophagy
resulted in reduction of LCA mediated cell growth inhi-
bition, decreased degradation of p62, upregulated pro-
caspase3 and downregulated cleaved PARP levels. Similar
results were observed in Beclin 1 gene silencing study also
which confirmed that autophagy was an early event before
induction of apoptosis. Findings from this study together
reiterate that LCA induced autophagy-dependent apoptotic
cell death in non-small cell lung cancer cells.

Conclusion

Ours is the first to report on the cytotoxic effect of LCA on
non-small cell lung cancer cells which is brought about by
G1 arrest, activation of autophagy that culminated in apop-
totic cell death. Further, LCA increased the levels of p53
and intracellular ROS which could have contributed to the
activation of autophagy and apoptosis (Fig. 8). However,
further study to unravel the regulatory mechanism by which
LCA induces autophagy needs to be carried out. Findings
from this study throw light on the mode of action of LCA
and hence it can serve as a potential drug candidate in future
for non-small cell lung cancer therapeutics.
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Fig.7 Western blots analysis of apoptotic markers and siRNA trans-
fection in A549 and NCI-H23. Cells were treated with different dose
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by LCA at the indicated doses for 24 h. Cells were lysed to isolate
proteins and western blot analysis was performed, a, b Caspase 3 and
PARP. Graphical representation of the protein expression levels nor-
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from five group of A549 and NCI-H23 cells. group 1 treated with
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DMSO alone (lane 1); group 2 cells treated with LCA (20 uM); group
3 transfected with 100 nM SignalSilence® Control siRNA (Unconju-
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Beclin-1 siRNA I (+) and group 5 cells were first transfected with
100 nM SignalSilence® Beclin-1 siRNA I for 48 h and treated with
LCA (20 pM). Data represented as mean=+ SD of three independent
experiments. *P<0.05, **P<0.01 and ***P<0.001, compared to
control, *P < 0.05 and #P < 0.001 compared to LCA 20 uM
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Fig.8 Schematic representa-
tion of the mechanism of

LCA induced cell death in
NSCLC. LCA exposed cells
underwent apoptosis as well as
autophagy. LCA upregulates
autophagy markers Beclin-1
and activates LC3-1I leading
to autophagosome formation.
Consequently, LCA activates
p53 and ROS generation that
would have induced autophagy
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and apoptosis. CQ pre-treatment
inhibits autophagy which in
turn reduces LCA induced cell
death confirming that autophagy
activated by LCA plays a pro-
death role
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