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Abstract

Murrayanine and its derivatives have been shown to exhibit anticancer activities against different types of human can-
cer cells. However, the effects of murrayanine on the proliferation and metastasis of breast cancer cells are yet to be
studied. The present study was designed to evaluate the effects of murrayanine on the proliferation and metastasis
of human breast cancer via regulation of RANK/RANKL pathway. The results showed RANK/RANKL pathway to be
highly activated in human breast cancer tissues and cell lines. However, treatment of the CAMA-1 breast cancer
cells with murrayanine (0, 9, 18 and 36 uM) caused a significant (P <0.05) decline in the expression of RANK, RANKL
and OPG in CAMA-1 cells. Additionally, murrayanine inhibited the growth of CAMA-1 cells with an ICs, of 18 uM. The
antiproliferative of murrayanine were found be due to its ability to inhibit the expression of RANK, RANKL and OPG
in CAMA-1 cells. To unveil if murrayanine exerted its effects via inhibition of RANK/RANKL pathway, the expression
of RNAK was knocked down in CAMA-1 cells. It was found that murrayanine and RANK silencing both inhibited

the growth CAMA-1 cells via induction of apoptosis. Additionally, murrayanine and RANK silencing both inhibited
the migration, invasion and epithelial to mesenchymal transition of the CAMA-1 cells. Taken together, murraya-

nine exhibits significant anticancer activity against the breast cancer cells via induction of apoptosis and inhibition
of RANK/RANKL signaling pathway. These findings suggest that murrayanine may prove to be a beneficial lead mol-
ecule for the development of breast cancer chemotherapy.
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Introduction

Breast cancer is one of the most frequent gynecologi-
cal disorders which can be understood by the fact that
more than 1.5 million females are diagnosed with this
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malignancy each year throughout the globe which sums
up to nearly the 25% of total annually reported cancer
cases in women [1, 2]. Numerous risk factors have been
shown to be linked with breast cancer like age, genetic
mutations, family history etc. with growing age being the
most dominant risk factor in developing countries [3].
Breast cancer is considered as the second deadliest can-
cer of the women and resulted in 570,000 deaths in 2015
[4]. Fortunately, near about 90% of breast cancer patients
present the non-metastatic disease state and show higher
survival chances. However, the metastatic breast cancer
despite application of advanced therapeutic procedures is
seen with extremely high chances of disease recurrence
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and thus remains nearly incurable till date. Therefore,
the scientific investigations are continuously aimed at
identifying more effective treatment measures against
breast cancer and the metabolites derived from biological
sources are preferably being studied for their effective-
ness against the said disease. Numbers of natural mol-
ecules containing the carbazole nucleus have been stated
for their anticancer potential and cytotoxic effects against
different types of human cancer cell lines including the
breast cancer cells, many of which have been reported for
their therapeutic applicability even in the pre-clinical tri-
als [5].

Murrayanine is a carbazole type of plant-based alka-
loid which is isolated from the bark of the stem of Mur-
raya koenigii Spreng [6]. It has been given as a treatment
for human cancer in traditional Chinese system [7].
Recent studies have shown that murrayanine and its
derivatives exhibit considerable anti-proliferative effects
against the human cancer cells [8-10]. Zhou et al.,
showed that murrayanine suppresses the proliferation
of the human oral cancer cells by blocking the AKT/
mTOR and Raf/MEK/ERK signalling pathways [8]. Sim-
ilarly, some murrayanine-Schiff’s base derivatives have
been shown to exhibit potent anticancer effects [9, 10].
In yet another study Zhang et al., showed that murraya-
nine triggers cell cycle arrest of the human lung cancer
cells via inhibition of phosphorylated p38 expression
[11]. However, the anticancer effects of murrayanine
have not been evaluated against the human breast can-
cer. Thus, the current study represents elucidation of
the same together with exploration of the underlying
mechanism of action. Murrayanine targeted the RANK/
RANKL signaling pathway which was shown to be
highly active in breast cancer tissues and cells. Apop-
tosis was induced in breast cancer cells treated with
murrayanine and the cancer cells exhibited significantly
lower growth and metastatic potential. The decline in
breast cancer cell growth by murrayanine resembled
the effects of transcriptional silencing of RANK. The
present study established the anticancer activity of mur-
rayanine against breast cancer cells via the inhibition of
RANK/RANKL signaling pathway.

Materials and methods

Clinical specimens

A total of 20 clinical specimens corresponding to breast
cancer and normal-adjacent tissues were obtained from
the breast cancer patients who underwent surgery at the
Department of Breast Surgery, Beijing Tiantan Hospi-
tal, Capital Medical University, Beijing, 100,070, China.
None of the patients had received chemotherapy at the
time of specimen collection. Every patient was informed
in advance and tissues were collected only after proper
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consent and written undertaking. The study on human
tissues was performed strictly under the ethical guide-
lines of our institutional committee. The specimens were
immediately frozen after collection using liquid nitrogen
and stored at — 80 °C till future use.

Maintenance of cell lines and cell transfection

After being purchased from American Type Culture
Collection (ATCC, USA), SK-BR-3 and CAMA-1 breast
cancer cell lines and normal breast epithelial cell line,
MB-157 were maintained in humid atmosphere of
5% CO,/95% air at 37 °C in a humidified CO, incuba-
tor. The Dulbecco’s Modified Eagle Medium (DMEM,
Sigma-Aldrich) containing 10% fetal bovine serum (FBS,
Thermo Fisher Scientific) was used for in vitro cultur-
ing of all the three cell lines. CAMA-1 cancer cell line
was transfected with RNAi construct of RANK gene (si-
RANK, RiboBio) using Lipofectamine 2000 following the
manufacturer guidelines. The si-NC RNA transfected
cells were used as the negative control.

gRT-PCR and western blotting

Using TriZOL reagent (Thermo Fisher Scientific), the
total RNA was extracted from tissues (cancer and nor-
mal) as well as from the cell lines as per the standard
procedure. With the help of PrimeScript RT reagent kit
(Takara Bio), 2 ug of total RNA was used to synthesize the
complementary DNA (cDNA). SYBR™ Green PCR Mas-
ter Mix (Thermo Fisher Scientific) was used for perform-
ing qRT-PCR on QuantStudio 3.0 PCR system (Applied
Biosystems) for determining the relative expression of
RANK, RANKL and OPG genes. The expression analyses
were normalized to the GAPDH. The quantitative analy-
sis was performed with the help of 2722t method. The
primers used in the study are listed in Table 1.

Table 1 List of the primer sequences used for gRT-PCR gene
expression analyses in the present study

Primer Direction Sequence

RANK Forward 5'-AGCATTATGAGCATCTGG-3’
Reverse 5"-CAGCAAGCATTTATCTTC-3

RANKL Forward 5'-GACAGGCACGGACTCGTA-3’
Reverse 5'-GCTCATGCTAGTCGTCTA-3’

OPG Forward 5’-AGCATCACTACGTAGGAC-3”
Reverse 5’-ACGTCATGCGATCACATA-3’

GADPH Forward 5'- AAG CCTGCCGGTGACTAA C-37
Reverse 5’- GCATCACCCGGAGGAGAA AT -3’
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Western blotting

Western blotting was used for protein expression analy-
sis. Briefly, total proteins were extracted from tissues and
cells through their digestion with RIPA lysis and extrac-
tion buffer (Thermo Fisher Scientific) supplemented
with 10 mM PMSF (Beyotine). The protein lysates were
resolved on 8-10% SDS—polyacrylamide gels and elec-
trophoretically transferred to PVDF membranes (Milli-
pore). The membranes were blocked using 5% skimmed
milk and then incubated overnight with correspond-
ing primary antibodies (Cell Signaling Technologies) at
4 °C. Following, TBS/Tween-20 was used to wash the
PVDF membranes which were re-incubated with horse-
radish peroxidase-conjugated secondary antibodies for
2 h at room temperature. Final, the protein blots were
developed using an ECL detection kit (Millipore) and
the B-actin protein was used for normalizing the protein
expressions.

Cell viability assay

The effects of murrayanine, administered in varying
doses form 0 uM to 160 uM for 24 h, on the viability of
CAMA-1 cancer cells and MB-157 normal cells were
analyzed using 3-(4,5-dimethylthiazol-2yl-yl)-2,5-diphe-
nyl tetrazolium bromide (MTT) assay kit (Chemicon,
Temecula) as per the manufacturer guidelines.. Briefly,
2% 103 cells were seeded per well of 96-well plates (Fal-
con, Becton Dickinson Labware) and incubated at 37 °C
with murrayanine (0, 2.5, 5, 10, 20, 40, 80 or 160 pM).
After murrayanine administration, the relative percent-
age of viable cells was determined using MTT assay as
described previously by recording ODjg,, using spectro-
photometer [12]. MTT assay was also used for analyzing
the proliferation of murrayanine treated (18 pM) and si-
RANK transfected CAMA-1 cancer cells with reference
to corresponding negative control cells.

EdU assay

EdU staining assay was performed to estimate the pro-
liferative viability of murrayanine (18 uM) treated and
si-RANK transfected CAMA-1 cells along with the
respective control cells. In brief, the cancer cells after
being treated with murrayanine and those transfected
with si-RANK for 24 h together with respective con-
trols were collected, fixed with 4% paraformaldehyde for
20 min at room temperature. The cells were then incu-
bated with EAU (20 mmol/L) for 1.5 h at room tempera-
ture at which the cells were analyzed using fluorescent
microscope for examining the relative percentage of EQU
positive cells. DAPI was used as background stain.
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Annexin V/PI staining assays

The analysis of apoptosis of murrayanine (18 pM) treated
and si-RANK transfected CAMA-1 cells for 24 h at 37 °C
in DMEM with 10% FBS in 6-well plates. Centrifugation
was performed for harvesting the cells which were washed
with cold PBS thrice. The cells were then resuspended in
binding buffer and mixed with 10 pL Annexin V-FITC
plus 10 pL propidium iodide (Beyotime) at 4 °C in dark for
25 min. The annexin V-FITC/PI dual stained cells again
washed with PBS three times and then resuspended in
250 pL binding buffer. Flow cytometry (BD, FACS Calibur)
was then performed for determining the relative percent-
age of apoptosis.

Wound-healing assays

A wound-healing assay was used for the determination of
migration of breast cancer cells administered with 18 uM
murrayanine or transfected with si-RANK with reference
to respective controls. In brief, 2 X 10° cancer cells were
plated in 6-well plates and incubated for 24 h at 37 °C.
A sterile 200 pl pipette tip was then used for creating
an artificial wound on the cell surface. The wound area
was cleared off the suspended cells by PBS washing, the
wound was photographed under light microscope and
then the plates were incubated again for 24 h at 37 °C.
The wounds were again photographed at 24 h and the
wound-width between the lines was measured using
Image ] software.

Transwell assay

In vitro invasion of murrayanine treated or si-RANK
transfected cancer cells with reference to corresponding
negative control cells was investigated with the help of a
24-well insert transwell Matrigel invasion assay (8.0 pm,
Corning). Approximately, 2x 10° cells suspended in 200
uL of serum-free DMEM plated into upper chamber of
transwell pre-coated with 1 pg/puL Matrigel (BD Bio-
sciences).The bottom wells received complete medium
with 10% FBS for stimulating the cell invasion. After
24 h incubation at 37 °C, the cells unable to penetrate the
membrane were swabbed off using a cotton swab while
those adhering to the membrane’s lower surface were
PBS washed, ethanol fixed, stained with a 0.1% crys-
tal violet solution and visualized and manually counted
using light microscopy.

Statistical analysis

The results are shown as mean+ SD calculated using three
replicates for each experiment. All the statistical analyses
were performed using SPSS software. Students t-test was
used for assessing the statistical differences and the values
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of P<0.05 were taken as representative of statistically sig-
nificant difference.

Results

RANK/RANKL signaling pathway is over-expressed

in breast cancer

The western blot analyses of RANK, RANKL and OPG
proteins were performed from breast cancer and nor-
mal adjacent tissues. The cancer tissues were shown to
express relatively higher expression of all these proteins
(Fig. la). The qRT-PCR based expression analysis of
transcript levels of RANK, RANKL and OPG genes was
also in coherence with the western blotting results. The
breast cancer tissues were shown to exhibit significantly
(P<0.05) higher transcript levels of RNAK, RANKL and
OPG genes (Fig. 1b—d). The RANK, RANKL and OPG
protein and gene expression levels were also determined
from two breast cancer cell lines (SK-BR-3 and CAMA-1)
and a normal breast epithelial cell line, MB-157. Results
showed that both SK-BR-3 and CAMA-1 cancer cells
expressed significantly (P <0.05) higher protein and tran-
script levels of RANK, RANKL and OPG (Fig. 1e—h). The
results thus suggest that breast cancer exhibits overex-
pression of RANK/RANKL signaling pathway. CAMA-1
cell line was used for further experimentation.
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Murrayanine targeted RANK/RANKL pathway in breast
cancer cells

To decipher the effects of murrayanine treatment on
MB-157 normal cells and on CAMA-1 cancer cells, both
cell lines were treated with murrayanine (0, 2.5, 5, 10, 20,
40, 80 or 160 uM) for 24 h and their viability was subse-
quently assessed using MTT assay. The MB-157 normal
cells exhibited dose dependent viability loss by mur-
rayanine with an ICy, of 140 uM (Fig. 2a). Similarly, the
CAMA-1 cancer cell viability declined with increasing
doses of murrayanine, but the effects were more severe
as suggested by IC;, value of 18 uM (Fig. 2b). The expres-
sion analysis of RANK, RANKL and OPG proteins was
performed form CAMA-1 cancer cells administered with
0,9, 18 or 36 uM of murrayanine. The results showed that
the expression levels of RANK, RANKL and OPG pro-
teins significantly (P <0.05) declined under murrayanine
treatments and the expressional repression showed dose
dependence (Fig. 2c—f). This indicates that murrayanine
targeted RANK/RANKL pathway in breast cancer cells to
inhibit their growth.

Murrayanine inhibited breast cancer cell growth via RANK
repression driven apoptosis

To examine whether the murrayanine inhibited the
in vitro growth of CAMA-1 through RANK repression,
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Fig. 1 Activation of RANK/RANKL pathway in breast cancer. a Western blots showing expression of RANK, RANKL and OPG proteins in breast cancer
and normal adjacent tissues. The gRT-PCR analysis of b RANK ¢ RANKL and d OPG transcripts in breast cancer and normal adjacent tissues e Western
blots showing RANK, RANKL and OPG expression in breast cancer and normal breast epithelial cell line. The gRT-PCR analysis of f RANK g RANKL

and h OPG transcript levels from breast cancer and normal breast epithelial cell line. Experiments were performed using three replicates and values

are presented as mean +SD (*P <0.05)
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Fig. 2 Inhibition of breast cancer cell proliferation by murrayanine via RANK/RANKL signaling pathway. Viability of a MB-157 normal breast
epithelial cells and b CAMA-1 breast cancer cells treated with indicated concentrations of murrayanine as determined by MTT assay. ¢ Western
blotting of RANK, RANKL and OPG proteins from CAMA-1 cancer cells treated with 0, 9, 18 or 36 uM murrayanine. Relative expression of d RANK e
RANKL and f OPG in CAMA-1 cancer cells treated with 0, 9, 18 or 36 uM murrayanine. Experiments were performed using three replicates and values

are presented as mean +SD (*P <0.05)

the CAMA-1 cancer cells were treated with 18 pM mur-
rayanine and MTT assay was performed to analyze their
proliferation together with the RANK down-regulating
CAMA-1 cells. The cell proliferations were compared
with corresponding negative controls at 0 h, 12 h, 24 h,
36 h and 48 h. The proliferation rates of CAMA-1 can-
cer cells treated with murrayanine were significantly
(P<0.05) lower than that of control cells at every time
point except 0 h (Fig. 3a). The RANK gene silencing
also exerted similar effects on the proliferation of the
CAMA-1 cancer cells and the si-RANK transfected cells

exhibited significantly higher proliferation in compari-
son to the respective cancer cells (Fig. 3b). EAU assay
was used for analyzing the proliferative viability of
CAMA-1 cancer cells administered with 18 uM murray-
anine and those transfected with si-RANK with respect
to the corresponding negative control cancer cells. The
relative percentage of EAU positive cells was signifi-
cantly (P<0.05) lower under murrayanine treatment
and si-RANK transfection as compared to the negative
control cells (Fig. 3c, d). Annexin V-FITC/PI staining
was used for the study of apoptosis of CAMA-1 cancer
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Fig. 3 Induction of apoptosis in breast cancer cells by murrayanine via RANK/RANKL signaling pathway. a Viability of untreated control

and murrayanine treated (18 uM) CAMA-1 cancer cells at 0, 12, 24, 36 or 48 h. b Viability of si-NC RNA and si-RANK transfected CAMA-1 cancer
cellsat 0, 12, 24,36 or 48 h as determined by MTT assay. ¢ EJU staining analysis showing proliferation of untreated, murrayanine treated (18 puM)
si-NC RNA, and si-RANK transfected CAMA-1 cancer cells at 24 h culture duration. d Relative percentage of EdU positive in murrayanine treated
(18 uM) si-NC RNA, and si-RANK transfected CAMA-1 e Annexin V/Pl assay showing percent apoptosis of murrayanine treated (18 pM) si-NC RNA,
and si-RANK transfected CAMA-1 cells f Western blots showing the expression of Caspase-3, Bcl-xl, Bcl-2 and Bax in murrayanine treated (18 pM)
si-NC RNA, and si-RANK transfected CAMA-1 cells. Experiments were performed using three replicates and values are presented as mean +SD

(*P<0.05)

cells administered with 18 uM murrayanine and those
transfected with si-RANK with respect to the corre-
sponding negative control cancer cells. The results indi-
cated that the percentage of both murrayanine treated
and si-RANK transfected MCF- 7 apoptotic cancer cells

was significantly higher than the corresponding nega-
tive control cells (Fig. 3e). Additionally, the expression
of Bax and cleaved caspase-3 was increased and that of
Bcl-2 and Bcl-xl was decrease under both murrayanine
treatment or RANK silencing (Fig. 3f) The results thus
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indicate that murrayanine inhibits the proliferation of
breast cancer cells by inducing apoptosis and the latter
might be triggered via RANK gene silencing.

Murrayanine and RANK silencing reduced metastatic
potential of breast cancer cells

To investigate the effects of murrayanine on the meta-
static potential of breast cancer cells and whether the
same was exerted through RANK gene down-regula-
tion, firstly the migration of both murrayanine (18 pM)
and RANK repressing CAMA-1 cells was studied using
wound-healing assay and compared with that of the
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corresponding negative control CAMA-1 cancer cells.
The results showed that under both murrayanine admin-
istration and RANK gene silencing, the migration of
CAMA-1 cancer cells was significantly (P <0.05) reduced
(Fig. 4a). The analysis of in vitro invasion was made
through transwell assay and the results were similar to
those of the wound-healing assay. Both murrayanine
and si-RANK transfected CAMA-1 breast cancer cells
exhibited significantly lower invasiveness as compared
to the negative control cells (Fig. 4b). Moreover, the
inhibition and migration and invasion of CAMA-1 cells
was also associated with the inhibition of the MMP-2
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Fig. 4 Inhibition of breast cancer cell migration and invasion by murrayanine and RANK silencing. a Wound healing assay showing migration

of untreated, murrayanine treated (18 puM), si-NC RNA, and si-RANK transfected CAMA-1 cells. b Transwell assay showing invasion of untreated,
murrayanine treated (18 uM), si-NC RNA, and si-RANK transfected CAMA-1. ¢ Western blots showing the expression of MMP-2 and MMP-9

in untreated, murrayanine treated (18 uM), si-NC RNA, and si-RANK transfected CAMA-1. d Western blotting of E-cadherin (epithelial marker),
vimentin and N-cadherin (both mesenchymal marker) proteins from untreated, murrayanine treated (18 uM), si-NC RNA, and si-RANK transfected
CAMA-1 cells. e Relative expression analysis of E-cadherin protein from untreated, murrayanine treated (18 puM), si-NC RNA, and si-RANK transfected
CAMA-1 cells. g Relative expression analysis of N-cadherin protein from untreated, murrayanine treated (18 uM), si-NC RNA, and si-RANK transfected
CAMA-1 cells. Experiments were performed using three replicates and values are presented as mean +SD (*P < 0.05)
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and MMP-9 expression (Fig. 4c). Whether murrayanine
modulates the EMT of breast cancer cells, the murraya-
nine treated breast cancer cells along with those trans-
fected for RANK gene silencing were examined for the
protein expression levels of EMT molecular markers. The
expression of epithelial marker protein (E-cadherin) sig-
nificantly increased while those of mesenchymal markers
(Vimentin and N-cadherin) significantly decreased both
under murrayanine administration and si-RANK trans-
fection (Fig. 4d—g). The results thus indicate that mur-
rayanine inhibits the metastasis of breast cancer cells and
the same might be resulting from its potential to repress
RANK protein and hence the RANK/RANKL signaling
cascade in breast cancer cells.

Discussion

At present, the widely exercised treatment procedure
against different cancer types includes the chemotherapy
wherein a drug molecule either singly or in combination
with other chemical compounds, is targeted to prevent
the carcinogenic adversities [13]. These drug molecules
have enormous cytotoxic potential against the human
cancer cells but at the same time the procedure is seen
with a limitation to execute adverse effects on the nor-
mal body cells also [14]. To address this drawback, the
researchers are in continuous hunt for the molecules
with very fewer side effects to replace the present day
chemotherapeutic drug moieties. The preclinical stud-
ies have revealed that natural compounds might aid in
chemotherapy by enhancing the cytotoxic effects of the
chemotherapeutic drug molecules or by minimizing the
drug resistance of cancer cells [15]. Moreover, the natu-
ral occurring metabolites like carbazole alkaloids have
been reported to exhibit pro-apoptotic and anti-pro-
liferative effects against several types of human cancer
cells through multiple signaling cascades [16, 17]. In the
present study, a plant based carbazole alkaloid murraya-
nine was shown to target a highly active RANK/RANKL
signaling pathway in breast cancer cells. The enrich-
ment of RANK cell surface glycoprotein (receptor acti-
vator nuclear factor) together with over-expression of
its ligand, RANKL (receptor activator nuclear factor-xB
ligand) frequently in the tumor-microenvironment,
which together are coordinated by osteoprotegrin (OPG)
receptor protein, has been deduced to possess significant
functional implication in tumor growth and develop-
ment [18]. The breast cancer tissues, and cell lines exhib-
ited over-expression of RANK, RANKL as well as that of
OPG protein. The administration of murrayanine led to
significant decline in the expression of RANK/RANKL
signaling pathway and thus signifies its clinical signifi-
cance [19]. The repression of RANK has been proven to
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induce apoptosis in cancer cells [20]. The induction of
apoptosis in breast cancer cells by murrayanine might
thus be mediated through this mechanism. Murrayanine
has been previously shown to induce apoptosis in oral
cancer cells also [8]. In the current study, murrayanine
was besides shown to reduce the metastatic potential of
breast cancer cells by inhibiting their migration, inva-
sion and epithelial to mesenchymal transition. Similar
results were confirmed for the transcriptional silencing of
RANK which indicates that murrayanine targets RANK/
RANKL pathway to inhibit breast cancer metastasis [21].

Collectively, the current study depicted that RANK/
RANKL signaling pathway is highly active in breast can-
cer to promote its growth and metastasis. Murrayanine
induces apoptosis in human breast cancer cells via inhibi-
tion of the RANK/RANKL signaling pathway. Moreover,
murrayanine could also suppress the migration and inva-
sion of the breast cancer cells. Collectively, these findings
point towards the effectiveness of murrayanine to act as a
lead therapeutic molecule against breast cancer in future.
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