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Abstract

This study aimed to investigate the effect of Catharanthus roseus L. (C. roseus) leaf extract on the migration and invasion of
MDA-MB-231 cell line and elucidate the molecular mechanisms of action. Effect of the extract on cell viability was evaluated by
MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl2H-tetrazoliumbromide) assay. Anti-migratory and anti-invasive effects were
evaluated using scratch and Transwell assays. Effect on the levels and activities of matrix metalloproteinase (MMP)-2 and MMP-
9 was determined using ELISA and gelatin zymography. Furthermore, changes in the expression of 84 genes commonly involved
in cell motility were assessed by Reverse Transcription-Polymerase Chain Reaction (RT-PCR) and cell motility RT? profiler
PCR array. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were performed
using DAVID. Using STRING and Cytoscape software, hub genes were determined. The extract significantly (» <0.001)
inhibited the migration and invasion of MDA-MB-231 cells at non-cytotoxic concentrations. The activities and levels of
MMP-2 and MMP-9 were decreased in a dose-dependent manner following C. roseus exposure. At 4 ug/mL, the extract
significantly downregulated the expression of 52 genes involved in extracellular matrix degradation, cytoskeleton reorganisation,
focal adhesions and invadopodia formation. GO and KEGG pathway analysis revealed that the downregulated genes were
significantly enriched in biological processes and pathways closely related to cell motility. Our findings showed that C. roseus
inhibited the migration and invasion of MDA-MB-231 cells through altering the expression of various motility-related genes.
This study provided data about the potential of C. roseus phytochemicals as promising therapeutic agents against breast cancer
metastasis, especially at gene level.
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Introduction

Breast cancer is the most common type of malignancy and the
leading cause of mortality amongst females worldwide.
Triple-negative breast cancer (TNBC) is an aggressive form
of breast cancer with poor prognosis. It accounts for approx-
imately 15-20% of all breast cancer cases (Yao et al. 2019).
The treatment of patients with TNBC is highly challenging
due to the lack of therapeutic molecular targets, oestrogen
receptor, progesterone receptor and HER2 gene overexpres-
sion (Denkert et al. 2017). Patients with TNBC have a high
risk of developing metastasis (Yao et al. 2019), which is the
main cause of deaths amongst patients with breast cancer
(Redig and McAllister 2013). Metastatic breast cancer is in-
curable, and current treatment strategies aim to limit
metastasis-associated consequences, delay cancer growth
and enhance the quality of life for patients (Tauro and Lynch
2018). Knowledge on the mechanisms that facilitate breast
cancer dissemination reveals opportunities of therapeutic in-
terventions to limit or prevent the disease. The cascade para-
digm of metastasis illustrates that migration and invasion into
surrounding areas are essential processes for the dissemination
of cancer cells. Migration and invasion are orchestrated by
various cellular events and molecular pathways within the
cells and tumour microenvironment (McSherry et al. 2007).
The most important events include chemotaxis, extracellular
matrix (ECM) degradation, reorganisation of actin cytoskele-
ton and formation of membrane protrusions (Fife et al. 2014;
Tauro and Lynch 2018; Yamaguchi and Condeelis 2007).
Targeting the genes implicated in these processes and path-
ways is an important strategy to disrupt such an organised
cascade and prevent or delay the invasion and metastasis of
breast cancer. The suppression of such complicated inter-
connected events requires the action of many substances that
work simultaneously against various targets. Nowadays, a
combination of inhibitors specific for several targets important
for tumour cell progression and metastasis is a promising con-
cept for therapeutics (Pezzani et al. 2019; Zhou et al. 2016).
Recently, the use of MMP-9 inhibitors in combination with
cytotoxic drugs increased the overall response of patients with
HER2-negative gastric and gastroesophageal junction adeno-
carcinoma in phase I clinical trial (Fields 2019). Therefore,
looking for specific inhibitors for proteins implicated in mi-
gration and invasion of cancer cells, such as MMPs and RHO
GTPases family is of great value and may lead to design new
targeted therapies for invasive cancers.

Catharanthus roseus L. (C. roseus), also known as
Madagascar periwinkle, is a remarkable source of useful me-
dicinal substances with a wide range of important pharmaceu-
tical properties. The plant mainly produces monoterpenoid
indole alkaloids (MIAs), which are biologically active constit-
uents with a variety of pharmaceutical features (Sharma et al.
2019). Some of these alkaloids, along with their semisynthetic
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and synthetic derivatives, are essential anticancer substances,
such as vinblastine, vincristine, vinorelbine and vindesine
(Choudhari et al. 2020). The plant gains much attention in
the field of cancer therapy because it represents the only
source of the essential oncologic agents, vincristine and vin-
blastine (Sharma et al. 2019). Although, C. roseus has been
extensively studied for its cytotoxicity, there are very few data
regarding other anti-cancer activities such as anti-migration,
anti-invasion and anti-metastasis. The anti-invasive effect of
C. roseus against highly invasive TNBC cell line MDA-MB-
231 was reported previously (Eltayeb et al. 2016). However,
studies on the molecular mechanisms of anti-migratory and
anti-invasive properties of C. roseus on invasive breast cancer
cells are lacking. Therefore, this study aimed to examine the
anti-migratory and anti-invasive properties of C. roseus ex-
tract and elucidate its molecular mechanisms of action on
MDA-MB-231 cell line. The effect of the crude extract on
the expression profile of 84 motility related genes was inves-
tigated to identify the main molecular targets of the extract on
MDA-MB-231 cell line.

Materials and methods
Chemicals and reagents

Human breast adenocarcinoma cell line MDA-MB-231 (cat.
no. HTB-26) was obtained from American Type Culture
Collection (ATCC, Rockville, MD, USA). Dulbecco’s modi-
fied Eagle’s medium (DMEM), fetal bovine serum (FBS),
0.25% trypsin-EDTA and phosphate buffered saline (PBS)
were purchased from Thermo Fisher Scientific (USA).
Matrigel was obtained from BD Biosciences (USA) and
3-(4,5-dimethyl-2-thaizol)-2,5-diphenyltetrazolium bromide
(MTT) powder was purchased from iDNA (South USA).
Dimethyl sulfoxide (DMSO) was purchased from Fisher
Scientific (UK) and Coomassie brilliant blue R-250 from
Sigma-Aldrich (USA). Human MMP-2 and MMP-9 ELISA
kits were purchased from Elabscience (USA). Human cell
motility RT* profiler PCR array, RNeasy mini kit, RNase-
free DNase set, RT? first strand kit and RT> SYBR green
mastermix were purchased from Qiagen (USA).

Plant material collection and extraction

C. roseus leaves were collected from Balik Pulau, Penang,
Malaysia and authentication of the plant was performed by
the botanist Dr. Rahmad Zakaria, Department of Botany,
School of Biological Sciences, USM and a voucher specimen
(Accession number. 11,780) was deposited at the herbarium
of the school. The leaves were thoroughly washed with tap
water, rinsed with distilled water and dried in the oven at
50 °C for three days. The dried leaves were grounded into fine
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powder and the powder (35 g) was extracted according to the
method described by Siddiqui et al. (2011), using methanol
solvent and soxhlet extractor. The plant extract was stored at -
20 °C until use.

Cell culture and cell line

MDA-MB-231 cells were grown in DMEM supplemented
with 10% FBS and incubated in a humidified incubator at
37 °C under an atmosphere containing 5% CO,. The cells
were sub-cultured when nearly confluent using 0.25% tryp-
sin-EDTA.

Cell viability assay (MTT assay)

The effect of the crude extract on the viability and prolifera-
tion of MDA-MB-231 cells was assessed by MTT assay. In
brief, MDA-MB-231 cells were seeded in a 96-well plate at
density of 10 x 10* cell / well and incubated at 37 °C for 24 h.
At the end of incubation time, the cells were treated with
different concentrations (1-32 pg/mL) of C. roseus extract
for 24, 48 and 72 h. The untreated cells that received <0.1%
DMSO (v/v) in medium were used as vehicle controls. After
incubation periods, 20 pL of MTT solution (5 mg/mL in PBS)
was added to each well and the plate was incubated for 3 h at
37 °C. Then, the medium was removed and 200 pL of DMSO
was added to the wells. After 15 minutes of incubation, the
optical density was measured at 570 nm (630 nm was used as
a reference) using ELISA microplate reader (TECAN,
sunrise).

Scratch (Wound healing) assay

The scratch assay was used to determine the effect of
C. roseus extract on the collective migration of MDA-MB-
231 cells. Briefly, the cells were seeded in 6-well plate and
grown to 80% confluence at 37 °C. The monolayer of the cells
was scratched using sterile 200 pL pipette tip to make straight
line and free-floating cells were removed by washing with
PBS. Then, the cells were exposed to 1, 2 and 4 pg/mL
C. roseus extract in serum-free DMEM and incubated for
48 h. The wound closure was monitored at 0, 24 and 48 h.
Three random photographs were taken per sample at each
time point using digital camera attached to an inverted micro-
scope (Zeiss Primovert). The area of the wound was measured
using Image J software (National Institutes of Health (NIH)
2020) and the percentage of wound closure was calculated
using the following equation:

Ai—on — At=xn

Wound Closure % = (
Ai—on

)xlOO%

A, = 0 h is the area of the wound measured immediately
after scratching (¢=0 h).

A, = xh is the area of the wound measured after 24 or48 h
after scratching (¢=24 or 48 h).

Transwell migration assay

Transwell migration assay was used to assess the effect of
C. roseus extract on the directional migration of MDA-MB-
231 cells toward a chemo-attractant (FBS) using 24-well
Transwell plates with 8.0 um pores polycarbonate membrane
inserts (Corning Costar, USA). MDA-MB-231 cells were
suspended in serum-free medium and treated with 1, 2 and
4 png/mL of C. roseus extract for 30 min. MDA-MB-231 cells
(5 x 10* cell) were added to the upper chambers of the inserts
and 500 pL complete media (10% FBS) was added to the
lower chambers and the plate was incubated for 20 h at
37 °C. At the end of the incubation period, the non-migrated
cells that were remained on the upper side of the inserts were
removed using cotton swabs. The cells that migrated to the
lower side of the inserts were fixed with 70% ethanol and
stained with 0.5% crystal violet. The migrated cells were
counted under inverted microscope in five random fields per
insert and averages were taken. The migrated cells were
photographed using digital camera at magnification of 200 X.

Transwell invasion assay

The in vitro invasion assay was conducted using Matrigel (BD
Biosciences) and 24-well Transwell plate. The steps of the
method were identical to Transwell migration assay described
previously expect that the membranes of the inserts were coat-
ed with 100 puL of Matrigel before cell seeding.

Measurement of MMP-2 and MMP-9 Levels by ELISA

MDA-MB-231 cells were seeded in 6-well plates and incu-
bated overnight at 37 °C. The cells were then treated with
C. roseus extract at doses of 1, 2 and 4 pg/mL for 24 h. The
conditioned media were collected and concentrated by ultra-
filtration using 10 kDa MWCO concentrator (GE Healthcare).
The levels of secreted gelatinases were determined using
MMP-2 and MMP-9 immunoassay kits (Elabscience, USA)
according to the manufacturer’s protocol.

Gelatin zymography

Gelatin zymography was performed to determine the effect of
C. roseus extract on the activities of gelatinases. MDA-MB-
231 cells were incubated in serum-free DMEM for 24 h in the
presence of vehicle control or C. roseus extract doses (1, 2, 4
and 6 pg/mL). Following incubation, the conditioned media
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were collected and concentrated using 10 kDa MWCO con-
centrator. Then 20 pL of concentrated samples was separated
in 8% polyacrylamide gel containing 0.1% gelatin. After sep-
aration, the gel was rinsed in 2.5% (v/v) Triton X-100 to
remove SDS and then incubated overnight at 37 °C in reaction
buffer (50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.5 mM
ZnCl, and 10 mM CaCl,) to allow proteolysis of the gelatin.
Gel was stained with 0.5% Coomassie brilliant blue R-250
and de-stained with mixture of 40% methanol and 10% acetic
acid. The gel was photographed using gel imager (Fujifilm,
Las-3000) and the densities of the bands were analyzed using
Imagel.

Real-time RT-PCR and human cell motility RT? profiler
PCR array

MDA-MB-231 cells were exposed to 4 pg/mL C. roseus
extract and DMSO (< 0.1%) as vehicle control for 24 h.
Total RNA was extracted from treated and control cells
by RNeasy mini kit (Qiagen, USA) according to manu-
facturer’s protocol. The total RNA was further purified
using RNase-free DNase treatment. Total RNA concentra-
tion and purity were determined using NanoPhotometer™
(Implen GmbH). The integrity of the extracted RNA was
checked using 1% agarose gel electrophoresis. RT? first
strand kit (Qiagen, USA) was used to synthesize cDNA
following the manufacturer’s protocol. Firstly, 10 puL of
genomic DNA elimination mix was prepared for each
sample (control and treated) in PCR tubes by adding
2 pL of buffer GE to 2000 ng RNA and the volume was
completed to 10 pL by RNase-free water. Secondly,
10 pL of reverse transcription mix was prepared by
mixing 3 pL of RNase-free water, 4 pL of 5 x buffer
BC3, 2 uL RE3 reverse transcriptase mix and 1 pL of
control P2. The 10 pL reverse-transcription mix was then
added to the genomic DNA elimination mix and incubat-
ed at 42 °C for 15 min. Finally, the reaction was termi-
nated by incubation at 95 °C for 5 min. Afterwards, 91 pL
RNase-free water was added to each reaction and the
resulting cDNA was stored at -20 °C until used. The gene
expression of 84 genes related to cell motility was ana-
lyzed using human cell motility RT? profiler PCR array
(Qiagen, USA). The 96-well plate array contains 84
motility-related genes, 5 housekeeping genes, 1 genomic
DNA control, 3 reverse-transcription controls and 3 posi-
tive PCR controls. PCR components mix was prepared by
mixing 1350 uL 2 x RT? SYBR green mastermix, 102 uL
cDNA synthesis reaction and 1248 pL RNase-free water.
A volume of 25 pL from the mixture was pipetted into
each well of 96-well PCR array plates. Human cell motil-
ity RT? profiler PCR array plates were run on
StepOnePlus™ (Applied Biosystems) using the following
program: 95 °C for 10 min, 45 cycles of 95 °C for 15 s
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and 60 °C for 1 min. Cycle thresholds from RT-PCR were
exported to an excel file and analyzed using web-based
PCR array data analysis software available at https://
geneglobe.qiagen.com/my/analyze/. Relative gene
expression was determined by comparing AACt for
each gene in C. roseus-treated array to the control array.
A fold change <2 was considered significant.

Gene functional annotation

Gene annotation analysis was performed using Database for
Annotation, Visualization and Integrated Discovery (DAVID)
bioinformatics resource (https://david.nciferf.gov). The
official gene symbols of the downregulated genes were
submitted to the website and the analysis was performed.
Gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis were performed to classify genes
according to their participation in various biological processes
and pathways.

Protein-protein interactions network

The Search Tool for Retrieval of Interacting Genes / Proteins
(STRING) bioinformatics resource version 10.5 (Szklarczyk
et al. 2015) was used to construct the protein-protein interac-
tion (PPI) map (https://string-db.org). The map was
constructed with a combined score > 0.7 (cut-off point).
Cytoscape software (Cytoscape, 3.8.0) was used to visualize
the molecular interaction between the regulated genes. Genes
with high correlation in the network (Hub genes) were
identified using Cytohubba with Maximal Clique Centrality
(MCC) (Wang et al. 2020).

Statistical analysis

The results were expressed as means + SEM of triplicates of
three independent experiments. SPSS software (Version 23)
was used for statistical analysis. One-way analysis of variance
(ANOVA) followed by post-hoc test (Dunnet’s test) was per-
formed to evaluate the significant difference. P value less than
0.05 was considered statistically significant.

Results

Effect of C. roseus extract on the viability of MDA-MB-
231 cells

The effect of C. roseus extract on the viability of MDA-MB-
231 cells was assessed by MTT assay. MDA-MB-231 cells
were exposed to different concentrations of C. roseus (1-
32 pg/mL) for 24, 48 and 72 h. The extract did not show
cytotoxic effects on MDA-MB-231 cells within the range of
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1-16 pg/mL in all time intervals. However, the extract signif-
icantly decreased the viability of the cells at high dose of
32 ug/mL (Fig. 1). Non-cytotoxic concentrations (1, 2 and
4 pg/mL) were selected for the following experiments.

C. roseus extract inhibits the migration of MDA-MB-
231 cells

The ability of the C. roseus extract to inhibit the migration of
MDA-MB-231 cells was firstly assessed by a scratch assay.
The extract affected the natural capability of the cells to mi-
grate and cover the created wound in a dose-dependent man-
ner (Fig. 2a). In response to 2 and 4 pg/mL C. roseus treat-
ment for 24 h, the wound closure percentages of the cells were
decreased to 41.24% + 2.24% and 21.31% + 1.61%, respec-
tively, compared with the control (58.03% =+ 1.8%). Similarly,
after incubation for 48 h, the percentages of wound closure
were 73.04% + 1.23% and 51.61% + 2.84% at 2 and 4 pg/mL
C. roseus, respectively compared to almost 100% for control.
Even at a very low concentration of 1 pg/mL, the wound did
not completely close after 48 h. The wound closure data of
MDA-MB-231 cells treated with C. roseus from three inde-
pendent experiments are shown in column statistics (Fig. 2b).

The anti-migratory effect of the C. roseus extract on
MDA-MB-231 cells was further confirmed by Transwell
migration assay. The assay assessed the inhibitory effect
of the extract on the ability of MDA-MB-231 cells to
migrate through a porous membrane towards a
chemoattractant (10% FBS). The results revealed that,
C. roseus extract decreased the directional migration of
MDA-MB-231 cells in a dose-dependent manner. At 2
and 4 pg/mL C. roseus extract, the number of migrated
cells was reduced signifcantly (p <0.001) relative to that
of the control. Figure 3a shows the number of migrated
cells following C. roseus exposure. The numbers of mi-
grated MDA-MB-231 cells of three independent experi-
ments are shown in column statistics (Fig. 3b).

Fig. 1 Effect of C. roseus extract
on MDA-MB-231 cells viability
by MTT assay. The C. roseus
extract did not show cytotoxicity

at a concentration range of 1— 120 -
16 png/mL for all examined time s 100 1
intervals. Data are the mean + ; 80
SEM of three independent =
experiments. (¥p < 0.03) | 60
2 40
©
© 20
0 J

C. roseus extract inhibits the invasion of MDA-MB-231
cells

The effect of C. roseus extract on the invasiveness of MDA-
MB-231 cells was assessed by Transwell invasion assay. The
treated cells were seeded on the top of membrane-covered
Matrigel to mimic the ECM and then incubated for 20 h.
C. roseus extract exerted a dose-dependent anti-invasive ef-
fect on the highly invasive breast cancer cell line.
Figure 4a shows that the number of invading cells was de-
creased by the increased treatment concentrations, indicating a
dose-dependent effect. C. roseus extract at 2 and 4 pg/mL
significantly (p <0.001) decreased the number of invading
cells compared with the control. Figure 4b shows the numbers
of invading MDA-MB-231 cells of three independent exper-
iments compared with control.

C. roseus extract decreases MMP-2 and MMP-9 secre-
tion levels

The levels of MMP-2 and MMP-9 in the conditioned media of
MDA-MB-231 cells treated with different concentrations of
C. roseus were analysed by ELISA by using anti-human
MMP-2 and MMP-9 antibodies. The results showed that at
2 and 4 pg/mL C. roseus extract the secreted levels of both
MMPs were significantly (p < 0.001) decreased relative to the
control. The effect of the extract on MMP-9 level was more
potent than that on MMP-2 at 2 and 4 pg/mL. The secretion
level of MMP-2 was 75.17% + 1.39% and 59.43% + 4.19%
that of control at 2 and 4 pg/mL, respectively. However,
MMP-9 secretion levels were 59.76% + 3.15% and 41.86%
+4.19% that of the control at 2 and 4 pg/mL, respectively. By
contrast, at 1 pg/mL C. roseus, the secretion percentage of
MMP-2 was significantly (p <0.05) decreased to 80.8% =+
2.2%, whereas MMP-9 secretion was 93.9% + 1.4% com-
pared with that of control cells. A statistical analysis of
MMP-2 and MMP-9 secretion levels (%) compared with con-
trol cells is shown in Fig. 5.

m24h
48 h

72h

Control 1 2 4 8 16 32
Concentrations (ug/mL)
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Fig. 2 Effect of C. roseus extract a

on the migration of MDA-MB-

231 cells in scratch assay. a Cells

were exposed to 1, 2 and 4 pg/mL

C. roseus and photographed at 0, Oh
24 and 48 h. b Statistical analysis
of wound closure (%) of MDA-
MB-231 cells treated with

C. roseus. Data are the mean +
SEM of three independent
experiments. (**p <0.01 and
##%kp <0.001)

Control

24 h

48 h

120 -

100 -

80

60 -

40 -

Wound Closure (%)

20

control

C. roseus extract suppresses MMP-2 and MMP-9
activities

The effect of the extract on the gelatinolytic activity of
secreted MMP-2 and MMP-9 in the media of MDA-MB-
231 cells was investigated by gelatin zymography. Four
different concentrations (1, 2, 4 and 6 pg/mL) were used
to assess the inhibitory effect of the crude extract. As
shown in Fig. 6a, the extract showed noticeable dose-
dependent inhibition for both MMPs. Densitometric analy-
sis was performed using Image J software. As shown in
Fig. 6b, at C. roseus extract concentrations of 2, 4 and
6 ng/mL, the activities of MMP-2 were reduced to 80.2%
+ 1.7%, 72.5% + 2.2% and 63.3% + 2.5%, respectively,
compared with the control cells. Similarly, the activities of
MMP-9 decreased to 77.4% + 3.1%, 60.6% + 1.2% and
57.5% + 2.9% following exposure to 2, 4 and 6 pg/mL
C. roseus extract, respectively (Fig. 6b).
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C. roseus extract alters the gene expression profile of
motility-related genes in MDA-MB-231 cell line

To elucidate the effect of C. roseus extract on MDA-MB-
231 cell motility at the genomic level, we performed
pathway-focused gene expression analysis by using RT-
PCR and human cell motility RT? profiler PCR array. The
array contains 84 genes, which are grouped based on the
functions of their proteins to nine main groups as follows:
chemotaxis, receptors, growth factors, Rho family GTPase,
cell adhesion molecules (CAMs), integrin signaling, cellular
projections, cell polarity and proteases & protease inhibitors.
Rho family GTPases, CAMs and cellular projection groups
were further classified into subgroups (Online Resource 1).
Amongst the 84 genes examined, 52 (62%) were significant-
ly (» <0.05) downregulated in MDA-MB-231 cells follow-
ing exposure to 4 pg/mL C. roseus for 24 h (Table 1). We
selected this concentration based on our anti-proliferative,
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Fig. 3 Effect of C. roseus extract
on the migration of MDA-MB-
231 cells. a Cells were exposed to
1,2 and 4 pg/mL C. roseus
extract for 20 h. b Number of
migrated MDA-MB-231 cells
treated with different
concentrations of C. roseus. Data
are the mean + SEM of three
independent experiments.

(*p <0.05, ***p < 0.001)

140 -
120 - T

100 -
80 -
60
40 -
20 -

Number of migrated cells

Control

Control

anti-migratory and anti-invasive studies as it was non-
cytotoxic and showed significant anti-migratory and anti-
invasive effect on MDA-MB-231 cells. The list of the down-
regulated genes based on their participations in the various
functional categories and sub-categories as classified by
Qiagen is given as Online Resource 1. The downregulated
genes are mainly under the following categories: Rho family
GTPases, focal adhesions, invadopodia formation and prote-
ases, which are key regulators required for cellular functions
associated with cell motility, such as actin cytoskeleton
reorganisation, cell adhesion, ECM degradation and
invasion.

ok
i §
I dokok
1 2 4
Concentrations (pg/mL)

Gene functional annotation

In order to determine the cellular processes and biological
pathways that were regulated following C. roseus exposure,
we used DAVID bioinformatics resource. DAVID utilises a
complete set of functional annotation tools to classify genes
depending on their participation in cellular functions and sig-
naling pathways. Gene ontology (GO) and KEGG pathway
analyses revealed that the downregulated genes participated in
several biological processes and pathways important for cell
motility. Tables 2 and 3 show the most enriched biological
processes and pathways, respectively.
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Fig. 4 Effect of C. roseus extract a
on the invasion of MDA-MB-231

cells. a Cells were exposed to 1, 2

and 4 pg/mL C. roseus extract for

20 h. b Number of invading
MDA-MB-231 cells treated with
different concentrations of

C. roseus. Data are the mean +

SEM of three independent

experiments. (***p <0.001)

80 -

50
40
30 -

Number of invaded cells

10 -

Control

1 pg\mL

3 ok 3k

Control

Protein-protein interaction network and hub genes
identification

The interaction between the regulated genes was illustrat-
ed in a PPI network constructed by STRING database and
visualised with Cytoscape software. As shown in Fig. 7,
the constructed map showed significant interactions be-
tween the downregulated genes with PPI enrichment p-
value of <1.0e-16. The expected number of edges for
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1 2 4

Concentrations (pg/mL)

the 52 genes was 29, however, the network showed 205
edges (Average node = 7.88, local clustering coefficient =
0.515). All the regulated genes and edges of the construct-
ed PPI network were analysed and predicted by
Cytohubba software using the MCC ranking method to
identify the essential genes. The top ten genes which
may represent the key (hub) genes amongst the current
PPI map were identified and shown in orange colour in
the constructed map (Fig. 7).
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Fig. 5 Effect of C. roseus on

MMP-2 and MMP-9 secretions in =MMP-2
uMMP-9

the conditioned medium of
treated MDA-MB-231 cells. The
levels of secreted MMP-2 and
MMP-9 were determined using
ELISA kits as described in
Materials and Methods. Three
independent experiments were
performed, and the results are
presented as the mean + SEM.
(*p<0.05, **p<0.01 and
iy < 0.001)

120 -

100 -

]
o
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Secretion level (% of control)
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Control 1 2

Discussion

Cellular migration and invasion represent fundamental steps
in cancer metastasis and are commonly achieved by various
coordinated cellular processes. The inhibition of these pro-
cesses may provide opportunities to prevent or delay cancer
progression and dissemination. Studies have shown that, sev-
eral plants and plant-derived substances exert anti-cancer ac-
tivities on tumour cells through inhibiting various motility-
related processes (Kapinova et al. 2018; Shin et al. 2018).

C. roseus has been widely used in traditional practice in
many countries for the treatment of diabetes and cancer dis-
eases. Several in vivo studies have been conducted to evaluate
its toxic effects. Oral administration of C. roseus extracts to
rats was found to be safe up to 5000 mg kg -1. Higher doses
produce signs of toxicities in liver, kidney and heart of rats

Fig. 6 Effects of C. roseus on a
MMP-2 and MMP-9 activity in
the conditioned medium of
MDA-MB-231 cells. a The cells
were exposed to 1, 2,4 and 6 pg/
mL C. roseus for 24 h and the
MMP-2 and MMP-9 activities
were assessed using gelatin
zymography. b Densitometric
analysis of the bands obtained by
gelatin zymography using ImageJ
software. Three independent

Control

120 -
experiments were performed, and 3
o
the results are presented as the £ 100
mean + SEM. (*p < 0.05, 8 56
##p < 0.01, **%p < 0.001) k3
»
< 60 -
2
-% 40 -
o
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=
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(Vutukuri et al. 2017; Ajuru et al. 2019). Vinblastine and
vincristine, the cytotoxic agents isolated from C. roseus, are
also known to have severe adverse side effects in patients. The
main adverse side effects associated with vinblastine and vin-
cristine that determine their doses are neurotoxicity and
myelosuppression. Additionally, both cytotoxic agents
showed poor water solubility and low bioavailability which
limit their efficacy (Bates and Eastman 2017; Chagas and
Alisaraie 2019). The synergistic interaction between phyto-
chemicals can improve the therapeutic effect of anticancer
agents. The use of many compounds together not only provide
different mechanisms of action but also can improve the phar-
macokinetics of compounds. Moreover, combination therapy
can reduce the adverse side effects of cytotoxic agents (Zhou
et al. 2016). Previously, the synergistic effect of indole alka-
loids in C. roseus extract was reported. The indole alkaloid-
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Table 1 The downregulated genes (52) in MDA-MB-231 cells treated with C. roseus extract (>2-fold)

No Gene symbol Gene Definition Fold regulation
1 PAK1 P21 protein (Cdc42/Rac)-activated kinase 1 -5.43
2 PLDI Phospholipase D1, phosphatidylcholine-specific -4.86
3 MYLK Myosin light chain kinase -4.75
4 PRKCA Protein kinase C, alpha 4.27
5 RHO Rhodopsin -4.19
6 MMP14 Matrix metallopeptidase 14 (membrane-inserted) -4.15
7 ITGA4 Integrin, alpha 4 (antigen CD49D, alpha 4 subunit of VLA-4 receptor) -4.15
8 SH3PXD2A SH3 and PX domains 2A -4.14
9 WIPF1 WAS/WASL interacting protein family, member 1 -3.95
10 CTTN Cortactin -3.85
11 RAC2 Ras-related C3 botulinum toxin substrate 2 (rtho family, small GTP binding protein Rac2) -3.81
12 RAC1 Ras-related C3 botulinum toxin substrate 1 (tho family, small GTP binding protein Rac1) -3.79
13 CAPN2 Calpain 2, (m/1I) large subunit -3.69
14 CDC42 Cell division cycle 42 (GTP binding protein, 25 kDa) -3.56
15 CAPN1 Calpain 1, (mu/l) large subunit -3.54
16 ACTN3 Actinin, alpha 3 -3.53
17 ARHGEF7 Rho guanine nucleotide exchange factor (GEF) 7 -3.50
18 RASA1 RAS p21 protein activator (GTPase activating protein) 1 -3.45
19 CSF1 Colony stimulating factor 1 (macrophage) -3.41
20 MYHI10 Myosin, heavy chain 10, non-muscle -3.27
21 PLCGI Phospholipase C, gamma 1 -3.27
22 WASL Wiskott-Aldrich syndrome-like -3.24
23 MMP2 Matrix metallopeptidase 2 (gelatinase A, 72 kDa gelatinase, 72 kDa type IV collagenase) -3.18
24 MMP9 Matrix metallopeptidase 9 (gelatinase B, 92 kDa gelatinase, 92 kDa type IV collagenase) -3.16
25 LIMK1 LIM domain kinase 1 -3.14
26 HGF Hepatocyte growth factor (hepapoietin A; scatter factor) -3.11
27 MET Met proto-oncogene (hepatocyte growth factor receptor) -3.07
28 ILK Integrin-linked kinase -3.05
29 STAT3 Signal transducer and activator of transcription 3 (acute-phase response factor) -3.02
30 ITGB3 Integrin, beta 3 (platelet glycoprotein I1la, antigen CD61) -3.01
31 MSN Moesin -2.97
32 PAK4 P21 protein (Cdc42/Rac)-activated kinase 4 -2.95
33 TLNI1 Talin 1 -2.90
34 VCL Vinculin -2.89
35 EGF Epidermal growth factor -2.87
36 PFN1 Profilin 1 -2.85
37 PTPN1 Protein tyrosine phosphatase, non-receptor type 1 -2.83
38 PXN Paxillin -2.82
39 FGF2 Fibroblast growth factor 2 (basic) -2.82
40 DIAPHI Diaphanous homolog 1 (Drosophila) -2.79
41 ACTN4 Actinin, alpha 4 -2.79
42 EGFR Epidermal growth factor receptor -2.74
43 ACTR2 ARP2 actin-related protein 2 homolog (yeast) -2.73
44 ENAH Enabled homolog (Drosophila) -2.67
45 PLAUR Plasminogen activator, urokinase receptor -2.66
46 IGFIR Insulin-like growth factor 1 receptor -2.59
47 EZR Ezrin -2.46
48 BCARI1 Breast cancer anti-estrogen resistance 1 -2.44
49 FAP Fibroblast activation protein, alpha -2.32

@ Springer



Biologia (2021) 76:1017-1032 1027
Table 1 (continued)

No Gene symbol Gene Definition Fold regulation
50 ITGB2 Integrin, beta 2 (complement component 3 receptor 3 and 4 subunit) -2.32

51 DPP4 Dipeptidyl-peptidase 4 -2.14

52 RND3 Rho family GTPase 3 -2.08

enriched C. roseus extract showed more cytotoxicity on leu-
kemia cell lines compared to the effect of the alkaloids sepa-
rately which indicates the synergistic action of C. roseus com-
pounds (Fernandez-Pérez et al. 2013). The use of C. roseus
alkaloids at low doses and in combination may give better
therapeutic effect, reduce the cytotoxicity and enhance the
bioavailability of the bioactive compounds.

In the current study, the effect of low doses of C. roseus
extract on migration, invasion, gelatinase secretion and activ-
ities of MDA-MB-231 cells was assessed. Furthermore, the
effect of the extract on the expression profile of 84 genes
commonly involved in various cellular processes important
for cell motility was investigated.

The results showed that, C. roseus extract strongly
inhibited the migration and invasion of MDA-MB-231 cells
at non-cytotoxic concentrations. This inhibition was associat-
ed with decreased levels and activities of MMP-2 and MMP-9
in a dose-dependent manner. At molecular levels, the extract
downregulated 52 motility-related genes, which included
MMP-2, MMP-9 and MMP-14, amongst other proteases.
Matrix metalloproteinases (MMPs) play an important role in
tumour invasion and metastasis due to their capabilities to
process the ECM components (Jablonska-Trypué et al.
2016; Tauro and Lynch 2018). The overexpression of MMP
members, such as MMP-2, MMP-9 and MMP-14, is associ-
ated with the invasion and metastasis of mammary tumours

(Di et al. 2018; Li et al. 2017). Moreover, the inhibition of
these MMPs is linked to the inhibition of invasive capability
of MDA-MB-231 cells (Ling et al. 2017; Mali et al. 2012).
Previous studies have reported the role of plant and plant-
derived substances in the inhibition of migration and invasion
of MDA-MB-231 cells through the suppression of MMP-2,
MMP-9 and MMP-14 activities and expression (Al Dhaheri
et al. 2013; Li et al. 2014; Nho et al. 2015; Mali et al. 2012;
Tieng et al. 2019). Likewise, our findings speculated that
C. roseus extract may inhibit invasion, at least partly, by af-
fecting the ability of the cells to degrade the ECM through
regulating the secretion, activities and transcriptions of
MMPs.

In addition to the downregulation of ECM proteases, the
extract significantly downregulated other genes, which are
mainly under RHO family GTPases, focal adhesions and
invadopodia formation categories. RHO family GTPase pro-
teins play a fundamental role in cancer cell metastasis by con-
trolling several aspects of cell migration (Haga and Ridley
2016). The classical GTPase subfamilies RHO, RAC and
CDC42 signaling molecules are well known for their function
in the regulation of actin cytoskeleton, which is necessary for
many cellular processes in cancer cell motility (Fife et al.
2014). Targeting the RHO, RAC and CDC42 signaling path-
ways provides several opportunities to discover effective ther-
apeutics to inhibit cancer dissemination. The inhibition of

Table 2 Biological processes for

the downregulated genes (>2- Biological process

Count

Genes

fold) in MDA-MB-231 cells.
Gene ontology analysis was
performed using DAVID

Signal transduction 14

Positive regulation of cell 12
migration

cell adhesion 11

Ephrin receptor signaling 9
pathway

Movement of cell or 9
subcellular component

Cell-matrix adhesion

Actin cytoskeleton
organisation

Extracellular matrix 5
disassembly

integrin-mediated signaling 5
pathway

LIMK1, MET, RASA1, ARHGEF7, EGFR, EGF, FGF2, IGF1R,
PAK4, PXN, PLCGI, PLAUR, RAC2, STAT3

BCARI1, ACTN4, CSF1, DIAPHI, EGFR, HGF, IGF1R, ILK,
MMP14, MYLK, PAK1 and PRKCA

BCARI1, RND3, FAP, ITGA4, ITGB2, ITGB3, MYH10, PXN,
PRKCA, RACI, VCL

ACTR2, RASA1, ARHGEF7, WASL, CDC42, MMP2, MMP9,
PAK1, RAC1

ACTR2, WASL, MSN, PAK4, PLAUR, RACI1, STAT3, TLN1, VCL

ILK, ITGA4, ITGB2, ITGB3, PXN, RAC1, VCL
LIMK1, RND3, CDC42, DIAPH1, PFN1, RAC1, RAC2

CAPNI, CAPN2, MMP14, MMP2, MMP9

BCARI, ILK, ITGA4, ITGB2, ITGB3
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Table 3 Pathway analysis for the

Genes

downregulated genes (>2-fold) in Pathways Count
MDA-MB-231 cells. Pathway ] _
analysis was performed using Regulation of actin 25
KEGG cytoskeleton
Focal adhesion 23
RAP1 signaling 17
pathway
RAS signaling 16
pathway
Pathways in cancer 14
Adherens junction 11
PI3K-Akt signaling 11
pathway
MAPK signaling 9
pathway

BCARI, LIMK1, ARHGEF7, WASL, ACTN3, ACTN4, CDC42, DIAPH1,
ENAH, EGFR, EGF, EZR, FGF2, ITGA4, ITGB2, ITGB3, MSN,
MYLK, PAK1, PAK4, PXN, PFNI1, RACI, RAC2, VCL.

BCARI, MET, ACTN3, ACTN4, CAPN2, CDC42, DIAPHI, EGFR, EGF,
HGF, IGF1R, ILK, ITGA4, ITGB3, MYLK, PAK1, PAK4, PXN,
PRKCA, RACI, RAC2, TLN1, VCL.

BCARI, MET, CDC42, CSF1, EGFR, EGF, FGF2, HGF, IGF1R, ITGB2,
ITGB3, PLCG1, PFN1, PRKCA, RAC1, RAC2, TLNI.

MET, RASA1, CDC42, CSF1, EGFR, EGF, FGF2, HGF, IGFIR, PAK1,
PAK4, PLCGI, PLD1, PRKCA, RAC1, RAC2.

MET, CDC42, EGFR, EGF, FGF2, HGF, IGF1R, MMP2, MMP9, PLCG1,
PRKCA, RACI, RAC2, STAT3

MET, WASL, ACTN3, ACTN4, CDC42, EGFR, IGF1R, PTPN1, RACI,
RAC2, VCL.

MET, CSF1, EGFR, EGF, FGF2, HGF, IGF1R, ITGA4, ITGB3, PRKCA,
RACI.

RASAL, CDC42, EGFR, EGF, FGF2, PAK1, PRKCA, RACI, RAC2.

cancer cell motility by regulating the expression of RHO,
RAC and CDC42 molecules has been reported previously.
Acevedo-Diaz et al. (2019) reported that Ganoderma lucidum
extract suppresses the migration and invasion of MDA-MB-
231 cells by reducing the expression of RAC signaling
molecules and CDC42 and inhibiting lamellipodium

Fig. 7 Protein-protein interaction
network of C. roseus
downregulated genes. The
network was constructed using
STRING and visualised using
Cytoscape software. The map
shows significant interactions
between the downregulated genes
(the average node = 7.88, average
local clustering coefficient =
0.515, enrichment p-value < 1.0e-
16). The top 10 hub proteins were
coloured in orange

RASA1

FGF2
MSN

MMP9

MMP2

MMP14
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formation. Likewise, Kasorn et al. (2018) reported that terrein,
a metabolite isolated from Aspergillus terreus, inhibits the
migration and invasion of breast cancer cell lines by suppress-
ing the expression of RHO GTPases and MMPs. In the same
context, the flavone apigenin inhibits the motility of breast
cancer cells by downregulating the expression of the RHO
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GTPases RAS, RAC1, CDC42 and RHOA (Shih 2017). In
our study, the extract downregulated the expression of 18
genes important to RHO, RAC and CDC42 signaling path-
ways. These results suggest that, C. roseus may partially ex-
hibit its anti-migratory effect by suppressing RHO GTPase
genes expression.

Studies have shown that microtubules targeting drugs such
as vinca alkaloids exert anti-metastatic properties such as anti-
migratory and anti-invasive effects (Bijman et al. 2006; Bates
and Eastman 2017). Recently Wang et al. (2019) have shown
that, microtubule-binding agents such as vinblastine, inhibited
the migration of human osteosarcoma cancer cells (U20S)
through altering microtubule dynamics. This study showed
that, low concentrations of C. roseus extract inhibited the mi-
gration and invasion of MDA-MB-231 cells through inhibi-
tion of various cellular processes including cytoskeletal reor-
ganization. The inhibition of cytoskeletal reorganization could
be due to the presence of vinblastine and vincristine in the
extract. Study is ongoing to separate and identify the bioactive
compounds responsible for anti-migratory and anti-invasive
effect of C. roseus extract on MDA-MB-231 cells.

Notably, the most significantly downregulated molecule
amongst the RHO GTPase genes was P21-activated kinase 1
(PAK1). C. roseus significantly suppressed the expression of
PAKI1 by 5.43-fold. PAK1, a member of the serine/threonine
protein kinase family, is one of the major downstream effectors
of the RAC and CDC42 signaling pathways (Manser et al.
1994). In addition to its essential role in transmitting signals
controlling cytoskeleton reorganisation, it is implicated in the
phosphorylation of many cellular proteins with functions in cell
motility and invasion (Kumar et al. 2006; Radu et al. 2014).
The role of PAK in cancer cell invasion through regulating the
expression and activity of MMPs, particularly MMP-2 and
MMP-9 has been documented (Chen et al. 2019; Rider et al.
2013). The importance of PAK1 as a therapeutic target in breast
cancer has been highlighted by various research groups
(Korobeynikov et al. 2019; Hirokawa et al. 2005; Ong et al.
2015). The inhibition of PAK1 by IPA-3 inhibitor significantly
inhibits the migration of the MDA-MB-231 cell line in a time-
and dose-dependent manner (Fajardo et al. 2015). In the present
study, the downregulation of PAK1 by C. roseus may be a
mechanism behind the suppression of the migration and inva-
sion capabilities of MDA-MB-231 cells.

Focal adhesions are integrin-containing subcellular struc-
ture that facilitate cell-ECM crosstalk and represent scaffold
for many biochemical signaling essential for tumour cell mo-
tility. It has been revealed that, formation of focal adhesions is
essential for migration and invasion of cancer cells (Shen et al.
2018). Th e regulation of focal adhesions proteins is important
to inhibit the migration of highly invasive TNBC cells
(Schlienger et al. 2015; Shen et al. 2018). It has been reported
that, the secondary metabolite afzelin inhibited the migration
of MDA-MB-231 cells through suppression of focal

adhesions formation (Rachmi et al. 2020). In the current
study, 10 genes implicated in focal adhesions formation were
significantly downregulated following C. roseus exposure.
This result indicates the ability of C. roseus components to
inhibit breast cancer migration and invasion by regulating
focal adhesions formation.

The formation of cellular protrusions, such as filopodia,
lamellipodia and invadopodia, are essential for cell motility.
Invadopodia are finger-like, actin-rich projections formed by
highly invasive cancer cells to degrade and invade the ECM
(Murphy and Courtneidge 2011). The inhibition of
invadopodium development can effectively decrease the inva-
siveness of breast cancer cells and prevent metastasis (Eckert
and Yang 2011; Tieng et al. 2019). Invadopodium formation
is a complex process involving initiation, stabilisation and
maturation, which are regulated by various molecules. In our
study, 17 genes, including CDC42, EGF, SH3PXD2A,
WASL, MMP-2, MMP-9 and MMP-14, were downregulated
by C. roseus. The above-mentioned downregulated genes are
some of the key regulators of invadopodium process (Hoshino
et al. 2013; Jacob and Prekeris 2015). Our findings were in
line with previous studies reporting the role of medicinal
plants in the inhibition of TNBC invasion by preventing
invadopodium formation (Fu et al. 2016; Harun et al. 2018).
This result suggested that the regulation of invadopodia-
related genes was a mechanism utilised by C. roseus to halt
the invasion of MDA-MB-231 cells.

In order to predict the most enriched biological functions
and pathways of the downregulated genes following C. roseus
exposure, GO and KEGG pathway analyses were performed
using DAVID. DAVID provides bioinformatics and function-
al annotation tools to interpret the biological mechanisms as-
sociated with the regulated genes and has been commonly
used in biological research (Shah et al. 2016). GO analysis
results indicated that exposure to C. roseus extract resulted
in the enrichment of important biological processes related
to cell motility, such as the positive regulation of cell migra-
tion, cell adhesion, actin cytoskeleton organisation and ECM
disassembly. Similarly, KEGG pathway annotation analysis
revealed that the differentially expressed genes were mainly
enriched in the regulation of actin cytoskeleton, focal adhe-
sion, RAP1 and RAS signaling pathways. GO and KEGG
pathway analyses confirmed the molecular targets of
C. roseus and its potential role as inhibitor of breast cancer
motility through the regulation of several cellular events.
Using the STRING and Cytoscape, ten genes (RACI,
CTTN, CDC42, CAPN1, ACTN3, ARHGEF7, TLNI1, EGF,
PXN and ACTN4) were identified as hub genes highly corre-
lated with the other genes in the network. Various recent stud-
ies support the importance of these identified hub genes in the
migration and invasion of breast cancer cells (Tian et al. 2018;
Montalto et al. 2019; Liang et al. 2018; Yin et al. 2017; Wang
et al. 2017; Acevedo-Diaz et al. 2019).
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In summary, the data showed that C. roseus inhibited the
migration and invasion of the highly invasive TNBC cell line
MDA-MB-231 at non-cytotoxic doses. The inhibitory effect
may involve altering the expression profile of various genes
implicated in ECM degradation, cytoskeleton reorganisation,
focal adhesions and invadopodia formation. Our study pro-
vides a preliminary view of the potential molecular targets
of C. roseus phytochemicals in MDA-MB-231 cells, and
these results may aid in the design and development of effec-
tive combination therapies for the treatment of invasive breast
cancer.
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