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Abstract: In order to metastasize, tumor cells need to migrate and invade the surrounding tissues.
It is important to identify compound(s) capable of disrupting the metastasis of invasive cancer
cells, especially for hindering invadopodia formation, so as to provide anti-metastasis targeted
therapy. Invadopodia are thought to be specialized actin-rich protrusions formed by highly
invasive cancer cells to degrade the extracellular matrix (ECM). A curcuminoid analogue known
as 2,6-bis-(4-hydroxy-3-methoxybenzylidine)cyclohexanone or BHMC has shown good potential in
inhibiting inflammation and hyperalgesia. It also possesses an anti-tumor effects on 4T1 murine
breast cancer cells in vivo. However, there is still a lack of empirical evidence on how BHMC
works in preventing human breast cancer invasion. In this study, we investigated the effect of
BHMC on MDA-MB-231 breast cancer cells and its underlying mechanism of action to prevent
breast cancer invasion, especially during the formation of invadopodia. All MDA-MB-231 cells,
which were exposed to the non-cytotoxic concentrations of BHMC, expressed the proliferating
cell nuclear antigen (PCNA), which indicate that the anti-proliferative effects of BHMC did not
interfere in the subsequent experiments. By using a scratch migration assay, transwell migration
and invasion assays, we determined that BHMC reduces the percentage of migration and invasion
of MDA-MB-231 cells. The gelatin degradation assay showed that BHMC reduced the number of
cells with invadopodia. Analysis of the proteins involved in the invasion showed that there is a
significant reduction in the expressions of Rho guanine nucleotide exchange factor 7 (3-PIX), matrix
metalloproteinase-9 (MMP-9), and membrane type 1 matrix metalloproteinase (MT1-MMP) in the
presence of BHMC treatment at 12.5 M. Therefore, it can be postulated that BHMC at 12.5 pM is the
optimal concentration for preventing breast cancer invasion.

Keywords: BHMC; breast cancer invasion; invadopodia; 3-PIX; MMP-9; MT1-MMP

1. Introduction

Breast cancer is one of the most common cancers affecting women worldwide [1]. Based on
records from the National Cancer Institute of Malaysia, breast cancer leads the overall cancer cases by
31.1% from 2007-2011 [2]. The huge percentage of cases makes it the leading factor that contributes
to cancer mortality in Malaysia. Breast cancer is well-known for its ability to spread to other parts of
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the body. This is known as cancer metastasis [3]. Common parts of the body where breast cancer can
spread are liver, lungs, the brain, and bones [3]. Among all the breast cancer cases, triple negative
breast cancer (TNBC) is the highest grade found in solid breast tumors. TNBC is the most difficult case
to treat since the cancer cells lack receptors related to the progression of breast cancer such as estrogen,
progesterone, and HER2 expression [4].

Metastatic breast cancer is a multistep process that starts with the escape of tumor cells from
the primary tumor, degradation and invasion through the extracellular matrix (ECM), entry into the
vasculature and dissemination to distant sites [5]. In order to degrade and invade the ECM, highly
invasive cancer cells are thought to form specialized membrane protrusions termed invadopodia [6].
Invadopodia are formed as finger-like projections possesed by cancer cells with extensive remodeling
of the actin cytoskeleton that appear in the direction of cell movement [7]. These protrusions possess
degrading activities, which is one of the prerequisites of the first step of metastatic cascade [8]. In
recent years, the formation of invadopodia has extensively been explored to discover the proteins
involved [9]. Studies have found that invadopodia are the main control in organizing the steps in
metastasis comprising many proteins such as cortactin, Actin-related protein 2/3 (Arp 2/3), Neural
Wiskott-Aldrich syndrome protein (N-WASP), MMP-9, MT1-MMP, adapter protein Tks4, adapter
protein Tks5, Ezrin, profilin, 3-PIX, and many more [10-12]. Each of these proteins play a different
role but some are related to each other, which is either to initiate the actin reorganization or to degrade
the ECM [11,13,14]. Recent reports have suggested the possible pathways connecting these proteins
in order to comprehensively translate the investigation into useful drug production studies [13,15].
Studies also use computer simulations to observe the synergistic effect on blocking cancer invasion by
blocking MT1-MMPs alone and a combination of blocking several components of MMPs, in which the
effect is more on hindering invasion [16].

Metastatic breast cancer is a major problem, as it can affect the survival of cancer patients [17].
Recently, the treatment itself has introduced the recurrence of cancer besides producing side effects
and promoting invasion and metastasis [18,19]. Therefore, new exploration into the compounds or
drugs to serve as chemoprevention should be vigorously done [17].

Curcumin, a diarylheptanoid compound found in turmeric, has been studied for many years and
has been proven to show positive outcomes as an anti-bacterial [20], anti-malarial [21], anti-oxidant [22],
anti-inflammation [23] and anti-cancer compound [24-26]. Nevertheless, due to its poor bioavailability,
researchers have adopted many approaches to overcome this issue, including encapsulating the
curcumin as a nanoparticle [20] and synthesizing analogues of curcumin [27]. Our group synthesized
an analogue of curcumin known as 2,6-bis-(4-hydroxy-3-methoxybenzylidine) cyclohexanone or
BHMC. The synthesis of BHMC was devised by referring to the structure of curcumin. The 3-diketone
moiety of the curcumin was eliminated and modified into a conjugated double bond while maintaining
the phenolic OH group for its anti-oxidant properties [27]. This curcuminoid analogue was studied in
inflammation [27], sepsis [28], hyperalgesia [29] and murine breast cancer [30]. BHMC has been shown
to inhibit the pro-inflammatory cytokines, which are the monocyte chemotactic protein (MCP)-1,
interleukin (IL)-10, and tumor necrosis factor (TNF)-« [27]. BHMC also inhibits the signaling pathway
of inflammation, which consists of a nuclear factor (NF-«B), activator protein (AP)-1 and p-38 and
mitogen-activated protein kinase (MAPK). It also protects from lethal sepsis in the caecal-ligation
puncture (CLP) model of severe sepsis [28]. Besides that, BHMC was also proven to elicit an
anti-hyperalgesic effect in the neuropathic pain model in mice [29]. Recently, BHMC has been studied
on murine 4T1 breast cancer cells [30]. That particular study showed that BHMC reduced the number
of mitotic cells in 4T1-challenged mice, which is related to some anti-proliferative effect possessed
by BHMC. Besides that, the metastasis of 4T1 cells to the lung was also reduced, suggesting the
anti-metastatic effect possessed by BHMC [30]. Thus it is interesting to observe the effect of BHMC on
MDA-MB-231 human breast cancer cells.

In the present study, we showed that BHMC significantly prevented cancer invasion, which is
one of the key steps of the metastasis of breast cancer. This action appears to be due to the inhibition of
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invadopodia formation and the inhibition of invadopodia-related proteins, which are 3-PIX, MMP-9,
and MT1-MMP. Our results provide new direction for BHMC treatment in that it may interrupt the
progression of breast cancer.

2. Results

2.1. Cytotoxicity and Effects of BHMC on the Proliferation of MDA-MB-231 Cells

Determination of the concentration of BHMC is important to check the cytotoxicity of BHMC on
MDA-MB-231 cells. A MTT assay was used to determine the effect of BHMC on MDA-MB-231 cell
metabolic activity. The concentrations of BHMC used in the MTT assay were in the range of 1.6 to
100 uM.
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Figure 1. Cell viability and cell proliferation assays. (A) MDA-MB-231 cells (1 x 10° cells/mL) were
treated with different concentrations of BHMC for 24 h and detected for cell viability using MTT assay.
(B) MDA-MB-231 cells (2 x 10* cells/mL) were fixed and stained with anti-PCNA, Alexa Fluor 568
goat anti-mouse secondary antibody (red), Hoechst (blue), and Alexa Fluor 488 phalloidin (green) after
treating with BHMC for 24 h using indicated concentrations (mag. 400x). The arrows indicate the
presence of PCNA in the cytoplasm of the cells. (C) The graph is plotted to represent the presence
of PCNA in 150 MDA-MB-231 cells for each condition. All values are the mean + S.E.M of three
independent experiments. *** p < 0.001, which is significantly different from the untreated group.

Figure 1A shows the effect of BHMC on MDA-MB-231 cell metabolic activity or cell viability in
this study. Treatment with BHMC reduced the cell viability at 25 uM and above on MDA-MB-231
cells. Thus, concentrations of BHMC at 12.5 uM and below were used for subsequent assays to avoid
interference resulting from the anti-proliferative effect of BHMC. Treatment of BHMC at 12.5 uM and
below was further checked for cell proliferation with the presence of proliferating cell nuclear antigen
(PCNA) antibody. All cells counted in all conditions of BHMC ranging from 1.6 to 12.5 uM expressed
PCNA. These are then stained with an antibody for visualization purposes (Figure 1B,C) including the
control group.

2.2. Inhibition of BHMC on the Migration and Invasion of MDA-MB-231 Cells

Migration and invasion are important steps in cancer metastasis [31]. Scratch migration assay,
transwell migration, and transwell invasion assays were used to investigate the effect of BHMC on
the migration and invasion of MDA-MB-231 cells. Treating the cells with BHMC at 12.5 uM (p < 0.01)
significantly decreased the migration of MDA-MB-231 cells (Figure 2A). This was confirmed with
the results of the transwell migration assay (Figure 2B) in comparison to the untreated group. The
transwell migration assay (Figure 2B) shows that BHMC reduced the cell numbers that migrated
through the inserts. We also tested the ability of MDA-MB-231 cells to invade the matrix using the
transwell invasion assay upon treatment with BHMC. Treatment of BHMC significantly reduced
(p < 0.05) the number of invaded cells at 12.5 pM; this is consistent with previous assays (Figure 2C).
These findings prove that BHMC prevents the migration and invasion of MDA-MB-231 cells.
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Figure 2. Effects of BHMC on the migration and invasion of MDA-MB-231 cells using scratch migration
assay, transwell migration, and transwell invasion assays. (A) Confluent MDA-MB-231 cells were
wounded with a vertical pipette tip and treatment of BHMC of indicated concentrations were added
for 24 h. The cells were photographed under inverted microscopy at 0 h and at 24 h. The distance the
cells migrated were calculated and converted into a percentage. The outer dotted line is the mark of the
distance at 0 h while the black line is the mark of distance at 24 h. (B) MDA-MB-231 cells were seeded
into 8 um transwell inserts and treated with indicated concentrations of BHMC for 24 h. The cells were
stained with 0.2% crystal violet. The images were captured at five different fields using a magnification
of 100X. The stained cells were lysed with 100% acetic acid and absorbance was measured at 570 nm.
(C) For transwell invasion, the MDA-MB-231 cells seeded on rat-tail collagen type I in 8 um inserts
were treated with the indicated concentrations of BHMC for 24 h. The cells were then stained with
0.2% crystal violet. The images were captured at five different fields using a magnification of 100X.
Then, the dye was lysed with 100% acetic acid and the absorbance was measured at 570 nm. The data
represents the mean + S.E.M of three independent experiments. * p < 0.05 and ** p < 0.01, which is
significantly different from the untreated group.

2.3. BHMC Effects on the Number of Cells Forming Invadopodia

MDA-MB-231 cells have been extensively studied for their potential to successfully form
invadopodia when they are placed on a matrix [14,32]. Invadopodia have a dot-like appearance
with an actin-rich core in a 2D matrix degradation assay [14]. These dots are the accumulation of
many proteins, assembled together to perform their own functions and producing small punctate
finger-like projections near the cell nucleus that extend proteolytically into the matrix [14]. We tested
the ability of MDA-MB-231 to form invadopodia on Oregon Green 488 gelatin-coated coverslips upon
BHMC treatment and found that BHMC reduces the number of cells that form invadopodia in a
concentration-dependent manner (Figure 3A,B). GM6001, an MMP-inhibitor, was used to synchronize
the formation of invadopodia appearing in MDA-MB-231 cells. There is an absence of invadopodia in
all cells upon treatment with GM6001 at 10 uM.
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Figure 3. Effects of BHMC on gelatin degradation assay. (A) Cells seeded in a 6-well plate
(5 x 10* cells/mL) were treated with indicated concentrations of BHMC for 24 h and then re-seeded
(2 x 10* cells/mL) on Oregon Green 488 gelatin-coated coverslips for 3 h, fixed and stained for F-actin.
Images were captured at a magnification of 400X. Arrows indicate the degradation on OG 488 gelatin.
(B) Cells were scored for the presence of actin spots with underlying gelatin degradation for 100 cells
for each condition. In all cases, the results are the mean £ S.E.M of three independent experiments.
**p <0.01 and *** p < 0.001, which is significantly different from the untreated group. Scale bar = 20 um.

2.4. Inhibition of B-PIX, MMP-9, and MT1-MMP Protein Expression on MDA-MB-231 Cells upon BHMC
Treatment

Previous studies have demonstrated that migration and invasion are key steps in cancer
metastasis [33]. Matrix metalloproteinases (MMPs)-9 have been reported to also be linked with
migration and invasion [33,34] and MT1-MMP was revealed to be associated with invasion specifically
in the formation of invadopodia [35,36]. Similarly, 3-PIX was found to be involved in migration
and invasion [37] and in invadopodia formation of breast [38] and ovarian cancer cells [39]. BHMC
treatment at a concentration of 12.5 uM significantly reduced the expression of MMP-9 (p < 0.01),
MT1-MMP (p < 0.05), and B-PIX (p < 0.001) in MDA-MB-231 cells (Figure 4A—C), which suggests that
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this compound has the ability to prevent the migration and invasion of MDA-MB-231 especially in
reducing the formation of invadopodia.
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Figure 4. Effects of BHMC on 3-PIX, MMP-9, MT1-MMP, protein expression. MDA-MB-231 cells were
treated with indicated concentrations of BHMC for 24 h. Cell lysates were probed with (A) -PIX, (B)
MMP-9, and (C) MT1-MMP and normalized to Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
level. All data are the mean 3 S.E.M of three independent experiments. * p < 0.05, ** p < 0.01 and
*** p < 0.001, which is significantly different from the untreated group.

3. Discussion

Cancer metastasis is a selective event wherein the tumor cells only invade the surrounding that
favors its growth once the cells detach from the primary tumor [40,41]. The steps involved in cancer
metastasis include the detachment of the tumor cells from the primary tumor and invasion into
surrounding tissue whereby the angiogenesis process also occurs simultaneously to supply nutrients
and oxygen to the tumor cells [42]. Breast cancer is well-known for its ability to spread to other parts
of the body [3]. In this study, we investigated the effects of BHMC on the proliferation, migration,
and invasion of MDA-MB-231 breast cancer cells.

Cancer cells have undergone abnormal proliferation and dissociation from the tissue of origin
to disseminate to other organs [43]. Proliferating cell nuclear antigen (PCNA) is a type of marker
used to detect cell proliferation [44]. PCNA is involved in DNA replication and repair and cooperates
as a cofactor to the DNA polymerase to prevent enzymes from separating from the DNA template
by encircling the DNA [45]. Treatments of BHMC were chosen from 1.6 to 12.5 uM that showed
cell viability of 80% and above. Thus, these concentrations were tested again by staining the PCNA
antibody on MDA-MB-231 cells to confirm the effect of BHMC on the presence of PCNA in order to
avoid interference resulting from the anti-proliferative effect of BHMC.

BHMC was observed to not affect the presence of proliferating cell nuclear antigen (PCNA) in
MDA-MB-231 cells (Figure 1C). However, the presence of PCNA was observed in the cytoplasm
of the cells (Figure 1B). PCNA is a well-known nuclear protein [44]. Its presence in the cytoplasm
indicates that the protein was translocated from the nucleus to the cytoplasm [44]. It is suggested
that the presence of PCNA in the cytoplasm may be involved in cytoskeleton regulation. One study
demonstrated the binding of PCNA to cytoplasmic and membrane proteins, indicating that the
interaction may be required in cancer migration [46]. Ultimately, more data needs to be collected



Molecules 2018, 23, 865 10 of 18

to elucidate the function of cytoplasmic PCNA and cancer migration and invasion to provide new
insights into the pathological improvement of cancer.

BHMC treatment was further studied to observe its effects on migration and invasion of
MDA-MB-231 cells (Figure 2A—C). The ability of the tumor cells to migrate and invade into the
surrounding tissue is the hallmark of tumor metastasis [47]. In the present study, treatment using
BHMC has shown significant reduction in the percentage of migration and invasion of MDA-MB-231
cells (Figure 2A—C). Previous studies have reported curcumin to also prevent the invasion of
MDA-MB-231 and MCE-7 breast cancer cells [25,48] and SCC-25 oral squamous cell carcinoma [24].
Besides that, a reduction in the number of cells forming invadopodia in the MDA-MB-231 cells upon
all concentrations of BHMC treatment in this study in comparison to the untreated group was also
observed (Figure 3). Invadopodia are thought to be formed and utilized by highly invasive cancer cells
to degrade the matrix in the physiological environment to drive the invasion process [49]. A study
conducted using safflower, a Chinese medicine, has also been performed to determine its effects on the
formation of invadopodia in MDA-MB-231 cells [50]. This compound has also shown reduction in
invadopodia formation. This is possibly due to the reorganization of the cytoskeleton and the reduction
in the expression level of invadopodia-related proteins, which are p-Src and MMP-9, thus preventing
the formation of invadopodia [50]. Therefore, it is plausible that one of the reasons for the reduction
in the number of cells forming invadopodia is due to the interruption of cytoskeleton upon BHMC
treatment. A compound called GM6001 was used to synchronize the formation of invadopodia [51].
As expected, there is absence of cells forming invadopodia when treated with GM6001, a broad range
MMP inhibitor [51]. Invadopodia were not observed due to the inhibition of MMPs, but appeared
again when the inhibitor was washed out [52].

In recent years, increasing evidence has shown that invadopodia recruit many signaling proteins
and proteases, which either aim to promote actin assembly or to degrade the matrix [11]. In this
study, for the first time we demonstrated that the treatment of BHMC successfully reduced the
expression of 3-PIX, MMP-9, and MT1-MMP in MDA-MB-231 cells (Figure 4A-C). It is therefore
reasonable to speculate that the inhibition of invadopodia by BHMC may be partly due to the significant
reduction in the expression levels of these invadopodia-related proteins. 3-PIX is a guanine nucleotide
exchange factor for Rac and Cdc42 and has been implicated in the regulation of cell adhesion and cell
migration [12,53]. 3-PIX has also been associated with invadopodia formation in breast cancer [38].
In a study conducted against a background of hypoxia, the 3-PIX expression level was up-regulated
upon expressing MDA-MB-231 cells with hypoxia and the number of cells with invadopodia decreased
upon silencing of 3-PIX [38]. Another study was also conducted to check whether or not the G protein
is related to 3-PIX and Src, a protein that is confined to invadopodia and shows the invasive migrating
characteristics of tumor cells [54]. Src leads to the recruitment of 3-PIX and activates the Rac protein in
invadopodia [37]. It has been found that a G protein known as Ga;p has been co-localized with Src
and 3-PIX in ovarian cancer cells, suggesting that 3-PIX has prominently appeared in invadopodia in
vigorously migrating cells [39]. Since BHMC reduced the expression of 3-PIX at 12.5 uM, we postulate
that the reduction in number of cells forming invadopodia is due to the treatment of BHMC that affects
the 3-PIX signaling pathway.

Other proteins investigated in this study were MMP-9 and MT1-MMP. MMP-9 has been thought
to be related to cell migration and invasion by degrading the collagen and other matrix thus facilitating
the metastasis of cancer cells [55-57]. A study demonstrated the role of cortactin in the production of
invadopodia-associated MMPs: matrix metalloproteinase-2 (MMP-2), MMP-9, and MT1-MMP [36].
Surprisingly, the decrease in invadopodia actin puncta formation through the inhibition of MMPs
is parallel to the silencing of cortactin, which implies that cortactin can stimulate the secretion of
MMPs [36]. Hispolon, a Chinese traditional medicine, which is isolated from Inonotus hispidus and then
identified in a number of traditional medicinal mushrooms, including Phellinus linteus and Phellinus
igniarius, is being used to treat numerous types of cancers [58]. Hispolon hinders the invasion of
MDA-MB-231 breast cancer cells by inhibiting the MMP-9 expression through the NF-«kB pathway [58].
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The findings indicate that the binding of MMP-9 is inhibited when NF-«B is inhibited. It is therefore
postulated that NF-kB would be the upstream regulator of MMP-9 [58]. The treatment of BHMC had
also reduced the expression level of MMP-9 in breast cancer cells in the present study. Therefore,
it would be interesting to be able to investigate the MMP-9 association with this pathway downstream
of BHMC treatment in the future.

On the other hand, curcumin has also been seen to reduce the expression of MMP-9 in astroglioma
cells via inhibition of the PKC to MAPK pathway [59]. This is consistent with the results in the present
study, whereby the treatment of BHMC reduced the expression level of MMP-9 at 12.5 uM (Figure 4B).
Since BHMC is an analogue of curcumin, it may be plausible to speculate that the reduction in the
migration and invasion may be, at least in part, working in the same pathway.

Membrane type-1 matrix metalloproteinase (MT1-MMP) has been associated with the degradation
of the matrix in invadopodia formation [36]. The secretion of MT1-MMP has been directly correlated
with another important protein in invadopodia formation, which is cortactin [60]. Cortactin is
an invadopodia-related protein that recruits other additional proteins such as Arp 2/3, N-WASP,
WASP-interacting protein (WIP), Extracellular signal-regulated (Erk) Kinase, and Myosin light-chain
kinase (MLCK) to help in the actin assembly [61]. Cortactin has been shown to reduce the expression of
matrix-degrading MMPs, which are MMP-2, MMP-9, and MT1-MMP suggesting that at the early stage
of invadopodia formation, cortactin plays a pivotal role to deliver the MMPs before matrix degradation
takes place [60]. Prior to these findings, the role of MT1-MMP on invadopodia formation were reported,
whereby silencing MT1-MMP causes a significant decrease in invadopodia formation [36]. Recent
studies have demonstrated the possible pathway that could regulate the appearance of MT1-MMP
in invadopodia formation. The molecules involved in MT1-MMP trafficking and the contribution to
breast cancer invasion is possibly due to the ARF6 and kinesin-1/KIF5B [13]. Therefore, the findings
may shed new light into better understanding the cell type-specific marker of tumor invasiveness
and to avoid side effects to non-cancerous cells [13]. In the present study, we observed that treatment
of BHMC reduced the expression of MT1-MMP at 12.5 uM (Figure 4C). It has been reported that
curcumin has also inhibited the invasion of the A549 lung cancer in MT1-MMP/MMP-2 pathway [62].
Moreover, the MT1-MMP expression level was also being suppressed upon curcumin treatment in
prostate cancer cell lines [63]. Thus, we infer that the reduction in the invasiveness of breast cancer in
the present study may be partly working in the same pathway, which is due to the reduction of the
MT1-MMP expression.

It can also be observed that the BHMC treatment was able to inhibit the formation of invadopodia
starting from 1.6 uM. However, BHMC is only able to inhibit the other parameters, especially
the protein expression of -PIX, MMP-9, and MT1-MMP, at 12.5 uM. We speculate that only low
concentrations of BHMC are required to impede the protrusions but a higher concentration of BHMC
is needed to inhibit the protein expression and the invasion of whole cells. Perhaps, treatment of
BHMC at low concentration interrupts the structural or functional components that contribute to the
formation of invadopodia on a single cell in the 2D gelatin degradation assay [50].

This study demonstrates an important link between BHMC and the invasiveness of
MDA-MB-231 breast carcinoma cells by significantly inhibiting invadopodia formation and reducing
invasion/invadopodia-related protein expressions such as 3-PIX, MMP-9, and MT1-MMP. Treatment of
BHMC may also be connected with Cdc42 and Racl, proteins that are involved mainly in migration and
invasion; thus, aiding in inhibiting the migration and invasion in MDA-MB-231 cells. Previous studies
have demonstrated that curcumin has also inhibited Cdc42 and Racl and prevented the migration
and invasion of lung cancer [64,65]. Thus, with more validation work on BHMC, the compound can
potentially be used as an anti-metastatic therapeutic agent in breast cancer treatment in the future.
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4. Materials and Methods

4.1. Reagents

Antibiotics (5000 U/mL penicillin and 5000 pg/mL streptomycin), fetal bovine serum (FBS),
and Dulbecco’s Modified Eagle Medium (DMEM) were purchased from Gibco (Gaithersburg, MD,
USA). Anti-Cool/ B-PIX, anti-MMP-9, and anti-MT1-MMP were purchased from Cell Signaling
Technology (Danvers, MA, USA). Alexa Fluor 488 Phalloidin, Alexa Fluor 568 goat anti-mouse,
Rhodamine phalloidin Oregon green 488 gelatin, Prolong Gold anti-fade mounting reagent,
and Hoechst 33342 were obtained from Invitrogen (Carlsbad, CA, USA). Anti-Proliferating cell nuclear
antigen (PCNA) was obtained from Thermo Fisher Scientific (Waltham, MA, USA). Paraformaldehyde,
25% glutaraldehyde and sodium borohydride were obtained from Sigma Aldrich (St. Louis, Missouri,
USA). HRP-conjugated goat anti-rabbit Ig-G and anti- Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). All the other
reagents for the western blot analysis were from Nacalai Tesque (Kyoto, Japan) and Amresco
(Solon, OH, USA). 3-(4,5-Dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide (MTT), bovine
serum albumin (BSA) and dimethyl sulfoxide (DMSQO) were also purchased from Amresco. The
polyvinylidene fluoride (PVDF) membrane and bicinchoninic acid (BCA) protein determination kit
were purchased from Merck Milipore (Burlington, MA, USA). Enhanced chemiluminescene reagent
was purchased from Advansta (Menlo Park, CA, USA). Rat-tail collagen type I was purchased from
BD Corning (Corning, NY, USA). Protein ladders were purchased from GeneDirex (Taoyuan, Taiwan).

4.2. Cell Culture

MDA-MB-231 cells were obtained from the American Type Culture Collection (ATCC, Manassas,
VA, USA). Cells were cultured in DMEM with 10% fetal bovine serum (FBS), 100 U/mL penicillin,
and 100 ug/mL streptomycin in a 5% CO, incubator at 37 °C. These adherent cells were grown
until 80-90% confluent. For corresponding experimental treatments, the complete growth media was
removed and the cells were washed twice with 5 mL phosphate buffer saline (PBS) followed by the
addition of 0.25% Trypsin/EDTA to remove them from the plate. The changes in cell morphology were
observed using an inverted phase contrast microscope (Leica Microsystems, Wetzlar, Germany).

4.3. MTT Assay

The cells were seeded in triplicate in a 96-well plate at a seeding density of 1 x 10° cells/mL in
100 uL 10% DMEM followed by 24 h of incubation. The cells were treated with various concentrations
of BHMC, which ranged from 0, 1.6, 3.1, 6.3, 12.5, 25, 50, and 100 pM and prepared in 10% DMEM
containing 0.1% DMSO. The cells for normal control (untreated, UT) and vehicle control (considered
as 0 concentration) were added with 10% DMEM and 0.1% DMSO, respectively. The concentration of
DMSO was maintained at 0.1% throughout all the experiments. Following treatments, the cells were
further incubated for 24 h. Ten microliters (5 mg/mL) of MTT were added and the plate was incubated
for another 3 h prior to the addition of 100 uL./well of DMSO to dissolve the blue formazan crystals
formed. The absorbance was measured at a wavelength of 570 nm with a reference length of 620 nm
using a microtitre reading plate machine (Versamax, San Jose, CA, USA). The experiment was repeated
at least for three independent experiments. Fifty percent DMSO was used as positive control. The
method was adapted and modified from [27].

4.4. Proliferation Assay

The MDA-MB-231 cells were seeded on the coverslips in a 24-well plate at 2 x 10* cells/mL and
incubated overnight. Treatment with BHMC was prepared in 10% DMEM and incubated for 24 h.
The cells were fixed with 4% paraformaldehyde for 20 min and washed three times with PBS. Then,
the cells were permeabilized with 0.2% Triton X-100 for 5 min followed by three times washing with
PBS and blocking with 3% BSA for 30 min. The cells were washed three times with PBS 5 min each and
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stained with anti-PCNA monoclonal antibody (Invitrogen, Cat No.: MA5-11358) at a dilution of 1:100
in 3% BSA for 2 h at room temperature in dark humidified condition. The coverslips were washed
three times with PBS 5 min each and proceeded with staining of Alexa Fluor 568 goat anti-mouse
secondary antibody diluted in 3% BSA at a dilution of 1:200 for 1 h together with 488 phalloidin. The
coverslips were washed three times with PBS for 5 min each and then mounted onto the slide with
Prolong Gold anti-fade mounting reagent (Invitrogen). The images were captured to compare between
the treated and untreated cells to observe the difference in the nucleus appearance that represented the
PCNA staining. The experiment was repeated at least for three independent experiments. The method
was adapted and modified from [48].

4.5. Scratch Migration Assay

An in vitro scratch migration was conducted to assess cell motility. The method was adapted
and modified from [66]. Briefly, MDA-MB-231 cells were grown in a 6-well plate (2 x 10° cells/well).
Upon cell confluence, a scratch was made using a yellow tip with approximately 1 mm diameter
followed by washing the cells twice with PBS. Treatments with non-cytotoxic concentrations (0, 1.6, 3.1,
6.3, and 12.5 pM) of BHMC in DMEM were added accordingly to the labelled well and were further
incubated for 24 h. A line was marked on the lid of the well to indicate the position of the images
captured. The images were captured at 0 h (right after the addition of the treatment) and 24 h using
a Dino Eye application attached to the inverted microscope (Leica Microsystems) at a magnification
of 40x. At least for three independent experiments were performed. The percentage of migration of
MDA-MB-231 cells was calculated by = [((distance of the scratch at 0 h — distance of scratch at 24 h)/
distance of the scratch at 0 h) x 100].

4.6. Transwell Migration and Invasion Assays

The migration and invasion capability of MDA-MB-231 cells was determined using 8 pm transwell
inserts from BD Corning Inc. The method was adapted and modified from [67]. In brief, the cells were
seeded at 1 x 10° cells/well in the upper part of the insert filled with 200 pL of BHMC containing
0.5% FBS. For the lower part, the chamber was filled with 600 uL DMEM containing 10% FBS to act as
chemoattractant. For the transwell invasion assay, the inserts were coated with 50 ng/mL rat-tail type
I collagen (BD Corning). The cells were incubated at 37 °C for 24 h for both migration and invasion
assay. Non-migrating and non-invading cells were removed from the upper chamber. Migrating and
invading cells were stained with 0.2% crystal violet in 20% methanol. The quantification of the cells
migrated and invaded was done by dissolving the dye with acetic acid solution, and the absorbance
was read at 570 nm using a microtitre reading plate machine (Versamax). At least three independent
experiments were conducted.

4.7. Gelatin Degradation Assay

The procedure was adapted from [38,68]. Ethanol-washed 12 mm round coverslips were coated
with Oregon Green 488 gelatin (Invitrogen) at 0.2 mg/mL with PBS containing 2% sucrose for 10 min in
the dark. After that, 100 uL of 0.5% pre-chilled glutaraldehyde in PBS was used to crosslink the gelatin
for 15 min. The coverslips were transferred into a 24-well plate with the coated surface up and washed
three times with PBS. One milliliter of 5 mg/mL of sodium borohydride was added into the 24-well
plate and incubated for 3 min. The coverslips were once again washed with PBS three times followed
by sterilization with 70% ethanol. MDA-MB-231 cells seeded in a 6-well plate at 5 x 10* cells/mL were
treated with various concentrations of BHMC for 24 h. Following treatment, the cells were trypsinized
and re-seeded (2 x 10* cells/mL) onto gelatin-coated coverslips and incubated for 3 h. The cells were
fixed with 4% paraformaldehyde for 20 min followed by three times washing with PBS. The cells
were permeabilized with 0.2% Triton X-100 in PBS for 5 min and stained with Rhodamine phalloidin
(Invitrogen) diluted in 3% BSA in PBS and incubated in a dark humidified environment for 1 h. The
cells were counter-stained with Hoechst 33342 (Invitrogen) to stain the nucleus. The coverslips were
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then mounted with ProLong Gold anti fade (Invitrogen). The slides were observed for the formation
of invadopodia. The number of cells forming invadopodia were counted for 100 cells and converted
into a percentage. The experiment was repeated at least for three independent experiments. The
comparison between the treated and untreated cells was done statistically.

4.8. Immunoblotting

MDA-MB-231 cells were treated with various concentrations of BHMC for 24 h. Whole cell lysate
was used to stain for anti-Cool/ 3-PIX, anti-MMP-9, and anti MT1-MMP. The protein quantification
was done using a BCA assay kit (Merck). Up to 20 ug protein of each treatment was loaded into
10% SDS-polyacrylamide gel and blotted on a 0.45 um polyvinylidene difluoride (PVDF) membrane
(Merck). The membranes were then blocked in 5% BSA in Tris buffered saline (TBS)-Tween 20 for
1 h and incubated overnight with goat anti-rabbit polyclonal Cool/3-PIX and MMP-9 (1:1000) and
goat anti-rabbit monoclonal MT1-MMP antibody (1:1000) in TBS-Tween containing 5% BSA. For
GAPDH blotting, the membranes were blotted with anti-rabbit GAPDH (1:2000) for 1 h. After washing
three times with TBS-Tween, the membrane was hybridized with HRP-conjugated goat anti-rabbit
secondary antibody (1:5000) in TBS-Tween containing 5% BSA for 1.5 h and washed three times with
TBS-Tween. The membrane was incubated with ECL reagent and viewed under chemiluminescence
using a gel documentation system (Vilber Lourmat, Vilber, Marne-la-Vallée, France). Band intensities
were quantified with an Image ] Java-based image processing program and normalized by comparison
to GAPDH. The experiment was repeated at least for three independent experiments.

4.9. Statistical Analysis

All data was presented as means £ S.E.M of three separate experiments performed in triplicate.
GrapPad Prism software version 5.0 (GraphPad Software, La Jolla, CA, USA) was used to determine the
differences between groups by using One-Way Analysis Of Variance (ANOVA) followed by post-hoc
Dunnett’s test. A p-value of less than 0.05 was considered to be significant.

5. Conclusions

This study has demonstrated that BHMC at a non-cytotoxic concentration of 12.5 uM affects the
invasiveness of MDA-MB-231 human breast cancer cells. The migration and invasion of MDA-MB-231
human breast cancer cells has been hindered upon treatment with BHMC at 12.5 uM. More importantly,
treatment of BHMC has significantly reduced the number of MDA-MB-231 cells forming invadopodia.
Furthermore, this study is the first report to suggest the molecular targets involved in the BHMC
mechanism for controlling the invasiveness of MDA-MB-231 human breast cancer cells, whereby
treatment of BHMC at 12.5 pM reduced the expression level of 3-PIX, MMP-9, and MT1-MMP.
These molecular targets are implicated in the invasion of breast cancer, especially in the formation
of invadopodia.

Acknowledgments: We thank Noraina Muhamad Zakuan, Zulkhairi Zainol, and Nora Asyikin Mohd Salim for
excellent technical assistance and guidance. This study was financially supported by the Fundamental Research
Grant Scheme (FRGS/1/2014/SKK01/UPM/02/6), Ministry of Education, Malaysia. Siti Nor Aini Harun is a
recipient of a UPM graduate research fellowship.

Author Contributions: N.EM.H. and D.A.I conceived and designed the experiments; K.W.L. synthesized the
compound; S.N.A.H. performed the experiments; SN.A.H., C.L.T.,, M.S.C., D.A.I. and N.EM.H. analyzed the data;
N.EM.H.,, C.L.T. and D.A L contributed reagents/ materials/ analysis tool; S.N.A.H., C.L.T. and N.EM.H. wrote
the paper. N.NEML.H., CL.T.,, M.S.C., KW.L. and D.A.L provided intellectual inputs. The manuscript is submitted
with the agreement and approval of all the authors.

Conflicts of Interest: The authors declare no conflict of interest.



Molecules 2018, 23, 865 15 of 18

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Ferlay, ].; Soejomataram, I.; Ervik, M.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.;
Bray, F. World Cancer Research Fund International Worldwide Data. Cancer Incidence and Mortality
Worldwide. Available online: http://www.wcrf.org/int/cancer-facts-figures/worldwide-data (accessed on
8 August 2017).

Azizah, AM.; Ibrahim, N.S.; Abdullah, N.H. Malaysian National Cancer Registry Report 2007-2011.
Minist. Health Malays. 2016.

Dent, R.; Trudeau, M.; Pritchard, K.I.; Hanna, WM.; Kahn, HK.; Sawka, C.A ; Lickley, L.A.; Rawlinson, E.;
Sun, P; Narod, S.A. Triple-negative breast cancer: Clinical features and patterns of recurrence.
Clin. Cancer Res. 2007, 13, 4429-4434. [CrossRef]

Anders, C.; Carey, L.A. Understanding and treating triple-negative breast cancer. Oncology 2008, 22, 1233.
[CrossRef] [PubMed]

Fidler, I.]. Cancer Metastasis. Br. Med. Bull. 1991, 47, 157-177. [CrossRef] [PubMed]

Buccione, R.; Orth, J.D.; McNiven, M.A. Foot and mouth: Podosomes, invadopodia and circular dorsal
ruffles. Nat. Rev. Mol. Cell Biol. 2004, 5, 647—657. [CrossRef]

Murphy, D.A.; Courtneidge, S.A. The “ins” and “outs” of podosomes and invadopodia: Characteristics,
formation and function. Nat. Rev. Mol. Cell Biol. 2011, 12, 413-426. [CrossRef] [PubMed]

Chen, W.-T. Proteolytic activity of specialized surface protrusions formed at rosette contact sites of
transformed cells. J. Exp. Zool. 1989, 251, 167-185. [CrossRef] [PubMed]

Leong, H.S.; Robertson, A.E.; Stoletov, K.; Leith, S.J.; Chin, C.A.; Chien, A.E.; Hague, M.N.; Ablack, A.;
Carmine-Simmen, K.; McPherson, V.A ; et al. Invadopodia Are Required for Cancer Cell Extravasation and
Are a Therapeutic Target for Metastasis. Cell Rep. 2014, 8, 1558-1570. [CrossRef]

Hoskin, V,; Szeto, A.; Ghaffari, A.; Greer, PA.; Cote, G.P.; Elliott, B.E. Ezrin regulates focal adhesion and
invadopodia dynamics by altering calpain activity to promote breast cancer cell invasion. Mol. Biol. Cell
2015, 26, 3464-3479. [CrossRef]

Hoshino, D.; Branch, K.M.; Weaver, A.M. Signaling inputs to invadopodia and podosomes. J. Cell Sci. 2013,
126, 2979-2989. [CrossRef] [PubMed]

Ten Klooster, J.P,; Jaffer, Z.M.; Chernoff, J.; Hordijk, P.L. Targeting and activation of Racl are mediated by the
exchange factor (3-Pix. J. Cell Biol. 2006, 172, 759-769. [CrossRef] [PubMed]

Marchesin, V.; Castro-Castro, A.; Lodillinsky, C.; Castagnino, A.; Cyrta, J.; Bonsang-Kitzis, H.; Reyal, F.
ARF6-JIP3/4 regulate endosomal tubules for MT1-MMP exocytosis in cancer invasion. J. Cell Biol. 2015, 211,
339-358. [CrossRef] [PubMed]

Weaver, A M. Invadopodia: Specialized cell structures for cancer invasion. Clin. Exp. Metastasis 2006, 23,
97-105. [CrossRef] [PubMed]

Jacob, A.; Jing, J.; Lee, ].; Schedin, P.; Gilbert, S.M.; Peden, A.A.; Junutula, ].R.; Prekeris, R. Rab40b regulates
MMP2 and MMP9 trafficking during invadopodia formation and breast cancer cell invasion. J. Cell Sci. 2013,
2013. [CrossRef]

Ichikawa, K. Synergistic effect of blocking cancer cell invasion revealed by computer simulations.
Math. Biosci. Eng. 2015, 12, 1189-1202. [CrossRef] [PubMed]

Weigelt, B.; Peterse, ].L.; Van't Veer, L.]. Breast cancer metastasis: Markers and models. Nat. Rev. Cancer 2005,
5, 591-602. [CrossRef]

Volk-Draper, L.; Hall, K.; Griggs, C.; Rajput, S.; Kohio, P.; DeNardo, D.; Ran, S. Paclitaxel therapy promotes
breast cancer metastasis in a TLR4-dependent manner. Cancer Res. 2014, 74, 5421-5434. [CrossRef] [PubMed]
Quintavalle, M.; Elia, L.; Price, ].H.; Heynen-Genel, S.; Courtneidge, S.A. A cell-based high-content screening
assay reveals activators and inhibitors of cancer cell invasion. Sci. Signal. 2011, 4. [CrossRef] [PubMed]
Krausz, A.E.; Adler, B.L.; Cabral, V,; Navati, M.; Doerner, J.; Charafeddine, R.A.; Chandra, D.; Liang, H.;
Gunther, L.; Clendaniel, A.; et al. Curcumin-encapsulated nanoparticles as innovative antimicrobial and
wound healing agent. Nanomed. Nanotechnol. Biol. Med. 2015, 11, 195-206. [CrossRef] [PubMed]

Ji, H.F; Shen, L. Interactions of curcumin with the PfATP6 model and the implications for its antimalarial
mechanism. Bioorganic Med. Chem. Lett. 2009, 19, 2453-2455. [CrossRef] [PubMed]


http://www.wcrf.org/int/cancer-facts-figures/ worldwide-data
http://dx.doi.org/10.1158/1078-0432.CCR-06-3045
http://dx.doi.org/10.1016/j.bbi.2008.05.010
http://www.ncbi.nlm.nih.gov/pubmed/18980022
http://dx.doi.org/10.1093/oxfordjournals.bmb.a072453
http://www.ncbi.nlm.nih.gov/pubmed/1863845
http://dx.doi.org/10.1038/nrm1436
http://dx.doi.org/10.1038/nrm3141
http://www.ncbi.nlm.nih.gov/pubmed/21697900
http://dx.doi.org/10.1002/jez.1402510206
http://www.ncbi.nlm.nih.gov/pubmed/2549171
http://dx.doi.org/10.1016/j.celrep.2014.07.050
http://dx.doi.org/10.1091/mbc.E14-12-1584
http://dx.doi.org/10.1242/jcs.079475
http://www.ncbi.nlm.nih.gov/pubmed/23843616
http://dx.doi.org/10.1083/jcb.200509096
http://www.ncbi.nlm.nih.gov/pubmed/16492808
http://dx.doi.org/10.1083/jcb.201506002
http://www.ncbi.nlm.nih.gov/pubmed/26504170
http://dx.doi.org/10.1007/s10585-006-9014-1
http://www.ncbi.nlm.nih.gov/pubmed/16830222
http://dx.doi.org/10.1242/jcs.126573
http://dx.doi.org/10.3934/mbe.2015.12.1189
http://www.ncbi.nlm.nih.gov/pubmed/26775856
http://dx.doi.org/10.1038/nrc1670
http://dx.doi.org/10.1158/0008-5472.CAN-14-0067
http://www.ncbi.nlm.nih.gov/pubmed/25274031
http://dx.doi.org/10.1126/scisignal.2002032
http://www.ncbi.nlm.nih.gov/pubmed/21791703
http://dx.doi.org/10.1016/j.nano.2014.09.004
http://www.ncbi.nlm.nih.gov/pubmed/25240595
http://dx.doi.org/10.1016/j.bmcl.2009.03.060
http://www.ncbi.nlm.nih.gov/pubmed/19329310

Molecules 2018, 23, 865 16 of 18

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Motterlini, R.; Foresti, R.; Bassi, R.; Green, C.J. Curcumin, an antioxidant and anti-inflammatory agent,
induces heme oxygenase-1 and protects endothelial cells against oxidative stress. Free Radic. Biol. Med. 2000,
28,1303-1312. [CrossRef]

Lee, W.H.; Loo, C.Y,; Young, PM.; Rohanizadeh, R.; Traini, D. Curcumin Nanoparticles Attenuate Production
of Pro-inflammatory Markers in Lipopolysaccharide-Induced Macrophages. Pharm. Res. 2016, 33, 315-327.
[CrossRef] [PubMed]

Lee, A.Y.L;; Fan, C.C.; Chen, Y.A.; Cheng, C.W.; Sung, Y.J.; Hsu, C.P; Kao, T.Y. Curcumin Inhibits Invasiveness
and Epithelial-Mesenchymal Transition in Oral Squamous Cell Carcinoma Through Reducing Matrix
Metalloproteinase 2, 9 and Modulating p53-E-Cadherin Pathway. Integr. Cancer Ther. 2015, 14, 484—490.
[CrossRef] [PubMed]

Chiu, T.-L.; Su, C.C. Curcumin inhibits proliferation and migration by increasing the Bax to Bcl-2 ratio and
decreasing NF-kBp65 expression in breast cancer MDA-MB-231 cells. Int. . Mol. Med. 2009, 23, 469-475.
Menon, L.G.; Kuttan, R.; Kuttan, G. Anti-metastatic activity of curcumin and catechin. Cancer Lett. 1999, 141,
159-165. [CrossRef]

Tham, C.L.; Liew, C.Y.; Lam, K.W.; Mohamad, A.S.; Kim, M.K,; Cheah, Y.K.; Zakaria, Z.A.; Sulaiman, M.R.;
Lajis, N.H.; Israf, D.A. A synthetic curcuminoid derivative inhibits nitric oxide and proinflammatory cytokine
synthesis. Eur. ]. Pharmacol. 2010, 628, 247-254. [CrossRef]

Tham, C.L; Lam, KW.,, Rajajendram, R.; Tham, C.L; Lam, K.W.; Rajajendram, R.; Cheah, YK
Sulaiman, M.R,; Lajis, N.-H.; Kim, M.; Israf, D.A. The effects of a synthetic curcuminoid analogue,
2,6-bis-(4-hydroxyl-3-methoxybenzylidine)cyclohexanone on proinflammatory signaling pathways and
CLP-induced lethal sepsis in mice. Eur. J. Pharmacol. 2011, 652, 136-144. [CrossRef] [PubMed]

Ming-Tatt, L.; Khalivulla, S.I; Akhtar, M.N.; Lajis, N.; Perimal, EK.; Akira, A.; Sulaiman, M.R.
Anti-Hyperalgesic effect of a benzilidine-cyclohexanone analogue on a mouse model of chronic constriction
injury-induced neuropathic pain: Participation of the k-Opioid receptor and KATP. Pharmacol. Biochem. Behav.
2013, 114, 58-63. [CrossRef] [PubMed]

Razak, N.A.; Akhtar, M.N,; Abu, N.; Ho, WY, Tan, SW, Zareen, S; Taj-ud-dinb, S.N.B,;
Long, K. Alitheen, N.B.;, Yeap, SK. The invivo anti-tumor effect of curcumin derivative
(2E,6E)-2,6-bis(4-hydroxy-3-methoxybenzylidene)cyclohexanone (BHMC) on 4T1 breast cancer cells.
RSC Adv. 2017, 7, 36185-36192. [CrossRef]

Gupta, G.P; Massagué, J. Cancer Metastasis: Building a Framework. Cell 2006, 127, 679-695. [CrossRef]
[PubMed]

Wang, Z.; Liang, X.; Cai, M.; Du, G. Analysis of invadopodia formation in breast cancer cells. In Methods in
Molecular Biology; Humana Press: New York, NY, USA, 2016; Volume 1406, pp. 203-210. [CrossRef]

Maity, G.; Choudhury, PR.; Sen, T.; Ganguly, KK ; Sil, H.; Chatterjee, A. Culture of human breast cancer cell
line (MDA-MB-231) on fibronectin-coated surface induces pro-matrix metalloproteinase-9 expression and
activity. Tumor Biol. 2011, 32, 129-138. [CrossRef] [PubMed]

Chou, J.; Wang, B.; Zheng, T.; Li, X.; Zheng, L.; Hu, J.; Zhang, Y,; Xing, Y.; Xi, T. MALAT1 induced migration
and invasion of human breast cancer cells by competitively binding MIR-1 with cdc42. Biochem. Biophys.
Res. Commun. 2016, 472, 262-269. [CrossRef] [PubMed]

Li, Y.-Y,; Zhou, C.-X.; Gao, Y. Podoplanin promotes the invasion of oral squamous cell carcinoma in
coordination with MT1-MMP and Rho GTPases. Am. . Cancer Res. 2015, 5, 514-529. [PubMed]

Artym, V.V;; Zhang, Y.; Seillier-Moiseiwitsch, F.; Yamada, K.M.; Mueller, S.C. Dynamic interactions of
cortactin and membrane type 1 matrix metalloproteinase at invadopodia: Defining the stages of invadopodia
formation and function. Cancer Res. 2006, 66, 3034-3043. [CrossRef] [PubMed]

Feng, Q.; Baird, D.; Peng, X.; Wang, J.; Ly, T.; Guan, J.L.; Cerione, R.A. Cool-1 functions as an essential
regulatory node for EGF receptor- and Src-mediated cell growth. Nat. Cell Biol. 2006, 8, 945-956. [CrossRef]
Md Hashim, N.F,; Nicholas, N.S.; Dart, A.E.; Kiriakidis, S.; Paleolog, E.; Wells, C.M. Hypoxia-induced
invadopodia formation: A role for 3-PIX. Open Biol. 2013, 3, 120159. [CrossRef] [PubMed]

Ward, ].D.; Ha, ]. H.; Jayaraman, M.; Dhanasekaran, D.N. LPA-mediated migration of ovarian cancer cells
involves translocalization of Ga;, to invadopodia and association with Src and (3-PIX. Cancer Lett. 2015, 356,
382-391. [CrossRef] [PubMed]

Paget, S. The distribution of secondary growths in cancer of the breast. Lancet 1889, 133, 571-573. [CrossRef]


http://dx.doi.org/10.1016/S0891-5849(00)00294-X
http://dx.doi.org/10.1007/s11095-015-1789-9
http://www.ncbi.nlm.nih.gov/pubmed/26350106
http://dx.doi.org/10.1177/1534735415588930
http://www.ncbi.nlm.nih.gov/pubmed/26036622
http://dx.doi.org/10.1016/S0304-3835(99)00098-1
http://dx.doi.org/10.1016/j.ejphar.2009.11.053
http://dx.doi.org/10.1016/j.ejphar.2010.10.092
http://www.ncbi.nlm.nih.gov/pubmed/21114991
http://dx.doi.org/10.1016/j.pbb.2013.10.019
http://www.ncbi.nlm.nih.gov/pubmed/24201054
http://dx.doi.org/10.1039/C7RA06580A
http://dx.doi.org/10.1016/j.cell.2006.11.001
http://www.ncbi.nlm.nih.gov/pubmed/17110329
http://dx.doi.org/10.1007/978-1-4939-3444-7_18
http://dx.doi.org/10.1007/s13277-010-0106-9
http://www.ncbi.nlm.nih.gov/pubmed/20821288
http://dx.doi.org/10.1016/j.bbrc.2016.02.102
http://www.ncbi.nlm.nih.gov/pubmed/26926567
http://www.ncbi.nlm.nih.gov/pubmed/25973294
http://dx.doi.org/10.1158/0008-5472.CAN-05-2177
http://www.ncbi.nlm.nih.gov/pubmed/16540652
http://dx.doi.org/10.1038/ncb1453
http://dx.doi.org/10.1098/rsob.120159
http://www.ncbi.nlm.nih.gov/pubmed/23740575
http://dx.doi.org/10.1016/j.canlet.2014.09.030
http://www.ncbi.nlm.nih.gov/pubmed/25451317
http://dx.doi.org/10.1016/S0140-6736(00)49915-0

Molecules 2018, 23, 865 17 of 18

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

Fidler, L.]. Selection of successive tumour lines for metastasis. Nat. New Biol. 1973, 242, 148-149. [CrossRef]
[PubMed]

Rockwell, S.; Dobrucki, I.T.; Kim, E.Y.; Marrison, S.T.; Vu, V.T. Hypoxia and radiation therapy: past history,
ongoing research, and future promise. Curr. Mol. Med. 2009, 9, 442—458. [CrossRef] [PubMed]

Sahai, E. Mechanisms of cancer cell invasion. Curr. Opin. Genet. Dev. 2005, 15, 87-96. [CrossRef]

Wang, S.C. PCNA: A silent housekeeper or a potential therapeutic target? Trends Pharmacol. Sci. 2014, 35,
178-186. [CrossRef] [PubMed]

Moldovan, G.L.; Pfander, B.; Jentsch, S. PCNA, the Maestro of the Replication Fork. Cell 2007, 129, 665-679.
[CrossRef] [PubMed]

Naryzhny, S.N.; Lee, H. Proliferating cell nuclear antigen in the cytoplasm interacts with components of
glycolysis and cancer. FEBS Lett. 2010, 584, 4292-4298. [CrossRef] [PubMed]

Poste, G.; Fidler, L.]. The pathogenesis of cancer metastasis. Nature 1980, 283, 139-146. [CrossRef] [PubMed]
Shao, Z.-M.; Shen, Z.-Z.; Liu, C.-H.; Sartippour, M.R.; Go, V.L.; Heber, D.; Nguyen, M. Curcumin exerts
multiple suppressive effects on human breast carcinoma cells. Int. . Cancer 2002, 98, 234-240. [CrossRef]
[PubMed]

Yamaguchi, H.; Lorenz, M.; Kempiak, S.; Sarmiento, C.; Coniglio, S.; Symons, M.; Segall, J.; Eddy, R.; Miki, H.;
Takenawa, T.; et al. Molecular mechanisms of invadopodium formation: The role of the N-WASP-Arp2/3
complex pathway and cofilin. . Cell Biol. 2005, 168, 441-452. [CrossRef] [PubMed]

Fu, H.; Wu, R;; Li, Y,; Zhang, L.; Tang, X.; Tu, J.; Zhou, W.; Wang, J.; Shou, Q. Safflower Yellow Prevents
Pulmonary Metastasis of Breast Cancer by Inhibiting Tumor Cell Invadopodia. Am. J. Chin. Med. 2016, 44,
1491-1506. [CrossRef] [PubMed]

Wang, S.; Li, E.; Gao, Y.; Wang, Y.; Guo, Z.; He, J.; Zhang, ]J.; Gao, Z.; Wang, Q. Study on Invadopodia
Formation for Lung Carcinoma Invasion with a Microfluidic 3D Culture Device. PLoS ONE 2013, 8, 56448.
[CrossRef] [PubMed]

Ayala, I; Baldassarre, M.; Giacchetti, G.; Caldieri, G.; Tete, S.; Luini, A.; Buccione, R. Multiple regulatory
inputs converge on cortactin to control invadopodia biogenesis and extracellular matrix degradation.
J. Cell Sci. 2008, 121, 369-378. [CrossRef] [PubMed]

Kuo, J.C.; Han, X.; Hsiao, C.T.; Yates, ]J.R.; Waterman, C.M. Analysis of the myosin-II-responsive focal
adhesion proteome reveals a role for 3-Pix in negative regulation of focal adhesion maturation. Nat. Cell Biol.
2011, 13, 383-395. [CrossRef] [PubMed]

Ma, Y.C,; Huang, J.; Ali, S.; Lowry, W.; Huang, X.Y. Src tyrosine kinase is a novel direct effector of G proteins.
Cell 2000, 102, 635-646. [CrossRef]

Klein, T.; Bischoff, R. Physiology and pathophysiology of matrix metalloproteases. Amino Acids. 2011, 41,
271-290. [CrossRef]

Yan, C.; Boyd, D.D. Regulation of matrix metalloproteinase gene expression. J. Cell Physiol. 2007, 211, 19-26.
[CrossRef]

Legrand, C.; Gilles, C.; Zahm, ].M.; Polette, M.; Buisson, A.; Kaplan, H.; Birembaut, P.; Tournier, J. Airway
epithelial cell migration dynamics. MMP-9 role in cell-extracellular matrix remodeling. . Cell Biol. 1999, 146,
517-529. [CrossRef] [PubMed]

Sun, Y.S.; Zhao, Z.; Zhu, H.P. Hispolon inhibits TPA-induced invasion by reducing MMP-9 expression
through the NF-«B signaling pathway in MDA-MB-231 human breast cancer cells. Oncol. Lett. 2015, 10,
536-542. [CrossRef] [PubMed]

Woo, M.S,; Jung, SH.; Kim, S.Y.; Hyun, J.; Ko, K,; Kim, W.; Kim, H. Curcumin suppresses phorbol
ester-induced matrix metalloproteinase-9 expression by inhibiting the PKC to MAPK signaling pathways in
human astroglioma cells. Biochem. Biophys. Res. Commun. 2005, 335, 1017-1025. [CrossRef] [PubMed]
Clark, E.S.; Whigham, A S.; Yarbrough, W.G.; Weaver, A.M. Cortactin is an essential regulator of matrix
metalloproteinase secretion and extracellular matrix degradation in invadopodia. Cancer Res. 2007, 67,
4227-4235. [CrossRef] [PubMed]

Daly, R.J. Cortactin signalling and dynamic actin networks. Biochem. J. 2004, 382, 13-25. [CrossRef] [PubMed]
Liao, H.; Wang, Z.; Deng, Z.; Ren, H.; Li, X. Curcumin inhibits lung cancer invasion and metastasis by
attenuating GLUT1/MT1-MMP/MMP2 pathway. Int. ]. Clin. Exp. Med. 2015, 8, 8948-8957. [PubMed]


http://dx.doi.org/10.1038/newbio242148a0
http://www.ncbi.nlm.nih.gov/pubmed/4512654
http://dx.doi.org/10.2174/156652409788167087
http://www.ncbi.nlm.nih.gov/pubmed/19519402
http://dx.doi.org/10.1016/j.gde.2004.12.002
http://dx.doi.org/10.1016/j.tips.2014.02.004
http://www.ncbi.nlm.nih.gov/pubmed/24655521
http://dx.doi.org/10.1016/j.cell.2007.05.003
http://www.ncbi.nlm.nih.gov/pubmed/17512402
http://dx.doi.org/10.1016/j.febslet.2010.09.021
http://www.ncbi.nlm.nih.gov/pubmed/20849852
http://dx.doi.org/10.1038/283139a0
http://www.ncbi.nlm.nih.gov/pubmed/6985715
http://dx.doi.org/10.1002/ijc.10183
http://www.ncbi.nlm.nih.gov/pubmed/11857414
http://dx.doi.org/10.1083/jcb.200407076
http://www.ncbi.nlm.nih.gov/pubmed/15684033
http://dx.doi.org/10.1142/S0192415X1650083X
http://www.ncbi.nlm.nih.gov/pubmed/27776431
http://dx.doi.org/10.1371/journal.pone.0056448
http://www.ncbi.nlm.nih.gov/pubmed/23441195
http://dx.doi.org/10.1242/jcs.008037
http://www.ncbi.nlm.nih.gov/pubmed/18198194
http://dx.doi.org/10.1038/ncb2216
http://www.ncbi.nlm.nih.gov/pubmed/21423176
http://dx.doi.org/10.1016/S0092-8674(00)00086-6
http://dx.doi.org/10.1007/s00726-010-0689-x
http://dx.doi.org/10.1002/jcp.20948
http://dx.doi.org/10.1083/jcb.146.2.517
http://www.ncbi.nlm.nih.gov/pubmed/10427102
http://dx.doi.org/10.3892/ol.2015.3220
http://www.ncbi.nlm.nih.gov/pubmed/26171065
http://dx.doi.org/10.1016/j.bbrc.2005.07.174
http://www.ncbi.nlm.nih.gov/pubmed/16102725
http://dx.doi.org/10.1158/0008-5472.CAN-06-3928
http://www.ncbi.nlm.nih.gov/pubmed/17483334
http://dx.doi.org/10.1042/BJ20040737
http://www.ncbi.nlm.nih.gov/pubmed/15186216
http://www.ncbi.nlm.nih.gov/pubmed/26309547

Molecules 2018, 23, 865 18 of 18

63.

64.

65.

66.
67.

68.

Yang, J.; Wang, C.; Zhang, Z.; Chen, X.; Jia, Y.; Wang, B.; Kong, T. Curcumin inhibits the survival and
metastasis of prostate cancer cells via the Notch-1 signaling pathway. Apmis 2017, 125, 134-140. [CrossRef]
[PubMed]

Chen, Q.Y;; Jiao, D.M.; Yao, Q.H.; Yan, J.; Song, J.; Chen, EY.; Lu, G.; Zhou, ].Y. Expression analysis of Cdc42
in lung cancer and modulation of its expression by curcumin in lung cancer cell lines. Int. J. Oncol. 2012, 40,
1561-1568. [CrossRef] [PubMed]

Chen, Q.; Zheng, Y,; Jiao, D.; Chen, EY.; Hu, H.Z.; Wu, Y.Q.; Song, J.; Yan, J.; Wu, L.J.; Lv, G.Y. Curcumin
inhibits lung cancer cell migration and invasion through Racl-dependent signaling pathway. J. Nutr. Biochem.
2014, 25, 177-185. [CrossRef] [PubMed]

Chen, Y. Scratch Wound Healing Assay. J. Chem. Inf. Model. 2013, 53, 1689-1699. [CrossRef]

Albini, A.; Iwamoto, Y.; Kleinman, H.K.; Martin, G.R.; Aaronson, S.A.; Kozlowski, ].M.; McEwan, R.N.
A Rapid in Vitro Assay for Quantitating the Invasive Potential of Tumor Cells. Cancer Res. 1987, 47,
3239-3245. [CrossRef] [PubMed]

Diaz, B. Invadopodia Detection and Gelatin Degradation Assay. Bio-protocol 2013, 3. [CrossRef]

Sample Availability: Samples of the compounds are available from Nur Fariesha Md Hashim.

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1111/apm.12650
http://www.ncbi.nlm.nih.gov/pubmed/28120490
http://dx.doi.org/10.3892/ijo.2012.1336
http://www.ncbi.nlm.nih.gov/pubmed/22266952
http://dx.doi.org/10.1016/j.jnutbio.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24445042
http://dx.doi.org/10.21769/BioProtoc.100
http://dx.doi.org/10.1158/0008-5472.can-04-0754
http://www.ncbi.nlm.nih.gov/pubmed/2438036
http://dx.doi.org/10.21769/BioProtoc.997
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Cytotoxicity and Effects of BHMC on the Proliferation of MDA-MB-231 Cells 
	Inhibition of BHMC on the Migration and Invasion of MDA-MB-231 Cells 
	BHMC Effects on the Number of Cells Forming Invadopodia 
	Inhibition of -PIX, MMP-9, and MT1-MMP Protein Expression on MDA-MB-231 Cells upon BHMC Treatment 

	Discussion 
	Materials and Methods 
	Reagents 
	Cell Culture 
	MTT Assay 
	Proliferation Assay 
	Scratch Migration Assay 
	Transwell Migration and Invasion Assays 
	Gelatin Degradation Assay 
	Immunoblotting 
	Statistical Analysis 

	Conclusions 
	References

