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Abstract

Voltage-gated sodium channel (VGSC) activity enhances cell behaviors related tometastasis, such as

motility, invasion, and oncogene expression. Neonatal alternative splice form of Nav1.5 isoform is

expressed in metastatic breast cancers. Furthermore, aberrant Notch signaling pathway can induce

oncogenesis and may promote the progression of breast cancers. In this study, we aimed to analyze

the effect of the nNav1.5 inhibitor phenytoin and Notch signal inhibitor N-[N-(3,5-difluorophenacetyl)-

L-alanyl]-S-phenylglycine-t-butyl ester (DAPT) on triple negative breast cancer cell line (MDA-MB-231)

via inhibition of nNav1.5 VGSC activity and Notch signaling, respectively. In order to determine the

individual and combined effects of these inhibitors, the 4-[3-(4-iyodophenyl)-2-(4-nitrophenyl)-2H-5-

tetrazolio]-1,3-benzene disulfonate (WST-1) test, wound healing assay, and zymography were perfor-

med to detect the proliferation, lateral motility, and matrix metalloproteinase-9 (MMP9) activity,

respectively. The expressions of nNav1.5, Notch4, MMP9, and tissue inhibitor of metalloproteinases-1

(TIMP1) were also detected by quantitative real-time reverse transcriptase–polymerase chain reac-

tion. DAPT caused an antiproliferative effect when the doses were higher than 10 µM, whereas

phenytoin showed no inhibitory action either alone or in combination with DAPT on the MDA-MB-

231 cells. Furthermore, it was found that the lateral motility was inhibited by both inhibitors; how-

ever, this inhibitory effect was partially rescued when they were used in combination. Meanwhile,

the results showed that the MMP9 activity and the ratio of MMP9 mRNA to TIMP1 mRNA were

only decreased by DAPT. Thus, we conclude that the combined effect of DAPT and phenytoin is

not as beneficial as using DAPT alone on MDA-MB-231 breast cancer cells.
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Introduction

Globally, invasive breast cancer still perils the life of many women and
is a big threat for female longevity. Understanding the mechanism of
metastasis and developing effective treatment strategies aiming at can-
cer metastasis is a major goal. Therefore, molecular mechanisms in-
volved in the metastatic behavior of breast cancer cells are rapidly
emerging as critical therapeutic targets [1,2].

Voltage-gated sodium channels (VGSCs) and Notch receptor sig-
naling contribute to metastatic process in many types of carcinomas.
Several individual Nav (Nav1.1–1.9) isoforms of VGSCs are functionally

expressed in different human cancers [3–6]. In particular, the alterna-
tive splice variant of the Nav1.5 isoform, named as Nav1.5 neonatal
D1:S3 5′-splice form (nNav1.5), has been found to be expressed in
some metastatic cancer cells, especially in highly metastatic MDA-
MB-231 breast cancer cells [7–9].

Suppressing the channel activity and expression by chronic block-
age of VGSCs provide a dual advantage in any clinical anti-metastatic
treatment. Tetrodotoxin (TTX), blocking antibodies, small interfering
RNA (siRNA), certain pharmaceutics, and fatty acids could suppress
VGSC activity [10]. Inhibition of VGSCs by TTX supresses various

Acta Biochim Biophys Sin, 2015, 47(9), 680–686
doi: 10.1093/abbs/gmv066

Advance Access Publication Date: 22 July 2015
Original Article

© The Author 2015. Published by ABBS Editorial Office in association with Oxford University Press on behalf of the Institute of Biochemistry and Cell Biology, Shanghai Institutes
for Biological Sciences, Chinese Academy of Sciences. 680

D
ow

nloaded from
 https://academ

ic.oup.com
/abbs/article-abstract/47/9/680/1327 by guest on 30 April 2020

http://www.oxfordjournals.org


metastatic cell behaviors including lateral motility [11], invasion [12],
galvanotaxis [13], transverse migration [14], adhesion [15], endocytic
membrane activity [16], vesicular patterning [17], and nitric oxide
production [18].

Furthermore, suppression of the channel by RNA interference in-
hibits VGSC-dependent migration and invasion in MDA-MB-231
human breast cancer cells [7,12]. Some pharmacological agents simi-
lar to local anesthetics such as lidocaine or phenytoin, which are anti-
convulsants, also inhibit the VGSC-dependent augmentation of
endocytic membrane activity in small cell lung cancer cell lines [19].
Phenytoin also inhibits the migration and invasion of metastatic breast
cancer cells by targeting the Nav1.5 sodium channel [20].

Another potential molecular target for breast cancer therapy is the
Notch receptor system. Notch receptor signaling regulates cell fate de-
termination, proliferation, differentiation, and survival. There are four
types of Notch receptors in vertebrates (Notchs 1–4) and at least five
ligands belonging to Delta and JAG/Serrate (DSL) families. Notch4
plays a terminal role in mammary tissue development [21,22].
Notch receptor overexpression has been detected in a variety of can-
cers including breast cancer [23–27]. Aberrant expression of Notch re-
ceptor and its pathway components have been implicated with
metastatic breast cancer cells [28].

In recent years, there has been a growing interest in the Notch re-
ceptor system as a target for breast cancer treatment [1]. In fact, Notch
receptor inhibitors are nowmaking their ways to clinical trials [29]. In
order to consider the Notch system as an efficient target, its interac-
tions with other pathways that play critical roles in breast cancer
must be understood. This understanding may facilitate the selection
of optimal compounds for use in combination with Notch inhibitors
[23,29–32].

Therefore, we aimed to study the combined and individual effects
of the Notch signal inhibitor N-[N-(3,5-difluorophenacetyl)-L-
alanyl]-S-phenylglycine-t-butyl ester (DAPT) and the nNav1.5 inhibi-
tor phenytoin on lateral motility, cell proliferation, and matrix
metalloproteinase-9 (MMP9) activation in MDA-MB-231 breast can-
cer cells.

Materials and Methods

Cell culture

The human breast cancer cell line MDA-MB-231 was purchased from
American Type Culture Collection (ATCC, Wesel, Germany), and
cells were cultured in high-glucose Dulbecco’s modified Eagle’s me-
dium (Sigma, St Louis, USA) supplemented with 10%heat-inactivated
fetal bovine serum (Sigma), 2 mM L-glutamine (Sigma), and 1% anti-
biotic–antimycotic solution (Sigma) under standard culture conditions
(37°C, 100% humidity, and 5% CO2).

Cell proliferation assay

Cell proliferation was assessed using a colorimetric assay with
4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene
disulfonate (WST-1) reagent (Roche, Basel, Switzerland). Briefly,
MDA-MB-231 cells were seeded in 96-well plates (4 × 104 cells per
well) and allowed to adhere overnight. After 24 h, the cells were trea-
ted with DAPT (Calbiochem, San Diego, USA), phenytoin (Sigma), or
with the combination of these molecules at doses ranging between 0.1
and 500 µM, or vehicle for 24, 48, and 72 h. Then, 10 µl of WST-1
was added and incubated for 4 h at 37°C. The absorption of cells
was measured at 420–600 nm using a microplate reader (Spectra
Max,Molecular Devices, Sunnyvale, USA). The solvents of phenytoin

and DAPT, namely, sodium hydroxide and dimethyl sulfoxide, were
applied as background controls.

Cell motility assay

The lateral motility of MDA-MB-231 cells was examined by perform-
ing the wound healing assay [33]. The cells (5 × 105 cells per well)
were seeded in six-well plates. After 24 h, threewounds were produced
in each well using a P1000 pipette tip. The wells were rinsed once with
fresh medium, and wound widths were recorded under an inverted
microscope (Leica, Wetzlar, Germany). These cells were treated with
phenytoin, DAPT, or the combination of DAPT and phenytoin at
doses of 7, 70, and 700 μM and incubated for 24 h. Then the same
wound areas were re-measured. Motility was expressed as per cent de-
crease of width in wound areas compared with untreated cells.

Quantitative real-time polymerase chain reaction

The expression levels ofNotch4 (nNav1.5),MMP9, and tissue inhibi-
tor of metalloproteinases-1 (TIMP1) were analyzed by quantitative
real-time polymerase chain reaction (qRT-PCR) using Rotor Gene Q
apparatus (Qiagen, Hilden, Germany). Total RNA was isolated from
MDA-MB-231 cells by using RNAeasy Mini kit (Qiagen). The first
strand of cDNA was reverse transcribed from 2.5 µg of total RNA
using RT2 First Strand kit (Qiagen), according to the manufacturer’s
instruction. qRT-PCRwas performed using SYBR Green PCRMaster
Mix (Qiagen). The primers used for PCR are listed in Table 1. The
amplification reaction was performed as follows: denaturation at
94°C for 15 s, followed by annealing at 55°C for 30 s, and extension
at 72°C for 30 s. Data normalization was performed by using the
threshold cycle value (Ct) of the human GAPDH gene (Ct−Ct
GAPDH= ΔCt). ΔCt values for each sample were then normalized to
control samples. Results were expressed as a fold change in mRNA
expression relative to control samples [34].

Gelatin zymography

Gelatin zymography assay was performed to detect the activity of
MMP9, as described elsewhere [35]. MDA-MB-231 cells were treated
with DAPT, phenytoin, or the combination at doses of 7, 70, and
700 μM. After 24 h, the culture media were collected and applied to
10% non-reducing sodium dodecyl sulfate–polyacrylamide gel con-
taining 0.1% gelatin (Sigma). Proteins were separated by running at
125 mV for 1.5 h. Gels were renatured using 2.5% Triton X-100.
Then, they were incubated in developing buffer at 37°C for 15 h.
Bands were detected after staining with Coomassie Blue R-250 and
quantified by Image Quant TL software.

Table 1. Primers used in qRT-PCR

Genes Primers

nNav1.5 Forward: 5′-CATCCTCACCAACTGCGTGT-3′
Reverse: 5′-CCTAGTTTTTCTGATACA-3′

Notch4 Forward: 5′-AGTCCAGGCCTTGCCAGAACG-3′
Reverse: 5′-GTAGAAGGCATTGGCCAGAGAG-3′

MMP9 Forward: 5′-GACGAGGGCCTGGAGTGT-3′
Reverse: 5′-TGTGCTGTAGGAAGCTCATCTC-3′

TIMP1 Forward: 5′-ACCCCTGGAGCACGGCT-3′
Reverse: 5′-CCCACCTTCCAAGTTAGTGACA-3′

GAPDH Forward: 5′-CGGAGTCAACGGATTTGGTCGTAT-3′
Reverse: 5′-AGCCTTCTCCAT GGTGGTGAAGAC-3′
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Statistical analysis

All quantitative data were presented as the mean ± standard deviation
(SD) from three independent experiments. Statistical analysis was
conducted using SPSS software version 15.0. Multiple comparisons
between data sets were performed by analysis of variance (ANOVA),
followed by Tukey’s post hoc test. P < 0.05 was considered significant
difference.

Results

Phenytoin decreases the antiproliferative effect of DAPT

DAPT caused a dose-dependent antiproliferative effect on MDA-
MB-231 cells at 24 h with doses higher than 10 µM having an IC50

value of 690 µM (Fig. 1). The antiproliferative effect of DAPTwas de-
creased when the treatment time was increased to 48 or 72 h, which
had the IC50 values of 973 and 880 µM, respectively (data not
shown). Next, we tested whether a combination of a specific gamma-
secretase inhibitor DAPT with a specific VGSC inhibitor phenytoin
could produce a synergistic effect in inhibiting proliferation. The re-
sults indicated that phenytoin did not exert any effect on proliferation,
and in fact when combined with equal doses of DAPT (from 0.1 to
500 µM such as 0.1 µM DAPT + 0.1 µM phenytoin, 1 µM DAPT +
1 µM phenytoin, and so forth), phenytoin decreased the antiprolifera-
tive effect of DAPT on MDA-MB-231 cells (Fig. 1).

DAPT and phenytoin single treatment are more effective

in inhibiting lateral motility when compared with

combined treatment

The inhibitory effects of phenytoin, DAPT, and phenytoin–DAPT com-
bination on lateral motility of MDA-MB-231 cells were tested by a
24 h wound healing assay (Fig. 2). Phenytoin inhibited cell motility by
20%± 1.4% at a dose of 7 µM. The effect was more pronounced at
doses of 70 and 700 µM, with an inhibition up to 87%± 1.3%
(P < 0.05 and n = 3; Fig. 2A,D). DAPT exerted an inhibitory action on

the lateral motility of MDA-MB-231 cells in a dose-dependent manner.
Inhibition ratios were 49%±1.4%, 61%± 1.3%, and 82%±1.3% at
doses of 7, 70, and 700 µM, respectively (P < 0.05 and n = 3; Fig. 2B,D).

Then, the synergistic inhibitory effect of the combination of
DAPT–phenytoin at the same doses (7, 70, and 700 µM) on lateral
motility was also examined. When applied together, they reduced
the inhibitory effects of each other on the lateral motility (37% ±
1.4%, 49%± 1.3% and 52%± 1.3%, respectively, P < 0.05 and n = 3;
Fig. 2C,D). Our findings demonstrated that the single treatment of
DAPT and phenytoin was more effective when compared with the
combined treatment.

Phenytoin changes the effect of DAPT on the mRNA

levels of nNav1.5, Notch4, MMP9, and TIMP1
A significant decrease was detected in the mRNA levels of nNav1.5 at
all concentrations of phenytoin and DAPT, except at 70 µM pheny-
toin alone. Treatment with 70 µM phenytoin alone led to 61% ±
0.01% increase in the mRNA levels of nNav1.5, but combined treat-
ment with 7 µM DAPT resulted in a decrease by 61%± 0.08%. This
decreasewas 70%and 72% for 70 µMphenytoin + 70 µMDAPT and
70 µM phenytoin + 700 µM DAPT, respectively. DAPT at the single
doses of 7, 70, and 700 µM decreased the nNav1.5 expression by
39%± 0.08%, 77%± 0.17%, and 62%± 0.16% (P < 0.05 and n = 6;
Fig. 3A), respectively. Interestingly, application of DAPT alone or in
combination with phenytoin decreased the mRNA levels of nNav1.5.

The effects of DAPT, phenytoin, and the combination of DAPT–
phenytoin on the mRNA levels of MMP9 and TIMP1 were further
examined. The expression levels ofMMP9 decreased by 28%± 0.2%,
whereas the TIMP1 expression levels increased by about 2.7-fold
after 24 h treatment with 70 µM phenytoin + 700 µM DAPT.
With 700 µM DAPT alone, the TIMP1 expression significantly in-
creased by about 6.3-fold when compared with the untreated cells
(P < 0.05 and n = 6; Fig. 3B).

Diminished activation of MMP9 by DAPT increases in

combination with phenytoin

In our study, the activity of MMP9 decreased by 46.8% ± 3.9%
(P < 0.05 and n = 3; Fig. 4) in MDA-MB-231 cells treated with
700 µM DAPT. In contrast, the MMP9 activity increased by 19%±
2.4% and 21% ± 1.7% in MDA-MB-231 cells treated with 70 µM
phenytoin and 70 µM phenytoin+7 µM DAPT, respectively, com-
pared with the untreated cells for 24 h (P < 0.05 and n = 3; Fig. 4).

Activity of MMP9 proteins and its mRNA levels were directly cor-
related. Although 700 µM DAPT decreased MMP9 activity by
46.8%, this effect was reduced to 16.2% by addition of 70 µM pheny-
toin. Phenytoin decreased the reducing effect of DAPT on theMMP9/
TIPM1 mRNA ratio. The reduction of this ratio by 700 µM DAPT
(86%) was 74% when 70 µM phenytoin was added (P < 0.05 and
n = 3; Fig. 3C). But, phenytoin alone or in combination with DAPT
did not decrease the MMP9 activity.

Discussion

Several molecular signals play crucial roles in the metastatic process of
breast cancer. Phenytoin decreases parameters related to metastatic
ability such as invasion and motility [20]. Notch receptors contribute
to the invasiveness of metastatic breast cancer cells [36,37]. The effects
of phenytoin and DAPT were investigated on triple negative breast
cancer cell line (MDA-MB-231) via inhibition of VGSC activity and
Notch signaling, respectively. In our study, DAPT caused an anti-

Figure 1. Effects of phenytoin, DAPT, and their combination on the

proliferation of MDA-MB-231 cells Cells were treated with different doses of

phenytoin, DAPT, and their combinations. The inhibitors were applied at equal

doses (0.1–500 µM) either alone or combined. Cell proliferation was assessed

by WST-1. Data represent the average percentages of three independent

experiments (mean ± SD).
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proliferative effect on MDA-MB-231 cells in a dose-dependent man-
ner over a 24 h period at doses higher than 10 µM. It was reported that
DAPT and other gamma-secretase inhibitors such as L-685,458 have
no anti-proliferative effect at lower doses [38], which supports our
findings. VGSCs do not play any role in cellular proliferation [3]. Fur-
thermore, inhibition of VGSCs by phenytoin, the anti-proliferative

effect of DAPT, was decreased. This suggests that phenytoin exerts
an antagonistic effect with DAPT on the proliferation of
MDA-MB231 cells. Phenytoin which suppresses VGSCs acts on the
metastatic properties of the MDA-MB231 cells [20]. One of the meta-
static properties, namely, lateral motility, was analyzed by wound
healing test. It was found that both DAPT and phenytoin decreased

Figure 2. Effects of phenytoin (A), DAPT (B), and their combination (C) on the lateral migration of MDA-MB-231 cells Inhibitors were applied equally at doses of 7,

70, and 700 μM either alone or in combination. Scale bar represents 250 µm. The wounds were generated by a pipette tip. The width of the wound area in each

sample was compared with that of its zero hour counterpart. The percent inhibition of lateral motility is given (D). Data represent percent inhibition when

compared with untreated control cells and given as mean of three experiments (mean ± SD). *P < 0.05. NS, not significant.
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lateral motility of these cells. Recently, it was reported that phenytoin
decreased the cell migration of rat prostate cancer cells [11]. Similarly,
it was previously demonstrated that treatment of MDA-MB-231 cells
with 50 and 200 µM phenytoin resulted in 27.3% ± 1.9% and

37.2% ± 1.8% decrease in motility, respectively [20]. Our findings
are also consistent with Chigurupati et al. [39], who found that inhib-
ition of Notch signaling by using gamma-secretase inhibitors resulted
in impaired wound healing process in keratinocytes or fibroblasts.

Figure 3. Average expression profiles of nNav1.5 and Notch4 (A) and MMP9 and TIMP1 (B) and the ratio of MMP9/TIMP1 relative transcript levels (C) Each

experiment was conducted in triplicate, and data were normalized to the expression of GAPDH and calibrated to the expression levels in untreated cells.

MDA-MB-231 cells were treated with 7 µM DAPT, 70 µM DAPT, 700 µM DAPT, 70 µM phenytoin, 70 µM phenytoin + 7 µM DAPT, 70 µM phenytoin+70 µM DAPT,

and 70 µM phenytoin+700 µM DAPT for 24 h. Fold changes below 0.5 and above 1.3 are considered as significant with P < 0.05 as determined by ANOVA with

Tukey’s HSD post hoc. Results are presented as the mean ± SD.
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Furthermore, wound healing capacity of cells transfected by siRNA
duplexes targeting either Notch4 or Hes1 was impaired by
22.5% ± 2.1% and 27.0% ± 1.3% when compared with scramble
control, respectively [40]. Some pharmacological agents may affect
gene expression indirectly with a mechanism yet to be determined.
Therefore, we tested DAPT and phenytoin for their possible action.
Phenytoin does not decrease mRNA expression levels of nNav1.5. Al-
though previous reports have suggested that phenytoin suppresses the
nNav1.5 channel activity [20], they did not show the effect of pheny-
toin on the nNav1.5 mRNA expression level. In cancer cells, the ex-
pression of VGSCs is regulated mostly by positive feedback
mechanisms contrary to normal cells. For this reason, more effective
inhibitors that decrease mRNA levels of the channel may suppress
metastatic behaviors of cancer cells. Therefore, further investigation
will be required to design new agents that target at channel activity
and functional channel expression or to determine which chemicals
suppress both VGSC mRNA levels and activity. Interestingly, applica-
tion of DAPT alone or together with phenytoin decreased the mRNA
levels of nNav1.5. This decline may stem from the fact that gamma-
secretase inhibitors have several substrates besides gamma secretase,
which is one of the drawbacks of using them. A previous study indi-
cated that the β-subunit of VGSCs is a substrate of gamma-secretase
inhibitors [40]. Moreover, inhibition of Notch signal pathway via
DAPT increasedNotch4mRNA levels. This may be a response to sig-
nal inhibition. Remarkably, the expression ratio of MMP9 to TIMP1
was decreased by the application of both agents. This is consistent

with our findings using gelatin zymography technique, which may
demonstrate the decreased protein level of MMP9. Further studies
should be carried out to confirm these expression changes either
by Northern or western blotting. Enzymes that mediate invasion
andmetastasis of tumor cells includeMMPs, serine proteases, cysteine
proteases, and aspartyl proteinases. Among these, MMPs are Zn2+-
dependent peptides that can degrade extracellular matrix. It was re-
ported that MMP9 is activated in breast cancer, and high expression
of MMP9 is responsible for metastasis of breast cancer cells [41,42].
They are secreted in a latent form as pro-MMPs. Activation of MMPs
is regulated by activators and inhibitors [43]. The balance between
MMPs and their inhibitors (TIMPs) is crucial for the maintenance
of extracellular matrix. In most human cancers, an increase in MMP
gene activity was also reported [44]. The inhibitory effect of phenytoin
on an extracellular matrix regulator, namely, collagenase, has been re-
ported in patients with epidermolysis bullosa [45]. However, we have
found that phenytoin increased the gelatinase activity of MMP9,
which is another regulator in the extracellular matrix.

In conclusion, the results of this study indicate that DAPT decreases
cell proliferation as well as lateral motility, MMP9 activity, and propor-
tional gene expression of MMP9 to TIMP1 in MDA-MB-231 cells.
Moreover, it significantly decreases the mRNA levels of nNav1.5.
This supports the idea that the Notch signaling system is a suitable tar-
get in the treatment of metastatic breast cancer cells. In contrast, the
combined use of DAPT and phenytoin reduces these effects because
of interactions of these inhibitors with mechanisms yet to be deter-
mined. It is concluded that DAPT and phenytoin do not act synergistic-
ally on MDA-MB-231 breast cancer cells. Thus, the combined use of
DAPT with phenytoin is not as beneficial as single DAPT application.
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