
A novel adhesion molecule in human breast cancer cells: Voltage-
gated Na+ channel β1 subunit

Athina-Myrto Chioni1,*, William J. Brackenbury2,*, Jeffrey D. Calhoun2, Lori L. Isom2, and
Mustafa B. A. Djamgoz1

1Neuroscience Solutions to Cancer Research Group, Division of Cell and Molecular Biology, Sir Alexander
Fleming Building, Imperial College London, South Kensington Campus, London, SW7 2AZ, UK

2Department of Pharmacology, University of Michigan Medical School, Ann Arbor, MI 48109-0632, USA

Abstract
Voltage-gated Na+ channels (VGSCs), predominantly the ‘neonatal’ splice form of Nav1.5
(nNav1.5), are upregulated in metastatic breast cancer (BCa) and potentiate metastatic cell
behaviours. VGSCs comprise one pore-forming α subunit and one or more β subunits. The latter
modulate VGSC expression and gating, and can function as cell adhesion molecules of the
immunoglobulin superfamily. The aims of this study were (1) to determine which β subunits were
expressed in weakly metastatic MCF-7 and strongly metastatic MDA-MB-231 human BCa cells,
and (2) to investigate the possible role of β subunits in adhesion and migration. In both cell lines, the
β subunit mRNA expression profile was SCN1B (encoding β1) ≫ SCN4B (encoding β4) > SCN2B
(encoding β2); SCN3B (encoding β3) was not detected. MCF-7 cells had much higher levels of all
β subunit mRNAs than MDA-MB-231 cells, and β1 mRNA was the most abundant. Similarly, β1
protein was strongly expressed in MCF-7 and barely detectable in MDA-MB-231 cells. In MCF-7
cells transfected with siRNA targeting β1, adhesion was reduced by 35 %, while migration was
increased by 121 %. The increase in migration was reversed by tetrodotoxin (TTX). In addition,
levels of nNav1.5 mRNA and protein were increased following β1 down-regulation. Stable
expression of β1 in MDA-MB-231 cells increased functional VGSC activity, process length and
adhesion, and reduced lateral motility and proliferation. We conclude that β1 is a novel cell adhesion
molecule in BCa cells and can control VGSC (nNav1.5) expression and, concomitantly, cellular
migration.
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1. Introduction
Voltage gated Na+ channels (VGSCs) are classically responsible for action potential generation
and conduction in excitable cells (Catterall, 2000). VGSCs contain one pore-forming α subunit
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and one or more β subunits (Catterall, 1992). VGSCs are also widely expressed in cells from
a range of human cancers, including breast cancer (BCa) (Fraser et al., 2005, Roger et al.,
2003), prostate cancer (PCa) (Laniado et al., 1997), lymphoma (Fraser et al., 2004), lung cancer
(Onganer and Djamgoz, 2005, Roger et al., 2007), mesothelioma (Fulgenzi et al., 2006),
neuroblastoma (Ou et al., 2005), melanoma (Allen et al., 1997) and cervical cancer (Diaz et
al., 2007). In addition, VGSCs are upregulated in line with metastasis in BCa, PCa, and small-
cell lung cancer (SCLC) in vivo (Onganer et al., 2005, Fraser et al., 2005, Diss et al., 2005).

In human and rodent cell models of BCa, PCa and lung cancer, the specific VGSC blocker
tetrodotoxin (TTX) suppresses a variety of in vitro metastatic cell behaviours including
invasion (Grimes et al., 1995, Bennett et al., 2004, Laniado et al., 1997, Roger et al., 2003),
migration (Brackenbury and Djamgoz, 2006), galvanotaxis (Djamgoz et al., 2001),
morphological development and process extension (Fraser et al., 1999), endocytic membrane
activity (Onganer and Djamgoz, 2005), lateral motility (Fraser et al., 2003), adhesion (Palmer
et al., 2008) and gene expression (Brackenbury and Djamgoz, 2006). Strongly metastatic
MDA-MB-231 human BCa cells express a TTX-resistant (IC50 in μM range) VGSC current
that is absent in weakly metastatic MCF-7 cells (Fraser et al., 2005, Roger et al., 2003). In
MDA-MB-231 cells, the predominant α subunit (Nav1.5; gene: SCN5A) is expressed primarily
in its ‘neonatal’ D1:S3 5’-splice form (nNav1.5) (Chioni et al., 2005, Fraser et al., 2005).
nNav1.5 is primarily responsible for the VGSC-dependent enhancement of migration and
invasion of MDA-MB-231 cells (Brackenbury et al., 2007). However, the possible functional
involvement of β subunits in potentiation of metastatic cell behaviours is not yet known.

So far, four VGSC β subunits (β1-β4; genes: SCN1B-SCN4B) have been identified. β1 and
β3 are non-covalently associated with the α subunit (Morgan et al., 2000, Isom et al., 1992),
whereas β2 and β4 are disulphide linked (Isom et al., 1995, Yu et al., 2003). VGSC β subunits
are multifunctional molecules (Brackenbury and Isom, 2008). These are unique among ion
channel auxiliary subunits in that they are homologous to the immunoglobulin superfamily of
cell adhesion molecules (CAMs) (Isom, 2001, Isom et al., 1994). β subunits also direct α subunit
insertion into the plasma membrane and permit interaction of the channel with other signalling
proteins. For example, β1 and β2 interact with the extracellular matrix proteins tenascin-C and
tenascin-R, influencing neuronal migration (Xiao et al., 1999, Srinivasan et al., 1998). In
addition, β1 and β2 participate in homophilic cell adhesion, resulting in cellular aggregation
and ankyrin recruitment (Malhotra et al., 2002, Malhotra et al., 2000). Furthermore, β1 interacts
heterophilically with N-cadherin, contactin, neurofascin-155, neurofascin-186, NrCAM and
β2 (Malhotra et al., 2004, Kazarinova-Noyes et al., 2001). β1 promotes process extension,
migration and pathfinding in neurones (Brackenbury et al., 2008a, Davis et al., 2004). β1 can
also influence intracellular mechanisms, e.g. a site within the cytoplasmic domain of β1
interacts with receptor tyrosine phosphatase β (Ratcliffe et al., 2000). At least some of these
functional roles may be independent of α subunits; in fact, it has been suggested that
independent β subunit functioning may be equally important (Malhotra et al., 2002, Fein et al.,
2008). β subunits may have direct involvement in pathophysiologies, e.g. cardiac arrhythmia,
epilepsy and pain (reviewed in Brackenbury and Isom, 2008) and indirect involvement, via
interacting partners, e.g. contactin, as in metastasis (Su et al., 2006). A recent study on human
prostate cancer found (i) that the β subunit mRNA level in vitro was positively correlated with
metastatic potential and (ii) that SCN1B was most abundant (Diss et al., 2007). β subunit
expression in human BCa has not previously been studied.

The main aims of the present study were twofold: (1) to investigate β subunit expression in
two human BCa cell lines of contrasting metastatic potential: MCF-7 (non/weakly metastatic)
and MDA-MB-231 (strongly metastatic) in a comparative approach; and (2) to explore the
involvement of the β subunit(s), mainly β1, in cellular adhesion and migration.

Chioni et al. Page 2

Int J Biochem Cell Biol. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2. Materials and methods
2.1 Cell culture

MDA-MB-231 and MCF-7 cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 5-10 % foetal bovine serum (FBS) and 4 mM L-glutamine, as described
previously (Fraser et al., 2005).

2.2 Real-time PCR
RNA extraction, cDNA synthesis and real-time PCR were performed as described previously
(Brackenbury et al., 2007). Primers for Cytb5R and nNav1.5 were as described previously
(Diss et al., 2001, Brackenbury et al., 2007). The following primer pairs and annealing
temperatures were also used:

1. SCN1B: 5’-AGAAGGGCACTGAGGAGTTT-3’and 5’-
GCAGCGATCTTCTTGTAGCA-3’ (60 °C).

2. SCN2B: 5’-GAGATGTTCCTCCAGTTCCG-3’ and 5’-
TGACCACCATCAGCACCAAG-3’ (62 °C).

3. SCN3B: 5’-CTGGCTTCTCTCGTGCTTAT-3’ and 5’-
TCAAACTCCCGGGACACATT-3’ (60 °C).

4. SCN4B: 5’-TAACCCTGTCGCTGGAGGTG-3’ and 5’-
TGAGGATGAGGAGCCCGATG-3’ (60 °C).

Threshold amplification cycles were determined using the Opticon Monitor 2 software (MJ
Research, Waltham, MA) and analysed by the 2-ΔΔCt method (Livak and Schmittgen, 2001).

2.3 RNA interference
RNA interference was performed with a pool of siRNAs (Genome smart pool for human
SCN1B NM_001037; Dharmacon, Lafayettte, CO), as described previously (Brackenbury et
al., 2007). mRNA and protein levels were measured 4-12 days after transfection, and compared
with two controls:

1. ‘Mock’. Transfection without siRNA.

2. ‘siControl’. Transfection with siControl Non-Targeting siRNA pool (Dharmacon).

Transfection efficiency was assessed independently using a positive control siRNA targeting
Lamin A/C (Dharmacon), which significantly reduced the lamin A/C protein level by ≥ 70 %
after 4 days, compared to siControl non-targeting siRNA.

2.4 Creation of a stable MDA-MB-231 line expressing β1
Cells (50 % confluent) were transfected overnight with cDNA (2 μg) using Fugene6 reagent
(Roche, Nutley, NJ, USA). cDNA encoding eGFP was subcloned from pEGFPN1 into
pcDNA3.1+ (Invitrogen). β1-GFP was generated by inserting β1 cDNA lacking the stop codon
into pEGFPN1 to create a C-terminal fusion protein. The β1-eGFP cDNA was then subcloned
into pcDNA3.1/Hygro+. eGFP-transfected cells were selected with 400 μg/ml geneticin. One
clone was derived and maintained in 200 μg/ml geneticin. β1-eGFP-transfected cells were
selected with 200 μg/ml hygromycin B. One clone was derived and maintained in 100 μg/ml
hygromycin B.

2.5 Western blotting
Total cell lysate preparation, cell membrane preparation, SDS polyacrylamide gel
electrophoresis, transfer to nitrocellulose and chemiluminescent detection were performed as
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described previously (Lopez-Santiago et al., 2006, McEwen et al., 2004, Laniado et al.,
1997, Chioni et al., 2005, Fraser et al., 2005). The following primary antibodies were used:

1. Pan-Na+ channel α subunit antibody (1 μg/ml; Millipore, Watford, UK);

2. NESO-pAb antibody (1 μl/ml) (Chioni et al., 2005);

3. Anti-β1ex antibody (1:500) (Malhotra et al., 2002);

4. Anti-actin antibody (1:700; Sigma, Dorset, UK);

5. Anti-actinin antibody (1 μl/ml; Sigma);

6. Anti-GFP A-11121 (1:1000; Invitrogen).

Densitometric analysis was performed using the Image-Pro Plus software (Media Cybernetics,
Bethesda, MD, USA). Signal density was normalised to anti-actinin or anti-actin antibody as
a loading control/reference, for at least three separate experiments. For each antibody, linearity
of signal intensity with respect to increasing protein loading in the range 20-80 μg was ensured
using a standard dilution of MDA-MB-231 cell extract.

2.6 Immunocytochemistry and confocal microscopy and image analysis
Cells (2 × 104) grown on poly-L-lysine-coated glass coverslips were fixed in paraformaldehyde
(2 %) and labelled with fluorescein isothiocyanate (FITC)-conjugated concanavalin A (conA;
Sigma) as plasma membrane marker (Brackenbury and Djamgoz, 2006). Nonspecific binding
sites were blocked with 5 % FBS prior to incubation with NESO-pAb. The secondary antibody
was Alexa567-conjugated goat anti-rabbit IgG (Dako). Cells were mounted in Vectashield
(Vector Laboratories, Peterborough, UK). Fluorescence was detected using a Leica (Wetzlar,
Germany) DM IRBE microscope with TCS-NT confocal laser scanner. GFP was detected using
an Olympus (Tokyo, Japan) Fluoview 500 confocal laser-scanning microscope. Densitometric
analysis was performed as described previously (Brackenbury and Djamgoz, 2006).
Measurements were taken from at least 50 cells per condition, for three repeat treatments.

2.7 Electrophysiology
Whole-cell recording of Na+ currents from cells grown on glass coverslips was performed as
decribed previously, with some modifications (Brackenbury et al., 2007). Patch pipettes
(TW150F-3, WPI, Sarasota, FL, USA) were pulled using a Model P-97 puller (Sutter
Instruments, Novato, CA, USA) and fire-polished to give resistances of 2-3 MΩ when filled
with internal solution. Voltage-clamp recordings were performed using a Multiclamp 700B
amplifier (Molecular Devices, Union City, CA, USA) compensating for series resistance by
60 %. Currents were digitized using a Digidata 1320 interface (Molecular Devices), low-pass
filtered at 10 kHz, sampled at 50 kHz and analyzed using pClamp 9.2 software (Molecular
Devices). Linear components of leak were subtracted using a standard P/6 protocol (Armstrong
and Bezanilla, 1977). Data manipulation and curve fitting were performed as described
previously (Ding and Djamgoz, 2004).

2.8 In vitro assays of metastatic cell behaviour
Morphometric analysis—Transfected cells were viewed under a Zeiss Axioplan
fluorescent microscope at The University of Michigan Microscopy and Image Analysis
Laboratory. Images captured at 40X were exported into the NIH ImageJ software for analysis.
The following measurements were taken for both monopolar and bipolar cells, as described
previously (Fraser et al., 1999):

1. Process length;

2. Process thickness;
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3. Cell body diameter. Measurements were recorded from 40 cells from each class, for
each cell line.

Single-cell adhesion—Measurements were performed on cells 48 h after plating into 35
mm dishes at a density of 2.5 × 104 cells/ml, using the single-cell adhesion measuring apparatus
(SCAMA), as described previously (Palmer et al., 2008). The peak detachment negative
pressure (DNP), measured digitally for each cell, was converted to kPa.

Cell-cell adhesion—The cell-cell adhesion assay was performed as described previously,
with some modifications (Wong and Filbin, 1996). Suspensions of single cells (2 × 106 cells/
ml) were allowed to aggregate at 37 °C with gentle rocking (25 rpm). The particle number of
aliquots was determined with a Coulter counter (ZBI; Beckman Coulter, Fullerton, CA, USA)
every 30 min for 2 h. Duplicate samples were counted three times, for three repeat experiments.

Proliferation—Cells (1 × 104 cells/ml) were seeded in triplicate wells of a 12-well plate for
24 h. The number of cells per well after 24 h was determined using the thiazolyl blue tetrazolium
bromide (MTT) assay, as described previously (Grimes et al., 1995). Results were compiled
as the mean of three repeats.

Transwell migration—Cells (2 × 105 cells/ml) were plated onto 12 μm-pore Transwell
migration filters in 12-well plates (Corning, NY, USA). siRNA-treated and/or control cells
were incubated with or without TTX (10 μM, applied once at the beginning of the assay), in a
1-10 % chemotactic FBS gradient overnight (12 h). The number of cells migrating was
determined using the MTT method (Grimes et al., 1995). Results were compiled as the mean
of ≥ four repeats.

Lateral motility—Wound-heal assays were performed as described previously (Fraser et al.,
2003). Measurements of wound width (15 per wound) were made at wound formation (W0)
and 24 h later (Wt). The motility index (MI) was calculated as MI = 1 – (Wt/W0). Means were
compiled from three repeat experiments.

2.9 Data analysis
All quantitative data are presented as means ± standard errors, unless stated otherwise.
Statistical significance was determined with Student’s t test, Mann-Whitney rank sum test,
one-way analysis of variance (ANOVA) followed by Newman-Keuls test, or two-way
ANOVA, as appropriate. Results were considered significant at P < 0.05 (*).

3. Results
We evaluated the expression of VGSC β subunits in weakly metastatic MCF-7 and strongly
metastatic MDA-MB-231 cells in a comparative approach. β1 was then downregulated in
MCF-7 cells, and stably expressed in MDA-MB-231 cells in order to elucidate its functional
involvement in the cells’ adhesion and migration.

3.1 Expression of VGSC α and β subunits in human BCa cell lines
Both MCF-7 and MDA-MB-231 cell lines expressed SCN1B (encoding β1), SCN2B (encoding
β2) and SCN4B (encoding β4) mRNAs; SCN3B mRNA (encoding β3) was not detected in
either line but could be detected in human prostate cancer PC-3M cells (Figure 1A). Two
products were amplified using the SCN4B primers: the full-length product (459 nt), and a
shorter form (310 nt; Figure 1A). Real-time PCR revealed that MCF-7 cells had 40-50 fold
higher levels of all β subunit mRNAs than MDA-MB-231 cells (Table 1A; Figure 1B). In both
cell lines, SCN1B was expressed at the highest level of any β subunit (Figure 1B). The relative

Chioni et al. Page 5

Int J Biochem Cell Biol. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



levels of mRNA in both cell lines were SCN1B ≫ SCN4B > SCN2B (Table 1B). Western blot
analysis using anti-β1ex antibody confirmed that β1 polypeptides were highly expressed in
MCF-7 and barely detectable in MDA-MB-231 cells (Figure 1C).

The mRNA level of nNav1.5, the predominant α subunit in MDA-MB-231 cells (Fraser et al.,
2005), was ~4200-fold higher than in MCF-7 cells (P < 0.05, n = 4; Figure 2A). Both the total
α subunit and nNav1.5 protein levels were ~4-fold higher in MDA-MB-231 than MCF-7 cells
(P < 0.01, n = 6; Figure 2B).

In conclusion, β1, the most highly expressed VGSC β subunit in both MDA-MB-231 and
MCF-7 cells, was significantly more abundant in the latter, non/weakly metastatic line,
especially at protein level.

3.2 Silencing of β1 expression in weakly metastatic MCF-7 cells by RNAi
Cells were transfected with a pool of siRNAs targeting SCN1B. In siRNA-treated cells, the
SCN1B mRNA level was reduced by 76 % after 4 days (P < 0.01, n = 3; Figure 3A, B). β1
protein was reduced by 18 % after 5 days and 40 % after 8 days (P < 0.05 / n = 6 and P < 0.05 /
n = 8, respectively; Figure 3C, D). In contrast, after 4 days, mRNA levels of SCN2B and
SCN4B were unaffected (P = 0.71 and P = 0.97, respectively; n = 3; Figure 3B).

Five days after transfection with siRNA targeting SCN1B, the nNav1.5 mRNA level increased
by 280 % (P < 0.05, n = 3; Figure 3B). However, there was no change in either the total VGSC
α subunit or nNav1.5 protein levels (P = 0.93 and P = 0.42, respectively; n = 4; Figure 4A, B).
In contrast, 8 days after transfection, when the β1 protein level was lowest, both the total VGSC
α subunit and nNav1.5 protein levels were increased by 256 % and 147 %, respectively (P <
0.05, n ≥ 3; Figure 4A, B). Furthermore, 12 days post-transfection, when SCN1B mRNA had
returned to normal, total VGSC α subunit and nNav1.5 protein levels remained elevated by 99
% and 117 %, respectively (P < 0.05, n ≥ 3; Figure 4A, B). Confocal microscopy revealed a
39 % increase in nNav1.5 immunoreactivity towards the cell periphery defined by conA
labelling, 8 days after RNAi treatment (P < 0.05, n = 3; Figure 4C).

In conclusion, the RNAi reduced SCN1B mRNA and β1 protein levels in MCF-7 cells, but
increased nNav1.5 mRNA and protein levels.

3.3. Effects of β1 silencing on metastatic cell behaviours of MCF-7 cells
Adhesion—MCF-7 cells are significantly more adhesive to substrate than MDA-MB-231
cells (Palmer et al., 2008), consistent with the relatively higher level of SCN1B in the former
(Figure 1) and the role of β1 as a CAM (Davis et al., 2004, Malhotra et al., 2000, Malhotra et
al., 2002). Measurements of single-cell adhesion of SCN1B siRNA-treated MCF-7 cells
revealed a significant reduction in adhesion of 25 % (P < 0.05; n = 3) and 35 % (P < 0.001; n
= 6) after 5 and 8 days, respectively (Figure 5A). However, by 12 days post-transfection, when
levels of SCN1B mRNA had returned to normal, the cells’ adhesive capability had recovered
such that there was no significant difference (P = 0.13; n = 3; Figure 5A), consistent with the
interpretation that β1 normally functions as a CAM in these cells. Pre-treatment of cells for 48
h with TTX (10 μM, continued during the assay) increased the adhesion of control cells by 16
% (P < 0.01; n = 4; Figure 5B, bars 1 vs. 3). Similarly, TTX increased the adhesion of
SCN1B siRNA-treated cells by 28 % (P < 0.05; n = 4; Figure 5B, bars 2 vs. 4). In conclusion,
downregulation of β1 reduced adhesion of MCF-7 cells, and this effect was partially reversed
by TTX.

Transwell migration—Eight days following transfection with siRNA targeting SCN1B, the
number of migrating MCF-7 cells increased by 121 % (P < 0.05; n = 8; Figure 5C, bars 1 vs.
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2), again suggesting that β1 normally functions as a CAM in these cells. Pre-treatment with
TTX for 48 h (continued during the assay) reduced migration of siControl-treated cells by 27
% (P < 0.05; n = 8; Figure 5C, bars 1 vs. 3). Similarly, TTX also reduced migration of siRNA-
treated cells by 43 % (P < 0.05; n = 8; Figure 5C, bars 2 vs. 4). Importantly, there was no
difference in migration between TTX-pretreated siControl or siRNA-treated cells (P > 0.05, n
= 8; Figure 5C, bars 3 vs. 4). TTX had no effect on SCN1B or SCN4B mRNA levels (P = 0.85
and P = 0.70, respectively; n = 3; Figure 5D), although SCN2B mRNA was reduced by 55 %
(P < 0.05; n = 3; Figure 5D).

In conclusion, downregulation of β1 reduced adhesion but increased migration of MCF-7 cells.
Both effects were sensitive to TTX, consistent with involvement of VGSC activity.

3.4 Effects of stably expressing β1 in MDA-MB-231 cells
β1 protein is detectable in MCF-7 cells, but not MDA-MB-231 cells (Figure 1). Further, MCF-7
cells exhibit enhanced adhesion and reduced migration compared to MDA-MB-231 cells,
suggesting that β1 expression influences these properties (Figure 5). Thus, we next investigated
whether overexpression of β1 in MDA-MB-231 cells might increase their adhesion and reduce
cellular migration. eGFP-β1 was transfected into MDA-MB-231 cells and stable expression
was monitored by epifluorescence (Figure 6A). For all experiments, the effects of β1 were
compared with control cells expressing eGFP alone. Western blot analysis confirmed
expression of eGFP protein (30 kDa) in the control cell line, and revealed the expected increase
of 37 kDa in molecular weight of eGFP in cells expressing the β1-eGFP fusion protein (Figure
6B).

VGSC activity—Expression of β1 protein in MDA-MB-231 cells increased peak Na+ current
density by 34 %, from -34.5 ± 4.2 mV, to -46.4 ± 4.1 mV (P < 0.05; n = 20; Figure 7A, B,
Table 2). In addition, β1 accelerated the kinetics of activation, reducing the time to reach peak
current (Tp), from 0.73 ± 0.03 ms, to 0.65 ± 0.02 ms (P < 0.05; n = 20; Table 2). In contrast,
the whole-cell capacitance, persistent current, voltage-dependence of activation and steady-
state inactivation, time constants of inactivation, recovery from inactivation, and use-
dependent rundown at 50 Hz were unchanged (Figure 7C-F, Table 2). In summary, β1 increased
peak VGSC current density and reduced Tp, without affecting other Na+ current characteristics.

Morphology—The distribution of β1-eGFP fusion protein in transfected cells was detected
throughout the cell body and processes, with high expression observed in perinuclear clusters
(Figure 6A). β1-eGFP-transfected cells had significantly increased process length and this was
observed in cells with both monopolar and biopolar morphologies (P < 0.01 for both; n = 40;
Figure 8A). The thickness of processes on β1-eGFP-expressing monopolar cells was
significantly reduced compared to cells expressing eGFP alone (P < 0.01; n = 40; Figure 8B).
In contrast, the process thickness on bipolar cells was unchanged (P = 0.46; n = 40; Figure 8B).
The cell body diameter of β1-eGFP-transfected cells was unchanged in both monopolar and
bipolar cells compared to eGFP alone (P = 0.26 and 0.91, respectively; n = 40; Figure 8C). In
conclusion, β1 overexpression appeared to increase process extension in MDA-MB-231 cells.
While the mechanism of this effect is not clear for BCa cells, we have shown previously that
β1-β1 cell adhesive interactions result in increased process length in neurons (Brackenbury et
al., 2008a, Davis et al., 2004).

Adhesion—Cell-cell adhesion was measured using a cellular aggregation assay. β1-eGFP
overexpression increased cell-cell adhesion of MDA-MB-231 cells compared to cells
expressing eGFP alone following 30 min of shaking, and this effect persisted for 2 h (P < 0.05;
n = 3; Figure 8D). This result is consistent with the proposed role for β1 in trans-homophilic
cell adhesion, described previously (Malhotra et al., 2000).

Chioni et al. Page 7

Int J Biochem Cell Biol. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Lateral motility and proliferation—The lateral motility of MDA-MB-231 cells was
measured using a wound-heal assay. eGFP-β1 expression reduced the MI by 21 % from 0.68
± 0.01 to 0.53 ± 0.01 compared to cells expressing eGFP alone (P < 0.001; n > 320; Figure
8E). In addition, the proliferation of cells expressing eGFP-β1 was reduced by 19 % compared
to control (P < 0.05; n = 3; Figure 8F). These findings suggest that β1 expression may reduce
wound closure by enhancing cell-cell or cell-matrix adhesion. However, the reduced
proliferation of these cells may also have contributed to this effect.

4. Discussion
This study is the first investigation of the role of VGSC β1 subunits in BCa cells and provides
new insights into the potential role of these multifunctional molecules in cancer metastasis.
The main findings of this study are as follows: (i) Weakly metastatic MCF-7 cells expressed
considerably higher levels of SCN1B, SCN2B, and SCN4B mRNAs than metastatic MDA-
MB-231 cells. (ii) SCN1B was the most abundant VGSC β subunit mRNA expressed in both
MCF-7 and MDA-MB-231 cell lines. (iii) β1 silencing experiments suggested that β1 normally
increases adhesion and attenuates Transwell migration of MCF-7 cells. (iv) β1 silencing
positively regulated nNav1.5 mRNA and plasma membrane protein levels in MCF-7 cells. (v)
TTX partially reversed the effects of β1-silencing on adhesion and migration in MCF-7 cells,
suggesting that VGSC expression and resulting changes in electrical activity may influence
metastasis. A potential caveat to this interpretation is the observation that TTX reduced
SCN2B mRNA expression. β2 has also been shown to play roles in cell adhesion in vitro,
including attenuating neurite outgrowth and thus may also contribute to the observed changes
in adhesion and migration. (vi) Overexpression of β1 in MDA-MB-231 cells increased Na+

current density, cell process length, and cell-cell adhesion, and reduced cellular lateral motility
and proliferation. Taken together, these results suggest that β1 expression enhances
adhesiveness and attenuates migration of BCa cells. The cell adhesive effects of β1
overexpression in MDA-MD-231 cells were observed concomitantly with β1-mediated
upregulation of Na+ current density, suggesting that the cell adhesive effects of β1 may be
independent of changes in excitability and supporting the notion that β1 may have autonomous
functional roles independent of the ion-conducting pore (Brackenbury and Isom, 2008,
Brackenbury et al., 2007). The regulation of nNav1.5 expression/activity by β1 silencing in
MCF-7 cells further suggests that β1 may control VGSC-dependent electrical signal
transduction in BCa.

4.1 Expression of β subunits in human BCa cell lines
We used RNAi to downregulate SCN1B in MCF-7 cells. The siRNAs reduced SCN1B mRNA
by 75 % after 4 days, without affecting SCN2B or SCN4B. β1 protein levels were reduced to
a lesser extent, by 40 % after 8 days. The reduced and delayed protein reduction could be due
to incomplete downregulation of the target gene (Jackson et al., 2003). Although dynamics of
α and β subunit mRNA/protein expression in cancer cells are not known, it is possible that
large intracellular protein stores and/or slow turnover may also contribute to the difference in
time course (Brackenbury et al., 2007, Li et al., 2004). Also, increasing evidence suggests that
VGSC mRNA and protein levels do not correlate (Lopez-Santiago et al., 2006, Brackenbury
and Djamgoz, 2006). Nonetheless, a small reduction in protein level can still result in
significant functional changes. For example, 40-60 % silencing of nNav1.5 was enough to
critically disrupt cancer cell migration (Brackenbury et al., 2007).

SCN4B mRNA was present in both MCF-7 and MDA-MB-231 cells in a longer and a shorter
form. A similar situation has been found in a human prostate cancer cell line (LNCaP) (Diss
et al., 2007). In addition, we found that SCN3B mRNA was not detectable in either MCF-7 or
MDA-MB-231 cells. Given that the SCN3B gene contains two p53 response elements and may
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be involved in p53-dependent apoptosis (Adachi et al., 2004), the absence of SCN3B in BCa
cells may promote oncogenesis. This is an interesting possibility that would be worthy of
further investigation.

4.2 Effect of VGSC activity on β subunit expression
TTX had no effect on SCN1B or SCN4B mRNA levels in MCF-7 cells. However, SCN2B
mRNA expression was reduced by 55 %. Thus, β subunit expression appears dynamic and, in
the case of SCN2B, may be controlled by α subunit activity. In agreement with this, electrical
activity affects L1 CAM expression in mouse sensory neurons (Itoh et al., 1995). In addition,
α subunit activity regulates SCN9A mRNA levels in metastatic PCa cells (Brackenbury and
Djamgoz, 2006). Interestingly, VGSC α subunit mRNA levels are regulated by a cleavage
product of β2 protein in neurons (Kim et al., 2007). Thus, VGSC α and β2 transcription and
translation may be tightly and reciprocally regulated.

4.3 Regulation of metastatic cell behaviours by β1
Downregulation of β1 in MCF-7 cells reduced single-cell adhesion, while overexpression of
β1 in MDA-MB-231 cells increased cell-cell adhesion and process length. These results are
consistent with the hypothesis that β1 functions as a CAM in BCa cells. β1 participates in
homophilic adhesion in vitro and in vivo, resulting in cellular aggregation, ankyrin recruitment,
neurite outgrowth, fasciculation, and migration (Davis et al., 2004, Malhotra et al., 2002,
Malhotra et al., 2000, Brackenbury et al., 2008a). In addition, given that β1 can interact with
other CAMs, as well as the extracellular matrix protein tenascin-R (Malhotra et al., 2004,
Kazarinova-Noyes et al., 2001, Xiao et al., 1999), it is likely that β1 could play a significant
adhesive role in BCa. For example, contactin, known to interact with β1, is involved in invasion
and metastasis of lung adenocarcinoma cells (McEwen et al., 2004, Brackenbury et al.,
2008a, Su et al., 2006).

SCN1B siRNA increased the Transwell migration of MCF-7 cells. We propose that
downregulation of β1 reduced the cells’ adhesion, and in doing so, rendered them more capable
of migration. Consistent with this result, overexpression of β1 in MDA-MB-231 cells reduced
their lateral motility. As with the MCF-7 cells, β1 may reduce MDA-MB-231 motility via
enhanced adhesion. However, β1 also reduced the proliferation of MDA-MB-231 cells, which
could also contribute to the reduced MI. Thus, β1 may also regulate survival and/or
proliferation of MDA-MB-231 cells by as yet, unidentified mechanism(s).

Interestingly, TTX partially reversed the effects of SCN1B silencing on the adhesion and
migration of MCF-7 cells. Thus, the reduction in adhesion, and increase in migration in the
absence of β1 is, at least in part, dependent on α subunit activity. TTX has been shown to inhibit
a variety of behaviours associated with the metastatic cascade (reviewed in Brackenbury et al.,
2008b). It is possible that metastatic cell behaviours dependent on α subunit activity may also
require concomitant downregulation of β1.

4.4. Regulation of nNav1.5 functional expression by β1
Overexpression of β1 in MDA-MB-231 cells increased Na+ current density and reduced Tp.
The effects of β1 on Nav1.5, the predominant α subunit expressed in MDA-MB-231 cells
(Fraser et al., 2005), appear to be controversial, and dependent on the cell type studied.
Consistent with the present findings, some studies report that β1 increases Nav1.5 current
density without affecting gating (Nuss et al., 1995, Qu et al., 1995). However, other reports
suggest that β1 does not affect Nav1.5 function (Makita et al., 1994, Yang et al., 1993), or shifts
voltage-dependence of steady-state inactivation (An et al., 1998, Malhotra et al., 2001), or
affects recovery from inactivation (Fahmi et al., 2001). In contrast to these previous studies,
Nav1.5 is primarily expressed in MDA-MB-231 cells as the D1:S3 nNav1.5 splice variant
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(Brackenbury et al., 2007, Fraser et al., 2005). Given that nNav1.5 exhibits subtly different
gating and kinetics compared to the ‘adult’ splice variant (Onkal et al., 2008), it is possible that
β1 may modulate nNav1.5 in a different manner.

Downregulation of β1 in MCF-7 cells resulted in upregulation of nNav1.5 mRNA and protein.
Scn1b null mice have increased Scn5a mRNA and Nav1.5 protein in cardiomyocytes (Lopez-
Santiago et al., 2007). Therefore, β1 may be a novel regulator of Scn5a/Nav1.5 expression in
multiple tissues. Emerging evidence suggests that β subunits may function as transcription
factors. For example, β subunits can be cleaved by secretases, yielding functional intracellular
domains (ICDs) (Wong et al., 2005, Kim et al., 2005). In the case of β2, the ICD increases
Scn1a mRNA and Nav1.1 protein levels (Kim et al., 2007). The β1-ICD may normally
participate in repression of SCN5A transcription, such that the SCN1B null mutation results in
SCN5A overexpression. In an alternative scenario, β1 in MCF-7 cells may serve to negatively
regulate nNav1.5 expression indirectly, via adhesion. Downregulation of β1 would reduce the
cells’ adhesion, in turn enhancing metastatic behaviours including migration, concomitant with
nNav1.5 upregulation. nNav1.5 is primarily responsible for the VGSC-dependent enhancement
of invasive behaviour in metastatic MDA-MB-231 cells (Brackenbury et al., 2007). The
mechanism(s) underlying α subunit upregulation in metastatic cancer cells is not understood,
although serum and growth factors are important (Pan and Djamgoz, 2008, Onganer and
Djamgoz, 2007, Ding et al., 2008, Ding and Djamgoz, 2004, Brackenbury and Djamgoz,
2007). Given that β1 increased Na+ current density in MDA-MB-231 cells, but reduced lateral
motility, this would suggest that the steady-state contribution of basal α subunit activity to
enhancing motility in MDA-MB-231 cells is maximal. However, it is not yet clear whether
nNav1.5 expression is required for the acquisition of metastatic capability, or whether it is
upregulated once the BCa cells have become highly metastatic.

4.5 Concluding remarks
This work further supports the proposed role of VGSCs in the cancer process and may have
important clinical implications. Loss of β1 expression in line with acquisition of metastatic
capability may provide a novel prognostic marker for BCa progression (Brackenbury and Isom,
2008). Furthermore, β1 may provide a target for gene therapy, whereby its overexpression
could enhance adhesion, resulting in reduction of metastatic cell behaviour in BCa.
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Figure 1. β subunit expression in MCF-7 and MDA-MB-231 cells
(A) Typical gel images of PCR products, taken at the end of the PCR, for SCN1B, SCN2B,
SCN3B, SCN4B and cytochrome b5-reductase (Cytb5R) from MCF-7, MDA-MB-231 and
PC-3M cells. The PC-3M cell line was used as a positive control for SCN3B expression (Diss
et al., 2007). (B) Relative mRNA levels of SCN1B, SCN2B, SCN3B and SCN4B, normalised
to Cytb5R by the 2-ΔΔCt method, and expressed as a percentage of the SCN1B mRNA level in
MCF-7 cells (fixed as 100 %). Each histobar indicates mean + error propagated through the
2-ΔΔCt analysis (n = 3). Significance is shown in Table 1. (C) Western blot with 70 μg of total
protein per lane from MCF-7 and MDA-MB-231 cells, using β1ex and an actinin antibody as
a control for loading. The same membrane was stripped and re-blotted.
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Figure 2. Expression of nNav1.5 mRNA and protein in MCF-7 and MDA-MB-231 cells
(A) Relative mRNA levels of nNav1.5, normalised to cytochrome b5-reductase (Cytb5R) by
the 2-ΔΔCt method, and expressed as a percentage of the level in MDA-MB-231 cells (fixed as
100 %). Errors are propagated through the 2-ΔΔCt analysis (n = 4). Inset, typical gel images of
nNav1.5 and Cytb5R real-time PCR products, taken at the end of the PCR. (B) Relative
nNav1.5 and total VGSC α subunit protein levels in MDA-MB-231 and MCF-7 cells. For each
antigen, the expression level in MDA-MB-231 cells was fixed as 100 %. The signal from
NESO-pAb or pan-α subunit antibodies was normalised to the actinin control. Inset, Western
blot with 60 μg of total protein per lane from MCF-7 and MDA-MB-231 cells, using NESO-
pAb, pan-VGSC α subunit antibody, and actinin antibody as a control for loading. The same
membrane was stripped and re-blotted. Each histobar indicates mean + SEM (n = 6).
Significance: (*) P < 0.05, (**) P < 0.01; Mann-Whitney Rank Sum test.
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Figure 3. Effects of silencing SCN1B on VGSC expression in MCF-7 cells
(A) Typical gel images of PCR products, taken at the end of the PCR, for SCN1B, SCN2B,
SCN4B, nNav1.5 and cytochrome-b5 reductase (Cytb5R) from MCF-7 cells 4 days after
transfection with siControl (lane 1), or siRNA targeting SCN1B (lane 2). NTC (lane 3), no-
template controls for PCR amplification. (B) Relative (%) mRNA levels of SCN1B, SCN2B,
SCN4B and nNav1.5. Control (black bar – 100 %): MCF-7 cells treated with siControl non-
targeting RNAi; white bars: MCF-7 cells treated with siRNA targeting SCN1B. β subunit and
nNav1.5 mRNA levels were normalised to Cytb5R by the 2-ΔΔCt method. Errors are propagated
through the 2-ΔΔCt analysis (n = 3). (C) Western blots with 70 μg of total protein per lane from
cells 5, 8 and 12 days after treatment. For each case, lane 1, treatment with ‘mock’ control (no
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siRNA); lane 2, treatment with non-targeting siControl siRNA; and lane 3, treatment with
siRNA targeting SCN1B. The β1ex antibody and an anti-actin antibody were used for β1 and
for loading control, respectively (the same membrane was stripped and re-blotted). (D)
Quantification of the data shown in (C). Relative total β1 protein levels were normalised to the
actin control. Data are presented as mean and SEM (n ≥ 4). Significance: (X) P >0.05; (*) P <
0.05; (**) P < 0.01; ANOVA with Newman-Keuls (B), Student’s paired t-test (D).
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Figure 4. Effect of RNAi targeting SCN1B on the nNav1.5 protein level in MCF-7 cells
(A) Western blots with 80 μg of total protein per lane from cells 5, 8 and 12 days after treatment.
For each case, lane 1, treatment with ‘mock’ control (no siRNA); lane 2, treatment with non-
targeting siControl siRNA; and lane 3, treatment with siRNA targeting SCN1B. Antibodies
used were pan-VGSC (for total VGSC), NESO-pAb for nNav1.5 and an actinin antibody for
loading control. The same membrane was stripped and re-blotted. (B) Quantification of the
data shown in (A). Relative total VGSC α subunit and nNav1.5 protein levels normalised to
the actinin control. (C) Typical confocal XZY images of non-permeablised MCF-7 cells 8 days
after transfection with (i) non-targeting siControl siRNA or (ii) siRNA targeting SCN1B
double-immunolabelled with conA plasma membrane marker (left) and NESO-pAb (right);
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(iii), Relative peripheral nNav1.5 level, measured from the confocal XZY images. Data are
presented as mean and SEM [(B), n = 4; (C), n = 3]. Significance: (*) P < 0.05; (B), ANOVA
with Newman-Keuls; (C) Student’s paired t-test.
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Figure 5. Effects of β1 downregulation on adhesion and migration of MCF-7 cells
(A) Time-course of reduction in relative detachment negative pressure (DNP) of MCF-7 cells
following transfection with siRNA targeting SCN1B. Circles, ‘mock’ control (without siRNA);
triangles, siControl non-targeting siRNA; squares, siRNA targeting SCN1B. (B) Absolute DNP
values (in kPa) of MCF-7 cells 8 days after transfection with siControl non-targeting siRNA
(bar 1) or siRNA targeting SCN1B (bar 2). In a separate experiment, cells were pre-treated with
TTX (10 μM for 48 h), continued during the assay for cells transfected with siControl non-
targeting siRNA (bar 3) or siRNA targeting β1(bar 4). (C) Relative number of cells migrating
through a Transwell chamber over 12 h, 8 days after transfection with siControl non-targeting
siRNA (bar 1) or siRNA targeting SCN1B (bar 2). In a separate experiment, cells were pre-
treated with TTX (10 μM for 48 h), continued during the assay for cells transfected with
siControl non-targeting siRNA (bar 3) or siRNA targeting SCN1B (bar 4). (D) Relative mRNA
levels of SCN1B, SCN2B AND SCN4B in MCF-7 cells after 48 hours treatment with/without
TTX (10 μM), normalised to cytochrome b5-reductase (Cytb5R) by the 2-ΔΔCt method. Errors
are propagated through the 2-ΔΔCt analysis (n = 3). Data in (A), (B) and (C) are presented as
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mean ± SEM (n ≥ 3). Significance: (X) P > 0.05; (*) P < 0.05, (**) P < 0.01, (***) P < 0.001;
(A), (B), (C) ANOVA with Newman-Keuls; (D) Student’s paired t-test.
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Figure 6. Stably expressing MDA-MB-231 cell lines
(A) Typical confocal XY (i) and merged bright-field images (ii) of MDA-MB-231 cells stably
transfected with eGFP (‘Control’) and β1 with an eGFP C-terminal fusion (‘β1’). (B) Western
blot of protein from MDA-MB-231 cells stably transfected with eGFP (‘Control’; total cell
lysate) and β1 with an eGFP C-terminal fusion (‘β1’; membrane preparation) using an anti-
GFP antibody. eGFP, 30 kDa; β1-eGFP, 67 kDa.
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Figure 7. Effect of β1 on VGSC activity in MDA-MB-231 cells
(A) Typical whole-cell Na+ currents elicited by 60 ms depolarizing voltage pulses between -80
mV and +30 mV applied from a holding potential of -100 mV: (i) a control cell expressing
eGFP; (ii) a cell expressing β1-eGFP. (B) Current-voltage relationship. Peak Na+ current
density was plotted as a function of voltage for control cells expressing eGFP (filled circles)
and cells expressing β1-eGFP (open circles). (C) Activation. Normalised conductance (G/
Gmax), calculated from the current data, plotted as a function of voltage for control cells
expressing eGFP (filled circles) and cells expressing β1-eGFP (open circles). (D) Steady-state
inactivation. Normalised current (I/Imax), elicited by 60 ms test pulses at - 10 mV following 1
s conditioning voltage pulses between -120 and -10 mV, applied from a holding potential of
-100 mV, plotted as a function of the prepulse voltage for control cells expressing eGFP (filled
circles) and cells expressing β1-eGFP (open circles). Inset, typical recording from a control
cell. (E) Recovery from inactivation. The fraction recovered (It/I0) was determined by a 25 ms
pulse to 0 mV (I0), followed by a recovery pulse to -100 mV for 1-500 ms, and a subsequent
25 ms test pulse to 0 mV (It), applied from a holding potential of -100 mV, and plotted as a
function of the recovery interval for control cells expressing eGFP (filled circles) and cells
expressing β1-eGFP (open circles). Inset, typical recording from a control cell. (F) Use-
dependent rundown. Current (I), elicited by 50 Hz pulse trains to 0 mV, applied from a holding
potential of-100 mV, normalised to the current evoked by the first pulse plotted as a function
of the pulse number for control cells expressing eGFP (filled circles) and cells expressing β1-
eGFP (open circles). Control (solid lines) and β1-eGFP (dashed lines) data are fitted with
Boltzmann functions, (C) and (D); and double exponential functions, (E). Data are presented
as mean ± SEM (n = 20).
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Figure 8. Effects of β1 on morphology, adhesion, migration and proliferation of MDA-MB-231 cells
(A) Process length of MDA-MB-231 cells stably transfected with eGFP (‘Control’) and β1
with eGFP C-terminal fusion (‘β1’). (B) Process thickness of MDA-MB-231 cells stably
transfected with eGFP (‘Control’) and β1 with eGFP C-terminal fusion (‘β1’). (C) Cell body
diameter of MDA-MB-231 cells stably transfected with eGFP (‘Control’) and β1 with eGFP
C-terminal fusion (‘β1’). In (A), (B) and (C), cells were defined as having monopolar or bipolar
morphologies and analysed separately (n = 40). (D) Cell-cell adhesion. Single MDA-MB-231
cells stably transfected with eGFP (‘Control’) and β1 with eGFP C-terminal fusion (‘β1’) were
incubated with gentle agitation for 2 h. The number of particles was monitored every 30 min
and expressed as a percentage of the starting value. As cells adhered to one-another and formed
aggregates, the particle number decreased (n = 3 repeat experiments). (E) Motility index (MI)
of MDA-MB-231 cells stably transfected with eGFP (‘Control’) and β1 with eGFP C-terminal
fusion (‘β1’) in a wound-heal assay. Wound width was measured at 0 h (W0) and 24 h (Wt).
MI was calculated as 1 – (Wt/W0) (n = 135). (F) Proliferation of MDA-MB-231 cells stably
transfected with eGFP (‘Control’) and β1 with eGFP C-terminal fusion (‘β1’), normalised
relative to control. Cells were grown for 24 h and counted using the MTT assay (n = 3 repeat
experiments). Data are presented as mean ± SEM. Significance: (X) P > 0.05; (*) P < 0.05,
(**) P < 0.01, (***) P < 0.001; (A), (B), (C), (E) Student’s t-test; (F) Student’s paired t-test.
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Table 1
VGSC β subunit mRNA expression in MCF-7 and MDA-MB-231 human breast cancer cell lines.

A. Fold differences in expression compared between cell lines

β subunit mRNA Fold difference (MCF-7 vs. MDA-MB-231) P

SCN1B 40 < 0.001

SCN2B 20 < 0.01

SCN4B 50 < 0.001

B. Fold differences within given cell lines

Cell line SCN1B ≫ SCN2B SCN4B > SCN2B SCN1B ≫ SCN4B

MCF-7 1500-fold 4-fold 450-fold

MDA-MB-231 800-fold 2-fold 500-fold
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Table 2
Effect of β1 overexpression on Na+ current characteristics in MDA-MB-231 cells

Parametera Control β1

Cm (pF) 22.4 ± 1.8 19.8 ± 0.9

Ip (pA/pF) -34.5 ± 4.2 -46.4 ± 4.1 *

Iper at -35 mV (pA/pF) -1.6 ± 0.4 -2.2 ± 0.3

Va (mV) -54.0 ± 0.8 -54.5 ± 0.9

Vp (mV) -1.0 ± 1.2 -4.5 ± 1.5

Activation V1/2 (mV) -21.3 ± 0.9 -23.3 ± 2.6

Activation k (mV) 10.2 ± 0.5 10.0 ± 0.7

Inactivation V1/2 (mV) -83.6 ± 0.8 -84.8 ± 0.6

Inactivation k (mV) -7.9 ± 0.8 -6.5 ± 0.3

Tp at 0 mV (ms) 0.73 ± 0.03 0.65 ± 0.02 *

τf at 0 mV (ms) 0.51 ± 0.03 0.50 ± 0.03

τs at 0 mV (ms) 3.7 ± 0.4 3.7 ± 0.4

a
Abbreviations: Cm, membrane capacitance; Ip, peak current density; Iper, persistent current density; Va, activation voltage; Vp voltage at current peak;

V1/2, half (in)activation voltage; k, slope factor; Tp time to peak; τf/s, fast/slow time constant of inactivation.

Data are expressed as mean ± SEM.

*
Significance: P < 0.05 (n = 20).
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