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Abstract:  23 
The intracellular calcium concentration ([Ca2+]i) modulation plays a key role in the regulation of 24 
cellular growth and survival in normal cells and failure of [Ca2+]i homeostasis is involved in tumor 25 
initiation and progression. Here we show that inhibition of Furin by its naturally occurring inhibitor 26 
the prodomain ppFurin in the MDA-MB-231 breast cancer cells resulted in enhanced SOCE through 27 
TRPC6 activation that associated reduced cells malignant phenotype. Expression of ppFurin in a 28 
stable manner in MDA-MB-231 and the melanoma MDA-MB-435 cell lines inhibits Furin activity as 29 
assessed by in vitro digestion assays. Accordingly, cell transfection experiments, revealed that the 30 
ppFurin-expressing cells are unable to process adequately the PC substrates proVEGF-C and 31 
proIGF-1R. Compared to MDA-MB-435 cells, expression of ppFurin in MDA-MB-231 significantly 32 
induces Ca2+ entry which is impaired by silencing of TRPC6 expression. Analysis of TRPC6 33 
activation revealed its up-regulated tyrosine phosphorylation in ppFurin-expressing MDA-MB-231 34 
cells. The expression of ppFurin in MDA-MB-231 cells reduced their viability and ability to migrate 35 
and enhanced their sensitization to the apoptosis inducer hydrogen peroxide. These findings 36 
suggest that Furin inhibition by ppFurin may be a useful strategy to interfere with Ca2+ mobilization 37 
leading to breast cancer cells malignant phenotype repression and reduction of their resistance to 38 
treatments. 39 

Keywords: Furin; ppFurin; Breast cancer; Calcium; SOCE; TRPC6; Viability; Migration. 40 
 41 

1. Introduction 42 

After lung cancer, breast cancer is the second most common cancer worldwide; and the 43 
incidence of this cancer is continually increasing and even though treatment of breast cancer has 44 
improved in recent years more than 600,000 people still died from this disease every year [1]. Like 45 
various cancers breast cancer directly involves changes in intracellular Ca2+ dynamics [2,3]. Such 46 
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variations are frequently associated with intensification of cancer-related processes, including cell 47 
proliferation, migration and/or escaping of cell apoptosis [2,3]. In breast cancer cells, the levels of 48 
Ca2+ can be increased by the influx of extracellular Ca2+ via the Ca2+ channels in the plasma 49 
membrane. In addition, the remodeling of Ca2+ homeostasis can be mediated by changes in the 50 
expression of these channels and Ca2+ pumps as well [4]. In many circumstances, changes in [Ca2+]i 51 
are controlled by intracellular Ca2+ store mobilization and Ca2+ influx through hormones, growth 52 
factor receptors activation [2–4]. Interestingly, wide range of these secretory proteins are synthesized 53 
as inactive precursors that are converted to their bioactive forms at the general motif 54 
(K/R)-(X)n-(K/R), where n= 0, 2, 4 or 6 by Furin-like enzymes [5–8].  55 

Furin, also known as PCSK3, is a proprotein convertase that belongs to a family of 56 
Ca2+‐dependent serine peptidases. Synthesized as a precursor protein (preppFurin), this enzyme 57 
requires autocleavage in the secretory pathway for its activation [5,9,10]. Following the removal of 58 
the “pre” signal peptide in the endoplasmic reticulum (ER), the remaining protein is than 59 
autocatalytically processed in the secretory pathway to generate the N‐terminal ppFurin fragment 60 
and mature active Furin. N‐terminal ppFurin fragment is associated with the enzyme functions as a 61 
potent inhibitor [5,9,10]. The presence of a C‐terminal membrane binding domain [5,9,10] in the 62 
mature Furin allows this enzyme to cycle between the Golgi and plasma membrane and mediate the 63 
maturation of a strikingly varied set of proproteins. These include growth factors, receptors and 64 
differentiation factors, adhesion molecules and proteases, which have been associated with tumor 65 
initiation and different stages of tumor progression, angiogenesis, immune response and metastasis 66 
[5,6,11–14]. Based on various studies describing the activation of many proteins implicated in 67 
neoplasia by Furin, such as growth factors, their receptors, proteases and adhesion molecules, it was 68 
hypothesized that this protease may constitute a new potential target for cancer therapy [5,6,11–13]. 69 
Subsequently, comparative analysis of normal and tumor tissues derived from patients revealed 70 
altered expression levels of Furin in various types of cancers including breast cancer [5,15].   71 

In this study, we aimed to characterize Ca2+ changes in response to Furin repression by ppFurin 72 
in MDA-MB-231 breast cancer cells, with a focus on investigating the relationship between Ca2+ 73 
concentration changes, TRPC6 activation and malignant phenotype repression by ppFurin. Our 74 
results indicate that ppFurin mediates Ca2+ influx by means of TRPC6 channels activation that 75 
associates with MDA-MB-231 cells viability and migration reduction and enhances sensitization to 76 
the apoptotic agent hydrogen peroxide. These studies provide new insights into the consequences of 77 
Furin activity on Ca2+ homeostasis in breast cancer cells.  78 

2. Results 79 

2.1. Furin activity is repressed by ppFurin in breast cancer cells  80 

To investigate the role of Furin in the regulation of Ca2+ mobilization in breast cancer cells, 81 
MDA-MB231 were stably transfected with pIRES2-EGFP empty vector (Control) or containing 82 
ppFurin cDNA. For comparison, the melanoma cells MDA-MB435 were also transfected with 83 
pIRES2-EGFP empty vector (Control) or containing ppFurin. Using an in vitro enzymatic digestion 84 
assay [16,17] and the universal proprotein convertases (PCs) substrate: the fluorogenic peptide 85 
pERTKR-MCA, revealed that while high PCs activity was detected in Control MDA-MB231 cells, the 86 
expression of ppFurin in these cells inhibited PCs enzymatic activity (Figure 1a-1c). Similarly the 87 
expression of ppFurin in the melanoma cell line MDA-MB-435, also represses the PCs activity 88 
(Figure 1b-1d). Using specific primers for the PCs found in the secretory pathway, namely Furin, 89 
PC5, PAEC4 and PC7 real-time PCR confirmed the presence of all these PCs in control MDA-MB-231 90 
and MDA-MB-435 cells. In the presence of ppFurin, the mRNA level of Furin was reduced (Figure 91 
1e-1f).  92 
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 93 

Figure 1. Inhibition of Furin activity by ppFurin in breast MDA-MB-231 and melanoma MDA-MB-435 cell lines. 94 
(a, b) MDA-MB-231 and MDA-MB-435 cells were stably transfected with pIRES2-EGFP empty vector (Control) 95 
or pIRES2-EGFP-ppFurin and the PCs activity was evaluated by the measurement of cell lysates ability to digest 96 
the universal PCs substrate pERTKR-MCA at the indicated time periods. (c, d) Bar graphs representing PCs 97 
activity of MDA-MB-231 and MDA-MB-435 cells at 2 hours of incubation in the absence and presence of 98 
ppFurin. (e, f) Real-time PCR analysis of indicted PCs expression in Control and ppFurin-expressing cells. 99 
Results are shown in the bar graphs and are expressed as the percentage of enzymatic activity or transcripts 100 
relative to controls (100%). All values are presented as means ± SEM of three independent experiments. 101 
Statistical significance was assessed by t-test and * represents p < 0.05 as compared to the corresponding 102 
controls. 103 

To further confirm the effect of ppFurin on the enzymatic activity in MDA-MB-231 and 104 
MDA-MB-435 ppFurin expressing cells, we next assessed in these cells their ability to convert the 105 
human furin substrate proVEGF-C into the mature VEGF-C form. Immunoblotting analysis revealed 106 
that media derived from MDA-MB-231 and MDA-MB-435 cells transfected with a vector encoding 107 
proVEGF-C, mostly express the mature form of VEGF-C. Transfection of ppFurin expressing cells 108 
with vector encoding proVEGF-C showed reduction of the mature protein and enhanced the 109 
accumulation of the unprocessed form of VEGF-C (Figure 2a-2b). Similarly, immunoblotting 110 
analysis of the processing of the PCs substrate proIGF-1R revealed that MDA-MB-231 and 111 
MDA-MB-435 cell lines express proIGF-1R of which the processing of the β-subunit was also 112 
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blocked in MDA-MB-231 and MDA-MB-435 cells in the presence of ppFurin, as evidenced by the 113 
accumulation of the precursor form and the reduction of the mature form of IGF-1R. For comparison 114 
the processing of proVEGF-C and proIGF-1R was also examined in Control cells and in the presence 115 
of the general PC-inhibitor 1-PDX. As illustrated, in 1-PDX-expressing cells, the accumulation of 116 
proVEGF-C and proIGF-1R precursor forms was also enhanced (Figure 2).  117 

 118 
Figure 2. Inhibition of proVEGF-C and proIGF-1R by ppFurin in breast MDA-MB-231 and melanoma 119 
MDA-MB-435 cell lines. Western blotting for proVEGF-C precursor and its mature form (a,b) and for 120 
proIGF-1R precursor and its mature form (c,d) expression. Effect of the general PC-inhibitor -PDX on 121 
proVEGF-C and proGF-1R cleavage is given for comparison. Bar graphs indicate the percentages of 122 
proVEGF-C and proIGF-1R accumulations in the absence and presence of ppFurin or -PDX. All values 123 
are presented as means ± SEM of three independent experiments. Statistical significance was assessed by 124 
t-test and * represents p < 0.05 as compared to the corresponding controls. 125 

2.2. Regulation of Ca2+ mobilization by ppFurin  126 

Next, we have investigated the possible effect of ppFurin on Ca2+ mobilization in MDA-MB-231 127 
cells. As depicted in Figure 3a, in cells stably transfected with pIRES2-EGFP empty vector perfused 128 
with a Ca2+-free medium, treatment with the SERCA inhibitor TG led to a transient increase in [Ca2+]i 129 
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as a consequence of Ca2+ release from the intracellular stores. Subsequent re-addition of CaCl2 to the 130 
extracellular medium resulted in a further increase in [Ca2+]i indicative of SOCE. Expression of 131 
ppFurin significantly enhanced TG-evoked SOCE without having any effect on Ca2+ release from the 132 
intracellular stores (Figure 3a). The effect of ppFurin was specific for MDA-MB-231 cells as it did not 133 
have any effect on TG-induced Ca2+ mobilization in the melanoma cell line MDA-MB-435 (Figure 134 
3b). Furthermore, we have found that expression of ppFurin in MDA-MB-231 cells leads to transient 135 
constitutive Ca2+ entry detected as a rise in [Ca2+]i upon re-addition of extracellular Ca2+ in the 136 
absence of stimuli, while this effect was absent in MDA-MB-231 and MDA-MB-435 Control cells and 137 
MDA-MB-435 stably expressing ppFurin (Figure 4a-d). 138 

 139 

Figure 3. ppFurin enhances SOCE in MDA-MB-231 cells. Control MDA-MB-231 and MDA-MB-435 cells or 140 
expressing ppFurin were loaded with fura-2- and perfused with a Ca2+ free medium (100 µM EGTA added) and 141 
then stimulated with TG (1 µM) followed by reintroduction of external Ca2+ (final concentration 1 mM) to 142 
initiate Ca2+ entry. (a,b) Traces are representative of 40 cells/day/3–5 days. (c-f) Bar graphs represent 143 
TG-induced Ca2+ release and SOCE as the area under the curve (c, e) or the initial peak [Ca2+]i elevation above 144 
basal (d, f), expressed as mean ± SEM. Statistical significance was assessed by Student’s t-test and * represents p 145 
< 0.05 as compared to cells transfected with pIRES2-EGFP empty vector.  146 

 147 

TRPC6 is upregulated in MDA-MB-231 cells and play a relevant role in the activation of SOCE 148 

in these cells [18]. Hence, we have investigated whether TRPC6 mediates the increase in SOCE as 149 

well as the constitutive Ca2+ entry observed in MDA-MB-231 cells in the presence of ppFurin. As 150 
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depicted in Figure 4e-h, TRPC6 expression silencing inhibits constitutive Ca2+ entry in 151 

ppFurin-expressing cells, without having any effect in cells expression empty vector. As previously 152 

reported [18], attenuation of TRPC6 expression in MDA-MB-231 cells transfected with pIRES2-EGFP 153 

empty vector or ppFurin significantly inhibits SOCE with no change in Ca2+ release from the 154 

intracellular stores (Figure 5c-h). Interestingly, in cells expressing ppFurin, TRPC6 expression 155 

silencing resulted in a greater inhibition of SOCE than in mock-treated cells. As a result, SOCE in 156 

ppFurin-expressing and control cells was comparable after TRPC6 knockdown (Figure 5f and 5h), 157 

thus indicating that TRPC6 is responsible for the increased SOCE in ppFurin-expressing cells. 158 

 159 
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Figure 4. ppFurin induces constitutive Ca2+ entry in MDA-MB-231 cells. (a-d) Control MDA-MB-231 and 160 
MDA-MB-435 cells or expressing ppFurin were loaded with fura-2- and perfused with a Ca2+ free medium (100 161 
µM EGTA added) and then were subjected to Ca2+ re-addition to determine the existence of constitutive Ca2+ 162 
entry. (e-h) Control MDA-MB-231 and MDA-MB-435 cells or expressing ppFurin were transfected with 163 
shTRPC6 or scramble plasmid, as indicated. Forty-eight hours after transfection, cells were with fura-2 and 164 
perfused with a Ca2+-free medium (100 µM EGTA added) and then were subjected to Ca2+ re-addition to 165 
determine the existence of constitutive Ca2+ entry. Traces are representative of 40 cells/day/3–5 days. Bar graphs 166 
represent constitutive Ca2+ entry as the area under the curve, expressed as mean ± SEM. Statistical significance 167 
was assessed by Student’s t-test and * represents p < 0.05 as compared to the corresponding control.  168 

 169 

Figure 5. TRPC6 mediates the enhanced SOCE induced by ppFurin in MDA-MB-231 cells. (a) Control 170 
MDA-MB-231 cells or the same cells expressing ppFurin were transfected with shTRPC6 or scramble plasmid, 171 
as indicated. After 48 h cells were lysed and subjected to Western blotting using an anti-TRPC6 antibody, 172 
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followed by reprobing with anti-β-actin antibody for protein loading control. (b) Bar graphs represent TRPC6 173 
expression under the different experimental conditions. (c-h) Control MDA-MB-231 cells or expressing ppFurin 174 
were loaded with fura-2 and cells were perfused with a Ca2+-free medium (100 µM EGTA added) and then 175 
stimulated with TG (1 µM) followed by reintroduction of external Ca2+ (final concentration 1 mM) to initiate 176 
Ca2+ entry. Traces are representative of 40 cells/day/3–5 days. (e-h) Bar graphs represent TG-induced Ca2+ 177 
release and SOCE as the area under the curve (e, g) or the initial peak [Ca2+]i elevation above basal (f, h), 178 
expressed as mean ± SEM. Statistical significance was assessed by Student’s t-test and * represents p < 0.05 as 179 
compared to the respective control. 180 

2.3. Activation of TRPC6 Channels in MDA-MB-231 ppFurin-expressing cells  181 

Next, we explored the mechanism underlying the activation of TRPC6 by ppFurin. Our results 182 

indicate that TRPC6 expression is similar in control and ppFurin-expressing cells (Figure 5a). TRPC6 183 

has been reported to be activated by tyrosine phosphorylation [19], hence, we have explored 184 

whether ppFurin is able to induce TRPC6 tyrosine phosphorylation in MDA-MB-231 cells. As 185 

depicted in Figure 6, in MDA-MB-231 cells transfected with pIRES2-EGFP empty vector treatment 186 

with TG resulted in a significant increase in the phosphotyrosine level of TRPC6. Interestingly, 187 

expression of ppFurin in these cells significantly increased TRPC6 tyrosine phosphorylation, and 188 

thus activation, under resting conditions and TG was unable to induce further increase in the 189 

phosphotyrosine level of the channel (Figure 6). These findings might explain the constitutive Ca2+ 190 

entry as well as the increase in SOCE induced by ppFurin in MDA-MB-231 cells. 191 

 192 

 193 

Figure 6. ppFurin induces TRPC6 tyrosine phosphorylation in MDA-MB-231 cells. Control MDA-MB-231 cells 194 
or expressing ppFurin were stimulated with 1 µM TG for 3 min or left untreated and lysed. Whole cell lysates 195 
were immunoprecipitated (IP) with anti-TRPC6 antibody and immunoprecipitates were subjected to 10% 196 
SDS-PAGE and subsequent Western blotting with specific anti-phosphotyrosine antibody, as indicated. 197 
Membranes were reprobed with the antibody used for immunoprecipitation for protein loading control. The 198 
panels show results from one experiment representative of five others. Bar graphs represent the quantification 199 
of TRPC6 tyrosine phosphorylation in resting and TG-treated cells. Results are presented as percentage of 200 
control (cells transfected with pIRES2-EGFP empty vector and not stimulated with TG) and expressed as mean 201 
± S.E.M. Statistical significance was assessed by one-way analysis of variance combined with the Dunnett post 202 
hoc test and * represents p < 0.05 as compared to control. 203 

2.3. Inhibition of MDA-MB-231 malignant phenotype by ppFurin 204 

Previously induction of TRPC6 was reported to promote the aggressive phenotype of various 205 

cancer cells by promoting a sustained elevation of intracellular Ca2+ level, which is critical for cancer 206 

cells proliferation and migration [18]. While other studies reported that TRPC6 overactivation 207 
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mediated a significant reduction in breast cancer cells growth and viability [20]. Thereby, we first 208 

determined whether the TRPC6 activation in ppFurin-expressing MDA-MB-231 cells was 209 

accompanied by alteration in their viability and resistance to the apoptotic agent hydrogen peroxide 210 

(H2O2). Thereby, cells were treated for 6 h with various concentration of H2O2 and the cytotoxic effect 211 

was evaluated using the MTT assay (Figure 7a). As illustrated, H2O2 inhibited MDA-MB-231 cells 212 

viability in a dose-dependent manner that was further enhanced in the presence of ppFurin (Figure 213 

7a). Similarly using cell motility and collagen invasion assays revealed that the expression of 214 

ppFurin in these cells delayed MDA-MB-231 monolayer repair following a scratch wound (Figure 215 

7b-c) and repressed their ability to invade collagen (Figure 7d-e), respectively.  216 

 217 

Figure 7. ppFurin enhances MDA-MB-231 cells sensitization to hydrogen peroxide (H2O2) and reduces cell 218 
invasion and motility. (a) Effect of hydrogen peroxide on Control and ppFurin-expressing MDA-MB-231 cells 219 
viability as assessed by MTT assay and calculated with respect to control, which is set as 100%. (b) Control and 220 
ppFurin-expressing MDA-MB-231 cells were incubated in a microchemotaxis chamber pre-coated with collagen 221 
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IV for cell invasion assay, as indicated. (c) The results are represented as the percentage of invading cells. (d) 222 
Cell motility was analyzed by scratch wound assay. Control and ppFurin-expressing MDA-MB-231 cells were 223 
subjected to scratch wounds and imaged after 24 hours (n = 6/well). (e) Quantification of wound closure after 24 224 
hours of Control MDA-MB-231 cells and the same cells stably expressing ppFurin. All data are representative of 225 
3 experiments and shown as mean ± S.E.M (n=3 per group). *P < 0.05. Student’s t test was applied for statistical 226 
analysis. P values of <0.05 were considered significant. 227 

3. Discussion 228 

Proteolytic maturation of protein precursors by furin is involved in various cellular 229 

mechanisms directly responsible for the malignant phenotype of a variety of tumors including 230 

breast cancers [21–23]. These processes often involve the activation of proteins required for cell 231 

proliferation, invasion and signaling pathways that sustain cancer cell growth and viability [21–23]. 232 

We have previously reported that inhibition of protein precursors cleavage can affect these processes 233 

in different tumor cell types [9–12,14]. In particular, inhibition of the proprotein convertases (PCs) by 234 

the exogenous general PCs inhibitor 1-PDX elicits the repression of the activity of all the PCs found 235 

in the secretory pathway leading to the inhibition of a variety of growth factors, receptors and 236 

proteases resulting in reduced tumor cells proliferation, invasion and/or survival [9–12,14].  237 

Since Ca2+ signaling and various Ca2+ regulating proteins known to be involved in breast tumor 238 

development and progression are substrates and/or downsteam effectors of the ubiquitously 239 

expressed PC furin [10,25], we thought that ppFurin [24], its naturally occurring inhibitor, might be 240 

involved in the regulation of Ca2+ mobilization in breast cancer cells. By analyzing the effect of stable 241 

expression of ppFurin on PCs activity in MDA-MB-231 breast cancer and MDA-MB-435 melanoma 242 

cells, we found that ppFurin reduces significantly the in vitro enzymatic activity of PCs. This was 243 

confirmed following the analysis of two distinct furin substrates: proVEGF-C and proIGF-1R and 244 

found that ppFurin was driving in the two cell lines the cleavage repression of these protein 245 

precursors. Further analysis revealed that expression of ppFurin in MDA-MB-231 but not in 246 

MDA-MB-435 melanoma cells significantly induces constitutive Ca2+ entry. This Ca2+ mobilization 247 

was found to imply TRPC6 activation, since constitutive Ca2+ entry was disturbed following 248 

silencing of TRPC6 expression, as assessed by means of shRNA gene knockdown approach.  249 

Targeting altered Ca2+ homeostasis in cancer cells was previously proposed as a potential 250 

anti-cancer strategy. This by interfering with the expression and/or the activity of Ca2+-handling 251 

proteins. Indeed, the activity of various Ca2+ channels is known to be important in the control of 252 

cancer cells growth and survival [4,25]. Specifically, TRPC6 channels are well established to be 253 

implicated in cell proliferation and migration [26] and various hypertrophic gene expression and 254 

reported to be mediated by NFAT pathway activation in normal [27] and cancer [28] cells. In this 255 

aspect, inhibition of TRPC6 expression or activity was suggested to be applied to target breast cancer 256 

cell proliferation and migration [26]. In the current studies, we found that TRPC6 phosphorylation 257 

was up-regulated in MDA-MB-231 ppFurin-expressing cells while compared to control 258 

MDA-MB-231 cells, leading to an increased SOCE and was associated with reduced cell growth and 259 

survival. The relevance of TRPC6 hyperactivity in the inhibition of cell growth and induction of 260 

apoptosis has been previously demonstrated [29]. Indeed, while TRPC6 activation is known to 261 

promote cell proliferation, its overactivation by hyperforin was reported to induce a significant 262 

disorder in Ca2+ signaling that affect cell proliferation and induces apoptosis in cancer cells [20,30]. 263 

Similarly, extended enhance in [Ca2+]i was reported to activate various apoptotic cascades that 264 

encouraged the use of drugs able to maintain enhanced [Ca2+]i in cancer treatment. These include 265 
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topotecan [31], arsenic trioxide (As2O3) [32] and 5-Fluorouracil (5-FU) [33] all induce intracellular 266 

Ca2+ alteration that leads to apoptosis. For example 5-FU that is used for the treatment of various 267 

cancers, including breast cancer, involved the elevation of [Ca2+]i that activates p53 resulting in the 268 

activation of caspases and lately apoptosis [33,34]. In addition to cell growth and proliferation, Ca2+ 269 

signaling also plays a central regulatory role in migration [35]. We found that TRPC6 270 

hyperactivation in response to ppFurin expression also inhibited MDA-MB-231 cell migration and 271 

invasion. Although how TRPC6 hyperactivation affect MDA-MB 231 cells motility, is quite unclear, 272 

the role of TRPC6 in the regulation of actin cytoskeleton system activity may be the major 273 

contributing factor. Indeed, TRPC6-mediated Ca2+ influx was reported to be directly associated with 274 

actin cytoskeleton that is responsible for the regulation of cell morphology, cell adhesion, and 275 

motility [35]. While the TRPC6-mediated Ca2+ entry was found to contribute to migration and 276 

invasion, the gain-of-function mutation of TRPC6 found in several podocytes leads to focal and 277 

segmental glomerulosclerosis (FSGS), a leading cause of glomerulonephritis and chronic kidney 278 

disease [36,37] and proteinuria [38] due to alteration of actin organization and subsequently cell 279 

migration repression. In addition, exaggerated Ca2+ signaling mediated by these TRPC6 mutations 280 

was also found to cause apoptosis [37]. 281 

An increasing number of studies have identified a wide range of protein precursors in breast 282 

cancer cells of which the cleavage and activity are inhibited by furin repression [21,23,24,39,40]. 283 

These studies highlight the important role for the cleavage of these protein precurssors in breast 284 

cancer development and progression and reveals that their cleavage inhbition results in tumor cells 285 

proliferation, invasion and survival inhibition. However, further investigations are needed to 286 

explore the effect of specific protein precursor cleavage inhibition on TRPC6-mediated Ca2+ entry.  287 

4. Materials and Methods  288 

4.1. Materials and reagents  289 

Fura-2 acetoxymethyl ester (fura-2/AM) was from Molecular Probes (Leiden, The Netherlands). 290 
Thapsigargin (TG) was from Sigma-Aldrich (Madrid, Spain). Rabbit polyclonal anti-TRPC6 antibody 291 
(catalog number: TA328771, corresponding to amino acid residues 573-586 of rat TRPC6, 2nd 292 
extracellular loop) was from Origene (Rockville, MD, USA). The anti–Insulin-like growth factor I 293 
receptor (IGF-1R) and anti-Vascular endothelial growth factor C (VEGF-C) were from Santa Cruz. 294 
Mouse-monoclonal anti-phosphotyrosine antibody (catalog number: 05-321) was from Millipore 295 
(Temecula, CA, USA). All other reagents were of analytical grade.  296 

4.2. Cell culture and Transfections.  297 

The human breast cancer MDA-MB-231 and the melanoma MDA-MB 435 cell lines were stably 298 
transfected with pIRES2–enhanced green fluorescent protein (EGFP) empty vector or the same 299 
vector expressing the ppFurin cDNA. In other experiments, cancer MDA-MB-231 and the melanoma 300 
MDA-MB 435 cell lines were transiently transfected with pcDNA3-zeo-Flag.cm5 empty vector or the 301 
same vector containing wild-type VEGF-C. Transfections were carried out using the Effectene 302 
transfection reagent (Qiagen) according to manufacturer's instructions and stably 303 
ppFurin-expressing cells were selected using G418 resistance, as previously described [41,42]. Cells 304 
were grown in DMEM supplemented with 10% FCS, 100 units/ml penicillin, and 100 mg/ml 305 
streptomycin.  306 

4.3. RNA extraction and real time PCR 307 
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Total RNA extraction was performed using the Macherey-Nagel RNA isolation kit that includs 308 
DNase treatment (Qiagen), according to the manufacturer’s instructions. The RNA was reverse 309 
transcribed using the high capacity cDNA reverse transcription kit (Applied Biosystems, 310 
Courtaboeuf, France) and used for real time PCR in the presence of specific primers and Power 311 
SYBR Green PCR Master Mix (Applied Biosystems), as previously described [7,9]. The qPCR data 312 
were acquired with the StepOnePlusTM Real-Time PCR System (Applied Biosystems, Courtaboeuf, 313 
France). The expression levels were normalized to human GAPDH.  314 

4.4. Immunoprecipitation and Western blotting 315 

Immunoprecipitation and Western blotting were performed as described previously [43]. 316 
Briefly, 500 µL aliquots of cell suspension (18 × 106 cell/mL) were lysed with an equal volume of 317 
ice-cold 2 × NP-40 buffer, containing 274 mM NaCl, 40 mM Tris, 4 mM EDTA, 20% glycerol, 2% 318 
nonidet P-40, 2 mM Na3VO4 and complete EDTA-free protease inhibitor tablets. Samples of cell 319 
lysates (1 mL) were immunoprecipitated by incubation with 2.5 µg of anti-TRPC6 and 50 µL of 320 
protein A-agarose overnight at 4 °C on a rotary platform. The immunoprecipitates were resolved by 321 
10% SDS-PAGE and separated proteins were electrophoreticcally transferred onto nitrocellulose 322 
membranes for subsequent probing. Blots were incubated for 3 h at room temperature with 10% 323 
(w/v) BSA in tris-buffered saline with 0.1% Tween 20 (TBST) to block residual protein binding sites. 324 
Immunodetection of phosphotyrosine and TRPC6 were achieved by incubation overnight with 325 
anti-phosphotyrosine antibody diluted 1:500 in TBST and overnight with anti-TRPC6 antibody 326 
diluted in 1:500 in TBST. The primary antibody was removed and blots were washed three times for 327 
10 min each with TBST. Following, Primary antibodies were detected by incubation for 1 h with 328 
horseradish peroxidase-conjugated goat anti-mouse IgG antibody or horseradish 329 
peroxidase-conjugated goat anti-rabbit IgG antibody diluted 1:10000 in TBST and then exposed to 330 
enhanced chemiluminiscence reagents for 5 min. IGF-1R and VEGF-C cleavage detection by Western 331 
blotting analysis was performed as previously described [9,17]. The density of bands was measured 332 
using C-DiGit Chemiluminescent Western Blot Scanner and ImageJ software (NIH, U.S.A.). Data 333 
were normalized to the amount of protein recovered by the antibody used for the 334 
immunoprecipitation. 335 

4.5. Determination of cytosolic free-Ca2+ concentration 336 

Cells were loaded with fura-2 by incubation with 2 μM fura 2/AM for 30 min at 37 °C. 337 
Coverslips with cultured cells were mounted on a perfusion chamber and placed on the stage of an 338 
epifluorescence inverted microscope (Nikon Eclipse Ti2, Amsterdam, The Netherlands) with image 339 
acquisition and analysis software for videomicroscopy (NIS-Elements Imaging Software, Nikon). 340 
Cells were superfused with HEPES-buffered saline (HBS) containing (in mM): 125 NaCl, 5 KCl, 1 341 
MgCl2, 5 glucose, 25 HEPES, and pH 7.4, supplemented with 0.1% (w/v) BSA, and were 342 
alternatively excited with light from a xenon lamp passed through a high-speed monochromator 343 
(Optoscan ELE 450, Cairn Research, Faversham, UK) at 340/380 nm. Fluorescence emission at 505 nm 344 
was detected using a sCMOS camera (Zyla 4.2, Andor, Belfast, UK) and recorded using 345 
NIS-Elements AR software (Nikon, Amsterdam, The Netherlands). Fluorescence ratio (F340/F380) 346 
was calculated pixel by pixel [44]. TG-evoked Ca2+ release and SOCE were measured as the integral 347 
of the rise in the fura-2 fluorescence ratio for 2½  min after the addition of TG or Ca2+, respectively. 348 

4.6. Cell Viability Assay 349 

The cell viability was evaluated using the MTT assay, as previously described [45]. Control and 350 
MDA-MB-231 ppFurin cells were plated in 96-well microtiter plates respectively at a density of (1 × 351 
104/ml) cells/well. Next day, the cells were treated with various concentration of H2O2 for 6h and 352 
were immersed with MTT solution (0.5 mg/mL) for 3 h at 37 °C. Then absorbance was measured at 353 
570 nm using ELISA plate reader. The viability was calculated with respect to control, which is set as 354 
100%. 355 
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4.7. Cell invasion assay 356 

The in vitro invasion activity of control and MDA-MB-231 ppFurin-expressing cells was 357 
performed using 24-well microchemotaxis chambers precoated with 7.5 μg collagen type IV (Becton 358 
Dickinson Labware), as previously described [17,21]. Tumor cells (1 × 105/ml) were resuspended in 359 
serum-free media and were loaded into the upper chamber of Transwells. Cells were incubated at 360 
37°C for 24 h and invasion across collagen layer was initiated by adding 10% FBS (chemoattractant) 361 
to the lower chamber. Cells detected in each well were counted and the results were represented as 362 
(number of migrated cells/number of total cells) × 100%. 363 

4.8. Wound-healing assay  364 

The wound-healing assay was conducted as previously reported [39]. Briefly, control and 365 
MDA-MB-231 ppFurin-expressing cells were seeded into 6-well plate at 5 × 105/well and grown in 366 
growth media until 90–100% confluency. A cell-free area (wound) within the cell monolayer was 367 
constructed using a sterile micropipette tip. Healing of the wound was observed after 24 h by a light 368 
microscopy and analyzed using Image J software. The area that remained clear of cells after this 369 
period was quantified and compared with the area of the wound at time 0. 370 

4.9. Statistical analysis 371 

All data are presented as ± standard error of mean (SEM) unless specifically mentioned. 372 
Student’s t test or one-way analysis of variance combined with the Dunnett post hoc test were 373 
applied for statistical analysis, as appropriate. P values of <0.05 were considered significant. 374 

5. Conclusions 375 

Our work shows that expression of ppFurin, a naturally occurring inhibitor of the convertase 376 
Furin mediates an activation of TRPC6 that induces enhanced Ca2+ influx in breast cancer cells, 377 
driving their reduced viability and migration and their enhanced sensitization to the apoptotic agent 378 
hydrogen peroxide. Thus, interfering with furin activity-mediated Ca2+ mobilization and TRPC6 379 
activation represent a potential strategy controlling malignant phenotype and resistance to therapy 380 
in breast cancer cells. Prospect studies based on our conclusion will validate the efficacy of 381 
overactivation of TRPC6 in breast cancer repression using in vivo models.  382 
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