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Abstract 

Increased expression of specific calcium channels in some cancers and the role of calcium 

signaling in proliferation and invasion have led to studies assessing calcium channel 

inhibitors as potential therapies for some cancers. The use of channel activators to promote 

death of cancer cells has been suggested, but the risk of activators promoting cancer cell 

proliferation and the importance of the degree of channel over-expression is unclear. We 

developed an MCF-7 breast cancer cell line with inducible TRPV1 overexpression and 

assessed the role of TRPV1 levels on cell death mediated by the TRPV1 activator capsaicin 

and the potential for submaximal activation to promote proliferation. The TRPV1 level was a 

determinant of cell death induced by capsaicin. A concentration response curve with varying 

TRPV1 expression levels identified the minimum level of TRPV1 required for capsaicin 

induced cell death. At no level of TRPV1 over-expression or capsaicin concentration did 

TRPV1 activation enhance proliferation. Cell death induced by capsaicin was necrotic and 

associated with up-regulation of c-Fos and RIP3. These studies suggest that activators of 

specific calcium channels may be an effective way to induce necrosis and that this approach 

may not always be associated with enhancement of cancer cell proliferation. 
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1. Introduction

Calcium is an important regulator of a variety of cellular processes many of which are de-

regulated in cancer cells, such as proliferation, migration and cell death [1, 2]. Increases in 

the expression of specific calcium permeable ion channels occur in a variety of cancer types 

[1]. These include increased levels of TRPM8 [3, 4], TRPV6 [5, 6] and TRPV2 [7] in some 

prostate cancers and increased TRPC3 and TRPC6 in ovarian cancer [8, 9]. In some cases, 

alterations in the expression of specific calcium permeable ion channels occur predominantly 
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in specific cancer subtypes. Examples of this are seen in breast cancers, where increases in 

the levels of the highly selective calcium channel TRPV6 [10] are associated with the poor 

prognosis basal subtype [11].  

 

Numerous studies have now also identified that silencing and/or pharmacological inhibition 

of overexpressed calcium ion channels in cancer cells may attenuate key aspects of cancer 

progression, including proliferation and metastasis. Inhibitory RNA-mediated silencing of 

TRPC3 reduces the proliferation of the SKOV3 ovarian cancer cell line [8] and silencing or 

pharmacological inhibition of ORAI1 reduces metastasis of MDA-MB-231 breast cancer 

cells in vivo [12]. These and other studies [13-15] have provided compelling evidence that 

overexpression of a calcium permeable ion channel can promote key hallmarks of cancer [16] 

and that inhibition of calcium permeable ion channels overexpressed in specific cancers may 

provide a strategy for cancer therapy. An alternative approach that has been proposed (but 

less studied) is the activation of an overexpressed calcium permeable ion channels to induce 

cancer cell death [1, 17]. 

 

Calcium is a critical regulator of cell death, with sustained and high (> 1 M) increases in 

intracellular free Ca
2+

 ([Ca
2+

]i) associated with the induction of apoptotic or necrotic cell 

death [18]. The critical importance of elevated levels of [Ca
2+

]i in cell death pathways has 

been widely studied in neurons and cardiac cells [19]. In neurons, cell death due to Ca
2+

 

overload is often associated with the cleavage and in some cases inactivation of calcium 

efflux transporters located on the plasma membrane, [20, 21]. The consequences of this 

attenuation of Ca
2+

 efflux mechanisms is augmentation of elevations in [Ca
2+

]i and promotion 

of cell death pathways modulated by Ca
2+

, such as those of the mitochondria [22].  
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In prostate cancer cells, Zhang and Barritt [17] demonstrated that silencing TRPM8 reduces 

cell viability and induces apoptosis in LNCaP cells, and that activation of TRPM8 with the 

non-selective TRPM8 activator menthol [23] also reduces cell viability and induces apoptosis 

[17]. Menthol also induces cell death, but not apoptosis, in a bladder cancer cell line with 

elevated levels of TRPM8 [24]. Transient expression of the drosophila TRPL (constitutively 

active) in the LNCaP cells reduces cell viability and increases apoptosis [25]. Activation of 

overexpressed TRPV2 in a bladder cancer cell line with cannabidiol and activation of 

overexpressed TRPV1 with capsaicin in a lung cancer cell line both cause apoptosis [26, 27]. 

One potential limitation of activating an overexpressed calcium permeable ion channel as a 

therapeutic approach for cancer therapy is the possibility of the activator producing levels of 

Ca
2+

 influx that are not sufficient to induce cell death, but which activate calcium sensitive

cell cycle pathways [28] and thus promote proliferation. It is also still unclear how the level 

of calcium channel overexpression may influence the sensitivity of cancer cells to cell death 

via channel activation. In these studies we explored these issues using MCF-7 breast cancer 

cells with inducible TRPV1 over-expression. TRPV1 is a calcium permeable ion channel 

expressed in sensory neurons [29], keratinocytes [30] and lung cells [26], with a role in the 

sensing of elevated temperatures, thermal pain [31] and regulating inflammation and 

neurogenesis [32]. TRPV1 is activated by the hot component of chili peppers capsaicin and is 

sensitive to a variety of pharmacological activators and inhibitors, which have often been 

developed as part of the search for novel therapies for pain [33] and overactive bladder [34]. 

Elevated TRPV1 expression occurs in colon [35], pancreatic [36] and prostate [37, 38] cancer 

cells. Studies of capsaicin have reported varying effects, which may be related to non-

TRPV1-mediated responses of capsaicin or differences between the levels of TRPV1 

expression amongst different cancer cell lines. In the LNCaP prostate cancer cell line 
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capsaicin induces cell proliferation via TRPV1 [39], whereas in PC-3 prostate cancer cells 

capsaicin inhibits cell proliferation via a mechanism independent of TRPV1 [40]. 

In these studies we investigated the hypotheses that cell death mediated by pharmacological 

activation of TRPV1 in MCF-7 breast cancer cells is dependent on both the level of TRPV1 

overexpression and the concentration of TRPV1 activator, and that the overexpression of 

TRPV1 and submaximal activation of TRPV1 promotes the proliferation of MCF-7 breast 

cancer cells. We also sought to define the nature of cell death associated with TRPV1 

activation in MCF-7 breast cancer cells. 

2. Methods

2.2 Cell culture 

The MCF-7 Tet-off breast cancer cell line (Clontech) and the MCF-7 parental breast cancer 

cell line (ATCC) were cultured in Dulbecco’s Modified Eagle Medium, (high glucose) 

(DMEM; Invitrogen) supplemented with 10% fetal bovine serum (FBS; Sigma Aldrich), 4 

mM L-glutamine (Invitrogen), and penicillin G (100U/mL)/ streptomycin sulphate (100 

g/mL; Invitrogen) at 37°C with 5% CO2. Cells were supplemented with G418 (100 g/mL; 

Invitrogen), hygromycin B (110 g/mL; Invitrogen) and doxycycline (dox; 1 g/mL; Sigma-

Aldrich) as required. Cells were passaged when the density reached approximately 80%. The 

MCF-7 Tet-off
TRPV1

 cell line was cultured for less than 10 passages prior to experimentation.

2.3 Molecular cloning and development of MCF-7 Tet-off
TRPV1

 cell line
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TRPV1 was amplified from pcDNA3.1 D/V5-His- TOPO-TRPV1 (a generous gift from 

A/Prof C Reilly, University of Utah) [26] using Platinum Pfx DNA polymerase (Invitrogen) 

and the following primers; forward primer 

GCATATATGTCGACACCATGAAGAAATGGA-GCAGCA and reverse primer 

GCATATATGTCGACTCACTTCTCCCCGGAAGCGGC-AGGACTCTT. The TRPV1 

PCR product was ligated into the pGEM-T Easy vector (Promega) then sub-cloned into the 

pBI-G Tet response plasmid (Clontech). The pGEM-TRPV1 and pBI-G-TRPV1 plasmids 

were verified using restriction digest and nucleotide sequencing. The pBI-G-TPRV1 plasmid 

expresses both TRPV1 and β-galactosidase from a bidirectional promoter (Clontech). 

To generate an MCF-7 Tet-Off cell line stably expressing TRPV1, cells were co-transfected 

with the pBI-G-Tet-off-TRPV1 response plasmid and the pTK-Hyg selection plasmid 

(Clontech) using LipofectAMINE 2000 (Invitrogen). Two days after transfection hygromycin 

(110 µg/mL) and dox (1 µg/mL) were added to the culture medium to select for transfected 

cells. Hygromycin resistant colonies were expanded into 24-well plates and screened for dox 

regulated β-galactosidase (β-gal) activity. 

2.4 -Gal assay 

The β-galactosidase Enzyme Assay System (Promega) was used to evaluate dox-regulated β-

gal activity in MCF-7 Tet-Off
TRPV1

 cell lines, since β-gal is an indirect reporter for TRPV1

expression. Briefly, cells were seeded in 96-well plates (8 x 10
3
 cells/well) with vehicle or

dox (1 µg/mL). After 96 h cells were lysed with reporter lysis buffer for 15 min at room 

temperature and then incubated with assay buffer for 30 min at 37°C. Absorbance was 

measured at 415 nm using a Bio-Rad model 550 microplate reader. 
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2.5 Real-time RT-PCR 

RNA was isolated from the MCF-7 Tet-Off cells using a Qiagen RNeasy plus mini kit 

(Qiagen). RNA was reverse transcribed using the Omniscript RT kit (Qiagen) and real-time 

RT-PCR was performed using TaqMan Universal PCR Master Mix or Taqman Fast 

Universal Master Mix and TaqMan gene expression assays; TRPV1 (Hs00218912_m1), c-

Fos (Hs00170630_m1), RIP3 (Hs00819388_m1) and 18S rRNA (4319413E). The real-time 

PCR reactions were performed using an ABI PRISM 7500 Sequence Detector or 

StepOnePlus Real-Time PCR System (Applied Biosystems) with the universal cycling 

conditions. The mRNA levels were normalized to 18S rRNA and are presented as fold 

change (2
-∆∆Ct

) relative to control (MCF-7 Tet-Off
TRPV1

 + dox or MCF-7 tet-off). Fold change

levels were calculated using the comparative threshold cycle Ct method [41, 42]. 

2.6 Measurement of intracellular free Ca
2+

 [Ca
2+

]i

MCF-7 Tet-Off
TRPV1

 cells (8 x 10
3
 cells/well) were seeded in 96-well black-walled CellBIND

surface plates (Corning Inc.) and treated with vehicle or various concentrations of dox. 

Measurement of intracellular Ca
2+

 in response to vehicle (ethanol) or various concentrations

of capsaicin was performed at 96 h. Cells were loaded with Fluo-4 AM (4 µM; Invitrogen) 

for 30 min at 37 °C and then incubated for 15 min at room temperature in physical salt 

solution [PSS; 140 mM NaCl, 11.5 mM glucose, 10 mM HEPES, 5.9 mM KaCl, 1.4 mM 

MgCl2, 1.2 mM NaH2PO4, 5 mM NaHCO3, 1.8 mM CaCl2, pH 7.3] at room temperature. 

Fluorescence was measured at 470 – 495 nm excitation and 515 – 575 nm emission using a 

Fluorescence Imaging Plate Reader (FLIPR)
TETRA 

(Molecular Devices). Response over
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baseline was assessed as a relative measure of [Ca
2+

]i and peak relative Ca
2+

 was determined

by the maximum relative fluorescence (response over baseline) value achieved during the 800 

s following capsaicin addition. Concentration-response curves and EC50 or IC50 values were 

generated using GraphPad Prism Version 5.01 software (GraphPad Software Inc). The data 

were fitted to a four parameter Hill equation with variable slope. 

2.7 Viable cell number assay 

MCF-7 Tet-Off and MCF-7 Tet-Off
TRPV1

 cells (8 x 10
3
 cells/well) were seeded in 96-well

plates. Cells were treated with vehicle (ethanol) or varying concentrations of capsaicin or dox 

and vehicle . Proliferation was assessd at 24 h, 72 h, 96 h or 120 h by adding CellTiter 

96®Aqueous One Solution Reagent (20 μL) to each well containing 100 μL of culture 

medium and measuring the absorbance at 490 nm using a Bio-Rad model 550 microplate 

Reader. 

2.8 Assessment of cell death 

MCF-7 Tet-Off
TRPV1

 cells (8 x 10
3
 cells/well) were seeded in 96-well black-walled imaging

plates (Becton Dickinson Bioscience) in the presence of dox (0 – 1000 ng/mL). Capsaicin (0 

– 500 µM) or staurosporine (STS, 0 – 3 µM) were added 96 h after seeding and cell death

was assessed at two time points (6 h and 24 h) after capsaicin treatment. For BAPTA 

experiments cells were pre-treated with vehicle or BAPTA (10 mM) for 5 min prior to 

treatment with vehicle, BAPTA (10 mM), capsaicin (3 µM), or BAPTA (10 mM) plus 

capsaicin (3 µM) for 6 h. Cells were stained simultaneously with Hoechst 3342 (10 µg/mL; 

Invitrogen), PI (1 µg/mL; Invitrogen) and YO-PRO-1 (0.2 µM Invitrogen) for 15 min at 37 
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°C. Hoechst stains all cells, YO-PRO-1 can enter cells during apoptosis and PI enters cells 

during the late stages of apoptosis and during necrosis [43, 44]. Images were acquired and 

analyzed using an ImageXpress Micro (Molecular Devices) automated epifluorescent 

microscope with a 10 X objective lens. Images were captured from four fields per well. 

Hoechst 3342 was detected using a DAPI-1160A (Semrock) filter, PI was detected using a 

Cy3-4040B (Semrock) filter and YO-PRO-1 was detected using a GFP-3635B (Semrock) 

filter. Images were analyzed using MetaXpress (V3.1.0.83, Molecular Devices). The Multi-

wavelength Cell Scoring application module was used to calculate the percentage of cells 

positive for each dye. Phase contrast images were captured using a Leica DM IL LED 

inverted microscope, 40 X objective with a Leica DFC 295 camera (Leica). Fluorescent 

images were captured using ImageXpress Micro (Molecular Devices) automated 

epifluorescent microscope with a 10 X objective lens. 

2.9 Statistical analysis 

GraphPad Prism Version 5.01 software (GraphPad Sotfware Inc) was used for the generation, 

95 % confidence interval values and statistical significance were calculated as described in 

the figure legends. 

3. Results

3.1 Generation of an MCF-7 tet-off cell line over-expressing TRPV1 (MCF-7 tet-off
TRPV1

).

A breast cancer cell line model was developed to assess the consequences of overexpression 

of a calcium permeable ion channel in breast cancer cells and the optimal approach and 

conditions to therapeutically target such channels. The MCF-7 cell line was selected because 
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MCF-7 cells have low levels of TRPV1, a calcium permeable ion channel with well 

characterized pharmacological modulators (e.g. capsaicin). The TRPV1 over expressing 

MCF-7 cell line was generated using a plasmid with a bi-directional promoter that expressed 

both TRPV1 and -gal in the absence of dox. More than 50 stables lines were generated; 

three showed clear dox-sensitive -gal expression with TRPV1 mRNA level increases and 

TRPV1 calcium responses to the TRPV1 activator capsaicin as a measure of functional 

TRPV1 protein expression, as described for the selected cell line below and in supplementary 

data. To validate the stable cell lines -gal activity was assessed as a marker of TRPV1 

expression. Removal of dox increased -gal activity in the cells indicating TRPV1 expression 

(Fig. 1A and Fig. S2A). Real-time RT-PCR confirmed that TRPV1 mRNA was elevated in 

the absence of dox (Fig. 1B and Fig. S1 and S2B), and finally to assess the activity of 

TRPV1, stably expressing cells were stimulated with the TRPV1 agonist capsaicin and 

increases in [Ca
2+

]i measured. Induction of TRPV1 expression (absence of dox) was

associated with a sustained increase in [Ca
2+

]i with the addition of capsaicin (Fig. 1C and Fig.

S2C and D). One of the stable cell lines was selected for further detailed assessment and is 

referred to as MCF-7 tet-off
TRPV1

. These initial studies show that MCF-7 tet-off
TRPV1

represents a breast cancer cell line with inducible expression of functional TRPV1. 

3.2 Assessment of TRPV1-mediated increases in [Ca
2+

]i in MCF-7 tet-off
TRPV1

 cells.

MCF-7 tet-off
TRPV1

 cells were treated with increasing concentrations of dox, to concentration-

dependently decrease the levels of TRPV1 and the consequences of capsaicin (3 M) –

mediated increases in [Ca
2+

]i were assessed. As expected, capsaicin-mediated increases in

[Ca
2+

]i decreased with decreasing TRPV1 expression levels, with a dox IC50 of 0.117 ng/mL

(Fig. 2A). The maximal capsaicin-mediated increase in [Ca
2+

]i was reduced at dox
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concentrations greater than 0.03 ng/mL, sub-maximal increases in [Ca
2+

]i were observed with 

0.1 and 0.3 ng/mL dox. Concentrations of dox greater than 1 ng/mL were sufficient to almost 

abolish capsaicin-mediated increases in [Ca
2+

]i (Fig. 2A). Similar results were seen with the 

other two stable clones (Fig. S3A and B). 

 

MCF-7 tet-off
TRPV1

 cells were then treated with increasing concentrations of capsaicin in the 

presence or absence of dox. When TRPV1 over-expression was not induced (+ dox 1 g/mL) 

a slight increase in [Ca
2+

]i was observed at high concentrations of capsaicin with an EC50 of 

705 nM (Fig. 2B) and similar values observed for the other two clones (Fig. S3C and D). The 

calcium response in the presence of dox may be caused by endogenous TRPV1 in the MCF-7 

cells and/or modest “leaky” expression of TRPV1 from the pBI-G-TRPV1 plasmid (Fig. S1) 

and/or non-specific effects of capsaicin. However, when TRPV1 was over-expressed (- dox) 

a significant concentration-dependent increase in [Ca
2+

]i was observed with increasing 

concentrations of capsaicin, with an EC50 of 175 nM (Fig. 2B). Similar values were observed 

for the other two clones (Fig S3C and D). 

 

3.3 Assessment of the effects of TRPV1 activation on cell viability and dependence on TRPV1 

expression levels.  

 

The effect of capsaicin on viable cell number was assessed using an MTS assay in the MCF-7 

tet-off
TRPV1

 (Fig. 3A and B) and MCF-7 tet-off parental cell lines (Fig. 3C and D) cultured 

with varying concentrations of capsaicin. Similar studies were conducted in the two other 

clonal cell lines with the results shown in supplementary figures (Fig. S4A, B, C and D). In 

the absence of TRPV1 overexpression, capsaicin had no effect on viable cell numbers of 

MCF-7 tet-off
TRPV1

 (+ dox) or parental MCF-7 tet-off cells after 24 h (Fig. 3A and C). After 



12 

96 h only the highest concentration of capsaicin (0.3 mM) affected MCF-7 cells without 

TRPV1 overexpression (Fig. 3B and D). In the presence of TRPV1 over-expression (- dox), 

increasing concentrations of capsaicin reduced viable cell numbers in a concentration-

dependent manner at both 24 h (Fig. 3A) and 96 h (Fig. 3B) with EC50 values of 713 nM and 

898 nM, respectively. Vercelli showed contrasting findings, inhibition of MCF-7 cell 

viability with capsaicin treatment [45], however 0.1 nM and 100 µM capsaicin had the same 

ability to inhibit cell viability, which is not consistent with the results of other studies [26]. 

Furthermore, the role of TRPV1 in the effect of capsaicin on MCF-7 cells was not 

conclusively demonstrated [45]. 

The level of TRPV1 over-expression required to affect MCF-7 viable cell numbers in the 

presence of capsaicin was then tested. The concentration response curve showed that TRPV1 

over-expression clearly sensitized MCF-7 cells to the effects of 3 μM capsaicin (EC50 = 0.119 

ng/mL dox) (Fig. 4, and Fig. S5A and B). 

3.4 Overexpression or activation of TRPV1 does not promote proliferation of MCF-7 cells. 

MCF-7 cell proliferation was assessed with increasing levels of TRPV1 over-expression 

without the addition of capsaicin. The growth curves show that the over-expression of 

TRPV1 had no effect on MCF-7 proliferation (Fig. 5A). 

Activation of TRPV1 could promote proliferation if the nature of the [Ca
2+

]i signal was

appropriate for proliferative signaling. Such activation of proliferation could limit the use of 

ion channel activation in cancer therapy. However, at no levels of TRPV1 expression did 

capsaicin produce an increase in cell numbers at 48 h (Fig. 5B) or 96 h (Fig. 5C). Instead, 
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consistent with the results presented above, high levels of TRPV1 over-expression (e.g. 0 

ng/mL and 0.1 ng/mL dox) with sub-maximal capsaicin (3 M) reduced the number of viable 

MCF-7 tet-off
TRPV1

 cells (Fig. 5B and C).

3.5 Activation of TRPV1 induces cell death in MCF-7 cells that over-express TRPV1 

To further assess the capsaicin-mediated reduction in cell number in TRPV1 overexpressing 

MCF-7 tet-off
TRPV1

 cells, a cell death assay was performed using three fluorescent dyes,

which distinguish between live (Hoechst 3342 only positive), apoptotic (YO-PRO-1 and 

Hoechst 3342 positive, and PI negative) and necrotic (YO-PRO-1, PI and Hoechst 3342 

positive) cell populations. MCF-7 tet-off
TRPV1

 cells were treated with varying concentrations

of staurosporine (STS) or capsaicin in the absence of dox (TRPV1 over-expressed). 

staurosporin induces apoptosis in various cell types including MCF-7 cells [46, 47]. Phase 

contrast images show characteristic necrotic morphology for the capsaicin treated cells, 

compared to the apoptotic morphology observed in the staurosporin treated cells (Fig. 6A) 

[48]. The fluorescent images show that the capsaicin treated cells are mostly positive for YO-

PRO-1 and PI, and only a few cells were positive for YO-PRO-1 but not PI, indicating 

necrosis (Fig 6A), whereas many of the staurosporin treated cells were positive for YO-PRO-

1 but not PI, indicating early apoptosis (Fig 6A). Quantification of the staining showed that 

capsaicin (0.3 – 3.0 M) and staurosporin (0.1 - 3.0 M) both induced cell death in MCF-7 

tet-off
TRPV1

 cells overexpressing TRPV1 (Fig. 6B). However, staurosporin (3 M) was

associated with 8% of cells being YO-PRO-1 positive and PI negative populations indicating 

apoptosis, but only 1% of cells were in this population with capsaicin (3 M) (Fig. 6C) at 6 h. 

Hence, capsaicin-induced cell death observed in cells over-expressing TRPV1 occurs via a 

mechanism primarily mediated by a necrotic pathway. 
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Since capsaicin activated TRPV1 is also permeable to Na
+
 and Mg

2+
 [49], the dependence of 

capsaicin-mediated cell death on Ca
2+

 influx was assessed. The addition of the Ca
2+

 chelator 

BAPTA protected MCF-7 cells against capsaicin-induced cell death, demonstrating that the 

cell death effect of capsaicin is indeed calcium-dependent (Fig. S6).  

 

 

3.6 Capsaicin induced cell death in MCF-7 cells is concentration dependent and contingent 

upon the level of TRPV1. 

 

The effect of TRPV1 expression levels and capsaicin concentration on cell death was 

assessed in MCF-7 tet-off
TRPV1

 cells. Figures 7A & B show 3-dimensional graphs of how 

capsaicin and dox concentrations affected the percentage of dead cells (YO-PRO and PI 

staining). Consistent with a rapid necrotic cell death mechanism, similar results were 

observed at both 6 h (Fig. 7A) and 24 h (Fig. 7B) of capsaicin exposure. The highest 

percentage of cell death (~80%) was observed with the highest TRPV1 expression level (0 

ng/mL dox) and the highest concentrations of capsaicin (3 M and 500 M) (Fig. 7). 

Expression levels of TRPV1 that induced sub-maximal [Ca
2+

]i increases (0.1 and 0.3 ng/mL 

dox) also resulted in a sub-maximal percentage of cell death (15-56%) when treated with 

capsaicin at 3 M or 500 M. As the expression level of TRPV1 increased, the concentration 

of capsaicin required to induce cell death decreased; for example with the highest level of 

TRPV1 expression (0 ng/mL dox) 0.3 M capsaicin induced cell death, while at a lower level 

of TRPV1 (0.3 ng/mL dox) 3 M capsaicin was required to induce cell death (Fig. 7). This 

suggests that the level of TRPV1 expression is a critical determinant of the capsaicin 

concentration required to induce cell death in breast cancer cells. 
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3.7 Activation of TRPV1 induced c-Fos and RIP3 expression 

To further define the consequences of TRPV1 activation in MCF-7 breast cancer cells, the 

effect of activating overexpressed TRPV1 with capsaicin on c-Fos, a component of the early 

response transcription factor, AP-1 [50], was assessed in MCF-7 tet-off
TRPV1

 cells. In the

absence of TRPV1 overexpression (+ dox) capsaicin had no effect on c-Fos mRNA levels 

(Fig. 8A). However, when TRPV1 expression was induced, c-Fos expression was elevated by 

capsaicin as early as 0.5 h, with highest levels observed at 3 h (Fig. 8A). To further verify the 

induction of necrosis by capsaicin treatment in TRPV1 overexpressing MCF-7 cells the 

expression of a necrotic marker, RIP3 [51, 52] was assessed. At 12 h after capsaicin treatment 

the expression of RIP3 was elevated almost 2-fold in the presence compared to the absence of 

TRPV1 over-expression (Fig 8B). 

4. Discussion

The identification of ion channels with increased expression in some cancer cell lines and 

clinical samples, has led to the hypothesis that pharmacological modulators of these ion 

channels may represent potential therapies for specific cancers. Inhibition of ion channels has 

been the first focus for potential therapies with studies looking at the effectiveness of 

silencing specific ion channels or using pharmacological inhibitors to attenuate processes 

important in cancer progression such as proliferation, migration and invasion and to examine 

the importance of the calcium signal in cell cycle progression and motility. However, 

activation of ion channels to produce sustained high levels of [Ca
2+

]i and subsequent cell

death has also been proposed as a strategy and is supported by the constitutively active TRPL 
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[25] and the non-selective TRPM8 activator menthol [53] producing cell death in LNCaP 

prostate cancer cells that overexpress the Ca2+ permeable ion channels TRPL [25] or TRPM8

[17], respectively. 

Targeting overexpressed ion channels through pharmacological activation could potentially 

potentiate cellular proliferation at low concentrations in cancer cells that do not overexpress 

the calcium channel sufficiently such that activation produces cell death [28, 39]. Our studies 

using tet-regulated TRPV1 expression in MCF-7 breast cancer cells, indicated that both 

capsaicin-mediated [Ca
2+

]i responses and cell death are dependent on the concentration of

capsaicin and the level of TRPV1. However, at no level of TRPV1 expression or capsaicin 

concentration was a promotion of cellular proliferation observed. Capsaicin concentrations 

that did not produce cell death but were associated with increases in [Ca
2+

]i did not increase

cellular proliferation. The lack of an increase in MCF-7 cell number produced by any 

concentration of capsaicin at any level of TRPV1 expression including those associated with 

increases in [Ca
2+

]i may seem surprising given the important role of Ca
2+

 in cell cycle

progression. However the nature of the change in [Ca
2+

]i (e.g. spatial location and temporal

changes) is a critical regulator of many Ca
2+

-dependent processes including gene

transcription and cell cycle progression [54-56]. Thus pharmacological activators against 

overexpressed Ca
2+

 permeable ion channels may not suffer from the clinical disadvantage of

promotion of cellular proliferation in tumors with lower levels of ion channel overexpression. 

Although TRPV1 dependent, the EC50 for cell death for capsaicin was higher than for peak 

[Ca
2+

]i. This indicates that the level of ion channel overexpression is likely to be a critical

determinant of the therapeutic effectiveness of a calcium permeable ion channel activator in 

cancer therapy. The assessment of the degree of ion channel overexpression will therefore be 
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important in identifying patient groups for such therapies. Although capsaicin mediated cell 

death is reported in some cancer cell lines, in many cases the concentrations used were well 

above those used in this study and could be due to the non TRPV1-mechanisms that have 

been reported at high concentrations of capsaicin [26, 40].  

 

The identification of other calcium permeable ion channels with pronounced overexpression 

in clinical breast cancers and cell lines and the assessment of the consequences of their 

activation in vitro and in vivo are now required. The study of such ion channels in breast 

cancer cells should also assess the consequences of gene silencing and pharmacological 

inhibition. Given the reported elevated levels of TRPV6 in basal-like breast cancers [10] and 

the recent identification of an inhibitor of TRPV6 [57], it will be particularly interesting to 

determine if activation of TRPV6 could promote cell death in basal-in like breast cancers in 

vitro and in vivo.  

 

High content analysis of PI and YO-PRO-1 permeability and differences with staurosporin 

effects and the rapid nature of cell death (6 h) is consistent with a rapid loss of the 

maintenance of critical ion gradients, the loss of plasma membrane integrity and induction of 

necrosis. Furthermore, the morphology of the capsaicin treated cells compared to the 

staurosporin treated cells and the elevated RIP3 expression in capsaicin treated cells with 

TRPV1 over-expression, indicate induction of necrotic cell death [48, 51]. Necrotic cell death 

can be induced by increased intracellular calcium [59], consistent with our findings. Necrosis 

is traditionally considered uncontrolled cell death, however, programmed necrosis has been 

suggested [60-62]. Necrosis can be induced in cancer cells by DNA alkylating agents, 

irradiation and by photodynamic treatment [63-65]. Indeed, in breast cancer patients 

anthracyclin predominately induces necrotic cell death [66]. Photodynamic treatment induces 
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cell death in an apoptotic-resistant breast cancer cell line [64], suggesting that treatments that 

induce necrotic cell death may be effective for tumors with defective apoptotic pathways [62, 

67]. 

 

The early response gene, c-Fos was initially considered as a promoter of proliferation and a 

proto-oncogene, however, more recent studies show that c-Fos also has a role in cell death 

[68, 69]. The c-Fos protein forms part of the AP-1 transcription factor and the effect of c-Fos 

on cell proliferation or cell death depends on various factors, including the subunits that 

comprise AP-1 and the type of stimuli [68, 69]. Regulation of c-Fos by MEKs and ERKs and 

the downstream targets of AP-1 are either be pro-proliferative (cyclin D1 and CDK) or pro-

apoptotic (p52 and p21). Since rapid increases in [Ca
2+

]i are a well-established inducer of c-

Fos expression [70, 71], c-Fos expression was assessed in MCF-7 tet-off
TRPV1

 cells. The 

highest c-Fos expression was observed at 3 h after TRPV1 activation with capsaicin and this 

expression decreased at 6 h, when cell death was observed, indicating c-Fos expression is a 

precursor to cell death. A rapid induction of c-Fos expression has previously been observed 

in preneoplastic cell lines and lymphoid cells after growth factor deprivation-mediated cell 

death [72, 73]. Elevated c-Fos expression is a feature of the early stages of mammary gland 

involution [74] and tamoxifen induced cell death in SK-BR-3 breast cancer cells [75]. This 

suggests that the elevations in c-Fos that were observed 3 h after capsaicin treatment, may be 

an early indicator of cell death mediated by capsaicin in breast cancer cells that overexpress 

TRPV1.  

 

This model of calcium permeable ion channel overexpression in breast cancer cells provides 

evidence that the targeting of calcium permeable ion channels with activators may represent 

an opportunity to induce death of breast cancer cells without promotion of cellular 
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proliferation. Further studies are required to determine whether such activation may also 

promote sensitivity to cell death inducers, such as seen for silencing of specific calcium 

efflux pump isoforms [22]. These studies also suggest that activating calcium permeable ion 

channels may be an effective tool to mediate breast cancer cell death, in a way that may 

bypass some resistance mechanisms. However, as yet no ion channel with sufficiently high 

endogenous levels has yet been characterised in a breast cancer cell line and the 

consequences of sustained ion channel activation warrants further study. The expansion of 

available pharmacological activators of ion channels and the identification of other Ca
2+

channel overexpressed in specific cancers may allow the eventual development of oncology 

agents that act via this mechanism. 

Conflict of Interest 

The authors declare no conflict of interest. 

Acknowledgements 

The research was partially supported by the National Health and Medical Research Council 

NHMRC; project grants 569645 and 1022263. TTLW was supported by an Australian 

Postgraduate Award PhD scholarship. 



20 
 

References 

 

[1] G.R. Monteith, D. McAndrew, H.M. Faddy, S.J. Roberts-Thomson, Calcium and 

cancer: targeting Ca2+ transport, Nat Rev Cancer. 7 (2007) 519-30. 

[2] N. Prevarskaya, R. Skryma, Y. Shuba, Calcium in tumour metastasis: new roles for 

known actors, Nat Rev Cancer. 11 (2011) 609-18. 

[3] S.M. Henshall, D.E. Afar, J. Hiller, et al., Survival analysis of genome-wide gene 

expression profiles of prostate cancers identifies new prognostic targets of disease 

relapse, Cancer Res. 63 (2003) 4196-203. 

[4] L. Tsavaler, M.H. Shapero, S. Morkowski, R. Laus, Trp-p8, a novel prostate-specific 

gene, is up-regulated in prostate cancer and other malignancies and shares high 

homology with transient receptor potential calcium channel proteins, Cancer Res. 61 

(2001) 3760-9. 

[5] T. Fixemer, U. Wissenbach, V. Flockerzi, H. Bonkhoff, Expression of the Ca2+-

selective cation channel TRPV6 in human prostate cancer: a novel prognostic marker 

for tumor progression, Oncogene. 22 (2003) 7858-61. 

[6] J.B. Peng, L. Zhuang, U.V. Berger, et al., CaT1 expression correlates with tumor 

grade in prostate cancer, Biochem Biophys Res Commun. 282 (2001) 729-34. 

[7] M. Monet, V. Lehen'kyi, F. Gackiere, et al., Role of cationic channel TRPV2 in 

promoting prostate cancer migration and progression to androgen resistance, Cancer 

Res. 70 (2010) 1225-35. 

[8] S.L. Yang, Q. Cao, K.C. Zhou, Y.J. Feng, Y.Z. Wang, Transient receptor potential 

channel C3 contributes to the progression of human ovarian cancer, Oncogene. 28 

(2009) 1320-8. 



21 

[9] Q. Wan, A. Zheng, X. Liu, Y. Chen, L. Han, Expression of transient receptor potential 

channel 6 in cervical cancer, Onco Targets Ther. 5 (2012) 171-6. 

[10] A.A. Peters, P.T. Simpson, J.J. Bassett, et al., Calcium channel TRPV6 as a potential 

therapeutic target in estrogen receptor-negative breast cancer, Mol Cancer Ther. 11 

(2012) 2158-68. 

[11] T. Sorlie, R. Tibshirani, J. Parker, et al., Repeated observation of breast tumor 

subtypes in independent gene expression data sets, Proc Natl Acad Sci U S A. 100 

(2003) 8418-23. 

[12] S. Yang, J.J. Zhang, X.Y. Huang, Orai1 and STIM1 are critical for breast tumor cell 

migration and metastasis, Cancer Cell. 15 (2009) 124-34. 

[13] E. Aydar, S. Yeo, M. Djamgoz, C. Palmer, Abnormal expression, localization and 

interaction of canonical transient receptor potential ion channels in human breast 

cancer cell lines and tissues: a potential target for breast cancer diagnosis and therapy, 

Cancer Cell Int. 9 (2009) 23. 

[14] C. Kalogris, S. Caprodossi, C. Amantini, et al., Expression of transient receptor 

potential vanilloid-1 (TRPV1) in urothelial cancers of human bladder: relation to 

clinicopathological and molecular parameters, Histopathology. 57 (2010) 744-52. 

[15] Y. Shi, X. Ding, Z.H. He, K.C. Zhou, Q. Wang, Y.Z. Wang, Critical role of TRPC6 

channels in G2 phase transition and the development of human oesophageal cancer, 

Gut. 58 (2009) 1443-50. 

[16] D. Hanahan, R.A. Weinberg, Hallmarks of cancer: the next generation, Cell. 144 

(2011) 646-74. 

[17] L. Zhang, G.J. Barritt, Evidence that TRPM8 is an androgen-dependent Ca2+ channel 

required for the survival of prostate cancer cells, Cancer Res. 64 (2004) 8365-73. 



22 
 

[18] M.J. Berridge, M.D. Bootman, P. Lipp, Calcium--a life and death signal, Nature. 395 

(1998) 645-8. 

[19] S. Orrenius, B. Zhivotovsky, P. Nicotera, Regulation of cell death: the calcium-

apoptosis link, Nat Rev Mol Cell Biol. 4 (2003) 552-65. 

[20] D. Bano, K.W. Young, C.J. Guerin, et al., Cleavage of the plasma membrane 

Na+/Ca2+ exchanger in excitotoxicity, Cell. 120 (2005) 275-85. 

[21] B.L. Schwab, D. Guerini, C. Didszun, et al., Cleavage of plasma membrane calcium 

pumps by caspases: a link between apoptosis and necrosis, Cell Death Differ. 9 

(2002) 818-31. 

[22] M.C. Curry, N.A. Luk, P.A. Kenny, S.J. Roberts-Thomson, G.R. Monteith, Distinct 

regulation of cytoplasmic calcium signals and cell death pathways by different plasma 

membrane calcium ATPase isoforms in MDA-MB-231 breast cancer cells, J Biol 

Chem. 287 (2012) 28598-608. 

[23] M.A. Sherkheli, A.K. Vogt-Eisele, D. Bura, M.L.R. Beltran, G. Gisselmann, H. Hatt, 

Characterization of selective TRPM8 ligands and their structure activity response 

(S.A.R) relationship, J Pharm Pharm Sci. 13 (2010) 242-53. 

[24] Q. Li, X. Wang, Z. Yang, B. Wang, S. Li, Menthol induces cell death via the TRPM8 

channel in the human bladder cancer cell line T24, Oncology. 77 (2009) 335-41. 

[25] L. Zhang, H.M. Brereton, M. Hahn, et al., Expression of Drosophila Ca2+ permeable 

transient receptor potential-like channel protein in a prostate cancer cell line decreases 

cell survival, Cancer Gene Ther. 10 (2003) 611-25. 

[26] C.A. Reilly, J.L. Taylor, D.L. Lanza, B.A. Carr, D.J. Crouch, G.S. Yost, 

Capsaicinoids cause inflammation and epithelial cell death through activation of 

vanilloid receptors, Toxicol Sci. 73 (2003) 170-81. 



23 
 

[27] T. Yamada, T. Ueda, Y. Shibata, et al., TRPV2 activation induces apoptotic cell death 

in human T24 bladder cancer cells: a potential therapeutic target for bladder cancer, 

Urology. 76 (2010) 509 e1-7. 

[28] T. Capiod, Cell proliferation, calcium influx and calcium channels, Biochimie. 93 

(2011) 2075-9. 

[29] M. Tominaga, M.J. Caterina, A.B. Malmberg, et al., The cloned capsaicin receptor 

integrates multiple pain-producing stimuli, Neuron. 21 (1998) 531-43. 

[30] M.D. Southall, T. Li, L.S. Gharibova, Y. Pei, G.D. Nicol, J.B. Travers, Activation of 

epidermal vanilloid receptor-1 induces release of proinflammatory mediators in 

human keratinocytes, J Pharmacol Exp Ther. 304 (2003) 217-22. 

[31] M.J. Caterina, M.A. Schumacher, M. Tominaga, T.A. Rosen, J.D. Levine, D. Julius, 

The capsaicin receptor: a heat-activated ion channel in the pain pathway, Nature. 389 

(1997) 816-24. 

[32] E.S. Fernandes, M.A. Fernandes, J.E. Keeble, The functions of TRPA1 and TRPV1: 

moving away from sensory nerves, Br J Pharmacol. 166 (2012) 510-21. 

[33] A. Grant, S. Amadesi, N.W. Bunnett, Protease-Activated Receptors: Mechanisms by 

Which Proteases Sensitize TRPV Channels to Induce Neurogenic Inflammation and 

Pain, in TRP Ion Channel Function in Sensory Transduction and Cellular Signaling 

Cascades, W.B. Liedtke and S. Heller, Editors. Boca Raton (FL) (2007) 

[34] R. Xia, K. Dekermendjian, E. Lullau, N. Dekker, TRPV1: a therapy target that attracts 

the pharmaceutical interests, Adv Exp Med Biol. 704 (2011) 637-65. 

[35] A. Domotor, Z. Peidl, A. Vincze, et al., Immunohistochemical distribution of 

vanilloid receptor, calcitonin-gene related peptide and substance P in gastrointestinal 

mucosa of patients with different gastrointestinal disorders, Inflammopharmacology. 

13 (2005) 161-77. 



24 
 

[36] M. Hartel, F.F. di Mola, F. Selvaggi, et al., Vanilloids in pancreatic cancer: potential 

for chemotherapy and pain management, Gut. 55 (2006) 519-28. 

[37] G. Czifra, A. Varga, K. Nyeste, et al., Increased expressions of cannabinoid receptor-

1 and transient receptor potential vanilloid-1 in human prostate carcinoma, J Cancer 

Res Clin Oncol. 135 (2009) 507-14. 

[38] M.G. Sanchez, A.M. Sanchez, B. Collado, et al., Expression of the transient receptor 

potential vanilloid 1 (TRPV1) in LNCaP and PC-3 prostate cancer cells and in human 

prostate tissue, Eur J Pharmacol. 515 (2005) 20-7. 

[39] S. Malagarie-Cazenave, N. Olea-Herrero, D. Vara, I. Diaz-Laviada, Capsaicin, a 

component of red peppers, induces expression of androgen receptor via PI3K and 

MAPK pathways in prostate LNCaP cells, FEBS Lett. 583 (2009) 141-7. 

[40] A.M. Sanchez, M.G. Sanchez, S. Malagarie-Cazenave, N. Olea, I. Diaz-Laviada, 

Induction of apoptosis in prostate tumor PC-3 cells and inhibition of xenograft 

prostate tumor growth by the vanilloid capsaicin, Apoptosis. 11 (2006) 89-99. 

[41] C.S. Aung, W. Ye, G. Plowman, A.A. Peters, G.R. Monteith, S.J. Roberts-Thomson, 

Plasma membrane calcium ATPase 4 and the remodeling of calcium homeostasis in 

human colon cancer cells, Carcinogenesis. 30 (2009) 1962-9. 

[42] K.M. Suchanek, F.J. May, J.A. Robinson, et al., Peroxisome proliferator-activated 

receptor alpha in the human breast cancer cell lines MCF-7 and MDA-MB-231, Mol 

Carcinog. 34 (2002) 165-71. 

[43] E. Plantin-Carrenard, A. Bringuier, C. Derappe, et al., A fluorescence microplate 

assay using yopro-1 to measure apoptosis: application to HL60 cells subjected to 

oxidative stress, Cell Biol Toxicol. 19 (2003) 121-33. 

[44] R. Sgonc, J. Gruber, Apoptosis detection: an overview, Exp Gerontol. 33 (1998) 525-

33. 



25 
 

[45] C. Vercelli, R. Barbero, B. Cuniberti, R. Odore, G. Re, Expression and functionality 

of TRPV1 receptor in human MCF-7 and canine CF.41 cells, Vet Comp Oncol. 9999 

(2013). 

[46] L.Y. Xue, S.M. Chiu, N.L. Oleinick, Staurosporine-induced death of MCF-7 human 

breast cancer cells: a distinction between caspase-3-dependent steps of apoptosis and 

the critical lethal lesions, Exp Cell Res. 283 (2003) 135-45. 

[47] L.M. Mooney, K.A. Al-Sakkaf, B.L. Brown, P.R. Dobson, Apoptotic mechanisms in 

T47D and MCF-7 human breast cancer cells, Br J Cancer. 87 (2002) 909-17. 

[48] S. Rello, J.C. Stockert, V. Moreno, et al., Morphological criteria to distinguish cell 

death induced by apoptotic and necrotic treatments, Apoptosis : an international 

journal on programmed cell death. 10 (2005) 201-8. 

[49] S.C. Pingle, J.A. Matta, G.P. Ahern, Capsaicin receptor: TRPV1 a promiscuous TRP 

channel, Handb Exp Pharmacol. (2007) 155-71. 

[50] H.L. Roderick, S.J. Cook, Ca2+ signalling checkpoints in cancer: remodelling Ca2+ 

for cancer cell proliferation and survival, Nat Rev Cancer. 8 (2008) 361-75. 

[51] D.W. Zhang, J. Shao, J. Lin, et al., RIP3, an energy metabolism regulator that 

switches TNF-induced cell death from apoptosis to necrosis, Science. 325 (2009) 332-

6. 

[52] P.S. Welz, A. Wullaert, K. Vlantis, et al., FADD prevents RIP3-mediated epithelial 

cell necrosis and chronic intestinal inflammation, Nature. 477 (2011) 330-4. 

[53] F. Mahieu, G. Owsianik, L. Verbert, et al., TRPM8-independent menthol-induced 

Ca2+ release from endoplasmic reticulum and Golgi, J Biol Chem. 282 (2007) 3325-

36. 

[54] C.R. Kahl, A.R. Means, Regulation of cell cycle progression by calcium/calmodulin-

dependent pathways, Endocr Rev. 24 (2003) 719-36. 



26 
 

[55] M.J. Berridge, The AM and FM of calcium signalling, Nature. 386 (1997) 759-60. 

[56] M.J. Berridge, P. Lipp, M.D. Bootman, The versatility and universality of calcium 

signalling, Nat Rev Mol Cell Biol. 1 (2000) 11-21. 

[57] C.P. Landowski, K.A. Bolanz, Y. Suzuki, M.A. Hediger, Chemical inhibitors of the 

calcium entry channel TRPV6, Pharm Res. 28 (2011) 322-30. 

[58] D.E. den, J.G. Hoenderop, B. Nilius, R.J. Bindels, The epithelial calcium channels, 

TRPV5 & TRPV6: from identification towards regulation, Cell Calcium. 33 (2003) 

497-507. 

[59] R.K. Amaravadi, C.B. Thompson, The roles of therapy-induced autophagy and 

necrosis in cancer treatment, Clin Cancer Res. 13 (2007) 7271-9. 

[60] O. Kepp, A. Tesniere, F. Schlemmer, et al., Immunogenic cell death modalities and 

their impact on cancer treatment, Apoptosis : an international journal on programmed 

cell death. 14 (2009) 364-75. 

[61] W.X. Zong, C.B. Thompson, Necrotic death as a cell fate, Genes Dev. 20 (2006) 1-

15. 

[62] B.E.C. de, J.P. Medema, Apoptosis and non-apoptotic deaths in cancer development 

and treatment response, Cancer Treat Rev. 34 (2008) 737-49. 

[63] P.L. Olive, C.M. Vikse, S. Vanderbyl, Increase in the fraction of necrotic, not 

apoptotic, cells in SiHa xenograft tumours shortly after irradiation, Radiother Oncol. 

50 (1999) 113-9. 

[64] C.M. Whitacre, T.H. Satoh, L. Xue, N.H. Gordon, N.L. Oleinick, Photodynamic 

therapy of human breast cancer xenografts lacking caspase-3, Cancer Lett. 179 (2002) 

43-9. 



27 
 

[65] W.X. Zong, D. Ditsworth, D.E. Bauer, Z.Q. Wang, C.B. Thompson, Alkylating DNA 

damage stimulates a regulated form of necrotic cell death, Genes Dev. 18 (2004) 

1272-82. 

[66] M.H. Olofsson, T. Ueno, Y. Pan, et al., Cytokeratin-18 is a useful serum biomarker 

for early determination of response of breast carcinomas to chemotherapy, Clin 

Cancer Res. 13 (2007) 3198-206. 

[67] X. Sun, Y. Li, W. Li, et al., Selective induction of necrotic cell death in cancer cells 

by beta-lapachone through activation of DNA damage response pathway, Cell Cycle. 

5 (2006) 2029-35. 

[68] J. Hess, P. Angel, M. Schorpp-Kistner, AP-1 subunits: quarrel and harmony among 

siblings, J Cell Sci. 117 (2004) 5965-73. 

[69] E. Shaulian, M. Karin, AP-1 as a regulator of cell life and death, Nat Cell Biol. 4 

(2002) E131-6. 

[70] M. Sheng, S.T. Dougan, G. McFadden, M.E. Greenberg, Calcium and growth factor 

pathways of c-fos transcriptional activation require distinct upstream regulatory 

sequences, Mol Cell Biol. 8 (1988) 2787-96. 

[71] W.C. Chang, C. Nelson, A.B. Parekh, Ca2+ influx through CRAC channels activates 

cytosolic phospholipase A2, leukotriene C4 secretion, and expression of c-fos through 

ERK-dependent and -independent pathways in mast cells, Faseb J. 20 (2006) 2381-3. 

[72] F. Colotta, N. Polentarutti, M. Sironi, A. Mantovani, Expression and involvement of 

c-fos and c-jun protooncogenes in programmed cell death induced by growth factor 

deprivation in lymphoid cell lines, J Biol Chem. 267 (1992) 18278-83. 

[73] G.A. Preston, D. Srinivasan, J.C. Barrett, Apoptotic response to growth factor 

deprivation involves cooperative interactions between c-Fos and p300, Cell Death 

Differ. 7 (2000) 215-26. 



28 
 

[74] A. Marti, B. Jehn, E. Costello, et al., Protein kinase A and AP-1 (c-Fos/JunD) are 

induced during apoptosis of mouse mammary epithelial cells, Oncogene. 9 (1994) 

1213-23. 

[75] A. Madeo, M. Vinciguerra, R. Lappano, et al., c-Jun activation is required for 4-

hydroxytamoxifen-induced cell death in breast cancer cells, Oncogene. 29 (2010) 

978-91. 

 

 

  



29 
 

 

Figure Legends 

 

Fig. 1. Characterization of MCF-7 Tet-off cells stably expressing TRPV1. Cells were treated 

with vehicle or dox (1 g/mL) for 96 h. (A) -Gal activity in MCF-7 Tet-off
TRPV1

 cells. The 

data are mean ± SD (n = 3). (B) Relative TRPV1 mRNA levels in MCF-7 Tet-off
TRPV1

 cells. 

The data are normalized to 18S RNA and expressed as mean ±SD (n = 3) relative to + dox. 

(C) Relative [Ca
2+

]i response to capsaicin (10 M) in MCF-7 Tet-off
TRPV1

 cells in the 

presence or absence of dox. Relative [Ca
2+

]i (black lines) ± SD (grey lines) (n = 3).  

 

Fig. 2. Effect of TRPV1 expression and activity levels on capsaicin-mediated increases in 

[Ca
2+

]i. (A) Assessment of peak relative [Ca
2+

]i in MCF-7 Tet-off
TRPV1

 cells treated with 

various concentrations of dox (96 h) prior to stimulation with capsaicin (3 M). (B) 

Assessment of peak relative [Ca
2+

]i in MCF-7 Tet-off
TRPV1

 cells treated with dox (1 g/mL; 

96 h) prior to stimulation with various concentrations of capsaicin. Graphs represent the mean 

concentration-response curves of peak relative [Ca
2+

]i ± SD (n = 9) from three independent 

assays; * denotes p < 0.05 using two-way ANOVA with Bonferroni post-hoc test. 

 

Fig. 3. The TRPV1 activator capsaicin reduces the number of viable MCF-7 cells over-

expressing TRPV1. (A-D) MCF-7 Tet-off
TRPV1

 cells (A and B) or MCF-7 tet-off cells (C and 

D) were treated with vehicle or dox (1 g/mL) for 96 h prior to treatment with various 

concentrations of capsaicin for 24 h (A and C) or 96 h (B and D). Viable cell numbers were 

assessed using an MTS assay. Graphs represent the mean concentration-response curves of 

absorbance ± SD (n = 9) from three independent assays; * denotes p < 0.05 using two-way 

ANOVA with Bonferroni post-hoc test. 
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Fig. 4. TRPV1 expression levels effect capsaicin-meditated effects on MCF-7 cell viability. 

MCF-7 Tet-off
TRPV1

 cells were treated with vehicle or dox (1 g/mL) for 96 h prior to 

treatment with capsaicin (3 M; 24 h). Viable cell numbers were assessed using an MTS 

assay. Graph represents the mean concentration-response curves of absorbance ± SD (n = 9) 

from three independent assays; * denotes p < 0.05 using one-way ANOVA with Dunnett 

post-hoc test. 

 

Fig. 5. TRPV1 over-expression or activation does not promote MCF-7 cell proliferation. (A) 

MTS assay of MCF-7 tet-off
 TRPV1

 cells treated with vehicle or various concentrations of dox 

for 24 h, 72 h or 120 h. The data are mean ± SD (n = 15) from five independent assays. (B 

and C) MTS assay of MCF-7 tet-off
 TRPV1

 cells treated with vehicle or various concentrations 

of dox for 24 h prior to treatment with capsaicin (3 M) for 48 h (B) or 96 h (C). The data are 

mean ± SD (n = 15) from five independent assays; * denotes p < 0.05 compared to vehicle at 

each dox concentration using two-way ANOVA with Bonferroni post-hoc test. 

 

Fig. 6. TRPV1 activation induces cell death in MCF-7 cells over-expressing TRPV1. (A,B 

and C) MCF-7 Tet-off
TRPV1

 cells were cultured in the absence of dox for 96 h prior to 

treatment with various concentrations of staurosporine (STS) or capsaicin for 6 h. Phase 

contrast images (A, top panel). Cells were stained with Hoechst 3342 (blue), Yo-Pro-1 

(green) and PI (red) (A, bottom panel). Cells stained with both YO-PRO-1 and PI (purple) 

indicate a necrotic population (A and B) and cells stained for YO-PRO-1 only indicate an 

apoptotic population (A and C). Images are representative of 3 independent experiments and 

the data are mean ± SD (n = 3). 
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Fig. 7. Cell death is dependent on the level of TRPV1 expression and activation. (A and B) 

MCF-7 Tet-off
TRPV1

 cells were treated with various concentrations of dox for 96 h prior to 

treatment with various concentrations of capsaicin for 6 h (A) or 24 h (B). Data are presented 

as percentage YO-PRO-1 and PI positivity and are representative of 3 independent 

experiments. 

 

Fig. 8. Effect of TRPV1 activation and over-expression on c-Fos and RIP3 expression in 

MCF-7 cells. MCF-7 Tet-off
TRPV1

 cells were cultured in the presence or absence of dox (1 

g/mL) for 96 h prior to treatment with capsaicin (3 μM) for various time points. Relative c-

Fos (A) or RIP3 (B) mRNA expression. Data are presented as fold change and are 

representative of three independent assays performed in duplicate. The data are mean ± SD (n 

= 3) * denotes p < 0.05 compared using two-way ANOVA with Bonferroni post-hoc test (A) 

or t-test (B). 

 

 

Supplementary Figure Legends 

Fig. S1. Characterization of TRPV1 expression in MCF-7 tet-off cells. Cells were treated 

with vehicle or dox (1 g/mL) for 96 h. Relative TRPV1 mRNA in 1) MCF-7 tet-off, 2) 

MCF-7 tet-off PPARalpha, 3) MCF-7 tet-off
TRPV1

 clone 30 +Dox and 4) MCF-7 tet-off
TRPV1

 

clone 30 –Dox. The data are normalized to 18S RNA and expressed as mean ±SD (n = 3 

technical replicates) relative to MCF-7 cells. 

Fig. S2. Characterization of MCF-7 Tet-off clones 4 and 35 stably expressing TRPV1. Cells 

were treated with vehicle or dox (1 g/mL) for 96 h. (A) -Gal activity in MCF-7 Tet-

off
TRPV1

 cells. The data are mean ± SD (n = 3). (B) Relative TRPV1 mRNA levels in MCF-7 

Tet-off
TRPV1

 cells. The data are normalized to 18S RNA and expressed as mean ±SD (n = 3) 
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relative to + dox. (C) Relative [Ca
2+

]i response to capsaicin (10 M) in MCF-7 Tet-off
TRPV1

 

cells in the presence or absence of dox. Relative [Ca
2+

]i (black lines) ± SD (grey lines) (n = 

3).  

 

Fig. S3. Effect of TRPV1 expression and activity levels on capsaicin-mediated increases in 

[Ca
2+

]I in MCF-7 Tet-off
TRPV1

 clones 4 and 35. (A) Assessment of peak relative [Ca
2+

]i in 

MCF-7 Tet-off
TRPV1

 cells treated with various concentrations of dox (96 h) prior to 

stimulation with capsaicin (3 M). (B) Assessment of peak relative [Ca
2+

]i in MCF-7 Tet-

off
TRPV1

 cells treated with dox (1 g/mL; 96 h) prior to stimulation with various 

concentrations of capsaicin. Graphs represent the mean concentration-response curves of 

peak relative [Ca
2+

]i ± SD (n = 9) from three independent assays; * denotes p < 0.05 using 

two-way ANOVA with Bonferroni post-hoc test. 

 

Fig. S4. Effect of TRPV1 activator capsaicin on the number of viable MCF-7 Tet-off
TRPV1

 

clones 4 and 35. (A-D) MCF-7 Tet-off
TRPV1

 clone 4 cells (A and B) or MCF-7 Tet-off
 TRPV1

 

clone 35 cells (C and D) were treated with vehicle or dox (1 g/mL) for 96 h prior to 

treatment with various concentrations of capsaicin for 24 h (A and C) or 96 h (B and D). 

Viable cell numbers were assessed using an MTS assay. Graphs represent the mean 

concentration-response curves of absorbance ± SD (n = 9) from three independent assays; * 

denotes p < 0.05 using two-way ANOVA with Bonferroni post-hoc test. 

 

Fig. S5. TRPV1 expression levels effect capsaicin-meditated effects on viability of MCF-7 

Tet-off
TRPV1

 clones 4 and 35. MCF-7 Tet-off
TRPV1

 cells were treated with vehicle or dox (1 

g/mL) for 96 h prior to treatment with capsaicin (3 M; 24 h). Viable cell numbers were 

assessed using an MTS assay. Graph represents the mean concentration-response curves of 
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absorbance ± SD (n = 9) from three independent assays; * denotes p < 0.05 using one-way 

ANOVA with Dunnett post-hoc test. 

 

Fig. S6. The cell death induced in MCF-7 cells with TRPV1 over-expression when TRPV1 is 

activated involves Ca
2+

. MCF-7 Tet-off
TRPV1

 cells were cultured in the absence of dox for 96 

h prior to the addition of capsaicin (or vehicle)  ± BAPTA for 6 h. Cells stained with both 

YO-PRO-1 and PI indicate a necrotic population. Data are mean ± SD (n = 3) from 3 

independent assays. 
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