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“I have a friend who's an artist and has sometimes taken a view which I don't agree with very well. 

He'll hold up a flower and say "look how beautiful it is," and I'll agree. Then he says "I as an artist can 

see how beautiful this is but you as a scientist takes this all apart and it becomes a dull thing," and I 

think that he's kind of nutty. First of all, the beauty that he sees is available to other people and to me 

too, I believe. Although I may not be quite as refined aesthetically as he is ... I can appreciate the 

beauty of a flower. At the same time, I see much more about the flower than he sees. I could imagine 

the cells in there, the complicated actions inside, which also have a beauty. I mean it's not just beauty 

at this dimension, at one centimeter; there's also beauty at smaller dimensions, the inner structure, also 

the processes. The fact that the colors in the flower evolved in order to attract insects to pollinate it is 

interesting; it means that insects can see the color. It adds a question: does this aesthetic sense also 

exist in the lower forms? Why is it aesthetic? All kinds of interesting questions which the science 

knowledge only adds to the excitement, the mystery and the awe of a flower. It only adds. I don't 

understand how it subtracts.”  

                                                                                                 Richard P Feynman 
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ABSTRACT 

 
The expression of voltage-gated calcium channels (VGCCs) has not been reported 

previously in melanoma cells in spite of increasing evidence of a role of VGCCs in 

tumorigenesis and tumour progression. To address this issue we have performed an 

extensive RT-PCR analysis of VGCC expression in human melanocytes and a range of 

melanoma cell lines and biopsies. In addition, we have tested the functional expression of 

these channels using Ca
2+

 imaging techniques, and examined their relevance for the 

viability and proliferation of the melanoma cells. Our results show that control 

melanocytes and melanoma cells express channel isoforms belonging to the Cav1 and 

Cav2 gene families. Importantly, the expression of isoforms of low voltage-activated Cav3 

(T-type) channel is restricted to melanoma. We have confirmed the function of T-type 

channels as mediators of constitutive divalent cations influx in melanoma cells. 

Additionally, pharmacological and gene silencing approaches demonstrate a role for T-

type channels in melanoma viability and proliferation.  

 

These results encourage the analysis of T-type VGCCs as targets for therapeutic 

intervention in melanoma tumorigenesis and ⁄or tumour progression. In this regard, we 

have found that Mibefradil and Pimozide, two structurally-unrelated, clinically-used T-

type Ca
2+

 channel blockers, inhibit the growth of melanoma cells in vitro, and that this 

effect is due to both a reduction in the proliferation rate and an induction of caspase-

dependent cell death. We have further explored the molecular pathways leading to T-type 

channels blockers-mediated apoptosis, and found that both drugs induce endoplasmic 

reticulum (ER) stress and a subsequent inhibition of the basal autophagy present in 

melanoma cells. Finally, we have demonstrated by gene silencing experiments that the 

Cav3.1 and Cav3.2 isoforms of T-type channels are the targets of T-type channel blockers, 

regarding their effects on melanoma ER-stress and autophagy.  

 

Altogether, the results attained in this thesis point to T-type Ca
2+

 channels as putative 

prognosis markers and therapeutic targets to tackle melanoma metastasis. 
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RESUM 

 

En aquest treball de tesi hem estudiat per primera vegada l’expressió funcional dels 

canals de calci dependents de voltatge (CCDV) en melanòcits humans i un ampli rang de 

línies cel.lulars i biòpsies de melanoma humà, mitjançant tècniques de biologia molecular 

i d’imatge. Els nostres resultats demostren que els melanòcits control i les cèl.lules de 

melanoma expréssen isoformes de les famílies de gens Cav1 i Cav2. De forma destacable, 

l’expressió d’isoformes de la família Cav3 (canals de tipus T) es troba restringida a les 

cèl.lules de melanoma, en les que promouen la progressió del cicle cel.lular. 

 

Aquests resultats motiven l’anàlisi dels CCDV-T com a dianes terapèutiques contra la 

tumorigènesi i/o progressió tumoral del melanoma. En aquesta línea, hem trobat que 

mibefradil i pimozida, dos bloquejants de CCDV-T d’us clínic, inhibeixen el creixement 

de les cèl.lules de melanoma in vitro, i que aquest efecte és degut tant a una reducció de la 

proliferació cel.lular, com a una inducció de la mort dependent de caspases. Hem explorat 

les vies moleculars implicades en el procés apoptòtic i hem trobat que ambdues drogues 

indueixen estrés de reticle endoplasmàtic (RE) i la inhibició subsequent de l’autofàgia 

basal constitutiva present a les cèl.lules de melanoma. Finalment, hem demostrat, a través 

del seu silenciament gènic, que la isoforma Cav3.2 és la diana molecular dels bloquejants 

de CCDV-T, en el que respecta als seus efectes sobre l’estrés de RE i l’autofàgia. 

 

Conjuntament, els resultats obtinguts en el decurs d’aquesta tesi apunten als canals de 

tipus T como a possibles marcadors de pronòstic i/o dianes terapèutiques contra la 

metastasi del melanoma. 
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RESUMEN 
 
 

Hemos estudiado por primera vez la expresión funcional de los canales de calcio voltaje-

dependientes (CCDV) en melanocitos humanos y un amplio rango de líneas celulares y 

biopsias de melanoma humano, mediante técnicas de biología molecular y de imagen. 

Nuestros resultados demuestran que los melanocitos control y las células de melanoma 

expresan isoformas pertenecientes a las famílias de genes Cav1 y Cav2. De forma 

destacable, la expresión de isoformas de la família Cav3 (canales de tipo T) se encuentra 

restringida a las células de melanoma, en las que promueven la progresión del ciclo 

celular. 

 

Estos resultados motivan el análisis de los CCDV-T como dianas terapéuticas contra la 

tumorigénesis y/o progresión tumoral del melanoma. En esta línea, hemos encontrado que 

mibefradil y pimozida, dos bloqueantes de CCDV-T de uso clínico, inhiben el 

crecimiento de las células de melanoma in vitro, y que este efecto es debido tanto a una 

reducción de la proliferación celular como a una inducción de la muerte dependiente de 

caspasas. Hemos explorado las vías moleculares implicadas en el proceso apoptótico y 

hemos hallado que ambas drogas inducen estrés de retículo endoplasmático (RE) y la 

inhibición subsiguiente de la autofagia basal constitutiva presente en las células de 

melanoma. Finalmente, hemos demostrado, a través de su silenciamiento génico, que la 

isoforma Cav3.2 es la diana molecular de los bloqueantes de CCDV-T en lo concerniente 

a sus efectos sobre el estrés de retículo endoplasmático y la autofagia. 

 

Conjuntamente, los resultados obtenidos en el curso de esta tesis apuntan a los canales de 

tipo T como posibles marcadores de pronóstico y/o dianas terapéuticas contra la 

metástasis del melanoma. 
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1. Melanoma 

 

1.1 Introduction: 

 

Malignant melanoma is a neoplasm of the skin which arises primarily from transformed 

melanocytes de novo or from dysplastic, congenital, or common nevi
1-5

. As in many 

cancers, both genetic predisposition and exposure to environmental agents are risk factors 

for melanoma development. Researchers have identified a number of risk factors 

associated with melanoma. These risk factors are grouped into four categories: 1. 

Environmental. 2. Genetic. 3. Immunosuppresive. 4. Previous melanoma. Studies have 

shown that melanoma primarily affects fair-haired and fair-skinned individuals and those 

who burn easily or have a history of severe sunburn. The UV component of sunlight 

causes skin damage and increases the risk for skin cancers such as melanoma. The exact 

mechanism and wavelengths of UV light that are the most critical remain controversial, 

but both UV-A (wavelength 320–400 nm) and UV-B (290–320 nm) have been 

implicated
6
. 

 

Cutaneous melanoma can be subdivided into several subtypes, primarily based on 

anatomic location and patterns of growth. The majority of melanoma subtypes are 

observed to progress through distinct histological phases. As cutaneous melanomas 

progress from the radial growth phase (RGP) to the vertical growth phase (VGP), 

treatment options, cure rates, and survival rates decrease dramatically. Most melanoma 

subtypes demonstrate a slow RGP restricted to the epidermis, followed by a potentially 

more rapid VGP. RGP melanoma cells extend upward into the epidermis (pagetoid 

spread) but remain in situ and lack the capacity to invade the dermis and metastasize
6, 8, 9

 

(figure 1) 

  

Although cutaneous melanoma only accounts for 5-7% of all skin malignancies, it is the 

most lethal, being responsible for about 75% of all skin tumour deaths
7, 11

. Once in 

advanced stage, the prognosis of patients with melanoma becomes very poor. 

Chemotherapy has failed to improve the survival of these patients
12

.
 
Primary melanoma 

lesions may present various clinical subtypes, and within these may display wide 

diversity in characteristics of form and clinical progression. Such heterogeneity can make 

diagnosis difficult and, in the case of a confirmed melanoma, it can complicate prognostic 
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calculation
13

. Furthermore, recent cellular and molecular studies are continuing to reveal 

many additional variations, suggesting that such heterogeneity in melanoma may underlie 

the continued failure of current experimental therapy
14

. 

 

 

 

Figure 1. Various stages of melanomagenesis and tumor progression for melanomas arising on a 

melanocytic nevi. a. Normal skin. This shows an even distribution of melanocytes within the basal 

layer of the epidermis. b. Naevus. In the early stages, benign melanocytic naevi occur with 

increased numbers of melanocytes. c. Radial-growth-phase (RGP) melanoma. This is considered 

to be the primary malignant stage. d. Vertical-growth-phase (VGP) melanoma. This is the first 

stage that is considered to have malignant potential and leads directly to metastatic malignant 

melanoma by infiltration of the vascular and lymphatic systems. Pagetoid spread describes the 

upward migration or vertical stacking of melanocytes that is a histological characteristic of 

melanoma (scheme adapted from Vanessa Gray-Schopfer 2007)
12
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1.2 Melanoma epidemiology 

 

Rising incidence rates of cutaneous melanoma have been observed during the last four 

decades in white populations worldwide. The cancer statistics in the United States have 

revealed 6 cases per 100,000 inhabitants and year at the beginning of the 1970s and 18 

cases per 100,000 inhabitants and year at the beginning of 2000, demonstrating a three-

fold increase in incidence rates. Incidence rates in central Europe increased in the same 

time period from 3 to 4 cases to 10 to 15 cases per 100,000 inhabitants and year, which is 

very similar to the increase in the United States. Cohort studies from several countries 

indicate that the trend of increasing incidence rates will continue in the future for at least 

the next 2 decades; thus, an additional doubling of incidence rates is expected. The 

highest incidence rates have been reported from Australia and New Zealand, from 40 to 

60 cases per 100,000 inhabitants and year
15-17

. 

 

1.3 Melanoma and calcium signalling 

 

Ca
2+

-signaling of human cutaneous melanoma is in the focus of intensive research in 

recent years. Genomic and functional studies pointed to the important role of various Ca
2+

 

channels in melanoma, but these data were contradictory. Ca
2+

-signaling is suspected to 

play an important role in the development as well as in the viability and motility of 

melanoma cells
18-20

. The significance of Ca
2+

 in melanoma is supported by the fact that a 

Ca
2+

-dependent isoform of protein kinase C is overexpressed in melanoma
21

. On the other 

hand, it is known that intracellular Ca
2+

 oscillations are critical for the survival and 

migration of melanoma cells
18, 19

. The melanocytic linage is characterized by a special 

resistance to apoptosis, which might be attenuated during malignant transformation. It is 

now well established that apoptosis regulatory proteins B-cell lymphoma/leukemia-2 

gene/Bax are regulators of the endoplasmic reticulum Ca
2+

 stores, and that Ca
2+

 is a key 

mediator of apoptosis in a variety of cell types
22

. It has been claimed that the enhanced 

expression and/or function of Ca
2+

 channels in the plasma membrane of human melanoma 

cells may play an important role in their resistance to apoptosis
23

. 

 

 

 

 



 

 

 
16 

 

 

2. Voltage-gated calcium channels 

 

2.1 Introduction: 

 

Ionized calcium (Ca
2+

) is a ubiquitous second messenger, and temporally and spatially 

coded changes in the cytosolic Ca
2+

 levels are critical for linking external stimuli to cell 

physiology. Ca
2+

-signaling directs a wide range of intracellular processes, ranging from 

short-term control of contraction, synaptic transmission, endo and exocytosis and 

modulation of enzyme function and metabolism, to longer-term control of gene 

expression, cell cycle progression, apoptosis, differentiation and proliferation
24-26

. The 

extracellular milieu is the ultimate source of Ca
2+

, which flows into the cells through ion 

channels present in plasma membrane (figure 2).              

 

Figure 2. Regulation and distribution of intracellular concentration of free Ca
2+

. The 

increase in intracellular concentration of free Ca
2+

 can be triggered by the release of 

Ca
2+ 

from intracellular stores, especially the endoplasmic reticulum, and by influx from 

the extracellular space through voltage-dependent Ca
2+

 channels and Ca
2+

-permeable 

cation channels (scheme taken from Michiaki Yamakage 2002)
27

.
 

 

2.2 Primary Structure and Properties of Ca
2+

 Channel 1 Subunits 

VGCCs were initially isolated as large heteromeric proteins from the skeletal muscle Ca
2+

 

channel complex. The so-called DHP receptor complex contains 5 protein subunits, 

which were termed α1 (170 kDa), α2 (150 kDa), β (52 kDa), δ (17–25 kDa) and γ (32 

kDa)
28, 29

. Up to 10 genes have been described to encode the pore-forming α1 subunit of 

VGCCs, being the most highly selective ion channels for Ca
2+

 (Table 1). 
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Figure 3. α1 subunit of voltage-gated Ca
2+

 channels showing 4 homologous repeated domains (I-

IV) with intracellular linkers, and N and C terminus. Each of the 4 homologous repeated domains 

is comprised of 6 membrane-spanning segments (S1-S6). The inward loop between the S5 and S6 

transmembrane segments lines the pore, while the S4 transmembrane segment contains positively 

charged amino acids (Lys
+
 or Arg

+
) that move outwardly upon membrane depolarization, causing 

channel opening. 

The α1 subunit is a large protein with 24 transmembrane segments arranged in 4 

homologous repeated domains, with intracellular linkers and N and C terminus. The N 

and C-terminus exert important modulatory functions on the expression and function of 

the channels. Each of the 4 domains is comprised of 6 putative membrane-spanning 

segments (S1-S6). The inward dipping loop between S5 and S6 transmembrane segments 

form the channel pore, while the S4 transmembrane segments contain positively charged 

amino acids and act as voltage sensors, moving outwardly upon membrane depolarization 

and rendering the calcium channel open by an allosteric mechanism
28,29 

(Figure 3). On the 

basis of sequence homology and functional properties, VGCCs are classified in two major 

groups: high voltage-activated calcium channels (HVAs), which activate at depolarized 

membrane potentials (usually - 40 mV or more positive), and low voltage-activated 

calcium channels (LVA or T-type) which open at more negative membrane potentials, 

closer to the typical cell resting membrane potentials (between -80 and -60 mV). HVA 

calcium channels include L-type, R-type, N-type and P/Q-type calcium channels. LVA 

calcium channels include the T-type calcium channels
30

 (Figure 4). Some of the key 

features of high and low voltage-activated Ca
2+ 

channels are displayed in Table 1, and 

their pharmacology is displayed in Table 2. 
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.  

Figure 4. Dendrogram showing the classification of VGCCs on the basis of their sequence 

homology and functional properties (scheme modified from Eric A.Ertel 2000)
31

 

Table 1: Summary of voltage-gated calcium channel classification 

 

Electrophysiological 

nomenclature 

Molecular nomenclature Main localization 

old  New 

L-type calcium 

channel ("Long-

Lasting" ) 

α1S  

 

 

Cav1.1 skeletal muscle 

α1C Cav1.2 smooth and cardiac muscle, CNS 

α1D Cav1.3 Sinoatrial node, cochlear hair 

cells, neuronal (dendritic) 

α1F Cav1.4 Retina 

P-type calcium 

channel 

("Purkinje")/Q-type 

calcium channel 

α1A  Cav2.1 Purkinje neurons in the 

cerebellum/Cerebellar granule 

cells 

N-type calcium 

channel 

("Neural"/"Non-L") 

α1B  Cav2.2 Throughout the brain and 

peripheral nervous system. 

R-type calcium 

channel ("Residual") 

α1E  Cav2.3 CNS; cell bodies,  some distal 

dendrites and Presynaptic 

terminal  
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T-type calcium 

channel ("Transient") 

 

 

 

α1G  Cav3.1 Neuronal, cardiac 

 

α1H Cav3.2 Neuronal and many other tissues 

α1I Cav3.3 Neuronal 

 

 

     Table 2.  Ca
2+

 channel antagonists and agonists (L, T, P/Q, N, R type) 

 

 

            Type           Activator              Inhibitor 

T-type NA Mibefradil (dihydropyridine 

analogue), Pimozide 

(diphenylbutylpiperidine 

derivative), Penfluridol 

(diphenyl butylpiperidine 

derivative), Bepridil 

,Flunarizine ((piperazine 

derivatives), Kurtoxin 

(peptide) 

L-type BAY-K 8644(60,133) Dihydropyridines 

(Nimodipine, Nifedipine, 

nitrendipine amlodipine, 

nicardipine Nifedipine , 

Nimodipine nitrendipine);  

Benzothiazapines (d-cis-

diltiazem); 

Phenylalkylamines 

(verapamil) 

P/Q-type NA ω-Agatoxin IVA (peptide) 

N-type NA ω-CgTx GVIA (peptide) 

R-type NA SNX-482 (peptide) 
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3. Involvement of voltage-gated Ca
2+

 channels in the control of cellular proliferation 

Numerous studies have demonstrated that the Ca
2+

 influx through VGCCs, especially 

from the Cav1 (L-type) family, results in signalling that affects the expression of genes 

involved in cell proliferation, programmed cell death and apoptosis
32-36

.  

 

Dolmetsch et al (2001) showed that an isoleucine-glutamine motif in the carboxyl 

terminus of Cav1.2 L-type channels is essential for Ca
2+

-calmodulin binding; Ca
2+

- CaM 

in turn activates the Ras/mitogen activated protein kinase pathway and conveys the Ca
2+

 

signal to the nucleus, stimulating the expression of genes essential for neuronal survival
37 

In the nucleus, Ca
2+

 has been also involved in DNA replication through its role activating 

CaM-kinase II and IV, phosphatase like calcineurin, and regulating nuclear factors such 

as Ca
2+

/cAMP response element binding protein and Ras, which control cyclins and 

Cyclin-dependent kinases
26

.  

 

Ca
2+

 seems to be particularly important for specific phases of the cell cycle; for example, 

the transition from the G1/S interphase (initiation of DNA synthesis) and the G2/M 

interphase (initiation of mitosis), is dependent upon CaM-kinase II
38

. In proliferating 

cells, these Ca
2+

 signals often form oscillatory patterns involving entry of external Ca
2+

 

and release of Ca
2+

 from internal stores
39

; these oscillations play an important role in the 

ability of cells to reenter the cell cycle and initiate DNA synthesis at the G1/S phase 

transition, and for the initiation of mitosis during the M phase of the cell cycle; T-type 

Ca
2+

 channels are particular well suited to participate in such oscillations due to their 

unique biophysical properties, among them the ability to open with relatively small 

depolarizations, the rapid kinetics of inactivation and the overlapping of steady-state 

activation and inactivation curves
28

.In fact, cells in the proliferative phase (G2/M) have 

been frequently reported to express T-type Ca
2+

 channels, whereas the same cells in the 

non-proliferative phases (G0/G1) express primarily L-type Ca
2+

 channels
40, 41

. That way, 

in vascular smooth muscle cells the percent of total Ca
2+

 channel current for T-type Ca
2+

 

channels was 37% in the G1 phase and increased to 90% in the S and beginning of the M 

phases
42

. In human pulmonary artery myocytes, the gene silencing of 1G subunits of T-

type Ca
2+

 channels inhibited proliferation and resulted in an increased number of cells in 

the G0/G1 (non-proliferative) cell cycle stage
43, 44

. Furthermore, Western blot analysis at 

various phases of the cell cycle has shown that an increased expression of the T-type 
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channels is associated with the G2/M phase of the cell cycle
40-45

. Taken together, these 

data strongly suggest that T-type Ca
2+

 channels play an important role in Ca
2+

-signaling 

associated with S phase-related events, when DNA synthesis is increased in preparation 

for entry into the G2/M (proliferative) phase of the cell cycle
46

. 

 

4. Voltage-gated Ca
2+

 channels and cancer 

 

Ca
2+

-dependent signalling is frequently deregulated in cancer cells and, importantly, 

VGCCs may play a role in remodelling calcium homeostasis. The following sub-sections 

summarize the knowledge achieved for the different VGCC types up to date. 

4.1 L-type Ca
2+

 channels and cancer 

The expression of L-type Ca
2+

 channels in non-excitable cells is limited and, even if these 

channels are present, they require membrane depolarization to become activated. It has 

been shown that the cell membrane may be depolarized by the action of certain mitogens, 

giving a “chance” to L-type channels for modulating proliferation
47

. Indeed, Ca
2+

 influx 

through L-type channels has been implicated in the pro-proliferative action of endothelin-

1 (ET-1) in the SPC-A1 human lung adenocarcinoma cell line
47-49

. In some cases, the 

cells have been shown to express a splice variant of L-type channels lacking voltage-

sensing S4 transmembrane segments, which might explain the activation of L-type Ca
2+

 

channels without depolarization
50

. There are pharmacological evidences for VGCC-

mediated Ca
2+

 influx in colonic cell lines
54-56

 and, interestingly, the up-regulation of the 

Cav1.2 L-type channel isoform has also been reported in colon cancer
57

. In a similar line, 

it has been suggested that the progression of colon cancer is often associated with 

enhanced mitogenic signals such as epidermal growth factor (EGF) and EGF receptors
58, 

59
 and their downstream signaling kinase c-src

60
, which in turn increases the activity of L-

type channels
61

. The up-regulation of Cav1.1 in colorectal carcinoma cell lines and 

biopsies has also been described
64 

(table 3). Other works have unveiled uncommon 

coupling mechanisms of L-type channels to either cell survival or oncogenicity. For 

instance, Green et al. reported that a population of endosomes whose rapid trafficking is 

controlled by Ca
2+

, contains Cav1.2 channels in their membranes; they further identified a 

protein domain in the II-III loop of Cav1.2 channels that binds Eukaryotic translation 

initiation factor 3 subunit (eIF3e), as essential for the activity dependence of both channel 
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internalization and endosome trafficking; this finding provides an interesting link between 

L-type calcium channel, calcium homeostasis and a mammalian oncogene
63 

. 

 

4.2 T-type calcium channel and cancer 

The Cav3.1 isoform of T-type voltage gated calcium channels has been reported to be 

overexpressed in glioma cells
67, 43

. The knock down of Cav3.1 in esophageal carcinoma 

cells can reduce cell proliferation via the p53 tumor-suppressing transcription factor-

dependent pathway, leading to the up-regulation of the cell-cycle arrest protein p21
68

. The 

Cav3.2 isoform was reported to be over-expressed during neuroendocrine differentiation 

of prostate cancer cells
69

. Interestingly, a decreased function of T-channels also may play 

a role in cancer development and progression, as transformation of fibroblasts by ras 

oncogene reduces T-currents
70-72

. Hypermethylation of the CACNA1G gene in various 

human tumors (colon, colorectal, pancreatic and gastric cancers, as well as in acute 

myelogenous leukemias) results in silencing of Cav3.1 channels, indicating that 

CACNA1G may be a putative tumor suppressor gene
73-75 

. Expressions of isoforms of T 

type calcium channel in various types of cancer are described in table 4. 

4.3 P/Q, R-type calcium channels and cancer 

P/Q and R-type VGCCs are involved in neuronal plasticity and survival, and mediate fast 

neurotransmission in the central and peripheral nervous systems. There are few evidences 

suggestive of a role of P/Q-type or R-type Ca
2+

 channels in cancer development. 

Nonetheless, the activity of Cav2.3 channels has been reported to promote chromogranin 

A secretion from neuroendocrine tumor cells
93

. It has also been shown that the enhanced 

proliferation of a tumorigenic mouse ovarian epithelial cell line by follicle stimulating 

hormone, involves a signalling pathway that includes the up-regulation of Cav2.3 

channels
94

.
 
Finally, several studies have reported that Cav2.1 antibodies play a pathogenic 

role in Lambert-Eaton myasthenic syndrome, which can be associated with small cell 

lung carcinoma
95, 96

. 
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Table 3. L-type calcium channels and cancer 

Cell type L type isoform  Reference 

Colon carcinoma Cav1.2 57 

Colorectal carcinoma Cav1.1 64 

lung adenocarcinoma undefined 47-49 

Human B lymphoma cells Cav1.2 65 

Human jurkat t cells Cav1.4, Cav1.1 66,50 

Table 4. T-type calcium channels and cancer  

Cell type T type isoform  Reference 

breast carcinoma Cav3.1, Cav 3.2 75-77,67 

neuroblastoma Cav3.1, Cav3.2 67,78-80,77,43 

retinoblastoma Cav3.1,Cav3.2, Cav3.3 81,82 

glioma Cav3.1, Cav3.2 67,43 

Prostate carcinoma Cav3.1, Cav3.2 69,83,75,77 

Esophageal carcinoma Cav3.1, Cav3.2, Cav3.3. 68 

fibrosarcoma Cav3.1 84 

Colorectal carcinoma Cav3.1 75 

pheochromocytoma Cav3.1, Cav3.2 85,86 

adrenocarcinoma Cav3.2 87 

insulinoma Cav3.1 88 

Thyroid carcinoma Cav3.2 89 

Colon carcinoma Cav3.1 75,90 

Pancreatic carcinoma Cav3.1 73 

Hepatocellular carcinoma  Cav3.1, Cav3.2,Cav3.3 74 

Gastric carcinoma Cav3.1 75 

Acute myelogenous leukemias Cav3.1 75 

Ovarian cancer Cav3.1, Cav3.2 91,92 
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5. Effects of calcium channel blockers on cellular proliferation 

 

In line with the relevance of the different VGCC families in cell proliferation summarized 

in the preceding sections (and with our own results attained during the development of 

this Thesis), only the blockade of L-type and T-type Ca
2+

 channels has shown to have an 

impact on cancer cell growth. L-type and T-type Ca
2+

 channel blocking agents are 

classified into broad groups according to their chemical structure like benzodiazepines, 

diphenylbutyl piperidines, phenylalkyl amines, piperazine derivatives and dihydro 

pyridines (Figure 2).  

 

Although the main actions of the L-type and T-type channel blockers concern the 

cardiovascular system and include dilatation of coronary and peripheral arterial 

vasculature, reduction of heart rate and slowing of AV conduction, many articles have 

suggested antiproliferative effect of these drugs in vivo and in vitro. This relevant aspect 

is discussed in the following section. 

 

5.1 Effect of T-type calcium channel blockers on cellular proliferation 

 

 There are a variety of agents that can affect T-type calcium current with varying degrees 

of specificity. Kurtoxin is a peptide purified from the Parabuthus transvaalicus scorpion 

venom and stands out like the most specific blocker of T-type channels available to date
97, 

98
. Kurtoxin binds Cav3.1 and Cav3.2 T-type channels with high affinity (low nanomolar) 

and inhibits the T-type calcium currents by modifying the channel gating
98

. The 

antiproliferative properties of Kurtoxin have been documented in vitro in the rat ductus 

arteriosus smooth muscle cells
99

. 

 

Mibefradil, a benzimidazolyl-substituted tetraline derivative, is distinguished from other 

calcium channel antagonists because it preferentially blocks low-voltage-activated T-type 

calcium channels (T-channels) with 10 to 20 times more selectivity than high-voltage-

activated (HVA) L-type Ca
2+

 channels
100, 101

. Mibefradil was introduced clinically in 

1997 as an antianginal and antihypertensive agent, but was withdrawn from the market 

less than a year after its release due to potentially life-threatening interactions with β-

blockers and hypolipidemic agents
102

.
 
However, Mibefradil has been reintroduced in the 

clinical practice by earning the status as an orphan drug for treatment of pancreatic, 
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glioblastoma multiforme and ovarian cancer from the American Food and Drug 

administration in recent years
103

.
 
Mibefradil has been recognized as an effective inhibitor 

of proliferation in many different cell types including blood mononuclear cells
104, 

rat 

smooth muscle cells
105

, human pulmonary artery myocytes
106

, glioblastoma
43,

 
82, 106

, 

retinoblastoma
82

 and breast cancer
82

 cell lines. Apart from its anti-proliferative properties, 

Mibefradil has been shown to suppress Ca
2+ 

mediated spikes, waves, cell motility and 

invasive properties of HT1080 fibrosarcoma
84

. Anticancer effects of Mibefradil has also 

been investigated on tumor cells in vivo. Taylor et al. reported that the local injection of 

Mibefradil induces the death of human breast carcinoma cells implanted into 

subcutaneous adipose tissue in athymic nude mice
107

. 

 

The antipsychotic drug Pimozide has also been shown to be a potent inhibitor of T-type 

and L-type Ca
2+

 channels, but with less selectivity than Mibefradil
108

. In pituitary and 

heart cells, Pimozide proved to inhibit L-type channels
109

,
 
whereas in adrenal glomerulosa 

and spermatogenic cells, Pimozide prevented Ca
2+

 influx by blocking T-type channels
109, 

110
.
 
Pimozide has also been reported to inhibit proliferation of breast cancer cells

111
 and 

astrocytoma cells
112

.
 

In the latter, the apparent mechanism of action was through 

inhibition of CaM activity
112

. Pimozide had also been introduced in the clinical trial of 

patients suffering from melanoma, although its beneficial effects were attributed to the 

blockade of dopamine receptors
113, 93

. 

 

Using the structure-activity relationship of known T-type channel blockers, Gray et. al. 

synthesized two new inhibitors of Ca
2+

 entry, TH-1177 and TH-1211. These two 

compounds blocked T-type channels and capacitative Ca
2+

 entry and decreased the 

proliferation rate of breast and prostate cancer cell lines with a similar efficacy to that of 

Mibefradil
77

. Similarly, McCalmont et al. described the synthesis of several novel T- type 

channel antagonists that inhibited Ca
2+

 influx and exerted a negative effect on cellular 

proliferation
114

. Cyclic AMP
115

, G-proteins
116

, arachidonic acid metabolites including 

anandamide
106, 117

 and nordihydroguariatetic acid
118

, can also modulate T-type Ca
2+

 

channels and inhibit cellular proliferation. 
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5.2 Effect of L-type calcium channel blockers on proliferation 

 

It has been shown that dihydropyridine derivatives such as Nimodipine, Nifedipine, and 

amlodipine inhibit the proliferation and DNA synthesis of epidermoid carcinoma cells 
119-

122,161
. Verapamil, Nifedipine and Diltiazem have also been reported to inhibit the growth 

of human brain tumor cells in vitro
112, 123

. Interestingly, L-type channel blockers have also 

displayed tumor inhibition capabilities in vivo: verapamil and Diltiazem inhibited the 

growth of subcutaneous xenograft meningiomas in nude mice
124

;
 
oral administration of 

amlodipine, Diltiazem or verapamil were demonstrated to inhibit the proliferation of 

human breast cancer cell in the athymic mouse, without any effect on mouse body weight 

or gross organ morphology
124

. 

 

6. Calcium signalling and cell death 

 

Proliferation and apoptosis are two key processes determining normal tissue homeostasis. 

Apoptosis is a genetically determined self-destruction process that is characterized by 

membrane blebbing, DNA fragmentation and formation of apoptotic bodies
125

. Two 

major intracellular apoptosis pathways are the death receptor-mediated (extrinsic) 

pathway and the mitochondrion-initiated (intrinsic) pathway
126

.
 
Central to these apoptotic 

processes are a group of caspases (a family of cysteine proteases) that rapidly demolish 

cellular structures and organelles in an orderly manner. Apoptotic Caspases include 

‘initiator Caspases’ (Caspase 2, 8, 9 and 10) that start the apoptotic Caspase cascade, and 

‘effector Caspases’ (Caspase 3, 6 and 7) that disassemble the cell 
127

. De-regulated cell 

proliferation together with the suppression of apoptosis provides the condition for 

abnormal tissue growth, which ultimately can turn into the uncontrolled expansion and 

invasion characteristic of cancer. Although in molecular terms proliferation and apoptosis 

seem to be clearly delineated, both of them involve intense Ca
2+

 signaling and a 

remodelled Ca
2+

 homeostasis provides the critical environment for their unfolding
24

. The 

Ca
2+

-dependent apoptotic mechanisms can be subdivided roughly into mitochondrial, 

cytoplasmic and endoplasmic reticulum mediated. 

 

Mitochondria represent a central integration point for the signals regulating cells destiny. 

Ca
2+

 overload, which may be triggered by external stimuli, promotes mitochondrial 

uptake of Ca
2+

. Excessive Ca
2+

 accumulation within the mitochondria is one of the 
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primary causes for mitochondrial permeability transition, which is at least partly mediated 

by the opening of permeability transition pore (PTP), a multi-protein complex located at 

the contact sites between the inner and the outer mitochondrial membranes. PTP opening 

permits releasing of mitochondrial apoptogenic factors, such as cytochrome c (Cyt-c) and 

apoptosis-inducing factor (AIF) into the cytoplasm where they in turn activate death-

executing caspase cascade. 

 

An initial cytosolic Ca
2+

 overload may also trigger apoptosis without directly involving 

Ca
2+

-mediated mitochondrial permeability transition. It mainly relies on the activation of 

a Ca
2+

-CaM-dependent phosphatase, namely calcineurin. Calcineurin-catalyzed 

dephosphorylation promotes apoptosis by regulating the activity of a number of 

downstream targets including pro-apoptotic Bcl-2 family member, Bad
122

 and 

transcription factors from nuclear factor of activated T cell (NFAT) family
128

.
 
There are 

also some other Ca
2+

-dependent enzymes, which take part in the apoptotic events, among 

which of special note are several DNA-degrading endonucleases
123

 and Ca
2+

 -activated 

cystein proteases of the calpain family, that are essential for the enzymatic activation of 

crucial pro-apoptotic effectors
124

.
 

 

The endoplasmic reticulum is a principal site for protein synthesis and folding, Ca
2+

 

storage and Ca
2+

 signalling. Ca
2+

 is pumped into the ER by SERCA adenosine 

triphosphatases (ATPases) and is released by inositol 1,4,5-trisphosphate (IP3) or 

ryanodine receptor (RyR) Ca
2+

 release channel
25

.
 
A significant fraction of the released 

Ca
2+

 is captured by mitochondria, which are strategically located near Ca
2+

-release 

channels
129

.
 
This close connection allows mitochondria to modulate, propagate, and 

synchronize Ca
2+

 signals and to prevent ER depletion by recycling Ca
2+

 to the ER. The 

ER-mitochondria connection enables Ca
2+

 signals not only to fine tune cellular 

metabolism but also to modulate the ability of mitochondria to undergo apoptosis. The 

switch from a life to a death signal involves the coincidental detection of Ca
2+

 and pro-

apoptotic stimuli, and depends on the amplitude of the mitochondrial Ca
2+

 signal. The 

magnitude of mitochondrial Ca
2+

 signals, in turn, depends largely on the Ca
2+

 content of 

the ER, which is maintained by the balance between active Ca
2+

 pumping by SERCA and 

passive leakage through Ca
2+

-release channels (Figure 5)
130-134

. 
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7. Endoplasmic reticulum stress 

 

The ER is highly sensitive to alterations in Ca
2+

 homeostasis. Ca
2+

 ionophores that 

deplete Ca
2+

 levels from the ER lumen, inhibitors of glycosylation, chemical toxicants, 

oxidative stress or the accumulation of misfolded proteins in the ER, can all disrupt ER 

function resulting in “ER stress”. The ER responds by triggering specific signalling 

pathways, including unfolded protein response [UPR], the ER overload response [EOR], 

and the ER associated degradation [ERAD]. Overall activation of these pathways leads to 

a reduction in the amount of translocated proteins in ER lumen, augmentation of protein 

folding capacity of the ER, increased translocation and degradation of misfolded proteins 

in the ER. 

 

The UPR is initiated when the unfolded proteins exceed the capacity of ER-resident 

chaperone proteins, such as glucose-regulated proteins 78 and 94 (GRP78 and GRP 94), 

to bind them. The principal chaperone protein is GRP78, which normally binds the N 

terminal ends of three transmembrane proteins referred to as interferon inducible protein 

kinase regulated by RNA like ER kinase (PERK), inositol requiring enzyme 1 alpha 

(IRE1α) and activating transcription factor 6 (ATF6). When the capacity of the sensor 

protein GRP78 to bind the unfolded proteins is exceeded, the individual ER 

transmembrane proteins undergo homodimerization and autophosphorylation, which 

trigger the UPR (Figure 6). 

 

 

 

Figure 5.Under normal conditions, Ca
2+

 continuously cycles between the ER and mitochondria.  

Ca
2+

 is pumped into the ER by Ca
2+

 ATPases (SERCA), and released by IP3–gated channels 
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(IP3R). Ca
2+

enters mitochondria by a Ca
2+

uniporter (mCU) and is released by a Na
2+

 /Ca
2+

 

exchanger (mNCE) (scheme taken from Nicolas Demaurex 2009 
19

. 

 

PERK is a serine threonine kinase that has many targets. The kinase domain of activated 

phosphorylated PERK phosphorylates the alpha subunit of eukaryotic translation 

initiation factor 2 alpha (eIF2α), attenuating the initiation of translation and protein 

synthesis. PERK activation and eIF2α phosphorylation leads to: (a) a decrease in the 

protein folding capacity of the ER; (b) the induction of eIF2α phosphorylation- dependent 

ER stress genes; and (c) the promotion of cell survival. Phosphorylated eIF2α may also 

translate the transcription factor ATF4, that includes a target gene for a phosphatase 

growth arrest and DNA damage inducible gene 34 (GADD34) (which dephosphorylates 

eIF2α) and Growth Arrest and DNA damage inducible gene 153 (GADD153/CHOP). 

GADD153 is a member of CCAAT/enhancer binding proteins (C/EBPs). Generally 

expressed at low level in proliferating cells, GADD153 is strongly induced in response to 

stresses that result in growth arrest or cellular death including oxidative injury, genotoxic 

stress, anti cancer chemotherapy and ER stress. Recent studies suggest that 

overexpression of GADD153 plays a central role in the apoptotic process, including 

favouring the dephosphorylation of the proapoptotic protein Bad and the down-regulation 

of Bcl-2 expression. 

 

IRE1α acts both as a serine/threonine kinase and an endoribonuclease. The latter activity 

results in splicing of the mRNA for X box-binding protein 1 (XBP-1), a transcription 

factor that binds both the ER stress response element (ERSE) and the UPR promoter 

element (UPRE). The UPRE is associated with the expression of genes involved in the 

transport of unfolded proteins out of the ER and their degradation by the ubiquitin 

proteasome system, a process referred to as ER-associated degradation (ERAD). 

 

ATF6 shares many of the activities of IRE1. In response to ER stress, p90ATF6 

transits to the Golgi where it is cleaved by the proteases S1P and S2P, yielding a free 

cytoplasmic domain that is an active transcription factor, p50ATF6, which appears to be 

principally involved in induction of the chaperone proteins and to precede IRE1-

mediated production of the ERAD pathway. ATF4, ATF6 and XBP-1 are transcription 

factors that up-regulate ER chaperone proteins, folding enzymes and protein degradation 

molecules, which in turn either prevent the aggregation of unfolded proteins, or aid in 
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their subsequent folding or in degradation of excessive misfolded proteins. Based on the 

current knowledge, the ATF6 and IRE1α-XBP1 pathways are generally regarded as anti-

apoptotic UPR, and they are found to be attenuated when ER stress is persistent, whereas 

PERK activity is maintained, including GADD153 induction and inhibition of 

translation
135-142

. 

 

 

 

Figure 6. Schematic outline of key aspects of endoplasmic reticulum stress and unfolded protein 

response (scheme taken from Peter Hersey 2008)
147

. 

 

In mammals and, depending on the state of the cell and the type of ER stress encountered, 

the outcome can be an increase in the capacity of the ER folding machinery, a reduction 

of the amount of proteins entering the ER, an enhanced clearance of the proteins from the 

ER, apoptosis or autophagy. PERK, IRE1α and increased Ca
2+

 levels have been 

implicated as mediators of ER stress-induced autophagy in mammalian cells
143-147

.
 
In this 

regard, Kouroku et al. demonstrated that ER stress in response to ectopic expression of 
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polyQ72 upregulates the expression of autophagic gene Atg12, and induces autophagy 

through the PERK-eIF2α signaling pathway
145

. In contrast Imaizumi and co-workers 

showed that the activation of IRE1α was the linker between UPR and autophagy in mouse 

embryonic fibroblast cells
163

. 

 

8. Autophagy 

 

When cells are under stress, they may adopt survival strategies or may undergo a 

programmed cell death. Autophagy (self-eating) is a lysosomal pathway involved in the 

turnover of cellular macromolecules and organelles that is essential to maintain cell 

homeostasis in a “normal” environment. In addition, autophagy is an adaptive, inducible 

survival strategy that allows cells to cope with different kinds of stress. At least three 

different types of autophagy exist: microautophagy, chaperone-mediated autophagy 

(CMA) and macroautophagy. The main differences between them concern the way by 

which endocytosed cargo is delivered to lysosomes. (1) Microautophagy implies direct 

delivery through invagination and fission of lysosomal membrane, and not much is 

known about the molecular machinery involved in the process
148

.(2) CMA delivers 

certain proteins to lysosomes with the help of the cytosolic hsc70 chaperone, which 

recognizes a KFERQ-like motif in the target proteins
149

.(3) Macroautophagy, commonly 

regarded as “autophagy”, involves the envelopment of cytosol and/or organelles in the 

isolating membrane, which wraps around the cargo forming an autophagosome a vesicle 

surrounded by a double membrane. The autophagosome then undergoes a progressive 

maturation by fusion with endolysosomal vesicles creating an autolysosome, where the 

cargo is degraded (Figure 7). To date, more than 30 ATG (autophagy-related) genes 

required for autophagy and its related pathways have been identified in yeast and 

mammals. The Atg proteins required for autophagy are now classified into six functional 

groups: (1) the Atg1 kinase complex (Atg1-13-17-29-31), (2) Atg9, (3) the class III 

phosphatidylinositol (PI)3–kinase complex (Atg6 –Atg14–Vps15–Vps34), (4) the PI(3)P-

binding Atg2–Atg18 complex, (5) the Atg12 conjugation system (Atg12–Atg5–Atg16), 

and (6) the Atg8 conjugation system (Atg8–PE)
162 

. 

 

In many cellular settings, the first regulatory process involves the de-repression of the 

mTOR Ser/Thr kinase, which inhibits autophagy by phosphorylating autophagy protein-

13 (Atg13). This phosphorylation leads to the dissociation of Atg13 from a protein 
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complex that contains Atg1 kinase and Atg17, and thus attenuates the Atg1 kinase 

activity. When mTOR is inhibited, re-association of dephosphorylated Atg13 with Atg1 

stimulates its catalytic activity and induces autophagy. Notably, the mammalian 

orthologue of the yeast Atg13 has not been identified to date.  

 

Initially vesicle nucleation and assembly of the primary autophagosomal membrane starts 

with activation of mammalian Vps34, a class III phosphatidylinositol 3 kinase (PI3K) to 

generate phosphatidylinositol-3-phosphate (PtdIns3P). Vps34 activation depends on the 

formation of a multi protein complex in which Beclin-1 (Becn1; the mammalian 

orthologue of Atg6), UVRAG (UV irradiation resistance-associated tumour suppressor 

gene) and a myristylated kinase (Vps15, or p150 in humans). The isolation membrane 

chooses its cargo and elongates until the edges fuse forming a double-membrane structure 

called an autophagosome. Two ubiquitin-like conjugation systems are part of the vesicle 

elongation process. One pathway involves the covalent conjugation of Atg12 to Atg5, 

with the help of Atg7 and Atg10. The second pathway involves the conjugation of 

phosphatidylethanolamine (PE) to LC3/Atg8 (LC3 is one of the mammalian homologues 

of Atg8) by the sequential action of the protease Atg4, Atg7 and Atg3. Lipid conjugation 

leads to the conversion of the soluble form of microtubule-associated protein 1 light chain 

3 (LC3; also know as Atg8 or LC3-I) to the autophagic vesicle-associated form (LC3-II). 

The mechanism of retrieval in which the Atg9 complex participates is poorly studied. The 

accumulation of LC3-II and its localization to vesicular structures are commonly used as 

markers of autophagy. Finally mature autophagosomes fuse with endosomes and 

lysosomes forming autolysosomes, where the final degradation of the cargo occurs.  

 

Cells lacking nutrients suppress mTORC1 activity via a pathway involving AMP-

activated protein kinase (AMPK), and activate the autophagy machinery that provides the 

starved cells with an alternative source of intracellular building blocks and energy, 

thereby enhancing the cell survival during the stress. Although as indicated above 

autophagy is a homeostatic mechanism, notably it does not always promote cell survival; 

under some circumstances autophagy can mediate non-apoptotic cell death or type II 

programmed cell death (PCD II),  which is generally caspase-independent and 

morphologically distinct from apoptosis
150-153

. 
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Figure 7. Schematic depiction of macroautophagy in mammals (scheme taken from M. 

Chiara Maiuri 2007) 
175

. 

 

Intracellular Ca
2+

-signalling regulates autophagy, but the exact mechanisms involved are 

still under debate. Removal of Ca
2+ 

by chelation blocks autophagy at an early stage prior 

to LC3 conversion and autophagosome formation156. Ca
2+ 

has previously been detected 

in LC3-positive structures154, and it is generally indispensable for membrane fusion 

events155. Ca
2+ 

appears to have a dual role in autophagy regulation. Available evidences 

indicate that the IP3 receptors mediate a constitutive Ca
2+ 

release which is taken up by 

mitochondria, promoting ATP production and in turn inhibiting AMPK and leading to 

autophagy suppression156. Several studies have also proposed that Ca
2+ 

has a stimulatory 

function towards autophagy. When cells are under stress, Ca
2+ 

signalling is refurbished 

and results in the elevation of cytosolic Ca
2+

, in turn activating a variety of autophagy-

stimulating proteins like calmodulin dependent kinase kinase-beta (CAMKK β), which 

causes AMPK-dependent inhibition of mTOR156. In addition, CaM also mediates the 
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phosphorylation of Beclin-1, causing its dissociation from Bcl-2156. Protein kinase C 

(PKC) and extracellular-regulated kinase (ERK) are also involved in Ca
2+ 

dependent 

autophagy stimulation156. An increase in intracellular Ca
2+ 

can also activate death 

associated protein kinase (DAPK) and calpain proteases, both Ca
2+ 

dependent enzymes 

have recently been linked to both apoptosis and autophagy regulation
157, 158

. 

 

The p62/SQSTM1 (sequestosome 1) protein mediates diverse signalling pathways 

including cell stress, survival and death. The N-terminal PB1 domain of this protein 

exhibits self oligomerization, and the C-terminal UBA domain can bind to ubiquitinated 

proteins. p62 localizes in autophagosomes via LC3 interaction, and is continuously 

degraded by autophagy-lysosome system
167

.
 
A growing line of evidence indicates that 

ubiquitinated proteins initially interacts with p62, then aggregation of the protein complex 

occurs in a p62-dependent manner and the aggregates are finally degraded by autophagy. 

Ablation of autophagy leads to marked accumulation of p62 resulting in the formation of 

p62-positive inclusions. Since p62 accumulates when autophagy is inhibited, and 

decreased levels can be observed when autophagy is induced, p62 may be used as a 

marker to quantify the autophagic flux
164-167

. 

 

9. Role of autophagy in cancer 

 

The role of autophagy in cancer is a debatable topic. Autophagy serves as a protective 

role allowing the cells to survive in a changing environmental condition such as nutrient 

depreviation. Numerous line of evidence suggest an anticancer role of autophagy. The 

autophagy gene Beclin-1 is a haploinsufficient tumor suppressor gene in mice and is 

mono allelically lost in human breast, ovarian, and other tumors
168-170

.
 
Moreover, p53 and 

PTEN, two of the most commonly mutated tumor suppressor genes, both induce 

autophagy
171, 172

.
 

Together, these findings suggest that autophagy inhibits tumor 

formation, although the pathway is still not clear. On the other hand there are growing 

evidences indicating the predominant role of autophagy in tumor progression, suggesting 

that the role of autophagy may depend on the type of tumors, the stage of tumorigeneses, 

the nature and extent of the insults. For instance, autophagy has been found to be up-

regulated during the later stages of cancer development; that would allow cell survival in 

the central areas of the tumour, which are usually poorly vascularized and lack of nutrient 

and oxygen
173-176

. 
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9.1 Autophagy in melanoma progression 

 

The presence of basal levels of autophagy in melanoma has been recognized for many 

years because some melanoma cells contain autophagosomes with melanized 

melanosomes, which are readily visible under the light microscope. Melanized 

autophagosomes are the underlying basis of ‘coarse melanin,’ a long-recognized 

phenomenon by pathologists that accounts for the dark areas of melanomas seen in 

clinical presentation
179

. Non-pigmented melanomas contained similar autophagosome like 

structure but without melanin
179

. Lazova et al. showed that superficial spreading 

cutaneous malignant melanoma, cells in florid melanoma in situ (MIS) and invasive cells 

in the dermis, all appeared to be undergoing autophagy; in all these cases, 

autophagosomes were detected through immunohistochemistry using the marker LC3B 

(microtubule-associated light chain 3B); normal melanocytes as well as keratinocytes did 

not stain for LC3B, suggesting that an association between autophagy and invasion is a 

significant factor in malignant melanoma progression
177-179

. In the same line of evidence, 

Ma et. al.
180

 have recently found that patients, whose melanoma tumor had a higher 

number of autophagic vacuoles, are less likely to respond to Temozolomide and 

Sorafenib treatment and have a shorter life expectancy compared with those with a low 

autophagic index. Moreover, inhibition of autophagy by Atg5 shRNA or with chloroquine 

significantly increased temozolomide-driven cell death in cultured melanoma cells. In 

addition, they noted a high tumorigenicity in mouse xenografts and an increased invasive 

potential of cultured melanoma cells with high autophagic vesicle content. The 

widespread expression of autophagy in different melanoma cells suggests that 

maintaining an elevated autophagic flow may be important for the survival of melanoma 

cells, and thus that invasive and metastatic cells may be susceptible to anti-autophagic 

therapies
181

. 

  

9.2 Pharmacological inhibition of autophagy as an approach towards cancer 

treatment 

 

Autophagic vacuolization is not always the result of enhanced autophagy, but may also  

result from the failed elimination of autophagic debris. Multiple studies have shown that 

pharmacological inhibition of autophagy can effectively enhance tumor cell death in 

preclinical models
182, 184, 185, 196-198

.
 
In apoptosis-defective leukemic and colon cancer cell 
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lines, inhibition of autophagy was shown to sensitize resistant cells to TRAIL-mediated 

apoptosis
182

. 

 

Autophagy can be pharmacologically inhibited broadly in two ways, at an early stage or 

in late stage. Early-stage autophagy inhibitors like 3-methyadenine,Wortmannin and 

LY294002,target class III PI3K. Late-stage inhibitors like CQ, hydroxychloroquine 

(HCQ) or Bafilomycin A1, are lysosomotropic drugs that prevent the acidification of 

lysosomes whose digestive hydrolases depend on low pH
183

.  

 

The ability of autophagy inhibition to enhance chemosensitivity and tumor regression has 

been confirmed in a murine lymphoma model, a colon cancer xenograft model, and a 

prostate cancer xenograft mouse model
184, 185-189

. Several phase I/phase II trials have been 

conducted in order to evaluate the efficacy of a combination of HCQ with other cytotoxic 

drugs, on a variety of tumor types
188, 189

. A combined therapy with the proteasomal 

inhibitor bortezomib and CQ was shown to suppress tumor growth to a greater extent than 

did either drug alone in colon cancer xenografts
190

.
 
Phase I/II clinical trials evaluating this 

combination are ongoing in patients with multiple myeloma
201

.
 
In some tumor cell lines, 

when the fusion of autophagosomes and lysosomes is blocked by the addition of 

lysosomal inhibitors (such as CQ or Bafilomycin A1), autophagic vacuoles accumulate 

and the cells manifest a mixed type I -II morphology before they start to die
173,198

.
 
This 

observation strongly suggests that the inhibition of autophagy, either at early or late 

stages of the process, may lead to apoptosis as a result of the failure to adapt to starvation.  

 

A number of anticancer therapies, including DNA-damaging chemotherapeutic drugs, 

have been observed to induce the accumulation of autophagosomes in tumor cell lines 

and inhibition of autophagy. In vivo experiments confirmed that the inactivation of 

Beclin1, Atg5, Atg10 and Atg12 can cause apoptosis
191-194

.
 
Although the mechanisms 

through which the inhibition of autophagy may favour cell death are not entirely clear, it 

is possible that the inhibition of autophagy results in the absence of redox equivalents, 

favouring oxidative reactions that trigger apoptosis, presumably through a direct effect on 

mitochondria
156,199,174

.
 
Inhibition of autophagy may also reduce the capacity of cells to 

remove damaged organelles or to remove misfolded proteins which, in turn, would favour 

apoptosis
200

.
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Hypothesis  

 

The seminal hypothesis of the present study is that melanoma cells over-express certain 

types of voltage-gated calcium channels, which play a critical role in the progression of 

the cell cycle and, generally, in maintaining the homeostasis of these cells. 

 

The experimental goals to rule this hypothesis are the following: 

 

 To characterize the expression of genes encoding VGCCs in human melanoma 

cell lines, biopsies and control untransformed melanocytes.  

 To demonstrate the function of the VGCCs which show a relevant expression, at 

the molecular level, in melanoma cell lines and untransformed melanocytes. 

 To study the putative role of VGCCs in melanoma cell cycle progression and 

Ca
2+

-homeostasis.  

 To analyze the value of certain types of VGCCs as targets of pharmacological 

and/or genetic approach against melanoma. That is, to study the effects of specific 

VGCC blockers and VGCC gene-knockdown on the viability of melanoma cells 

grown in vitro. 

 To explore the molecular pathways involved in VGCC-blockade/gene silencing-

mediated alterations in melanoma cells homeostasis and viability. 
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Table 5. Reagents and cell culture materials 

 

Company 

 

Product 

Applied Biosystems(New Jersey, 
USA) 

TaqMan Universal PCR  Mastermix 
First strand c DNA synthesis kit for RT-PCR 

BD Biosciences 
(Bedford, MA, USA) 

Plates (100X20) 
Serological pipettes 

Biological Industries EZ ECL Chemiluminescence Detection kit for HRP 

Biorad Laboratories(CA,USA) 30% Acrylamide/Bis solution 29:1 

Falcon(BD Labware , USA) Serological pipet (different volume) 

Plates  100X 20 mm 

6 well plates for cell culture 
96 well plates for cell culture 

24 well plates for cell culture 

Fisher Scientific (Madrid ,Spain) Centrifuge tubes (different volume) 

Methanol 

GIBCO-Invitrogen(Carlsbad ,USA) Dulbecco’s modified Eagles medium (DMEM) 

254 medium supplemented with human melanocyte 

growth supplement (HMGS-2) 
Fetal bovine serum (FBS) 

Fungizone amphotericin B 

OptiMEM
®
 

FURA-2/AM 
Lipofectamine

™ 
RNAiMAX

™
 reagent 

HEPES 

Trypsin EDTA 
SYBR safe DNA gel stain 

Low molecular weight protein bench mark 

Merck (Barcelona, Spain) β Mercaptoethanol 

Millipore (Bedford, MA) Polyvinylidine fluoride (PVDF) membrane 

Roche (Germany) 2-(2-Methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-

(2,4-disulfophenyl)- 2H-tetrazolium (WST-1)  

Sigma Aldrich (Barcelona ,Spain) Ammonium persulfate (APS) 

D-glucose 
Calcium chloride 

Sodium hydroxide 

Manganese chloride 
Magnesium chloride 

Potassium chloride 

Dimethyl sulfoxide (DMSO) 

Dodecyl sodium sulfate (SDS) 
Glycerol 

Glycine 

Hoechst (Bisbenzimide H) 33258 
N,N,N',N'-tetramethyl-ethane-1,2-diamine 

(TEMED) 

Penicillin 

Sodium chloride ( NaCl) 
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Thapsigargin 
Tris base 

Triton X-100 

TRIzol reagent 

Tween-20 
Nimodipine 

Nifedipine 

 (S)-())-Bay K 8644 
Kurtoxin  

Mibefradil  

Poly-D-Lysine hydrobromide 

Panreac (Barcelona, Spain) Ethanol 

Hydrochloric acid (HCl) 

Isopropanol 

Sakura Finetechnical (Tokyo, Japan) Tissue Tek OCT 

Cascade Biologicals Inc.(Portland 

,OR,USA) 

Neonatal human epidermal melanocytes(HEMn-Lp) 

Alomone Labs Ltd (Jerusalem, Israel). 

 

x-agatoxin IVA 

x-conotoxin GVIA 
rSNX-482 

Gene Craft ( Germany) Taq DNA polymerase 

GE healthcare  50 base pair DNA ladder 

Thermo Scientific  SuperSignal® West Dura Extended Duration 

Substrate 

 

 

Table 6. Sequence of short interfering RNA  

 

 

Product name Sequence company 

siRNA Cav3.1 5 -́ GCGAGGCAGUUUAUGAGUUtt-3´ 

3 -́ AACUCAUAAACUGCCUCGCtg-5´ 

Applied Biosystems 

siRNA Cav3.2 5 -́ GCAACUACGUCUUCACCAUtt-3´ 

3 -́AUGGUGAAGACGUAGUUGCag-5´ 

Applied Biosystems 
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Table 7. Oligonucleotides used to amplify transcripts of pore-forming Ca
2+

 channel 

subunits 

 

Gene     Acc. no.                                                                                                                  Sequence  length

(bp) 

Temp. 

 

Cav1.2  NM_000719 Forward: GCCGAAGACATCGATCCTGA 

Reverse: GAAAATCACCAGCCAGTAGAAGA 

267 58°C 

 

Cav1.3  NM_000720 Forward: 

GCATTGGGAACCTTGAGCATGTGTCTG  

Reverse: GCGAGCTGTCATCCTCGTAGC 

255 55°C 

 

Cav2.1 * NM_000068               Forward: CGATGCCTCAGGGAACACTTGG                                          

Reverse: CCATGTACCCATTGAGCTCACG 

197 58°C 

Cav2.2 * NM_000718 Forward: CATCAACCGCCACAACAACT 

Reverse: ACATCAGAAAGGAGCACAGG 

205 58°C 

Cav2.3 * NM_000721 Forward: GAGAAGATA ACATTGTC 

AGGAAATATGCCAAGAAGCTCAT 

Reverse: GCCACAATTTTGATCCC 

218 55°C 

Cav3.1  NM_018896 Forward GGTCCGGCACAAGTACAACT 

Reverse CACAATGAGCAGGAACGAGA 

187 55°C 

Cav3.2  NM_021098 Forward TCGAGGAGGACTTCCACAAG 

Reverse TGCATCCAGGAATGGTGAG 

225 55°C 

Cav3.3  NM_021096 Forward GGTGTCGTGGTGGAGAACTT 

Reverse GTGCACATGGAGTGGATGAG 

173 58°C 

GAPDH AF_261085 Forward AGAAGGCTGGGGCTCATTTG 

Reverse AGGGGCCATCCACAGTCTTC 

258 55°C 

XBP-1 M31627 
 

Forward AAACAGACTAGCAGCTCAGACTGC  

Reverse TCCTTCTGGGTAGACCTCTGGGAG  

u-473 

s-290 

   183  

63°C 

 

Acc. no.: Accession number of the amplified gene; Length: length in base-pairs of the 

PCR product; Temp.: annealing temperature used in the PCR 

*Primer sets taken from available literature: for Cav2.1 as in Wimmers et al., 2008; for 

Cav2.2 as in Chiou et al., 2006; for Cav2.3 as in Pereverzev et al., 2002 

http://www.ncbi.nlm.nih.gov/nuccore/53832008?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/53832008?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
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Table 8. Antibodies 
 

 

Name of  primary 

antibody 

Molecular weight (KDa) dilutions company 

BrdU  - 1:150 Dako 

Beta Actin 45 1:3000 Sigma 

GRP-78/ BiP (ET-21) 78 1:3000 Sigma 

GADD153(F-168):SC-575 28 1:1000 Santa Cruz 

Biotechnology 

LC3 19 (LC3-I) 

17 (LC3-II) 

1:3000 Novus Biologicals 

Beclin-1  60 1:1000 Santa Cruz 

Biotechnology 

P62 47 1:4000 Novus Biologicals 

Atg5 32 (ATG5) 

54 (ATG5-ATG12) 

1:2000 Sigma-Aldrich 

Cyclin D1 36 1:1000 BD Pharmingen
TM

 

Caspase 3 19 (cleaved Caspase 3) 
17 (cleaved Caspase 3) 

1:1000 Cell Signaling 
technology 

Caspase 9 47 ( Procaspase 9 ) 
35 (Cleaved Caspase 9) 

1:1000 Cell Signaling 
Technology 

Secondary anti mouse 
antibody 

- 1:10,000 Sigma-Aldrich 

Secondary anti rabbit 
antibody 

- 1:5000 Sigma-Aldrich 
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1. Cell culture 

 

Seven human malignant melanoma cell lines of cutaneous origin were obtained from the 

Department of Immunology of the Hospital Clinic de Barcelona (Spain). These cell lines 

were already being employed in human immunization protocols. M9 was derived from a 

primary tumour, whereas M16, M17, M28, M29, M36 and JG originated from malignant 

melanoma metastasis. The melanocytic lineage of these cell lines was previously 

confirmed by immunodetection of the specific melanoma cell markers S100 and HMB-45 

(see Table 9, modified from Sorolla et al., 2008)
202

. Cell lines were classified as low, 

average, (medium) or high-proliferating, depending on the time needed to double the cell 

population (table 9). The cells were cultured in DMEM medium supplemented with 10% 

foetal calf serum, penicillin-streptomycin and fungizone amphotericin B (Invitrogen, 

Carlsbad, CA, USA) at 37
◦
C and 5% CO2. Where indicated, hypoxia (2% O2, 93% N2, 

5% CO2) was achieved using an In Vivo2 hypoxic workstation (Ruskin Technologies, 

Leeds, UK).The sampling of melanoma cells was completed by additional examination of 

three metastatic tumour biopsies (B1, B2 and B3), which were performed and diagnosed 

as melanoma tumours in the Hospital Universitari Arnau de Vilanova (Lleida, Spain) 

(Table 9).These samples were obtained with the approval of the local Ethical Committee 

and a specific informed consent was used. The biopsies were frozen embedded with 

Tissue Tek OCT (Sakura Fine technical Tokyo, Japan) for cryoprotection, and maintained 

at 80
◦
C until use. Human epidermal melanocytes isolated from lightly pigmented neonatal 

foreskin (HEMn-LP) were purchased from Cascade Biologicals Inc. (Portland, OR, USA) 

and cultured according to the provider’s instructions. Melanocytes were maintained in 

Medium 254 supplemented with human melanocyte growth supplemnent or HMGS-2 

(hereafter referred as melanocyte growth media; Invitrogen) at 37
◦
C and 5% CO2. 

 

1.1 Trypsinization of adherent cells 

 

In order to facilitate subculture or harvesting, cultured cells were trypsinized under the 

commonly used procedure for trypsinization of cells in a monolayer culture. Briefly after 

reaching an adequate confluency cells were rinsed with warm phosphate buffer saline 

(PBS, pH 7.4, 37
◦
C) to eliminate traces of serum from the medium, and then incubated 

with 0.25% trypsin EDTA solution for 3-5 mins at 37
◦
C).Trypsinization was stopped by 

dilution with serum supplemented high glucose DMEM medium and the resuspended 
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cells were centrifuged at 1000 rpm 5 minutes RT. The supernatant was discarded and the 

cell pellet was resuspended in 1 ml of fresh medium. From this cell suspension the cells 

were counted and subsequently seeded in adequate dishes depending on experimental 

design. 

 

1.2 Freezing and thawing cultured cells  

 

Cells were grown until approximately 80% confluency and fresh growth medium was 

added 24 hours before freezing. For freezing, the cells were trypsinized as previously 

described. After centrifugation the cell pellet was resuspended in special freezing medium 

composed of complete growth medium supplemented with 10% DMSO. The cell 

suspension was aseptically aliquoted into sterile cryovials which were placed in 

Styrofoam container. Cells underwent process of gradual freezing (48 hours at -80
◦
C) to 

avoid formation of intracellular crystals and then were transferred to a liquid nitrogen 

freezer for long time storage. Thawing out cells was done in a 37
◦
C water bath by gentle 

agitation for approximately 1-2 minutes. As soon as the content was thawed, the cryovial 

was removed from the water bath and decontaminated by spraying with 70% ethanol. All 

operations were carried out under strict aseptic conditions. The vial content was 

transferred to a centrifuge tube containing 9 ml of complete culture medium and 

centrifuged at 1000 rpm for 3 minutes. The cell pellet was resuspended with the complete 

medium and dispensed into a 100 x 20 mm culture dish for further propagation. 

 

2. Cell viability assay 

 

Cell viability was measured by the WST-1(4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-

tetrazolio]-1,3-benzene disulfonate) colorimetric assay, which assesses the ability of 

metabolically active cells to reduce water soluble forms of tetrazolium. An expansion in 

the number of viable cells results in an increase in the overall activity of mitochondrial 

dehydrogenases in the sample. The augmentation of the enzyme activity leads to an 

increase in the amount of formazan dye formed, which directly correlates with the 

number of metabolically active cells in the culture. Human melanocytes and melanoma 

cells were plated on M96 well plates at a density of 4000 cells per well. After 24 h, the 

cells were treated with the Ca
2+

 channel modulators as appropriate for further 24 h. After 

treatment, the drugs were washed out and the cells were incubated for 60–120 min with 
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0.5 mg ⁄ ml of WST-1 reagent. Absorbance was measured at 440 nm wavelengths using a 

reference filter at 620 nm wavelengths in a microplate reader (Bio-Rad Laboratories Inc., 

Hercules, CA, USA). Viability assays were performed at least three times in independent 

experiments, using triplicate measurements in each.  

 

Cell viability was also measured using MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide] (MTT), which assess the ability of metabolically active 

cells to reduce MTT. Melanoma cell lines were plated on M96 well plates at 4 x 10
3
 cells 

per well. After the corresponding treatments, cells were incubated for 45 min with 0.5 

mg/mL of MTT reagent and lysed with dimethyl sulphoxide. Absorbance was measured 

at 595 nm in a microplate reader (Bio-Rad, Richmond, CA, U.S.A.).  

 

For calculation of the EC50 values we used the Graphpad Prism statistical software, and 

fitted a Hill’s logistic equation to the concentration response data, using the following 

formula: Y= bottom + (top-bottom)/1+10 
(log EC

50
-X)-Hillslope 

Where x is the logarithm of the 

concentration; and y is the response, and y starts at the bottom and goes to the top in a 

sigmoid curve.  

 

3. Calcium imaging 

 

Changes in the concentration of intracellular Ca
2+

 were measured using the membrane 

permeable acetoxymethylester form of the fluorescent dye FURA-2. The cells were 

grown on 10 g⁄ ml poly-L-lysine-coated glass coverslips for 24 h and incubated for 60 

min at 37ºC in culture medium containing 10 M of FURA-2 ⁄AM (Invitrogen). This 

procedure resulted in an even distribution of the fluorescent dye in the melanocytes and 

selected melanoma cells. The cells were rinsed with physiological solution to remove the 

extracellular dye and the coverslips were mounted on an inverted epifluorescence 

microscope Eclipse TE 200 (Nikon, Tokyo, Japan) equipped with a Spectramaster 

monochromator (Olympus, Tokyo, Japan) and a ORCA-AG CCD camera under the 

control of AQUACOSMOS software (Hamamatsu Photonics, Hamamatsu, Japan). In the 

experiments designed to measure Ca
2+

 influx, the FURA-2 dye was dually excited at 

wavelengths of 340 and 380 nm and emitted fluorescence was measured at 510 nm. 

Changes in Ca
2+

 were expressed as changes of the fluorescence ratio of F340 ⁄ F380. In 
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the experiments designed to measure Mn
2+

 influx, the FURA-2 was excited at the 

isosbestic (Ca
2+

 insensitive) wavelength of 360 nm and the emitted fluorescence was 

measured at 510 nm. This approach is based on the abilities of Mn
2+

 to permeate through 

Ca
2+

 channels (and particularly T-type channels) and to quench the FURA-2 dye 
203, 204

. 

 

3.1 Recording solutions 

 

For FURA-2 recordings, cells were perfused at a rate of 4 ml/min with a Ringer 

physiological solution containing (in mM): 130 NaCl, 5 KCl, 2 CaCl2 (except in Mn
2+

-

quenching experiments), 1 MgCl2, 10 HEPES, 10 glucose, adjusted to pH 7.4 with 

NaOH. When indicated, cells were depolarized with an iso-osmotic solution in which 

NaCl was replaced by KCl up to a concentration of 130 mM. In the experiments of 

FURA-2 quenching by Mn
2+

, 200 M MnCl2 was added to a Ca
2+

-free Ringer solution. 

To demonstrate the participation of T-type channels in the constitutive Ca
2+

 entry, we 

applied the pharmacological T-type channel blocker Mibefradil, which was dissolved 

from frozen stocks to a working concentration of 10 μM in Ringer solution. In these 

experiments, which required high volumes of perfusion, we omitted the use of the highly 

specific T-type channel blocker Kurtoxin due to its limited availability. 

 

4. Polymerase chain reaction (PCR) 

 

The polymerase chain reaction is a rapid procedure for in vitro enzymatic amplification of 

a specific segment of DNA. In the present study, semi-quantitative and real time PCR 

techniques were employed. 

 

4.1 Isolation of RNA and cDNA synthesis 

 

Total RNA was prepared from each human melanoma cell line ⁄ biopsy and melanocyte 

cell culture using TRIzol reagent (Invitrogen) according to manufacturer’s instructions. 

The final concentration of RNA in the sample was determined by a Nanodrop (ND-1000) 

spectrophotometer. Messenger RNA was reverse-transcribed (RT) to cDNA (42
◦
C for1 h, 

50
◦
C for 1 h and 90

◦
C for 10 min) using random hexamers and Superscript II reverse 

transcriptase (Applied Biosystems, Carlsbad, CA, USA). Negative control RT-minus 
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reactions were carried out to establish that the target RNA was not contaminated with 

DNA. 

 

4.2 Semi-quantitative PCR 

 

The cDNA product was used as a template for subsequent PCR amplifications for VGCC 

pore-forming subunits. Primers were designed to be complementary to the published 

human sequences for each of the pore-forming subunits of the VGCCs and to include as 

many known variants as possible. Where indicated, RT-PCR primer sequences were 

obtained from the available scientific literature. The housekeeping gene GAPDH was 

used as a loading control. Table 7 contains primer sequences, product sizes and PCR 

conditions. For each set of primers, RT-PCR was repeated a minimum 3 times in 

independent samples. 20L of reaction mixture contained 10 x reaction buffer (2L), 

1.25μL MgCl2 (25mM), 1µL dNTPs (10mM), sterile water (22.55µL) and Taq 

polymerase (0.2μL). The PCR reaction was run in a thermocycler (Gene Amp
®
 PCR 

System 2700 from Applied Biosystems). 38 cycles of PCR amplification include 

initialization at 95
◦
C for 5 minutes, denaturation at 94

◦
C for 30 seconds, annealing 

(temperature as specified in table 7) for 30 seconds, elongation at 72
◦
C for 30 seconds and 

final elongation at 72
◦
C for 7 minutes. Equal volumes of PCR products (20μL) were 

loaded and electrophoresed in a SYBR Safe (Life Technologies)-stained 3% agarose gel. 

The images of agarose gel illuminated by UV light were taken using Kodak EDAS 290 

imaging system with Kodak 1D 3.6 software. Experiments were performed in triplicates 

and representative images were presented. 

 

4.3 XBP-1 splicing assay 

 

The method used for detection of spliced and unspliced mRNAs transcribed from the 

XBP-1 was based on previous literature
205, 206

.
 
Briefly the RT-PCR product of XBP-1 

mRNA was synthesized primers using primers as described in table number 6 with the 

following PCR protocol: 35 cycles of PCR amplification including initialization at 94
◦
C 

for 4 minutes, denaturation at 94
◦
C for 10 seconds, annealing at 63

◦
C for 30 seconds, 

elongation at 72
◦
C for 30 seconds and final elongation at 72

◦
C for 10 minutes

248, 249
. XBP-

1 processing is characterized by excision of a 26-bp sequence from the coding region of 
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XBP-1 mRNA. The cleaved fragment contains a Pst-1 restriction site, and the extent of 

XBP-1 processing can be thus evaluated by restriction analysis. PCR products were then 

incubated with Pst-1 restriction enzyme for 2.5 hours at 37°C, and the resulting digests 

were separated in 3% agarose gels. The PCR products derived from nonspliced XBP-1 

mRNA were digested in two bands of 290 bp and 183 bp. In contrast the products 

amplified from spliced XBP-1 mRNA were resistant to digestion and remained 473 bp 

long. 

 

4.4. Quantitative PCR (Real Time PCR) 

 

Real-time PCR amplification with gene specific primers for human voltage-gated calcium 

channel genes CACNA1C (Cav1.2), CACNA1D (Cav1.3), CACNA1G (Cav3.1), 

CACNA1H (Cav3.2), CACNA1I (Cav3.3) and an endogenous control (GAPDH) were 

performed with using a TaqMan universal PCR master mix in an ABI prism 7000 

sequence detection system (Applied Biosystems). This detection system determines the 

absolute quantity of a target nucleic acid sequence in a test sample by analyzing the cycle 

to cycle change in fluorescent signal as a result of amplification during PCR. 20 cycles at 

95ºC for 15 seconds and 60
◦
C for 1 minutes were performed. All assays were based on 

TaqMan hydrolysis probes labelled with FAM (green fluorescent fluorophore 6-

carboxyfluorescein). The results were obtained in the form of a Ct value (cycle 

threshold), which represents the cycle number of the PCR during which the exponential 

growth of PCR product starts. Therefore, the higher the expression of the gene in the 

sample, the lower Ct value will be obtained as a result. The relative quantity of mRNA for 

every gene was calculated in the following manner: ∆Ct=Ct of the target gene - Ct of 

GAPDH gene; ∆(∆Ct) = ∆Ct of sample - ∆Ct of the control. Relative mRNA levels were 

calculated and expressed as fold induction over contralateral controls (value=1.0) 

following the formula 2
-∆(∆Ct)

. All samples were amplified in triplicate and data were 

normalized using GAPDH as endogenous control. Every experiment was carried out in 

triplicate. 
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5. Propidium iodide (PI) staining and flow cytometry 

 

Following treatment, approximately 1x10
6 

cells were fixed in 70% ethanol for at least 1 

hour on ice. The cells were then resuspended in 2 ml of cell cycle buffer (20µg ⁄ ml PI) in 

PBS, containing 0.1% Triton X-100 and 50 µg ml
-1

 RNase A for 1 h at 37
◦
C. PI 

fluorescence emission was measured with a FACS Canto II flow cytometer (BD 

Biosciences, Franklin Lakes, NJ, USA), and cell cycle distribution was analysed with 

MODFIT LT (Verity Software House, Topsham, ME, USA) and WinMDI 2.9 software 

(The Scripps Research Institute, La Jolla, CA, U.S.A.).   

 

6. 5-Bromodeoxyuridine incorporation 

 

The BrdU Cell Proliferation Assay detects 5-bromo-2’-deoxyuridine (BrdU) incorporated 

into cellular DNA during cell proliferation using an anti-BrdU antibody. When cells are 

cultured with labelling medium that contains BrdU, this pyrimidine analog is incorporated 

in place of thymidine into the newly synthesized DNA of proliferating cells. For the 

determination of DNA, cells were incubated with 6 µmol L
-1

 of 5-Bromodeoxy- uridine 

(BrdU) (Sigma Aldrich) for 2 hours and then fixed with 4% paraformaldehyde. After 

DNA denaturing with 2 M HCl for 30 min and neutralization with 0.1 M Na2B4O7 (pH 

8.5) for 2 min, cells were blocked in phosphate-buffered saline (PBS) solution containing 

5% horse serum, 5% foetal bovine serum, 0.2% glycine and 0.1% Triton X-100 for 1 

hour. Subsequently, cells were subjected to indirect immunofluorescence with a mouse 

anti-BrdU monoclonal antibody (Dako, Glostrup, Denmark), and fluorescein 

isothiocyanate-conjugated antimouse secondary antibody (Molecular Probes, Eugene, 

OR, U.S.A.). Nuclei were counterstained with 5 µg mL
-1

 Hoechst 33258 and cells were 

visualized under an epifluorescence microscope (Leica Microsystems, Wetzlar, 

Germany). The magnitude of the absorbance for the developed colour is proportional to 

the quantity of BrdU incorporated into cells, which is a direct indication of cell 

proliferation. 

 

7. Western blot analysis 

 

At the end of the corresponding treatments, the melanoma cell lines were washed twice 

with cold PBS. The corresponding melanoma cell lysates were obtained by adding lysis 
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buffer [2% Sodium dodecyl sulphate (SDS), 125 mM Tris-HCl, pH 6.8]. Protein extracts 

were denatured by heat shock at 95ºC for 3 min and quantified by a Lowry assay (Bio-

Rad). Equal amounts of proteins were subjected to SDS–polyacrylamide gel 

electrophoresis (PAGE) and transferred to polyvinylidene difluoride membranes 

(Millipore, Bedford, MA, U.S.A.). Non-specific binding was blocked by incubation with 

TBST (20 mM Tris-HCl, 150 mM NaCl, 0.1% Tween-20, pH 7.4) plus 5% nonfat milk. 

Immunodetection was performed using the appropriate primary antibodies. Immunoblots 

were developed with an appropriate secondary Peroxidase-conjugated antibody, and the 

bound antibody was visualized using the chemiluminescent substrate Super Signal 

(Thermo Scientific, Rockford, U.S.A.) and EZ-ECL (Biological Industries, Israel). Levels 

of -actin signal were used to verify equal protein loading in each lane. Some of the 

images were digitally acquired by VersaDoc Imaging System Model 4000 (Bio-Rad).  

 

8. Gene knockdown by siRNA 

 

Briefly, M16 and JG melanoma cells were plated at 50 % confluence. Transfection was 

performed in OptiMEM


 medium containing 50-100 nM siRNA and Lipofectamine 

RNAiMAX reagent (Invitrogen) following the manufacturer’s instructions. After 8 h 

the medium was changed to regular culture medium. To increase the efficiency of the 

knockdown, a second transfection was performed the following day. Cells were processed 

24 h after the second transfection. In each experiment, the knockdown efficiency was 

analyzed by real-time PCR. 

 

9. LysoTracker
®
 Red DND-99 staining 

 

LysoTracker
®
 Red DND-99 is a cell-permeant red-fluorescent dye for selective lysosomal 

staining with a minimum background. It consists of a fluorophore linked to a weak base 

that is only partially protonated at neutral pH. This allows LysoTracker
®
 probes to freely 

permeate cell membranes enabling them to label live cells. The 70%-confluent cells were 

treated with calcium channel blockers. At the appropriate time points, the growth medium 

was removed and the cells were labelled with LysoTracker
®
 Red DND-99 (100 nM) for 2 

minutes, washed with HBSS and further labelled with Hoestch 33258 (5 g mL
-1

) for 

further 15 minutes, at 37ºC in a CO2 incubator. After Hoechst counter-staining, the cells 
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were washed twice with HBSS at room temperature and visualized immediately under an 

epifluorescence microscope (Leica Microsystems, Wetzlar, Germany). 

 

10. Hoestch 33258 staining 

 

The cells were treated with drugs and, at the appropriate time, the growth medium was 

aspirated and the cells were washed twice with warm PBS 1X. The cells were then fixed 

with paraformaldehyde in PBS at RT and cold methanol was added for permeabilization. 

The cells were kept at room temperature for 20 minutes, rinsed thoroughly 3 times with 

PBS and 5 µg ml
-1

 of Hoechst staining were added for further 15 minutes at RT. Finally, 

the cells were rinsed 3 times with PBS and visualized under an epifluorescence 

microscope (Leica Microsystems, Wetzlar, Germany) 

 

11. Statistical analysis 

 

Statistical significance was checked, as appropriate, by application of a Shapiro–Wilk 

normality test followed by a two-sample Student t-test, or a Mann–Whitney rank sum 

test. 
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Chapter 1 

Functional Expressions of Voltage Gated 
Calcium Channels in Human Melanoma 
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1. Expression of VGCCs in control normal melanocytes and melanoma cells 

Standard reverse transcriptase PCR (RT-PCR) was performed to determine the expression 

of the three gene families encoding VGCCs in three fast-growing metastatic melanoma 

cell lines (M28, M36, JG), two average-growing metastatic cell lines (M16, M17), one 

slow-growing metastatic melanoma cell line (M29), one very slow growing primary 

tumour-derived cell line (M9) and three tumour biopsies (named B1, B2 and B3). In the 

first set of data, we compared the expression of VGCCs in control normal melanocytes 

and three selected melanoma cell lines (M16, M28 and JG) that were cultured in parallel, 

using melanocyte growth medium (see Methods) (Figure 8A). As the Ca
2+

 imaging 

experiments demonstrated the functional relevance of L-type and T-type channels in the 

melanoma cells (see below), we additionally checked up the expression of these channels 

by quantitative RT-PCR (Q-PCR) (Figure 9). Subsequently, we extended the analysis of 

VGCCs expression to all melanoma cell lines grown in standard high-glucose DMEM, 

and to the biopsies (Figure 8B). 

1.1 L-type channels 

We tested the expression of L-type Ca
2+

 channels by RT-PCR using specific primers for 

Cav1.2 and Cav1.3 pore-forming subunits. Both channel isoforms have been suggested 

recently to play a role in the Ca
2+

-dependent events underlying mitotic progression in 

endocrine cells
207

.
 
Expression of Cav1.2 channels was found to be widespread, with 

positive results in all melanoma cells but two metastatic cell lines (M17 and JG), whereas 

the channels were undetectable in control normal melanocytes. In contrast, Cav1.3 

channels were ubiquitously expressed in all metastatic cell lines, the primary tumour and 

the biopsies, while showing the highest levels in control normal melanocytes (Figures 8 

A-B, Figure 9). 

1.2 N-type, P-Q-type and R-type channels 

Melanocytes are specified from pluripotent neural crest cells that delaminate from the 

developing neural tube in the initial stages of development
208

. Because of the common 

embryological origin with peripheral nervous and neuroendocrine tissue, we examined 

the expression of Ca
2+

 channels belonging to the Cav 2 family, which play a well known  

http://onlinelibrary.wiley.com/doi/10.1111/j.1755-148X.2012.00978.x/full#ss20
http://onlinelibrary.wiley.com/doi/10.1111/j.1755-148X.2012.00978.x/full#f1
http://onlinelibrary.wiley.com/doi/10.1111/j.1755-148X.2012.00978.x/full#f1
http://onlinelibrary.wiley.com/doi/10.1111/j.1755-148X.2012.00978.x/full#f1
http://onlinelibrary.wiley.com/doi/10.1111/j.1755-148X.2012.00978.x/full#f1
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Figure 8. RT-PCR expression analysis of human genes encoding VGCCs. (A) comparison  of 

VGCC expression in control normal melanocytes(M) and three selected melanoma cell types 

(M16, JG and M28) cultured in melanocyte growth media. (B) Extended analysis for the same 

melanoma cell lines as in (A), plus M9, M29, M17 and M36, all cultured in melanoma standard 

high-glucose medium. The analysis included three biopsies taken from metastatic melanomas (B1, 

B2, B3). Results were validated at least three times from independent RT-PCR reactions. The first 

lane shows the MW markers, the 250-bps band being the most prominent.) RT- is the sample 

without reverse transcriptase. 

 

Figure 9. Expression analysis of human genes encoding VGCCs by real time PCR 
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Table 9. Classification of the melanoma-derived cell lines according to their origin 

and proliferation rate, and expression of VGCCs types 

 

Origin Samples T-type  L-type N, P-Q, R-type 

Untransformed Melanocytes None Cav1.3 Cav2.1 

Cav2.2 (low) 

Cav2.3 

Primary tumors M9 (LPR) Cav3.1 

Cav3.2 (low) 

 

Cav1.2 

Cav1.3 

(low) 

Cav2.1 

Cav2.2 

Cav2.3 (low) 

Metastasis (skin) M29 (LPR) Cav3.1 

Cav3.2 

Cav1.2 

Cav1.3 

Cav2.1 

Cav2.2 (low) 

Cav2.3 

 M16 (MPR) Cav3.1 

Cav3.2 (low) 

Cav1.2 Cav2.1 

Cav2.2 (low) 

 M17 (MPR) Cav3.1 (low) 

Cav3.2 

Cav1.3 Cav2.1 

Cav2.3 

 JG (HPR) Cav3.2 

Cav3.3 

None Cav2.1 

 M28 (HPR) Cav3.2 

Cav3.3 

Cav1.2 

Cav1.3 

Cav2.2 

Cav2.3 

Metastasis (CSF) M36 (HPR) Cav3.2 Cav1.2 

Cav1.3 

Cav2.1 (low) 

Cav2.2 

Cav2.3 

Biopsies B1 Cav3.2 

Cav3.3 

Cav1.2 

Cav1.3 

Cav2.1 

Cav2.2 

Cav2.3 

 B2 Cav3.1 

Cav3.2 

Cav3.3 

Cav1.2 

Cav1.3 

Cav2.1 (low) 

Cav2.2 

Cav2.3 

 B3 Cav3.2 Cav1.2 

Cav1.3 

Cav2.1 

Cav2.2 

Cav2.3 
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role in neurotransmitter release and neurosecretion
209

.
 
Our results show that control 

normal melanocytes expressed transcripts for Cav2.1 and Cav2.2 (low expression) and  

Cav2.3 channels (figure 8A). Melanoma cells also expressed the three Cav2 isoforms, with 

the following exceptions: Cav2.2 was not amplified from M17 and JG metastatic cell 

lines; Cav2.3 was not amplified from M16 and JG metastatic cell lines or the M9 primary 

tumor cell line (figure 8B). 

1.3 T-type channels 

Low voltage-activated T-type channels are involved in cell proliferation and the 

expression of T-type channel isoforms is up-regulated in different tumours
43,76 

. As shown 

in Figure 8B, the expression of T-type channels was detected in all melanoma cell lines 

and biopsies, although we found qualitative and quantitative differences in the expression 

of the different isoforms: the M9 primary tumour cells, the M29 and M16 metastatic cells 

and the B3 biopsy expressed the highest levels of Cav3.1, while showing lower levels of 

Cav3.2 transcripts. Interestingly, this pattern of expression was linked to a slower 

proliferation rate (Table 9, Figure 11). Only two cell lines derived from skin metastasis 

(M28 and M29) and two melanoma biopsy samples (B1, B2) expressed Cav3.3 channels, 

with no concomitant decrease in the level of Cav3.2 expression. Importantly, very low 

levels of Cav3.1 transcripts were detected as the only T-type channel isoform expressed in 

control normal melanocytes (Figures 8A and 9). As stated above, for these RT-PCR 

experiments we used three melanoma cell lines (M16, M28 and JG) as positive controls, 

cultured in parallel with control normal melanocytes in melanocyte growth medium, 

although in these conditions their proliferation rate was significantly lower than that 

attained in standard high-glucose medium (data not shown). 

2. Moderate hypoxia induces the selective up-regulation of T-type and L-type 

channels 

Physiological skin hypoxia has proved to be a relevant factor for melanocyte 

transformation and melanoma development
210

. It had been shown that Cav3.2 channels 

are upregulated via the activation of hypoxia inducible factor-2 (HIF-2) in PC12 cells
86

 

and that Cav3.1 channels are down-regulated by HIF-1 in neonatal cardiomyocytes
211

 

Therefore, we decided to test whether the expression of Cav3 channels was regulated by 

hypoxia in control normal melanocytes and melanoma cells. 

http://onlinelibrary.wiley.com/doi/10.1111/j.1755-148X.2012.00978.x/full#f1
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Figure 10. Hypoxic up-regulation of T-type channel isoforms in control normal melanocytes and 

a selection of melanoma cell lines (M16, JG and M28). RT-PCR was performed to amplify T-type 

channel transcripts from the cells incubated in a normoxic (N) or hypoxic (H, 2% O2) atmosphere 

for 24 h. (A) None of the transcripts for Cav3 channel isoforms was amplified from control normal 

melanocytes, irrespective of the O2 concentration. (B) Induction of Cav3.1 and Cav3.2 channel 

transcripts by hypoxia in fast-growing JG and M28 metastatic melanoma cells. (C) VGCC gene 

expression analysis by Q-PCR in the same cell lines as above. Histograms show mean fold 

expression in hypoxia related to the mean of the normoxic control (‘ratio to control’). Absence of 

bars indicates undetectable levels in control conditions. Data was obtained from triplicate 

measurements in each of three to six independent experiments. *Significant differences related to 

control group (P < 0.05). RT-, minus reverse transcriptase 

JG, M16 and M28 cells at 70–80% confluence were placed in a hypoxic incubator and 

exposed to 2% O2 for 24 h. Control plates were kept in a normoxic state and processed in 

parallel. RT-PCR data showed the up-regulation of selective T-type channels by hypoxia, 

which was specific to the cell type. Thus, Cav3.1 (and Cav3.2 to a minor extent) were up-

regulated in fast-growing JG and M28 cells but not in average-growing M16 cells 

(Figure 10B). Hypoxia did not induce the up-regulation of any of the three T-type channel 

isoforms in control normal melanocytes but did induce a down-regulation of the already 

low levels of Cav3.1 (Figure 10A).  

We also checked the effect of a moderate hypoxic environment on the expression levels 

of L-type channels, by RT-PCR. Under hypoxic conditions, the expression of L-type 

http://onlinelibrary.wiley.com/doi/10.1111/j.1755-148X.2012.00978.x/full#f2
http://onlinelibrary.wiley.com/doi/10.1111/j.1755-148X.2012.00978.x/full#f2
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Cav1.2 channels was increased in the JG cell line compared with normoxia conditions. In 

contrast, the expression of Cav1.3 channels was slightly reduced by hypoxia in control 

normal melanocytes (Figure 10A).We complemented these data by performing a series of 

Q-PCR experiments. This approach confirmed that the up-regulation of Cav3.1 (up to 60-

fold) and Cav3.2 (≈two-fold) T-type channels by hypoxia was restricted to the fast-

proliferating JG and M28 cell lines, whereas the expression of both isoforms was reduced 

by hypoxia in medium-proliferating M16 cells. Consistent with the RT-PCR data, these 

experiments also showed that the expression of the L-type Cav1.2 channels was increased 

by hypoxia in JG cells (≈three-fold), remaining unchanged in M16 and M28 cells, 

whereas Cav1.3 channels were down-regulated by hypoxia in all cell lines (Figure 10C). 

 

 

 

Figure 11. Cell cycle analysis by flow cytometry (PI staining) of JG, M28 and M16 melanoma 

cells at 60–70% confluence. 

http://onlinelibrary.wiley.com/doi/10.1111/j.1755-148X.2012.00978.x/full#f2
http://onlinelibrary.wiley.com/doi/10.1111/j.1755-148X.2012.00978.x/full#f2
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3. Functional expression by calcium imaging 

 

To examine the functional expression of the VGCCs and their contribution to Ca
2+

 influx, 

we performed a series of Ca
2+

 imaging experiments using the membrane permeable 

acetoxymethylester (AM) form of the fluorescent dye FURA-2 in a dynamic fluorescence 

set-up in control normal melanocytes and a selection of melanoma cells. 

 

 

 

Figure 12. Increases of cytosolic Ca
2+

 in response to sequential membrane depolarization, and 

pharmacological activation of L-type channels in control melanocytes (M) and melanoma cells 

(JG, M16 and M28). Cytosolic Ca
2+

 levels in Fura-2-loaded cells were monitored as the 

fluorescence ratio at 340 and 380 nm (F340 ⁄ F380). In ‘double pulse’ experiments, KCl-driven 

depolarization and Bay K 8644 application failed to induce changes in the F340 ⁄ F380 ratio of 

control melanocytes, and only minor increases could be recorded in JG cells. However, both 

stimuli elicited consistent increases of F340 ⁄ F380 in the M28 and M16 melanoma ma cell lines, 

demonstrating the functional expression of L-type Cav1.2 channels. (A) Average F340 ⁄ F380 data 

points from six to 12 cells recorded in a single experiment, as indicated. Standard deviation 

values are represented as error bars every 50 points, for clarity. (B) Fold increase of the F340 ⁄ 

F380 ratio values induced by paired-KCl and Bay K 8644 pulses. Values are represented as 

means ± SD (n = 37 for melanocytes, n = 37 for JG, n = 17 for M28, n = 21 for M16). 



 

 

 
70 

 

 

The following different experimental paradigms were used to demonstrate the functional 

expression of high and low voltage-activated channels. KCl-mediated depolarization did 

not induce detectable changes in the cytosolic Ca
2+

 levels in melanocytes, with only small 

elevations in melanoma JG cells. In contrast, high K
+
 triggered consistent increases of the 

F340/F380 ratio in Cav1.2-expressing M16 and M28 cells. The addition of Bay K 8644 

(an L-type channel activator) resulted in equivalent increases of F340/F380 in M16 and 

M28 cells, indicating that L-type Cav1.2 channels were the main carriers of 

depolarization-mediated Ca
2+

-influx (Figure 12 A,B). All M16 and M28 melanoma cells 

responded to the high K
+
 and Bay K 8644 challenges, even when showing individual 

differences.  

 

 

 

Figure 13. Panel A and B shows cytosolic Ca
2+

 increases in melanoma cells, secondary to 

membrane depolarization and ⁄ or L type channels activation-induced elevations 

 

 

 

Figure 14. Oscillation of intracellular calcium in M16 cells at resting membrane potential. 

http://onlinelibrary.wiley.com/doi/10.1111/j.1755-148X.2012.00978.x/full#f3


 

 

 
71 

 

 

Often, either the depolarizing or the pharmacological stimuli triggered secondary 

increases of the intracellular Ca
2+

, suggesting a coupling of L-type channels to the 

intracellular Ca
2+

 reservoirs (Figure 13 A, B). Moreover, M16 cells at normal resting 

membrane potential also showed intracellular calcium oscillations which were largely 

decreased with the use of Mibefradil (Figure 14). 

 

Figure 15. Basal Mn
2+

 influx and its inhibition by Mibefradil. Fura-2-loaded cells were 

exposed to 200 µM MnCl2 dissolved in a Ca
2+

-free Ringer solution, as indicated. The 

Mn
2+

-induced decrease of the normalized Fura-2 fluorescence was recorded at the 

isosbestic (Ca
2+

 independent) excitation wavelength (360 nm). (A) Comparison of the 

Mn
2+

-induced quenching of control normal melanocytes (open circles), M28 (closed 

circles) and M16 (open triangles) Fura-2-loaded cells. (B) Mn
2+

-induced quenching of 

Fura-2 fluorescence in M28 melanoma cells in the absence (closed circles, same curve as 

in A) and presence of Mibefradil (open circles), displaying a much slower time course. 

(C) Mn
2+

-induced quenching of Fura-2 fluorescence in M16 melanoma cells in the 

absence (closed circles, same curve as in A) and presence (open circles) of Mibefradil 
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(10µM), which again slowed down of the quenching. Traces shown in (A–C) were 

obtained by averaging three independent experiments. (D) Quantification of the Mn
2+

-

induced quenching rate of all analyzed cell types as the time taken for the fluorescence 

signal to decay to 67% of the initial value (decay time constant). Histogram bars 

represent mean ± SD values from at least three independent experiments (n = 20 for 

melanocytes, n = 28 for M28 cells, n = 29 for M28 cells in the presence of Mibefradil, n 

= 40 for M16 cells, n = 27 for M16 cells in the presence of Mibefradil). *Statistical 

significance of P < 0.001 achieved by application of the Mann– Whitney rank sum test 

(means compared: melanocytes versus M28 cells, M28 cells versus M28 cells in the 

presence of Mibefradil, M16 cells versus M16 cells in the presence of Mibefradil). 

4. Constitutive Ca
2+

 influx: Mn
2+

 quenching at the FURA-2 isosbestic point 

The function of low voltage-activated Ca
2+

-channels was confirmed by measuring the rate 

of Mn
2+

 influx into the cells, following the approach first described by Jacob in 1990 (see 

Methods). A rapid quenching of the FURA-2 fluorescence (excitation at the Ca
2+

-

insensitive excitation wavelength of 360 nm) resulted from 200 μM Mn
2+

 perfusion in the 

two tested melanoma cell lines, M16 and M28, in contrast to a 10-fold slower decay of 

the fluorescence in control normal melanocytes (figure 15 A,D). This result is consistent 

with the increased expression of T-type channels in melanoma cells, compared with 

melanocytes. Furthermore, when we included the T-type channel blocker Mibefradil in 

the perfusate for M16 and M28 melanoma cells, the rate of fluorescence quenching by 

Mn
2+

 was four- to five-fold slower, indicating the participation of T-type channels in the 

constitutive influx of divalent ions (15B,C). 

5. Role for T-type channels in melanoma cell cycle progression  

 

We further studied the effects of T-type channel blockers on the viability of melanoma JG 

cells by analyzing the DNA content after propidium iodide staining using flow cytometry. 

T-type channel blocker Kurtoxin induced a significant increase of the percentage of cells 

at the G1 phase, while reducing the percentage of cells at the S phase, which indicates cell 

cycle arrest (Figure 16A). To ascertain a direct role of Cav3 channels in the regulation of 

cell cycle progression, we performed a set of siRNA-mediated Cav3.1 knockdown 

experiments in M16 cells and Cav3.2 knockdown experiments in JG cells. Q-PCR 

demonstrated a 58% reduction of Cav3.1 transcripts in M16 cells and a 63% reduction of 

http://onlinelibrary.wiley.com/doi/10.1111/j.1755-148X.2012.00978.x/full#b13
http://onlinelibrary.wiley.com/doi/10.1111/j.1755-148X.2012.00978.x/full#ss20
http://onlinelibrary.wiley.com/doi/10.1111/j.1755-148X.2012.00978.x/full#f4
http://onlinelibrary.wiley.com/doi/10.1111/j.1755-148X.2012.00978.x/full#f6
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Cav3.2 transcripts in JG cells compared with the cells transfected with control siRNA 

(Figure 16D). These reduced levels of Cav3.1 and Cav3.2 genes induced cell cycle arrest 

at the G1 and S phases (Figure 16B,C), in a pattern similar to that induced by Kurtoxin, 

albeit to a lesser extent. 

 

Figure 16. Flow cytometry analysis and cell cycle distribution of JG and M16 melanoma 

cells: effect of T-type channel pharmacological blockade and gene silencing. (A) JG cells 

were incubated with 250 nM Kurtoxin for 24 h. Kurtoxin treatment slowed down the cell 

cycle by concomitantly increasing the percentage of cells at the G1 phase and decreasing 

http://onlinelibrary.wiley.com/doi/10.1111/j.1755-148X.2012.00978.x/full#f6
http://onlinelibrary.wiley.com/doi/10.1111/j.1755-148X.2012.00978.x/full#f6
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the percentage of proliferating (S phase) cells. (B) siRNA-mediated Cav3.1 knockdown 

halted the progression of cell cycle from G1 to S phase of M16 melanoma cells. (C) 

Similarly, siRNA mediated Cav3.2 knockdown in JG melanoma cells promoted cell cycle 

arrest at the G1 and S phases. (D) Q-PCR analysis of the level of Cav3.1 and Cav3.2 

knockdown in M16 and JG cells, respectively, for the experiments displayed in (B) and 

(C). (A–C, left and center) Graphs display the cell cycle profiles of representative 

experiments.(A–C, right) Histograms for the mean values (±SEM)(n=3) of the different 

cell cycle phases using flow cytometric analysis. *Significant differences related to 

control group (P < 0.05). 

 

6. Cell proliferation in hypoxia 

 

Having shown that hypoxia regulates T-type channel expression, and that T-type channels 

are directly involved in the melanoma cell cycle progression, we next examined the effect 

of hypoxia on the cell cycle parameters.  

 

A 2% O2 atmosphere (applied for 24 h) had opposite effects on the growth rate, 

depending on the melanoma cell type: the percentage of proliferating M16 cells was 

reduced (Figure 17A) whereas the percentage of proliferating JG cells was increased 

(Figure 17B). These opposite effects of hypoxia on the proliferation rate of M16 and JG 

cells correlate with the opposite effects of hypoxia on T-type channel expression in these 

cell types (Figure 10). 

 

To further elucidate the relationship between hypoxia, T-type channels expression and 

proliferation rate, we silenced Cav3.1 and Cav3.2 genes in JG cells subject to hypoxia. 

Under these conditions the Cav3.1/Cav3.2 expression ratio is increased by about 30-fold 

(Figure 10C). The transfection of Cav3.1 siRNA completely prevented its hypoxia 

mediated up-regulation and, in fact, the Cav3.1 transcripts were reduced to a 57% of the 

normoxia levels (Figure 18A). In comparison, the Cav3.2 transcripts were reduced to 30% 

of the normoxia levels in the JG cells transfected with Cav3.2 siRNA (Figure 18A). Both 

siRNAs were able to reverse the hypoxia-mediated effects on cell cycle parameters and or 

Cav3.2 knockdown, the percentage of cells arrested at the G1/S phase was significantly 

higher than in JG cells grown in normoxia (figure 18B). 
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Figure 17.  Flow cytometry analysis and cell cycle distribution of JG and M16 melanoma cells: 

effect of hypoxia. (A, Left and center graphs) Representative profiles for M16 cells grown in 

normoxia and 2% O2, respectively. Hypoxia induced a small increase of the percentage of cells in 

the G1 phase, and a concomitant reduction of cells in the proliferative S phase. (B, Left and 

center graphs) Representative profiles for JG cells grown in normoxia and 2% O2, respectively. 

Hypoxia induced G1-S progression, contrary to the effect in M16 melanoma cells. (A–B, right) 

Histograms summarize data for cell cycle parameters in M16 and JG melanoma cells, 

respectively. *Significant differences related to control group (P < 0.05). 
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Figure 18. The knockdown of Cav3.1 and Cav3.2 T type channels prevents hypoxia-

induced JG melanoma cell proliferation. 

 

7. Effect of the pharmacological blockade of VGCCs on viability of melanoma cells 

To investigate a possible role of VGCCs in melanoma cell proliferation and survival, we 

examined the effect of VGCC blockade on cell viability. We performed WST-1 metabolic 

assays on a selection of melanoma cell lines (M16, JG, M28) treated with some of the 

most specific VGCC blockers available: the neurotoxins Kurtoxin (T-type channel 

blocker), ω-Agatoxin IVA (P-Q type channel blocker), ω-Conotoxin GVIA (N-type 

channel blocker), rSNX-482 (R-type channel blocker) and the Dihydropyridines 

Nimodipine and Nifedipine (L-type channel blockers).  

After treatment for 24 hours, Kurtoxin had the strongest effect and reduced the viability 

of all melanoma cells by an average of 38–41%. Kurtoxin treatment was non-effective in 

control normal melanocytes (non-significant 3% reduction of viability, consistent with the 

lack of expression of T-type channels in these cells. In contrast, L-type channel blockers 

Nimodipine and Nifedipine negatively affected the viability of both control normal 

melanocytes (11 and 6%, respectively) and melanoma cells (12–15 and 8–10%, 

respectively. The rest of the VGCC channel blockers also had a moderate effect on 

control normal melanocytes and melanoma cells (2–11% reduction of viability) (Figure 

19). 
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Figure 19. Effect of VGCC pharmacological blockers on cell viability. The viability of 

melanoma cells was measured using the WST-1 proliferation assay. Absorbance values at 

440 nm, obtained from cells subjected to the different treatments, are expressed as the 

percent reduction with respect to control untreated cells. T-type channel blocker Kurtoxin 

(KTx, 250 nM) did not significantly affect the viability of control normal melanocytes, 

consistent with the lack of expression of T-type channels in these cells (Figures 8 and 9). 

In contrast, Kurtoxin induced a similar reduction of viability in all cell lines tested (M28, 

M16 and JG, values ranging from 38 to 41% reduction in viability). Blockers specific for 

L-type (Nimodipine and Nifedipine, 10 µM), P-Q-type (-Aga-IVA, 500 nM), N-type (-

Cntx, 1 µM) and R-type (SNX-482, 250 nM) channels had a moderate effect on the 

viability of melanocytes and melanoma cell lines, ranging from 6 to 15% reduction. Three 

to four independent experiments were performed per cell type and treatment, using 

parallel controls and triplicate measurements of each. *Significant differences related to 

control (melanocytes), P < 0.01. 
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Chapter 2 

T-Type calcium channel blockers and gene 
silencing induce endoplasmic reticulum stress 
and inhibit constitutive autophagy in human 
cutaneous melanoma-derived cell lines 
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1. Effect of Mibefradil and Pimozide on cellular viability  

The experiments shown in the previous section suggested that T-type channel blockade 

might be a valid approach to tackle melanoma progression. We thus decided to test the 

effect on melanoma cells of T-type channel blockers which have been or are currently 

used in clinical practice, such as the anti-hypertensive/anti-anginal Mibefradil (banned by 

the Food and Drug Administration (USA) in 1998 due to interactions with certain 

hypolipemic drugs, but reintroduced in 2008, 2009 and 2010 for the treatment of breast, 

prostate and glioma tumours), and the neuroleptic Pimozide.  

We first studied the effect of these clinically relevant T-type VGCC blockers on 

melanoma cell viability, by performing a concentration-dependency study: the human 

melanoma cell lines M9, M29, M16, M17, JG, M28, M36 were exposed to increasing 

concentrations of Mibefradil for 24 h at 37
◦
C and, and the activity of the mitochondrial 

dehydrogenase enzyme was measured by the MTT metabolic assay (Figure 20A). Parallel 

experiments were performed with Pimozide (Figure 20B). Both Mibefradil and Pimozide 

reduced cell survival in a concentration-dependent manner in all tested cell lines. In 

primary tumor-derived cell lines and slow and medium growing metastatic melanoma cell 

lines, the EC50 for Mibefradil on survival ranged from 6.1 to 7.0 M; in the same cells, 

the EC50 for Pimozide was from 4.3 to 5.9 M. Fast-growing metastatic melanoma cell 

lines showed a higher sensitivity to both drugs, with Mibefradil EC50 values between 2.8 

to 3.1 M, and Pimozide EC50 values between 2.3 to 2.8 M. Having tested that 

Mibefradil and Pimozide were effective in reducing the viability of melanoma cells, we 

next wondered if the main parameter contributing to viability loss was the proliferation of 

the cells, like for Kurtoxin at 24 hours treatments. In fact, under phase contrast 

microscopy, the appearance of shrunk and floating cells in the culture dishes treated with 

drug concentrations > 1 M suggested that there was a significant cell death. 

2. Mibefradil induces cell cycle arrest and a reduction of the proliferation rate  

Based on the preliminary assays where we observed a strong growth inhibitory effect of 

Mibefradil and Pimozide in a panel of melanoma cells, we tried to determine the 

molecular mechanisms underlying the anti-proliferative activity of these drugs, by flow 

cytometry analysis and BrdU labelling. We chose M16 and JG melanoma cells as two  
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Figure 20. Mibefradil and Pimozide induce a decrease in cell viability in a panel of melanoma 

cell lines. Melanoma cells from either primary or metastatic tumours (see table 9) were treated 

with increasing concentrations of Mibefradil (panel A) and Pimozide (panel B) for 24 h.Cell 

viability was assessed by 3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. 

Results are expressed as mean ± SE percentage of the control values. 

representative cell lines for further study, because they displayed a differential profile of 

VGCCs expression, in addition to a differential proliferation rate. M16 is a medium 

proliferating malignant melanoma cell strongly expressing Cav3.1 T-type channels, and 
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JG is a fast growing malignant melanoma cell line strongly expressing the Cav3.2 isoform 

(Table 9, Figure 8). 

Earlier, we had found that 250 nM Kurtoxin induced a decrease in the percentage of JG 

cells in the S phase (Figure 16A). This result encouraged us to check the effect of other 

pharmacological blockers of T-type channels on human melanoma cells. M16 and JG 

cells were treated with Mibefradil and Pimozide for 24 hours, and the DNA content was 

analysed by propidium iodide staining and flow cytometry (Figure 21). We found that 

Mibefradil and Pimozide not only induced a decrease in the number of cells at the S 

phase, but remarkably, also induced a dramatic augmentation of the number of cells in the 

sub-G1 phase, hallmark of apoptotic cell death, in line with our light microscopy 

observations reported above. 

To complement the analysis of the T-type channel blockers antiproliferative effect, BrdU 

incorporation assays were performed in two representative cell lines. Both M16 and JG 

melanoma cells treated with Mibefradil and Pimozide for 24 hours presented a clear 

decrease in the anti-BrdU staining compared with untreated cells (Figure 22).  

As the treatment of M16 and JG cells with Mibefradil and Pimozide induced cell cycle 

arrest at the G1 phase, we next assessed the effect of Mibefradil and Pimozide on cell 

cycle regulatory molecules involved in G1 to S phase progression. Consistent with our 

previous observation, the expression of cyclin D1, a CDK kinase regulator that induces 

the G1-S transition, was found down-regulated when the cells were treated with either T-

type channel blocker for 24 hrs (Figure 23). 

3. Mibefradil and Pimozide trigger apoptosis  

We set on to explore the molecular pathways leading to Mibefradil/Pimozide- induced 

cell death. The two representative melanoma cell lines (M16, JG) were treated with 

Mibefradil and Pimozide for 24 hrs, and nuclei morphology was determined by Hoechst 

33258 staining. As expected, both T-type channel blockers prompted a drastic decrease in 

the number of total nuclei, in parallel to a relative increase in the number of pycnotic 

nuclei (Figure 24) 



 

 

 
84 

 

 

 

 

Figure 21. Flow cytometry analysis and cell cycle distribution of JG and M16 cells treated with 

Mibefradil and Pimozide.M16 (panel A) and JG cells (panel B) were incubated with 10µM 

Mibefradil and Pimozide for 24 h after which DNA content was analysed by propidium iodide 

staining and flow cytometry. These drugs slowed down the cell cycle arrest by concomitantly 

increasing the percentage of cells at the sub G1 phase and decreasing the percentage of 

proliferating (S phase) cells. Histograms display the cell cycle profiles of representative 

experiments.(figure A and B).Graphs represent mean values (±SEM)(n=3) of the different cell 

cycle phases using flow cytometric analysis.*Significant differences related to control group (P < 

0.05). 
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Figure 22. Mibefradil and Pimozide decrease proliferation of melanoma cells. M16 (panel A) and 

JG cells (panel B) were incubated with Mibefradil (10µM) and Pimozide (10µM) for 24 hrs. 

Proliferating cells showing 5-bromodeoxyuridine incorporation are bright red in colour, nuclei 

are counter stained with Hoechst 33258.Less number of BrdU positive treated  cells indicate that  

Mibefradil and Pimozide inhibits proliferation in both the cell lines. 

 

 

 

Figure 23. Mibefradil and Pimozide induce downregulation of Cyclin D1 in M16 and JG cells. 

Whole cell lysate of M16 and JG cells treated with Mibefradil and Pimozide for 24 hrs were 

analysed by western blotting. Panel A shows prominent downregulation of Cyclin D1 expression 

in M16 cells treated with Mibefradil and Pimozide.Panel B shows similar effect of the above 

mentioned drugs in JG cells. .β actin was used as loading control. 

 

Next, we assessed the involvement of caspases by Western blot. In M16 and JG cell lines, 

Mibefradil or Pimozide triggered the cleavage of initiator procaspase 9 and effector 

procaspase 3 (Figure 25). These results pointed to the engagement of the intrinsic or 
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mitochondrial death pathway, which is often accompanied by the release of proapoptotic 

factors such as cytochrome c into the cytoplasm and subsequent binding to Apaf-1, 

resulting in apoptosome activation of Caspase 9 and subsequent cleavage (and activation) 

of Procaspase 3. 

                      

  
Figure 24. M16 (panel A) and JG (panel B) cells incubated with Mibefradil and Pimozide for 24 

hrs were stained with Hoechst 33258.Deep pycnotic apoptotic nuclei were visible in the treated 

cells indicating apoptosis. 

 

 

 

Figure 25. Mibefradil and Pimozide trigger apoptosis by caspase processing in melanoma cells. 

M16(panel A) and JG cells(panel B) were exposed to 10 µM of Mibefradil and Pimozide  for 24 

hrs.Total protein extracts were subjected to Western blot analysis to monitor the expression of 

processed caspase 3 and caspase 9. β actin was used as loading control. 
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4. T-type calcium channel blockers and RNAi-mediated gene silencing of Cav3.1 and 

Cav3.2 channels induce endoplasmic reticulum stress  

  

During certain stages of tumorigenesis, Ca
2+

-homeostasis deregulation together with an 

inhospitable environment compromise the protein folding function in the ER and unleash 

the Unfolded Protein Response. That way, the UPR is an adaptive response and their 

markers are associated to malignity and recurrence in a number of tumors, including 

melanoma
212. 

Nonetheless, a sustained UPR may promote either apoptotic death or cell 

survival throughout a macroautophagic process, depending on the cell type and stimuli 

strength. As T-type channels have been suggested to couple Ca
2+

 influx to ER Ca
2+

 

storage
213 

we examined whether T-type Ca
2+

 channel blockers would cause a disruption 

of Ca
2+

 homeostasis at the ER, ultimately leading to the observed apoptosis. To our 

knowledge, no studies have addressed this question previously. A number of articles had 

already been published indicating ER stress as a driver of malignancy in melanoma 

tumors
147

. In our study, we also checked that untreated M16, JG and M28 cells displayed 

some degree of ER stress, which was absent in untransformed  melanocytes. An RT-PCR 

analysis of total RNA, showed a basal level of splicing of the XBP-1 transcription factor 

in untreated melanoma cells, which was absent in untransformed melanocytes (Figure 

26B).GRP78, another marker of UPR is also upregulated in melanoma cells in 

comparison to the untransformed melanocytes (26A). 

 

           A                                                         B 

 
 
 

Figure 26. Melanoma cells express some degree of ER stress which is absent in control normal 

melanocytes. Western blot of total protein lysate of human control melanocytes and melanoma 

cells (M16, JG, M28) shows an upregulation of GRP78 in melanoma cells in comparison to the 
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control melanocytes (panel A). β actin was used as loading control. RT-PCR analysis of untreated 

melanocytes and melanoma cells (M16, JG, M28) shows upregulation of spliced (s) XBP-1in 

comparison to control normal melanocytes (panel B). Here GAPDH was used as loading control 

and M stands for melanocytes.  

 

In order to evaluate a putative effect of Mibefradil and Pimozide on the ER, the induction 

of GRP78/αBIP, a well-characterized UPR molecular chaperone, was determined in a 

series of time-course experiments. Cells treated with Thapsigargin, a classical inhibitor of 

the SERCA pump, were used as a positive control. Mibefradil and Pimozide induced a 

clear up-regulation of GRP78 in M16 and JG cells treated for 4, 8, 16 and 24 hrs. (Figure 

27 A,B,E,F), remaining stable at all time points.  

 

We further examined which ones out of the three branches of the UPR were activated by 

T-type channel blockers. Activation of ER-resident transmembrane protein and 

transcription factor ATF6 induces the expression of XBP-1 mRNA
135-138

 Another ER-

resident transmembrane protein, IRE1α has an endoribonuclease domain, by which it 

splices a 26 nucleotide fragment out of the XBP-1 mRNA (frame-shift splice variant of 

XBP-1 mRNA) when activated. The generated frame-shift splice variant (sXBP-1) codes 

for a transcription factor that induces the expression of ER chaperones. Mibefradil-treated 

M16 and JG cells showed a robust splicing of XBP-1 at all time points (making a clear 

difference with the sXBP-1 levels present in untreated cells), along a consistent decrease 

of unspliced native XBP-1 (Figure 27 C-D). Pimozide-treated melanoma cells also 

showed an enhanced XBP-1 splicing at 4 and 8 hrs time points. Thus both T-type channel 

blockers induced the activation of the IRE1α pathway of the UPR (Figure 27 G-H).  

 

As mentioned above, during prolonged or severe ER stress the cytoprotective, adaptive 

UPR can switch from a pro-apoptotic response to initiate cell death. Therefore, we 

questioned whether the UPR-mediated apoptotic pathway was taking part in the Ca
2+

 

channel blockers-induced melanoma cell death. The transcription factor 

GADD153/CHOP has been shown to play a central role by altering the balance of pro- 

and anti-apoptotic Bcl-2 proteins, to promote apoptosis
139

. GADD153 levels were 

undetectable in untreated melanocytes or melanoma cells. However, exposure of JG and 

M16 melanoma cells to T-type channel blockers induced the up-regulation of 
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GADD153/CHOP, which was detectable at 4 and 8 hrs during Mibefradil application 

(Figure 27 A-B), and at 8 and 16 hours in the presence of Pimozide (Figure 27 E-F). 

  

 

 

Figure 27. Mibefradil and Pimozide induce ER stress in M16 and JG cells. Western blotting of 

the whole cell lysates of M16 cells and JG cells treated with Mibefradil (panel A and B 

respectively) for 4, 8, 16 and 24 hrs show upregulation of GRP78 and GADD153. Similarly 

Pimozide also induces similar upregulation of GRP78 and GADD153 in M16 (panel E) and JG 

(panel F) cells. β actin was used as loading control for western blot analysis of protein sample. 

RT-PCR analysis of M16 (panel C) and JG (panel D) cells treated with Mibefradil show 
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upregulation of spliced (s) XBP-1 at 4,8,16 hrs. Pimozide also shows similar upregulation of 

spliced XBP-1 in M16 (panel G) and JG (panel H) cells. In all the experiments cells treated with 

Thapsigargin were used as positive control. For RT-PCR analysis GAPDH was used as loading 

control. 

  

Earlier, we had shown that Kurtoxin induced a decrease in the proliferation of JG cells 

(Figure 16A). To further investigate the effects of Kurtoxin on the ER of melanoma cells, 

we treated JG cells with 250 nM of Kurtoxin for 4, 8, 16 and 24 hrs. Like for Mibefradil 

or Pimozide treatments, we found increased GRP78 protein levels (Figure 28A); the up-

regulation of GRP78 reached a maximum at 8 hrs into the treatment with Kurtoxin, 

followed by a slow decline at 16 and 24 hrs. In addition, we observed the time dependent 

splicing of XBP-1 at all time points (Figure 28 B), indicating that Kurtoxin-induced ER 

stress also involves the IRE1α signalling pathway of UPR, like for Mibefradil or 

Pimozide. In contrast, we detected only a very mild up-regulation of GADD153 after 16 

and 24 hrs. application of Kurtoxin (Figure 28A); this result is consistent with the flow 

cytometry analysis of DNA content of Kurtoxin-treated JG cells, in which no significant 

increase in the percentage of cells in the sub-G1 phase was visible at 24 hours treatments 

(Figure 16A).  

 

Figure 28. Kurtoxin induces endoplasmic reticulum stress in JG cells. Western blot of total 

protein lysate of JG Cells treated with Kurtoxin for 4, 8, 16 and 24 hrs (panel A) shows 
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upregulation of GRP78 without any upregulation of GADD153 expression.ß actin was used as 

loading control.RT PCR analysis of total RNA extract (panel B) shows time dependent 

upregulation of spliced XBP-1 (sXBP-1). Here GAPDH was used as loading control.  

 

Leaving the expression of GADD153 aside, the coincidence of effects of the structurally 

unrelated Mibefradil and Pimozide on the one hand, and the peptide neurotoxin Kurtoxin 

in the other, seemed to point steadily to T-type channels as the real targets of the 

pharmacological blockade-mediated effects in the ER. In an attempt to elucidate a direct 

role for specific T-type channel isoforms, we transfected M16 cells with short interfering 

RNAs (siRNAs) specific for Cav3.1 and Cav3.2 T-type channels, and JG cells with Cav3.2 

siRNA; we monitored the level of channel knockdown by Q-PCR, achieving knock down 

comprised between 79 and 80% (Figure 33E). The attained western blot results showed 

that the silencing of both Cav3.1 and Cav3.2 isoforms associates to the splicing of XBP-1, 

and to the up-regulation of GRP78 and GADD153 proteins, thus mimicking the effects of 

Mibefradil and Pimozide (Figure 33). 

 

5. Melanoma cells display a basal autophagy which is inhibited by T-type channel 

blockers and T-type channels gene silencing 

 

A sustained UPR has been linked to the development of macroautophagy, an adaptative 

cell mechanism which deals with the accumulation of protein aggregates resulting from 

ER stress
143-147

. 

 

Initially, we examined the putative unfolding of an autophagic process in melanoma cells 

by staining them with LysoTracker
®
 Red DND-99 , an acidotropic autofluorescent 

compound which accumulates into acidic compartments like lysosomes and 

autolysosomes and thus can be used as a marker of macroautophagy
244

. The images 

displayed in Figure 31 show that, when M16 and JG melanoma cells were challenged 

with Mibefradil or Pimozide, the number of acidic vesicles (displaying a punctuated 

fluorescence) was dramatically augmented. These results prompted us to examine the 

expression of 2 key mediators of canonical macroautophagy at the protein level, using 

antibodies specific for the inducible genes Beclin1 (Atg6) and Atg5 in Western blot 

assays, in control normal melanocytes and melanoma cells. At the peak of the UPR (8 

hrs.), none of T-type channel blockers had induced the expression of Beclin1 
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significantly, and that did not happen for the whole time course (0-16 h or 0-24 h 

depending on the experiments) (Figure 30). Regarding Atg5, Mibefradil induced a slight 

decrease at the 4 h time point and no further changes (Figure 30A-B), whereas Pimozide 

triggered a mild increase of both Atg5 levels and assembly of the Atg5-Atg12 complex 

(figure 30C-D). 

 

Since these results did not show the induction of a canonical autophagy by the blockers, 

we further analyzed the conversion of LC3 (Atg8) from the soluble form (LC3-I) to the 

autophagosomal-associated lipidated form (LC3-II), which can be taken as an indirect 

measurement of the number of autophagosomes
214

. These data showed that, while in 

melanocytes LC3-II remained undetectable at all times (Figure 29A) in M16 and JG 

melanoma cells LC3-II was increased in a time dependent manner by treatment with 

Mibefradil (Figure 30A-B), Pimozide (Figure 30C-D) and Kurtoxin (Figure 32C). 

Importantly, the untreated controls at 0 time point also showed that the LC3-II/I ratio was 

constitutively increased in M16 cells and JG cells (to a minor extend), compared to 

control melanocytes, in which the LC3-II form was absent. The conversion of LC3-I  to  

LC3-II correlates to the number of autophagosomes formed in the cells 
214

. 

 

 

Figure 29. Mibefradil and Pimozide induce no endogenous LC3 conversion and autophagosome 

formation in melanocytes. Western blot of total protein lysate of human control melanocytes 

treated for 6 hrs show no LC3 II formation, no change in expression of GRP78, GADD153, ATG5 
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or Beclin 1 (panel A). Here β actin was used as loading control. RT-PCR analysis of melanocytes 

treated with Mibefradil and Pimozide (panel B) show no induction of spliced (s) XBP-1. Here 

GAPDH was used as loading control. 

 

 

 

Figure 30. Effect of Mibefradil and Pimozide on autophagic flux. Western blot analysis of whole 

cell lysates of M16 cells treated with Mibefradil (Panel A) and Pimozide (Panel C) and JG cells 

treated with Mibefradil (panel B) and Pimozide (panel D) for 4,8,16 hrs show consistent 

upregulation of LC3-II and marked accumulation of p62 without any prominent change in 

expression of Beclin 1 or ATG5. Here β actin was used as loading control. 
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Figure 31. Mibefradil and Pimozide induce formation of acidic vesicular organelles in M16 and 

JG cells 6 hrs after the treatment. Melanoma cells were incubated with LysoTracker
®
 Red DND 

99 for two minutes. Cells were washed with phosphate buffer saline and fluorescent micrographs 

were obtained using an inverted fluorescence microscope. Nuclei were counterstained with 

Hoechst 33258 stain. Mibefradil and Pimozide treatment in M16 (panel A) and JG cells (panel B) 

indicate accumulation of acidic vesicles in untreated control cells, which is further increased in 

presense of Mibefradil and Pimozide. 

 

However, it can reflect either an increased or a decreased autophagic flux, according to 

the following paradigm: if the LC3-II/I ratio is further enhanced by addition of a late-

stage inhibitor of macroautophagy, the primary increase  is considered to be the result of 

an increased autophagy; conversely, an elevated LC3-II/I ratio which is not augmented by 

addition of an autophagy inhibitor, is interpreted as the result of a reduced autophagic 

flux and subsequent accumulation of autophagosomes
215

. To distinguish between these 

two possibilities, we applied Mibefradil and Pimozide in M16 (Figure 32A) and JG cells 

(Figure 32B), and Kurtoxin (Figure 32C) in JG cells, in the absence or presence of 

Bafilomycin A1, which is a established inhibitor of autophagosomal-lysosomal fusion. In 

all cases the intensity of the LC3-II band was not further increased by Bafilomycin A1, 

indicative of suppression of autophagy rather than enhancement of lysosomal clearance. 

 



 

 

 
95 

 

 

 The p62/SQSTM1 protein facilitates autophagic degradation of ubiquitinated  proteins 

and constitutes one of the best known mammalian autophagy specific substrates
165-167

. As 

p62 degrades upon autophagy stimulation and accumulates when autophagy is inhibited, 

the p62 levels can also be used as markers of autophagic flux. Consistent to LC3-I to 

LC3-II conversion in presense or in absence of Bafilomycin A1, the examination of the 

p62 protein by Western Blott revealed a significant increase of the p62 at 4, 8 and 16 

hours upon treatment with Mibefradil (Figure 30A-B) or Pimozide (Figure 30C-D). 

 

 

 

Figure 32. T-type calcium channel blockers induce autophagy inhibition in human melanoma 

cell. Western blot of total protein lysate of M16 cells treated with Mibefradil and Pimozide (panel 

A) for 6 hrs show accumulation of LC3-II which was not further increased in presence of 

Bafilomycin A1, an inhibitor of autophagosome lysosome fusion indicating that increase in LC3-

II was not due to increased degradation of autophagosomes but due to augmented formation of 

autophagosomes. Western blott JG cells treated with Mibefradil, Pimozide (panel B) for 6 hrs and 

Kurtoxin (panel C) for 24 hrs also shows similar autophagy inhibition. Here β- actin was used as 

loading control. 
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Figure 33. Knock down of Cav3.1 and Cav3.2 induces endoplasmic reticulum stress and 

autophagy inhibition in melanoma cells. Western blotting of total cell lysates of JG cells   
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transfected with siRNA for Cav 3.2 shows upregulation of GRP78, GADD153 and accumulation of 

LC3-II and p62 indicating ER stress and autophagy inhibition simultaneously (panel B). Cells 

transfected with non-specific control siRNA were used as negative control. β actin was used as 

loading control. RT-PCR analysis shows induced splicing of XBP-1 in JG cells transfected with 

siRNA for Cav3.2 (panel A). Here GAPDH was used as loading control. Knock down of Cav3.1 

and Cav3.2 induces similar effect in M16 cells (panel C, D). Q-RT PCR analysis of M16 and JG 

cells transfected with siRNA for Cav3.1 and Cav3.2 shows around 79-80 % decrease in expression 

of the above said isoforms of T-type calcium channels (panel E).      

 

Finally, we investigated a likely causative link between ER stress and autophagy 

inhibition with the use of Salubrinal, a small molecule that protects cells from ER stress 

induced apoptosis by selectively activating the eIF2α branch of the UPR pathway
233

. In 

JG cells treated with Mibefradil and Pimozide, the co-application of Salubrinal 

significantly reduced the expression of LC3-II at the 6 hrs time point, suggesting that the 

PERK-eIF2α signalling pathway of the UPR is determinant for the accumulation of 

autophagosomes in melanoma cells treated with T-type channel blockers (Figure 34). 

These data highlight a functional link between ER stress and autophagy. 

 

 

 

Figure 34. PERK-eIF2α signalling pathway of ER stress plays an important role in accumulation 

of autophagosomes in JG human melanoma cells. Western blot of whole cell lysate of JG cells 

treated with Mibefradil and Pimozide for 6 hrs show accumulation of LC3-II which was 

decreased in presense of Salubrinal, an inhibitor of eIF2α dephosphorylation. Here β actin was 

used as loading control. 
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Analogously to the preceding section, we aimed to identify the molecular targets of the 

drug-mediated autophagy inhibition by gene silencing of the specific T-type channel 

isoforms expressed in M16 and JG melanoma cells. The effects of knockdown of Cav3.1 

and Cav3.2 on melanoma cell autophagy were investigated by Western blot analysis of 

LC3 and p62 proteins. In M16 cells, both the knockdown of Cav3.1 and Cav3.2 channels 

rendered an increase of the LC3-II/I ratio and a parallel increase of the p62 band intensity 

(Figure 33d). In JG cells, the knockdown of Cav3.2 channels induced a similar LC3-I/II 

conversion and  p62  accumulation effect (Figure 33b). Thus, the knockdown of either T-

type channel isoform mimicked the Mibefradil/Pimozide/Kurtoxin-mediated inhibition of 

the basal autophagy present in melanoma cells, suggesting that T-type channel 

pharmacological blockers exert its effects on melanoma autophagy by targeting these two 

T-type channel isoforms.   
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VGCCs are expressed in different tumours and the role they play in cancer progression is 

a lively field of research. In the present study we have performed a comprehensive 

analysis of the expression of the different VGCC families in a variety of melanoma 

tumours and cell lines. We have found that human melanoma cells express VGCCs from 

three different families: (i) high voltage-activated L-type channels, which require 

significant depolarization to open and thus are widely distributed in excitable tissues; (ii) 

high voltage-activated N-type, P-Q type and R-type channels, classically involved in 

neurotransmitter and hormone release; and (iii) low voltage-activated T-type channels, 

which can operate at potentials near the typical membrane potentials of most cells. 

1. Expression of L-type channels 

Our results show that transcripts for Cav1.2 were undetectable in control normal 

melanocytes and strongly expressed in all melanoma cells except for JG and M17 skin 

metastasis (Figure 8). In contrast, the Cav1.3 isoform was ubiquitously expressed in 

control normal melanocytes and all melanoma cells. It should be taken into account that 

L-type channels are functionally diverse. Whereas Cav1.2 channels are characterized by a 

high threshold and slow kinetics of activation, Cav1.3 channels have been shown to be 

mid threshold activating and to display faster activation kinetics
216, 217

. These properties 

would enable Cav1.3 channels to operate at voltages near the resting membrane potential, 

mediating oscillatory Ca
2+

 entry along with T-type channels. Even though the viability 

assays presented in Figure 19 are not suggestive of a principal role for L-type channels in 

proliferation or survival, it should be taken into account that dihydropyridine actions are 

channel state-dependent
218

, and that Cav1.3 are less sensitive than other L-type channels 

to dihydropyridines
216

. These considerations, together with the lack of Cav1.2 expression 

in untransformed melanocytes and the up-regulation of Cav1.2 channels by hypoxia in JG 

melanoma cells, encourage further investigation of the role of L-type channels in the 

melanoma cell physiology. 

2. Expression of N-type, P-Q type and R-type channels 

Experimental evidence shows that melanocytes display a variety of neuroendocrine 

functions and release neurotransmitters, neuropeptides and hormones, and this production 

is stimulated by ultraviolet radiation and different biological factors
219

. On the other hand, 

the role of VGCCs Cav1 and Cav2 family members in neurosecretion is well established, 
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particularly in the chromaffin and pheochromocytoma neurosecretory cells
220

. Our results 

show that both control normal melanocytes and melanoma cells (primary tumours and 

metastasis) express Cav2 channels, although the expression profile of the individual 

isoforms is variable (Figure 8). As for Cav1 channels, data from the viability assays rules 

out a direct participation of Cav2 channels in cell cycle regulation. However, the ability to 

correlate qualitative or quantitative changes in Cav2 expression with the neuroendocrine 

activity of tumours may shed light on how melanocyte transformation may be 

accompanied by neuroendocrine differentiation
221

. 

3. Expression of T-type channels 

Our finding regarding the up-regulation of T-type channels in melanoma cells was 

expected, as a role for T-type channels in cancer cell proliferation has already been 

established
77, 75, 222

.
 
The relevance of T-type channel expression in melanoma cells is 

highlighted by the fact that Cav3 isoforms may be selectively up-regulated in moderate 

hypoxic conditions (Figure 10) which approach the real hypoxic environment of skin and 

the high oxygen demand in metastasis. The effect of Kurtoxin in reducing the percentage 

of proliferating melanoma cells (Figure 16A) further suggests a relevant role for Cav3.1 

and Cav3.2 channels in cell cycle control
97

. Nonetheless, the stronger effect of Kurtoxin 

on the viability of melanoma cells as measured by a colorimetric assay (Figure 19) also 

suggests that these T-type channels play an additional role in cell homeostasis 

maintenance. In line with this, it has been shown that T-type channel blockers are 

inducers of autophagy in PC12 cells
224

. 

The Ca
2+

-imaging experiments displays in Figure 15 indicate that cultured melanoma 

cells display a basal Ca
2+

 influx which can be reduced by Mibefradil. This result is 

consistent with the occurrence of T-type channel window currents, providing the pattern 

of Ca
2+

 signalling required for cell cycle progression. Ca
2+

 transients are evident during 

certain stages of mitotic progression and these signals are transduced principally by direct 

binding of Ca
2+

 to intracellular receptors such as calmodulin
225

. A few models have been 

put forward to explain the role of T-type channels in promoting transient elevations of 

cytosolic Ca
2+

, acting in concert with K
+
 channels

223
. 

The precise signalling mechanisms for specific T-type channel subunits remain 

unknown
69

. In this regard, our finding about the counter-balanced expression of Cav3.1 
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and the other Cav3 channels (Figure 8) and the linkage between Cav3.1 expression and a 

low proliferation rate (Table 9) is intriguing. On one hand, we have shown that melanoma 

JG or M28 cells (expressing mainly Cav3.2 channels in normoxia) display a faster 

proliferation rate compared with Cav3.1-expressing M16 cells (Figure 11). Furthermore, 

other cell lines expressing Cav3.1 channels are either average-proliferating (M17) or slow 

proliferating (M9 and M29) (Table 9). On the other hand, the siRNA experiments show a 

direct involvement of both Cav3.1 and Cav3.2 isoforms in the proliferation of M16 and JG 

cells, respectively, as the percentage of cells in the S phase is decreased upon silencing of 

either gene (Figure 16B-C). Importantly, hypoxia experiments point in the same direction. 

In JG cells, in which both Cav3.1 and Cav3.2 are up-regulated by low O2, the percentage 

of cells in the S phase is increased. In contrast, M16 cells under hypoxia experience a 

down-regulation of both Cav3.1 and Cav3.2 T-type channels and consequently are arrested 

at the G1 and S phases (Figure 17). The reversal of hypoxic effects on cell proliferation 

by Cav3.1 and Cav3.2 gene silencing (Figure 18B), further confirms the pivotal role of 

these T-type channels in the control of the cell cycle. Altogether, our data suggest that, 

whereas both Cav3.1 and Cav3.2 channels promote the progression of the melanoma cell 

cycle, Cav3.1 channels associate to slow cycling and are induced in environmentally 

stressful conditions. 

4. Dual effect of T-type channel pharmacological blockers on melanoma cells 

viability: decreased cell proliferation and increased apoptosis 

Up to this point we had found that the knockdown of Cav3.1 and Cav3.2 T-type channels 

slows down the progression of the melanoma cell cycle and that Kurtoxin, the most 

specific T-type channel blocker available up to date, also decreases the viability of 

melanoma cells by affecting the proliferating rate. The results encouraged us to check the 

effect of clinically used, well known T-type channel blockers such as Mibefradil and 

Pimozide, on human melanoma cells. For that purpose and, in an attempt to achieve some 

conclusions regarding the T-type channel isoforms involved in the pharmacological 

blockade effects, we selected out 2 metastatic cell lines showing a differential pattern of 

T-type channels expression: while JG cells only expressed the Cav3.2 isoform, M16 cells 

additionally expressed the Cav3.1 isoform. We had earlier shown that the expression of 

Cav3.1 is low or undetectable in fast-growing metastatic melanoma cell lines where 

expression of Cav3.2 is prominent (Table 9, Figure 8B). Our data showed that, at 24 hours 
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treatments, both Mibefradil and Pimozide affected cellular viability and that, for the fast-

growing melanoma cell lines (JG, M28, M36), the EC50 value was lower in comparison to 

EC50 value for slow-growing cell lines from primary tumors (M9) or metastatic 

melanoma (M29, M17 or JG). These data suggests that the effect of both drugs is 

proliferation state-dependent.  

The PI/FACS (cell cycle) analysis revealed that Mibefradil and Pimozide not only 

affected melanoma cells proliferation, but that they also induced a powerful apoptotic 

process, that was cross-checked by Hoechst staining and caspase 3 and 9 activation 

assays. This dual aspect of clinical T-type channel blockers immediately raise the 

question of why the effects on cell death were not seen by application of Kurtoxin. We 

can provide two possible explanations: (1) T-type channel blockade by 10 M Mibefradil 

or Pimozide would be more effective than T-type channel blockade by 250 nM Kurtoxin. 

Although Chuang et al. (1998)
97

 reported a nearly 95% blockade of Cav3.1 and an 85% 

blockade of Cav3.2 at 350 nM Kurtoxin (expressing recombinant channels in Xenopus 

oocytes), they found that the blockade was strongly voltage-dependent. In comparison, 

data available for Mibefradil and Pimozide, with EC50 values for T-type channels 

blockade in the high nM range
234, 235

, suggest that at the applied 10 M concentration, the 

blockade would be complete for the 3 T-type channel isoforms. (2) Numerous 

“unspecific” effects other than T-type channels blockade have been reported for 

Mibefradil and Pimozide, including L-type and N-type Ca
2+

 channel blockade, Na
+
 and 

K
+
 channel blockade and  Cl

-
 channel blockade

236, 237, 231
. 

5. T-type calcium channel blockers induce ER stress and non-adaptive UPR in 

melanoma cells 

 

Regardless of the identity of the molecular targets for the structurally unrelated 

Mibefradil and Pimozide we had decided to investigate the pathways leading to apoptosis 

of melanoma cells. 

 

Endoplasmic reticulum (ER) stress and subsequent unfolded protein response (UPR) are 

primarily an adaptive response, aiming to restore ER homeostasis and protect the cell 

from the accumulation of unfolded or misfolded proteins. There are ample evidences that 

most melanoma tumours have some degree of ER stress at the early stage of their 
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development. Several of the metabolic consequences of ER stress, such as increased 

glycolysis and high lactic acid dehydrogenase (LDH), are readily apparent in patients 

with melanoma. Indeed, LDH levels in sera are the single most powerful predictor of 

prognosis in metastatic disease
238

. As discussed by others, adaptation to ER stress may be 

a key driver of malignancy and resistance to therapy
239

. There are also evidences of 

constitutive activation of the UPR in cultured melanoma even in the absence of additional 

ER stress induction
142

. Our results also show that there is a certain level of splicing of 

XBP-1 in melanoma cells in comparison to melanocytes (Figure 26B) and an 

upregulation of GRP78 in melanoma cells in comparison to the melanocytes (figure 26A). 

A sustained UPR has been linked to autophagy induction, a survival response dealing 

with the degradation of protein aggregates
144

. Nonetheless, if the stress is such that 

overwhelms the adaptive response, the UPR may convey into apoptosis
212

. For these 

reasons, both the pharmacological inhibition and induction of UPR have been 

investigated as anti-tumoral strategies
240, 212

. 

 

Previously Bertolesi et. al. (2002) had found a correlation between T-type current 

blockade and cell death (by either apoptosis or necrosis) produced by Mibefradil and 

Pimozide in retinoblastoma Y79 cells and adrenocarcinoma MCF7 epithelial cells
82

, 

although no specific pathways were examined. In our study we have found, for the first 

time in any cell type, that the three T-type channel blockers Mibefradil, Pimozide and 

Kurtoxin induce splicing of XBP-1 (sXBP-1) (Figure 27 and 28), a marker for the 

coordinated action of active ATF6 and IRE1α. The early appearance of sXBP-1 mRNA 

during the first 4 hrs of treatment with Mibefradil and Pimozide, and the level of the 

splicing, were comparable to those induced by Thapsigargin, a classical inducer of ER 

stress. The up-regulation of GRP78 and GADD153/CHOP were also prominent in the 

early hours of treatment with Mibefradil and Pimozide. In the light of the data obtained 

from viability and apoptotic assays at 24 h treatments, these results emphasize that 

Mibefradil and Pimozide induce a pro-apoptotic branch of the ER stress pathway. The 

regulation of this effect may be via induction of the pro-apoptotic transcription factor 

GADD153 and subsequent activation of the ER-localized caspase-12; the activated ER 

stress death pathway, in concert with the mitochondrial death pathway, would trigger the 

so called intrinsic pathway of caspase activation (including the observed cleavage of 

caspases 9 and 3) (Figure 25), cytoskeleton breakdown and nuclear fragmentation, 

leading to the final demise of the cell. Particularly, the up-regulation of GADD153 in 
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Mibefradil and Pimozide-treated cells, also suggests that PERK-mediated eIF2α 

phosphorylation and transcriptional activation of ATF4 may be triggered, since this 

signalling pathway plays a dominant role in the induction of GADD153
241, 242

. In this 

regard, it has been shown that induction of ATF4 and GADD153 by ER stress is nearly 

completely attenuated in PERK null cells and eIF2α
S51A

 cells (containing a mutation at 

serine 51 phosphorylation site in the murine eIF2α gene)
134

.  

 

Previous studies have claimed that the mammalian UPR is linked to the inhibition Cyclin 

D1 translation and of cell cycle progression
226

. This was also the case for Mibefradil and 

Pimozide effects in our study (Figure 23). 

 

6. The knockdown of Cav3.1 and Cav3.2 channels mimics the effects of T-type 

channel pharmacological blockade    

 

Our experiments show that the siRNA-mediated gene silencing of Cav3.2 channels in JG 

cells and Cav3.1 or Cav3.2 channels in M16 cells also leads to the up-regulation of GRP78 

and GADD153 and to the splicing of XBP-1 (Figure 33). These results unveil a more 

specific link between Cav3.1/Cav3.2 isoforms of T-type calcium channel and ER calcium 

homeostasis, resulting in the activation of the IRE1α pathway. In line with this, we have 

recorded in M16 cells oscillations in the intracellular calcium levels which were reduced 

by Mibefradil, indicating a crosstalk between cytoplasmic and ER Ca
2+

 levels (Figure 14). 

However, the application of Kurtoxin induced only minor up-regulation of pro-apoptotic 

GADD153 (Figure 28) and, consistently, melanoma cells did not undergo an apoptotic 

process in the presence of this neurotoxin at 24 h treatments. Given the fact that Cav3.1 

and Cav3.2 knockdown up-regulated GADD153 in melanoma cells (albeit apoptosis was 

not assessed), we believe that it is likely that Kurtoxin (at 250 nM) induces only a partial 

blockade of Cav3.1 and Cav3.2 in the tested melanoma cells, as pointed out in the 

preceding section. 

 

7. T-type calcium channels blockade or gene silencing inhibits the constitutive 

autophagy present in melanoma cells  

 

There are emerging evidences supporting the idea that the ER status plays an important 

role in the process of macroautophagy and that, conversely, a constitutive, house-keeping 
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autophagy is critical for maintaining ER homeostasis
245-247

. Recent articles indicate that 

the IRE1α-JNK pathway and the PERK or ATF6 pathway are required for autophagy 

activation after ER stress 
143-147

. In addition, it has been reported that basal autophagy 

activation is a relevant determinant for tumor aggressiveness and response to therapy in 

melanoma 
180

.
 
Since we had found a high level of sXBP-1 in untreated melanoma cells in 

comparison to control normal melanocytes (Figure 26B) and an upregulation of GRP78 

(26A) we were suspicious about the presence of basal autophagy in melanoma cells. 

Consistently, the detection of the autophagosomal-associated LC3-II protein, which was 

further enhanced by co-application of Bafilomycin A1, demonstrated that M16 and JG 

were displaying a significant (albeit different) activation of macroautophagy (Figure 32), 

contrarily to control melanocytes (Figure 29A). In addition, a basal level of 

macroautophagy in melanoma cells could be seen by the presence of a high number of 

acidic vacuoles stained with LysoTracker
®
 Red DND-99 (Figure 31). 

 

As pointed above, upon sustained ER stress-stimuli the UPR may trigger a 

macroautophagic process. However, the apoptotic death induced by Mibefradil and 

Pimozide was difficult to reconcile with the activation of autophagy, which is an adaptive 

response by nature. Initially, we addressed this issue by using the same tools that had 

uncovered the presence of basal autophagy (Figure 32). To our surprise, these results 

initially seemed to show that the T-type channel blockers were enhancing the autophagy 

in M16 and JG melanoma cells, as they were inducing a prominent increase of the LC3-II 

form, in parallel to an increase in the labelling of acidic compartments by LR, indicative 

of the accumulation of autophagic vacuoles (AV). However, an increased number of AV 

is not always the consequence of an enhanced autophagy, but may also result from the 

failed elimination of autophagic debris, that is, from the blockade of the autophagic flow. 

When we monitored the level of autophagic substrate p62/SQSTM1 (Figure 30) and we 

additionally applied the Mizushima paradigm for LC3-I-II conversion in the presence of 

Bafilomycin A1 (Figure 32), it became clear that T-type channel blockers were inhibiting, 

rather than enhancing, the constitutive autophagy of melanoma cells. Because of the 

obvious accumulation of AVs such inhibition must occur at a late stage of the 

macroautophagic process, by preventing the fusion of autophagosomes with lysosomes. 

Importantly, not only Kurtoxin was able to mimic the effects of Mibefradil and Pimozide 

regarding LC3-I-II conversion in the presence of Bafilomycin A1 (Figure 32), but the 

knockdown of Cav3.2 in JG cells and of either Cav3.1 or Cav3.2 in M16 cells also showed 
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on LC3-I-II conversion and p62 increased levels (Figure 33), reassuring that the blockade 

of autophagic flow by T-type channel blockers was targeting T-type channels and, 

particularly, the Cav3.1 and Cav3.2 isoforms.  

 

Our results also show the activation of the pro-apoptotic UPR branch in response to T-

type channel blocker-mediated ER-stress, and that this is linked to autophagosome 

accumulation, and not to their biogenesis. During ER stress, eIF2α phosphorylation by 

PERK reduces protein synthesis and alleviates cell from death
232

. Here, we demonstrate 

that Salubrinal, a selective inhibitor of the eIF2α dephosphorylation
233

, reduces LC3-I-II 

conversion during Mibefradil or Pimozide treatment (Figure 34). On a first glance, these 

results would appear conflicting with the known role of eIF2α phosphorylation in 

inducing autophagy. One can speculate that both the magnitude and duration of eIF2α 

phosphorylation might be important factors in adjusting the autophagic response to ER 

stress. However, we rather take the results using Salubrinal as a further proof that the LC3 

I-II conversion in the presence of T-type channel blockers is a reflex of autophagy 

inhibition, rather than autophagy induction. Importantly, this result also allows establish a 

chronological sequence of events, by virtue of which ER stress anticipates autophagy 

inhibition, and it is the likely cause of it.    

 

Indeed, our study demonstrates that the T-type channel blockade-mediated melanoma cell 

death associated to the accumulation of AVs is the result of inhibited, rather than 

exacerbated autophagy. T-type channels blockade apparently inhibit the formation of 

autophagolysosomes through the fusion of AV and lysosomes, thereby reducing the 

turnover of AV. Although autophagic vacuolization by itself is not lethal, it primes cells 

for death accompanied by a loss in the mitochondrial membrane potential, relocation of 

cytochrome C from mitochondria to the cytosol and activation of Caspases
151, 199, 174

. We 

have checked how a disabled autophagy in melanoma cells is linked to cell death via the 

up-regulation of the pro-apoptotic UPR branch and a common final pathway involving 

biochemical features of apoptosis. Irrespective of the detailed molecular pathways linking 

disabled autophagy to mitochondrial apoptosis, the results attained in this work add to the 

growing suspicion that type 1 (apoptotic) and type 2 (autophagic) cell deaths are 

somehow interwoven. 
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Recent studies have demonstrated that inhibition of macroautophagy induces apoptosis in 

cancer cells 
182-186

. Conversely, inhibition of apoptosis also induces macroautophagy in a 

reciprocal manner
173-176

. Moreover, many currently used chemotherapeutical agents 

induce the proliferation of autophagosomes in vitro, which is likely to represent a 

protective mechanism of cancer cells against the stress induced by cytotoxic agents. 

Conversely, inhibition of autophagy by various lysosomotropic agents has been shown to 

sensitize tumour cells to chemotherapy
180, 182, 184-189

. These findings suggest that apoptosis 

and macroautophagy are two complementary reciprocally regulated pathways for 

regulating the cell fate between death and survival. Targeting the autophagy regulation of 

cancer cells is a therapeutic strategy yet to be properly designed and, in fact, it is 

becoming obvious that such approaches will need to be tailored for every kind of tumour 

and stage of tumorigenesis.  

 

Melanoma incidence has increased in last four decades and diverse therapies targeting 

specific molecules involved in melanoma progression are under evaluation 
228, 229, 230

. The 

involvement of pathophysiological Ca
2+

 signalling in cancer promises new therapeutic 

strategies. There are a growing number of publications describing the expression of Ca
2+

 

channel types in cancer, and the functional consequences of channel blockade on tumour 

parameters such as growth, migration or invasion. In this Thesis we present seminal data 

demonstrating the expression of a wide range of VGCCs in melanoma cells and the 

involvement of T-type channels in cell cycle control. We also show that human 

melanoma cells experience basal levels of adaptive UPR and macroautophagy, and that 

T-type channel blockers induce a caspase-dependent melanoma cell death through a 

sustained ER-stress and subsequent inhibition of the constitutive macroautophagy present 

in these cells. Finally, we identify T-type Cav3.1 and Cav3.2 channels as the targets for 

clinically used T-type channel blockers, by a gene silencing approach. Thus, our findings 

provide putative markers of melanoma progression, and the rationale for possible 

pharmacological therapies using T-type channel blockers, alone or in combination 

therapies, against melanoma progression. 
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1. Human melanoma cells and normal melanocytes express a diversity of voltage-

gated calcium channels, including members of the Cav1 family (L-type) and Cav2 

family (N-type, P/Q-type and R-type). Importantly, the expression of Cav3 family 

members (T-type) is detectable only in melanoma cells, in which mediates a 

constitutive influx of divalent cations in the absence of membrane depolarization, 

but not in normal untransformed melanocytes. 

 

2. The expression of the Cav3.1 and Cav3.2 isoforms of T-type channels is mutually 

exclusive to a certain extent. Cav3.1 channels are prominently expressed in 

melanoma cell lines displaying a low or average proliferation rate, whereas Cav3.2 

channels are the main T-type channel isoform in melanoma cell lines displaying a 

fast proliferation rate. 

 

3. Both T-type Cav3.1 and Cav3.2 channels are involved in the melanoma cell cycle 

progression. Gene silencing of either isoform results in a significant degree of cell 

cycle arrest, as evidenced by increased percentage of cells at the G1 phase and 

decreased percentage of cells at the S-phase. 

 

4. Moderate hypoxia (1% O2) may induce the selective up-regulation of the T-type 

Cav3.1 isoform and, to a lesser extent, of the Cav3.2 isoform. These effects are 

dependent on the melanoma cell type. The hypoxia-mediated up-regulation of T-

type channels is associated with an increased proliferation rate of the involved 

melanoma cell lines. 

 

5. The application of the T-type channel blocker Kurtoxin, affects melanoma viability 

in a negative way, by promoting cell cycle arrest. In contrast, synthetic T-type 

channel pharmacological blockers with a therapeutic pedigree in cardiovascular 

and nervous system diseases, Mibefradil and Pimozide respectively, affect 

negatively the viability of melanoma cells at two levels: (1) by promoting cell 

cycle arrest;  and  (2) by inducing the intrinsic apoptosis pathway. 

 

6. The melanoma cell death process triggered by T-type channel blockers Mibefradil 

and Pimozide is mediated by the induction of endoplasmic reticulum stress and 
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associated unfolded protein response, followed by inhibition of the constitutive 

autophagy present in these cells. 

 

7. The knockdown of T-type Cav3.1 and Cav3.2 channels in melanoma cells also 

induces the unfolded protein response, and inhibits the constitutive autophagy. 

Thus, these T-type channel subtypes are the likely targets of T-type channel 

blockers, regarding the reported effects on melanoma cells homeostasis and 

viability.     
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