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TITRE DE LA THÈSE EN FRANÇAIS: 

Rôle du canal ionique NALCN dans le processus de formation des métastases du cancer de la 

prostate. 

RESUMÉ DE LA THÈSE EN FRANÇAIS: 

L’homéostasie sodique joue un rôle prépondérant lors de la carcinogénèse prostatique. Cependant, 

le rôle du canal de fuite sodique NALCN lors de la carcinogénèse prostatique était totalement 

inconnu. L’objectif principal de cette étude était d’étudier le rôle de NALCN dans la dérégulation 

de l’homéostasie sodique lors de la tumorigenèse prostatique.  

Tout d’abord, nous avons montré sur des coupes de tissus prostatiques que l’expression de 

NALCN est augmentée dans les cancers. De plus, NALCN est surexprimé dans les lignées 

cancéreuses prostatiques les plus agressives. Nous avons vérifié la fonctionnalité du canal NALCN 

et de ses protéines associées via des expériences d’imagerie sodique dans ces lignées. Grâce à 

notre étude, nous montrons que NALCN n’est pas impliqué dans le cycle cellulaire, la viabilité 

cellulaire, l’apoptose ni la prolifération. En revanche, nous avons démontré que ce canal affecte 

grandement la motilité, la migration et l’invasion de nos lignées cellulaires cancéreuses 

prostatiques. Nous avons montré que NALCN et le protooncogène Src sont co-localisées dans le 

cancer de la prostate, notamment au niveau de structures appelées invadopodes. Enfin, nous avons 

prouvé par des études in vivo que la croissance tumorale et la formation de métastases sont inhibées 

lorsque l’expression du canal NALCN est diminuée.  

En conclusion, nos données mettent en évidence que le canal NALCN est un acteur 

important dans l’augmentation du potentiel métastatique des cellules cancéreuses de prostate à la 

fois in vitro et in vivo. NALCN peut donc être considéré comme une nouvelle cible thérapeutique 

permettant de diminuer l’agressivité des cancers de la prostate. 
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TITLE OF THE THESIS IN ENGLISH: 

Role of NALCN channel in prostate cancer metastatic behaviours. 

ABSTRACT OF THE THESIS IN ENGLISH: 

Importantly, altered Na+ homeostasis was implemented in prostate carcinogenesis. However, until 

now nothing was known about a newly discovered Na+ leak channel, NALCN, and its role in 

prostate malignancy. Therefore, the main objective of this study was to investigate the involvement 

of NALCN as a potential candidate of the deregulated Na+-dependent signalling mechanisms in 

prostate cancer.  

Interestingly, NALCN represented distinctly different localization patterns and levels of 

expression between human healthy and cancer prostate tissues. Indeed, NALCN was expressed 

preferentially in highly aggressive prostate cancer cell lines. Na+ imaging results verified on 

functionality of NALCN channelosome in these cells. Our study also revealed that NALCN was 

not involved in cell cycle, viability, apoptosis and proliferation, but significantly affected motility, 

migration and invasiveness of the prostate cancer cells. Interestingly, it was already reported that 

protooncogene Src family kinase is recruited to the NALCN complex. In this study, we confirmed 

that NALCN and Src kinase are co-localized in human prostate cancer cells, particularly in the 

structures that represent invadopodia formation sites. Furthermore, in vivo studies confirmed that 

NALCN downregulation inhibits tumour growth and metastasis formation.  

Overall, these data provide evidence on NALCN contribution to the increased metastatic 

potential of human prostate cancer cells both in vitro and in vivo. Therefore, NALCN could provide 

new perspective molecular target for the disease suppression, in particular at its advanced stages. 
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cDNA    ̶  complementary deoxyribonucleic acid 

CHX    ̶  cycloheximide 

CLIFAHDD   ̶  syndrome of congenital contractures of the limbs and face with hypotonia and 

developmental delay  

CLK    ̶  CLOCK 

CPA    ̶  cyclopiazonic acid  

cPCR    ̶  conventional PCR 

CROP    ̶  cisplatin resistance-associated overexpressed protein 

CS    ̶  cisplatin  

Cs+    ̶  cesium ion 

CT    ̶  cycle threshold (relating to qRT-PCR) 

CTRL    ̶  control 

CTS    ̶  cardiotonic steroids  

DAG    ̶  diacylglycerol 

Dbx1+    ̶  developing brain homeobox protein 1  

dH2O    ̶  distilled water 

DMEM   ̶  Dulbecco's Modified Eagle's Medium  

DMSO    ̶  dimethyl sulfoxide 

DNA    ̶  deoxyribonucleic acid 
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dNTP    ̶  deoxynucleotide triphosphate 

DPBS    ̶  Dulbecco’s Phosphate Buffered Saline  

ds    ̶  double stranded 

ECL    ̶  enhancer of chemiluminescence 

ECM    ̶  extracellular matrix 

EDTA    ̶  ethylenediaminetetraacetic acid 

EGF    ̶  epidermal growth factor 

ER    ̶  endoplasmic reticulum 

EtOH    ̶  ethanol 

FAK    ̶  focal adhesion kinase 

FBS    ̶  fetal bovine serum 

FW    ̶  forward 

G418    ̶  geneticin 

GABA    ̶  gamma-aminobutyric acid  

GAPDH   ̶  glyceraldehyde 3-phosphate dehydrogenase 

GFP    ̶  green fluorescent protein 

GPCR    ̶  G-protein coupled receptor 

H+    ̶  hydrogen ion 

HBSS    ̶   Hank's Balanced Salt Solution 

IgG    ̶   immunoglubulin G 

IHPRF  ̶   syndrome of infantile hypotonia with psychomotor retardation and characteristic 

facies 

INALCN               ̶   NALCN-mediated current 

INaP    ̶   persistent Na+ current 

INaT    ̶   transient Na+ current 

IP3    ̶   inositol triphosphate  

IP3R    ̶   inositol triphosphate receptor 

iPLA2    ̶  Ca2+-independent phospholipase A2 

K+     ̶   potassium ion 

K2P    ̶   two-pore domain K+ channel 

Kan    ̶  kanamycin 

kb    ̶  kilobases 

KB-R    ̶  KB-R7943  

kDa    ̶  kilo Daltons 
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LB    ̶  Lysogeny Broth 

Lwt    ̶  lightweight 

Lys    ̶  Lysine 

M3R    ̶  muscarinic receptor 3 

MetOH   ̶  methanol 

MMP    ̶  matrix metalloproteinase 

mRNA    ̶  messenger RNA 

MTS   ̶ 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium 

Mya    ̶  millions of years ago 

NA    ̶  narrow abdomen ion channel  

Na+    ̶  sodium ion 

NALCN   ̶  Na+ leak channel non-selective 

Nav    ̶  voltage-gated Na+ channel 

NaVI2.1   ̶  voltage independent Na+ channel 2.1  

NCLX    ̶  mitochondrial Na+/Ca2+ exchanger 

NCX    ̶  Na+/Ca2+ exchanger 

NHE1    ̶  Na+/H+ exchanger 

NK1R    ̶  neurokinin 1 receptor 

NKA    ̶  Na+/K+-ATPase 

NLF-1    ̶  NCA-localization factor 1 

NREMS   ̶  non-rapid eye movement sleep 

nt    ̶  nucleotide 

NT    ̶  neurotensin 

OD    ̶  optical density 

p    ̶  p-value 

PAGE    ̶  polyacrylamide gel electrophoresis 

PBS    ̶  phosphate buffer saline 

PCa    ̶  prostate cancer 

PCR    ̶  polymerase chain reaction 

PDF    ̶  pigment-dispersing factor  

PER    ̶  PERIOD 

pH    ̶  potential of H+ 

pHe    ̶  extracellular pH 
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pHi    ̶  intracellular pH 

PIP2    ̶  phosphatidylinositol 4,5-bisphosphate 

PMS    ̶  phenazine methosulfate 

preBötC   ̶  preBötzinger complex  

PTEN    ̶  phosphatase and tensin homolog 

Puro    ̶  puromycin 

Pyk2    ̶  proline-rich tyrosine kinase 2 

qPCR    ̶  quantitative real time PCR 

REMS    ̶  rapid eye movement sleep 

RIPA    ̶  radioimmunoprecipitation assay buffer 

RNA    ̶  ribonucleic acid 

RNA-seq   ̶  RNA sequencing 

ROS    ̶  reactive oxygen species 

rpm    ̶  rotations per minute 

RPMI    ̶  Roswell Park Memorial Institute  

RT    ̶  reverse transcription 

RTN    ̶  retrotrapezoid nucleus  

RV    ̶  reverse 

SBFI    ̶  sodium-binding benzofuran isophthalate 

SCZ    ̶  schizophrenia 

SD    ̶  standard deviation 

SDS    ̶  sodium dodecyl sulfate 

SDS-PAGE   ̶  SDS-polyacrylamide gel electrophoresis 

SEM    ̶  standard error of mean 

SERCA   ̶   sarco/endoplasmic reticulum Ca2+-ATPase 

SFK    ̶   Src-family kinases 

SFRB    ̶   sulforhodamine B 

shRNA   ̶   short hairpin RNA 

siRNA    ̶   small interfering RNA 

SNP    ̶   single nucleotide polymorphism 

SOC    ̶  Super Optimal broth with Catabolic repression 

SOCE    ̶  store-operated Ca2+ entry 

SP    ̶  substance P 

ss    ̶  single stranded 
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STIM    ̶  stromal interaction molecule 

TAE    ̶  Tris-acetate EDTA 

TB    ̶  terrific broth 

TBE    ̶  Tris-borate EDTA 

TBP    ̶  TATA-binding protein 

TBS    ̶  Tris buffered saline 

TBS-T    ̶  Tris buffered saline Tween 20 

TEA    ̶  tetramethylammonium 

TEMED   ̶  N-N-N'-N'-tetramethylethylenediamine 

TG    ̶  thapsigargin 

TNF-α    ̶  tumour necrosis factor α 

Tris    ̶  2-amino-2hydroxy-methylpropane-1,3-diol 

TRPC    ̶  transient receptor potential canonical channel 

TTX    ̶  tetrodotoxin 

UNC    ̶  uncoordinated 

UTR    ̶  untranslated region  

UV    ̶  ultraviolet 

VGCNL1   ̶  voltage-gated channel like protein 1  

w/m    ̶  weight per mass 

w/v    ̶  weight per volume 

WT    ̶  wild type    
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1. Introduction 

1.1 Ion channels 

1.1.1 The minds behind ion channel discovery 

 “Dr. Henry Frankenstein:  Look! It's moving. It's alive. It's alive... It's alive, it's moving, it's 

alive, it's alive, it's alive, it's alive, IT'S ALIVE! 

  Victor Moritz:   Henry - in the name of God! 

  Dr. Henry Frankenstein:  Oh, in the name of God! Now I know what it feels like to BE God!” 

 

This quote is taken from the movie “Frankenstein” (1931), based on the original novel of Mary 

Shelley (1797-1851) written in 1818. Indeed, in 18th century electricity was thought of as a kind 

of ‘vital fluid’ that could have been used to bring back life into organisms. Accordingly, 

‘galvanism’ was gaining popularity within both public and scientific communities. The term was 

named after Italian physicist Luigi Galvani (1737-1798) thanks to his remarkable experiment in 

1791 when he made a dead frog’s leg to twitch by using electrical current. Later, encouraged by 

Galvani’s work Alessandro Volta (1745-1827) repeated his experiment and found that the frog’s 

leg by itself did not produce electricity but rather served as an indicator of the electricity presence. 

Moreover, he was the first to build voltaic pile, an early electric battery, after imitating the electric 

organ of fish. In 1825, Italian physicist Leopoldo Nobili (1784-1835) invented ‘astatic 

galvanometer’, one that did not use Earth’s magnetic field, which much facilitated measurements 

of electrical current in frog. In 1835, German physiologist Johannes Peter Müller (1801-1858) 

proposed his theory of ‘the specific nerve energies’, which were transmitted by different nerves 

(e.g. optical, auditive) and identified by brain. Following up on Nobili's work, in 1838 Carlo 

Matteucci (1811-1868) developed ‘rheoscopic frog’, consisted of skinned frog's leg with electrical 

connections to a nerve, and discovered that muscle cells after stimulation by a nerve, produced a 

current of their own. In 1848, Emil Henrich du Bois-Reymond (1818-1896) noted some ‘negative 

variation’ in metallic electrodes connecting the nerve to galvanometer only during nerve 

stimulation (mechanical or electrical), shown that the frog’s nerve exhibit ‘action current’. In 1852, 

Hermann von Helmholtz (1821-1894) determined the velocity of electrical signal on a nerve cell 

(27 meters/second), which was much slower than conduction in a metal wire. Thus, Hermholtz 

concluded that nerves carried electrical signal in a different manner than a wire. Overall, little by 

little scientific discoveries of 19th century were indicating onto underlying chemical processes in 

nerve and muscle tissues conducting the electrical signals. Subsequently, common at that time 
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belief into existence of some supernatural living forces, or so called ‘vitalism’, was progressively 

rejected. 

In 1885, British physiologist Sydney Ringer (1835-1910) discovered that in order to keep 

the heart beating it had to stay in a saline solution with specific concentrations of Na+, Ca2+ and 

K+. Shortly after, German chemist Walther Hermann Nernst (1864-1941) postulated equation of 

the reduction potential of an electrochemical reaction. In 1912, his student Julius Bernstein (1839-

1917) further developed Nernst equation and postulated the ionic theory. According to it, the 

inactive nerve or muscle fibre is normally electrically polarized, with the external surface positive 

in relation to the internal one, and that the action potential is a self-propagated depolarization of 

the membrane. In 1937, British zoologist John Zachary Young (1907-1997) discovered the squid 

giant axon and the corresponding squid giant synapse. Since squid neuron’s diameter is 

approximately 100 to 1000 times larger than in other animals, it became ultimately convenient 

model for the electrophysiological studies. In 1939 Alan Lloyd Hodgkin (1914-1998) and Sir 

Andrew Fielding Huxley (1917-2012), for the first time performed intracellular recording of the 

squid giant axon potential. In 1949 thanks to work of Ralph Waldo Gerard (1900-1974), Judith 

Graham Pool (1919-1975), Gilbert Ning Ling (1919-) the glass microelectrode was developed, 

that enabled researchers to investigate ionic gradients more directly and precisely. Not long after 

this, Hodgkin with David Goldman (1910–1998) and Sir Bernard Katz (1911-2003) reported on 

the importance of Na+ ions to form the action potential. In essence, they found a simple linear 

relationship between the amount of Na+ outside the neuron and the amplitude of the action 

potential. Overall, it was elucidated that neurons conduct messages along their length due to Na+ 

influx and K+ efflux, which is generating travelling change in the membrane potential that can be 

then detected by another cell and thus transmit the signal further.  

 The next instrumental improvement performed by Kenneth Stewart Cole (1900-1984) and 

George Marmont (n/a) in 1949, involved placing a second glass electrode inside the cell in order 

to ‘voltage clamp’ the cell. This discovery enabled researchers to distinguish the voltage changes 

induced by the actual plasmalemmal ion passage from those made deliberately by the 

experimenter. In 1952, Hodgkin and Huxley described the first mathematical theory that proposed 

existence of the ion channels.  Indeed, the discovery of specific pore blockers, like tetrodotoxin 

(TTX) for Na+ and tetramethylammonium (TEA) for K+, proved the simultaneous presence of 

differently controlled membraner pores. In addition, thanks to the radioactive tracers, the 

movements of ions in nerve axons were successfully monitored. Overall, the observed results 

indicated onto existence of specific ‘single narrow pores’, or so called channels, letting the ions to 

pass. In 1971, American biophysicist Bertil Hille (1940-) proposed that ion channel consists of the 
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specific structure part, named ‘filter’, which controls ion movements and is about 3-5 Å in size. In 

1976, Erwin Neher (1944-) and Bert Sakmann (1942-) invented the ‘patch clamp’ method. Since 

then, it became possible to detect currents smaller than 10-12 Amperes (A), sensitive enough to 

measure ion flow though the single channel molecule. It was through this technique that the 

presence of ion channels was confirmed with sufficient physical evidence and the processes that 

take place within a single ion channel were uncovered 

Noteworthy, in 1970, there were only 3 scientific publications with the term ‘channel’. By 

1980 the number raise over 300, and by 1990 over 1000. By 2017, PubMed offers more than 

240,000 scientific articles using ‘ion channel’ in their titles. The main highlights of the events 

leading towards such broad acceptance of the ion channel concept by the scientific community are 

presented in the chronological manner in Figure 1. 
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Figure 1. Scientific discoveries that led to acceptance of the ion channel concept.  
In 1791, Luigi Galvani made a dead frog’s leg to twitch by using electrical current. In 1912, 
Julius Bernstein developed the equation proposed by Walther Nernst. According to it, the 
inactive nerve or muscle fibre is normally electrically polarized, with the external surface 
positive in relation to the internal one, and that the action potential is a self-propagated 
depolarization of the membrane. In 1939, Hodgkin and Huxley for the first time recorded the 
action potential in squid giant axon. In 1971, Hille reported on existence of a specific structure 
in cell membrane, named ‘filter’, which controls ion movements and is about 3-5 Å in size. In 
1976, Neher and Sakmann invented the ‘patch clamp’ method, sensitive enough to measure the 
ion conductance of a single ion channel.  
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1.1.2 Diversity and structural properties 

The ion transporting proteins are integral membrane molecules (whether plasmalemmal or 

organellal) that can be functionally classified into pumps, transporters and channels (Figure 2). 

The main difference is that pumps and transporters are using so called ‘active transport’, whereas 

ion channels – exclusively ‘passive transport’, which is the diffusion of ions along their 

electrochemical gradient. Pumps utilize metabolic energy (e.g. ATP hydrolysis) and can transport 

limited amount of ions against the electrochemical gradient. Ion transporters work by the mean of 

‘secondary active transport’, that relies on electrochemical potential difference. Transporters move 

ions down the electrochemical gradient, but possibly against the concentration gradient. 

Importantly, the charge of transported ions determines whether the transport is ‘electroneutral’ 

(does not generate electrical current), or ‘electrogenic’. 

Of note, the most distinctive features of ion channels that differentiate them from other 

types of ion transporting proteins are as follows: 

•  high rate of ion diffusion - around 106-108 ions/second; 

•  the filter pore is around 3-5 Å in diameter; and 

•  their functioning allows ion to pass through the pore down the electrochemical 

gradient, hence it creates electric current and is intrinsically electrogenic. 

Ion channels greatly differ in their structure (Figure 3). Typically, they are consisted of two 

or more transmembrane segments that are organized in a pore-forming subunit. Ion channels can 

be represented whether as an individual large polypeptide (monomer) or as the assemblies of 

several proteins (multimer). The latter may be formed by the identical proteins (homomeric ion 

channel) or by the products of the different genes expression (heteromeric ion channel).  

1.1.3 Classification by gating  

The term ‘gating’ refers to the opening (activation) or closing (by deactivation or inactivation) of 

ion channel. They could be distinguished following major classes of the ion channels depending 

on their mode of activation (Figure 4): 

•  Mechano-operated ion channels – activated due to the membrane stretch. For 

example, the application of phospholipids drives plasma membrane perturbations, 

which in turn are detected by C-terminal of K2P2.1, that activates the channel and 

hence leads to K+ efflux (Patel et al., 1998). 
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Figure 2. Ion transporting proteins.  
Ion transporting proteins are membrane-embedded proteins or protein complexes that span the 
lipid bilayer several times to create an ion translocation pathway. Functionally, ion transporting 
proteins can be classified into pumps, transporters and channels. Modified from (Jentsch, 2016). 
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Figure 3. Diversity of ion channel proteins.  
This scheme is based on primary structure, atomic structures (where known), and postulated 
evolutionary origins. The predicted transmembrane topology has the extracellular side at the 
top and uses rectangles to indicate helices labeled “S.” P loops are shown as a short helix and 
loop between two transmembrane helices. The last column shows the known (or likely) subunit 
compositions. Adapted from (Pollard & Earnshaw, 2008) 
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Figure 4. Ion channels classification by the gating properties.  
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•  pH-operated ion channels – activated by the changes in pH. For example, acid-

sensing ion channels, ASICs, are activated by the presence of extracellular protons 

(H+) and permeate Na+ entry (Gründer & Pusch, 2015). 

•  Receptor-operated ion channels – activated by extra- or intracellular ligands. For 

example, the binding of glutamate and glycine activates N-methyl-D-aspartate 

receptors and thus modulates flow of positively charged ions though the membrane 

channel (Furukawa et al., 2005).  

•  Second messenger-operated ion channels – activated by the second messengers. 

Phospholipase C degrades plasmalemmal phosphatidylinositol 4,5-bisphosphate 

(PIP2) into inositol triphosphate (IP3) and diacylglycerol (DAG). Both second 

messenger molecules stimulate activation of various ion channels. For example, IP3 

activates endoplasmic reticulum (ER) residing IP3 receptor (IP3R) and thus leads 

to the release of Ca2+ from intracellular stores (Ross et al., 1989). 

•  Store-operated ion channels – activated due to the Ca2+ store depletion. For 

example, decreased Ca2+ level in ER is detected by the stromal molecule interaction 

protein (STIM), which in turn via clustering under plasma membrane activate 

ORAI1 channel and thus trigger significant intracellular Ca2+ entry (Gonzalez et 

al., 2014). 

•  Temperature-operated ion channels – activated by changes in temperature. For 

example, TRPM8 channel is activated by cold temperatures and cooling agents, 

such as menthol and icilin, and as a result permeates Na+ and Ca2+ ions.  

•  Voltage-operated ion channels – activated by changes in the resting membrane 

potential. For example, voltage sensing S4 segment of Nav1.5 channel responds to 

the level of membrane potential, which leads to the changes in protein conformation 

and pore opening for Na+ influx (Catterall, 2012).  

It is important to note, that another class of ion channels exists. In contrast to others, it does 

not exhibit any specific gating properties and hence was suggested to represent the ion channels 

that are constitutively open or possess high basal activation. For this reason, they were named as 

‘leak channels’. It is generally considered that leak ion channels are required to set up the resting 

membrane potential. Indeed, two-pore domain (K2P), or so called ‘leak K+ channels’ give rise to 

background K+ currents that are responsible for the resting membrane potential and input 

resistance (Renigunta et al., 2015). Interestingly, even channels from other families were 

suggested to possess some background/leak currents. For example, the current generated by 
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voltage-operated Na+ channels exhibits two distinct components: fast-inactivating current with 

high amplitude, named as transient current (INaT), and persistent current component with low 

amplitude (INaP). Importantly, INaP manifests itself significantly under a variety of 

pathophysiological conditions, including cancer (Kiss, 2008; Djamgoz & Onkal, 2013) (Figure 5). 

Thus, in addition to being already applied for a range of coronary conditions (e.g. angina, 

arrthymia) INaP blockers were suggested as the highly promising potential candidates for cancer 

treatment (Djamgoz & Onkal, 2013). Overall, it highlights the importance of background Na+ leak 

in various physio- and pathological processes.  

Importantly, another channel that provides background Na+ current was recently discovered 

(Snutch & Monteil, 2007). In fact, the main function of this channel is to provide basal Na+ and to 

lower extent K+ and Ca2+ leak, hence the name – Na+ leak channel non-selective (NALCN) (Lu et 

al., 2007). Although NALCN was shown to maintain the resting membrane potential and thus was 

already associated with neuronal physiology, very little is yet known about its implication in other 

tissues and pathologies (Lee et al., 1999; Lu et al., 2007). Therefore, this PhD project is devoted 

to widen our understanding on Na+ leak provided through NALCN with particular focus on cancer 

pathophysiology.  
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Figure 5. Activity of voltage-operated Na+ channels.  
Importantly, the membrane current generated by voltage-operated Na+ channels has two distinct 
components: classic ‘transient’ component (INaT) lasting a miliseconds and a ‘persistent’ phase 
(INaP) which is only <1 % of the corresponding INaT but can outlast it by hundreds of miliseconds 
- seconds, even at positive membrane potentials. Interestingly, the condition of oxygen 
deprivation, named hypoxia, that often occurs during tumourigenesis, was shown to 
preferentially enhance INaP. Therefore, background Na+ leak plays remarkable role in various 
physio- and pathological conditions. Adapted from (Djamgoz & Onkal, 2013) 
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1.2 Sodium leak channel non-selective, NALCN 

1.2.1 Discovery and structure 

In 1999, Perez-Reyes and colleagues cloned a novel protein from rat brain (Lee et al., 1999). Based 

on its sequence and structure similarities with voltage-gated Ca2+ (Cav) and Na+ channels (Nav), 

novel protein was proposed to be the 21st member of the voltage-gated cation channel family and 

hence named Rb21 (Lee et al., 1999) (Figure 6). Despite multiple attempts, the current for this 

putative channel was not detected at that time. However, Rb21 was found to be highly expressed 

in human brain, moderately in heart, and weakly in pancreas (Lee et al., 1999). Later, it was 

discovered that Rb21 is voltage-insensitive nonselective cation channel, responsible for the TTX- 

and cesium (Cs+)-resistant background Na+ leak current (Lu et al., 2007). Since then, it was 

renamed onto Na+ leak channel non-selective, or NALCN. Of note, it might be also referred to as 

voltage independent Na+ channel 2.1 (NaVI2.1) or voltage-gated channel like protein 1 (VGCNL1) 

in mammals, narrow abdomen ion channel (NA) in fruit fly Drosophila melanogaster and NCA-

1/2 in nematode Caenorhabditis elegans (Nash et al., 2002; Yu & Catterall, 2004; Humphrey et 

al., 2007).  

Interestingly, in almost all organisms (except of nematode, cnidarian and sponge) NALCN 

is encoded only by one gene (Liebeskind et al., 2012; Senatore et al., 2013). Noteworthy, the 

phylogenetic analysis indicates onto evolutionary transformation of NALCN selectivity filter from 

Ca2+ (EEEE) towards Na+ (EKEE or EEKE) (Senatore & Spafford, 2013; Senatore et al., 2013) 

(Figure 7). This adaptation may be explained by the requirement for organism conversion from 

Ca2+-dependent to Na+-dependent depolarization (discussed in 1.1.1.1 section ‘Hypothetical point 

of view on the evolution of ion channels’). As a result, the speed of conduction considerably 

accelerated: unlike Ca2+ ions, Na+ ions do not interfere with any of the cellular processes, and 

hence the quantity of plasmalemmal Na+ channels as well as the density of generated inward 

current, could be greatly elevated (Franciolini & Petris, 1989). Indeed, the simplest and oldest 

animals and their eukaryote relatives (e.g choanoflgellates, sponges, protists, poriferans, and 

placozoans), which lack nervous systems, possess only Ca2+-selective channels. Accordingly, it 

was suggested that Ca2+-permeable channels, including some Cav and NALCN with EEEE 

selectivity filter, evolved earlier than Nav, possibly from the common predecessor (Figure 8). 

Importantly, the inclusion of amino-acid residue Lysine (Lys) into the channel pore switched the 

preference of filter selectivity over Ca2+ towards Na+ ions (Dudev & Lim, 2014). Therefore, the 

co-appearance of channels with Lys residue in the pore (EKEE and EEKE for NALCN, and DEKA 

for Nav) is consistent with the evolution of Na+ to generate membrane excitability, and 

simultaneously to avoid redundancy of signalling crossover introduced by Ca2+ influx (Figure 9). 
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Figure 6. NALCN protein structure.  
NALCN consists of 4 domains (I-IV), each of which possess 6 transmembrane segments (S1-
S6). N- and C-terminals are intracellular. The ion channel filter is formed due to the 
conformational proximity of S5, p-loop and S6 elements from each domain. The sequence of 
amino-acid residues of each p-loop element predetermines the filter selectivity, which in 
humans is represented by EEKE motif. S4 segments lack positively charged amino-acid 
residues, and hence precondition voltage-insensitivity of NALCN. Adapted from (Chong et al., 
2015). 
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Figure 7. Illustration of the NALCN selectivity filter evolution.  
Metazoan genomes represent alternative selectivity filters of NALCN. First, it appears to 
possess Ca2+-selective pore (EEEE or EDEE). Later, the appearance of Lysine amino-acid 
residue in the pore, switches it selectivity towards Na+ (EKEE or EEKE). Adapted from 
(Senatore et al., 2013). 
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NALCN 

Figure 8. Phylogenetic tree of 4x6TM protein family.  
Tree was rooted to the bacterial sodium channel (NachBac), but this branch is not shown in the 
figure. Bootstrap values of 50 to 74% are depicted by an asterisk (*); values of 75 to 100% are 
depicted by **; and those that are <49% are not shown. The scale bar corresponds to the number 
of changes needed to explain the differences in the protein sequences. Vertical branch length is 
not significant. Adapted from (Yu & Catterall, 2004). 
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Figure 9. Evolutionary conversion of 4x6TM ion channel family from Ca2+- to Na+-
permeability.  
The simplest and oldest animals and their eukaryote relatives (choanoflgellates, sponges, 
protists, poriferans, and placozoans), which lack nervous systems, possess only Ca2+-selective 
channels. The co-appearance of NALCN (EKEE and EEKE) and Nav (DEKA) channels with a 
Lysine residue in the pore is consistent with the evolution of Na+ ions to generate membrane 
excitability in nervous systems, circumventing the toxicity that intracellular Ca2+ ions have as 
agents for membrane depolarization. Adapted from (Senatore & Spafford, 2013) 
 

? 
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In mammals, NALCN is a highly conserved gene (99% identity between human and mouse) 

(Lu & Feng, 2012) (Figure 10). In humans, the gene encoding NALCN is located on chromosome 

13 and comprises at least 44 exons (43 coding exons) (Figure 11). On the protein level, it consists 

of 1738 amino-acid residues and has a predicted topology similar to Nav and Cav channels (Snutch 

& Monteil, 2007). However, unlike in Nav and Cav channels, the S4 transmembrane segments of 

NALCN possess fewer amino acid residues with positive charge (e.g. Arginine and Lysine), 

especially in domains II and IV, and thus lack voltage sensitivity in NALCN (Senatore et al., 

2013). Several splice variants of NALCN were identified, however, there is still not much known 

about their functioning and physiological role (Figure 12). 

1.2.2 Functional properties 

The very first functional characterization of NALCN as a Na+ leak channel was performed only 

10 years ago (Lu et al., 2007; Snutch & Monteil, 2007). At that time it was discovered that NALCN 

is one of the few channels in the 4x6TM channel family required for the neonatal survival (Lu et 

al., 2007). Although the newborns of NALCN-/- mice did not exhibit apparent abnormalities, they 

did not survive beyond 24 hours after birth (Lu et al., 2007). Importantly, regular rhythmic 

respiratory activities of null mice were significantly disrupted, more likely due to the defects in 

electrical signaling of the nervous system, conditioned by NALCN deletion (Lu et al., 2007). 

Furthermore, the hippocampal neurons of null mice were hyperpolarized by around 10 mV, when 

compared to the wild-type mice (Lu et al., 2007). Moreover, the frequency of continuous firing 

was significantly reduced in NALCN knock-out neurons, indicating onto the channel importance 

for neuronal excitability (Lu et al., 2007). Overall, it was concluded that NALCN contributes to 

the resting membrane potential by providing a depolarizing current that assists in counterbalance 

of the hyperpolarizing current induced by K2P channels (Ren, 2011; Lu & Feng, 2012). Indeed, 

TTX-insensitive background Na+ leak current was absent in NALCN mutant neurons and was 

restored by transient expression of NALCN using cDNA transfection (Lu et al., 2007). In addition, 

it was suggested that together with Na+ NALCN permeates other ions (Na+>K+>Cs+>Ca2+), and 

thus it lacks the ion selectivity (Lu et al., 2007). Taken together, widely expressed in neurons 

voltage-independent, non-selective NALCN current (INALCN) provides around 70% of the total 

basal Na+ leak, with reverse potential approximately at 0 mV (Figure 13).  

 

 

 



38 
 

 

Figure 10. Homology of NALCN between Homo sapiens and other species.  
Adapted from (Lu & Feng, 2012). 
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Figure 11. Human NALCN.  
The gene encoding NALCN is located on chromosome 13 and comprises at least 44 exons. 
NALCN is a 1738 amino-acids protein that forms the channel similar to Nav and Cav. The 
selectivity filter is represented by EEKE motif. The putative interaction sites with other 
molecules are indicated.  
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Figure 12. Alternative splice variants of NALCN.  
According to the NCBI database by September 2017. 
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Figure 13. Illustrative current-voltage relationships of the 4x6TM ion channel family.  
Modified from (Ren, 2011). 
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 In contrast to the evidence that NALCN provides constitutive background current, another 

study in pancreatic cancer cells reported on activation of NALCN-mediated Na+ current through 

M3 muscarinic receptor (M3R) (Swayne et al., 2009). Similarly, in mouse hippocampal and 

ventral tegmental area neurons NALCN current was found to be activated by neuropeptides such 

as substance P (SP) and neurotensin (NT), more likely through its coupling with neurokinin 1 

receptor (NK1R) (Lu et al., 2009). Interestingly, both G protein-coupled receptor (GPCR) 

pathways (mediated though M3R and NK1R) exhibited G protein-independent signalling mostly 

relying on the activity of Src family of tyrosine kinases (SFK) (Lu et al., 2009; Swayne et al., 

2009). On contrary, another GPCR, the Ca2+-sensing receptor (CaSR), was found to act through 

G-protein-dependent and SFK-independent pathway leading to inhibition of NALCN-mediated 

current (Lu et al., 2010). Taken together, these studies provided first evidence that in addition to 

its basal Na+ leak function, NALCN might being regulated by GPCRs, possibly with some tissue-

dependent mode of operation. Nevertheless, much still remains to be determined about functional 

properties and regulation of NALCN.   

1.2.3 Channelosome complex 

Like many ion channels, NALCN is associated with several proteins to form a larger channel 

complex, named as NALCN channelosome (Figure 14). These auxiliary subunits were shown to 

play role in the folding, stabilization, cellular localization, and to some extent function of the 

channel complex. The main members of NALCN channelosome are described below. 

1.2.3.1 UNC-80 

Homolog of C. elegans uncoordinated locomotion protein 80, UNC-80, (alternatively KIAA1843, 

C2orf21) was first cloned from human cDNA library in 2001 (Nagase et al., 2001). It is located 

on chromosome 2, cytoband q34, on the (+) strand with genomic size around 230 kb. UNC-80 

mRNA is comprised of presumably 64 exons, around 13.5 kb in length. UNC-80 is a large protein 

of about 3,300 amino-acid residues, with predicted size around 360 kDa. Any transmembrane 

segments or particular functional domains of UNC-80 were not yet identified. According to NCBI 

database, several splice variants of human UNC-80 exist (Figure 15A).  

UNC-80 is a central ‘connector’ of NALCN channelosome. Indeed, major members of the 

channel complex, in particular, UNC-79, SFK, and NALCN itself, all directly interact with UNC-

80, but not with each other (Lu et al., 2010). In particular, UNC-80 acts as scaffold protein for 

SFK and UNC-79 (Wang & Ren, 2009). Such cooperation with UNC-80 was found being 

important for  NALCN activation, specifically, by the means of unique mechanism:  
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Figure 14. Schematic representation of NALCN channelosome.   
UNC79 and UNC80 represent auxiliary subunits of the NALCN channel: UNC80 directly 
physically interacts with UNC79 on one hand and with NALCN on the other; UNC79 affects 
UNC80 protein levels. UNC-80 interacts with NALCN and SFKs and acts as a scaffolding 
protein. UNC-79 interacts with UNC-80 but not NALCN and is involved in the expression 
levels and the neuronal localization of NALCN and UNC-80. NLF-1, an endoplasmic 
reticulum-resident protein that interacts with NALCN and is possibly involved in its folding is 
shown apart. Overall, regulation of the NALCN channel complex is extremely important for 
controlling neuronal excitability. Modified from (Senatore et al., 2013). 
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Figure 15. Human UNC-80.   
A, Alternative splice variants according to the NCBI database by September 2017. B, Reverse 
transcription PCR of 21 normal human tissues demonstrating the expression pattern of UNC-
80. Adapted from (Perez et al., 2016). 



45 
 

switching on GPCRs, which in turn resulted in SFK activation, omitting G protein-dependent 

pathway, and led to the subsequent INALCN (Lu et al., 2009). Moreover, INALCN was suggested being 

extracellular Ca2+-sensitive depending on the presence of UNC-80 (Lu et al., 2010). Overall, UNC-

80 contributes to the neuronal localization of NALCN channelosome (Jospin et al., 2007; Yeh et 

al., 2008; Lear et al., 2013).  

Human and mouse UNC-80 orthologues exhibit 97% homology (Lu et al., 2009). Recently, 

the expression pattern of UNC-80 in various normal human tissues was investigated (Figure 15B) 

(Perez et al., 2016). Nevertheless, despite its widespread expression in the mammalian brain, the 

in vivo function of UNC-80 is still largely unknown. Of note, the deletion of 2q33.3-q34 was 

reported for patient with autistic and Rett-like features (Jang et al., 2015). In addition, several 

UNC-80 mutations were identified in patients with infantile hypotonia with psychomotor 

retardation and characterisis facies (Perez et al., 2016; Shamseldin et al., 2016; Stray-Pedersen et 

al., 2016). To date, UNC-80 mutations were mostly associated with severe intellectual disabilities, 

encephalopathy, persistent hypotonia and growth retardation, reminiscent of the phenotype related 

to NALCN mutations. 

1.2.3.2 UNC-79  

Homolog of C. elegans uncoordinated locomotion protein 79, UNC-79 (alternative names 

KIAA1409, FLJ4333) was first cloned from human cDNA library in 2000 (Nagase et al., 2001). 

It is located on chromosome 14, cytoband q32.12, on the (+) strand with genomic size around 380 

kb. UNC-79 mRNA is comprised of presumably 59 exons, and 9.2 kb in length. UNC-79 is a large 

protein of about 2,800 amino-acid residues, with predicted size of around 300 kDa. Of note, any 

transmembrane segments or particular functional domains of UNC-79 were not yet identified. 

According to NCBI database, several splice variants of human UNC-79 exist (Figure 16).  

UNC-79 could be called as a ‘stabilizer’ of NALCN channelosome. Indeed, it interacts 

with UNC-80 and regulates its level of expression, and consequently the level of NALCN 

expression, more likely though the posttranslational mechanism (Humphrey et al., 2007; Yeh et 

al., 2008). Interestingly, absence of UNC-79 in null mice considerably suppressed UNC-80 protein 

level, without any substantial effect on INALCN (Lu et al., 2010; Speca et al., 2010). Accordingly, 

UNC-79 stabilizes UNC-80 and thus regulates neuronal localization of NALCN channelosome 

(Humphrey et al., 2007; Yeh et al., 2008; Lear et al., 2013).  

In vivo studies revealed the importance of UNC-79 in neonatal survival, as well as its 

involvement in breathing rhythms and nursing (Lu et al., 2010; Speca et al., 2010). Furthermore, 

mutation that conditioned premature stop codon in the middle of UNC-79, in heterozygous mice  
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Figure 16. Alternative splicing forms of human UNC-79.   
Alternative splice variants according to the NCBI database by September 2017. 
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showed reduced body weight, modest hyperactivity, increased ethanol consumption, increased 

food and water intake, preference for saccharin, and resistance to isoflurane (Speca et al., 2010).  

1.2.3.3 NLF-1 

NCA localization factor 1, NLF-1 (alternative names FAM155A, B1AL88, mid1) is located on 

chromosome 13, cytoband q33.3, on the (-) strand with genomic size around 700 kb. NLF-1 mRNA 

is comprised of 4 exons, around 3.8 kb in length. NLF-1 is an ER-residing protein of around 460 

amino-acid residues, with predicted size of approximately 52 kDa. NLF-1 is predicted to have one 

single transmembrane domain, and putative ER retention motif at the N-terminal. In addition, 

NLF-1 has a cysteine-rich domain, that could be involved in signal transduction (Pei & Grishin, 

2012). According to NCBI database, few splice variants of human NLF-1 exist (Figure 17).  

 NLF-1 is proposed being a chaperone protein that facilitates folding and assembly of 

NALCN channel. Accordingly, this ER resident protein promotes membrane trafficking of 

NALCN, and thus through mediated INALCN maintains the resting membrane potential (Xie et al., 

2013; Flourakis et al., 2015; Moose et al., 2017). Indeed, NLF-1 physically interacts with NALCN 

and its knockdown effectively reduces basal Na+ leak (Xie et al., 2013). Importantly, NLF-1 is 

rhythmically expressed in clock neurons, suggesting on its involvement in circadian behaviour 

(Flourakis et al., 2015; Moose et al., 2017). Interestingly, in NLF-1 mutants the endogenous level 

of UNC-79 is significantly decreased. However, vice versa, the absence of UNC-79 and UNC-80 

does not affect NLF-1 expression level (Xie et al., 2013). Furthermore, it was suggested that NLF-

1 expression correlates with channelosome production and is developmentally regulated (Moose 

et al., 2017).   
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Figure 17. Alternative splicing forms of human NLF-1.   
Alternative splice variants according to the NCBI database by September 2017. 
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1.2.3.4 G protein-coupled receptors 

In addition to its baseline activity, NALCN current was also suggested of being modulated by 

several GPCRs. For example, in neurons from NALCN-/- mice the previously observed 

neuropeptide-activated currents, in particular, mediated by substance P and neurotensin through 

NK1R, were absent (Lu et al., 2009). Furthermore, another member of GPCRs, M3R was reported 

to directly interact with NALCN and support acetylcholine-induced INALCN in pancreatic β-cells 

(Swayne et al., 2009). Interestingly, NK1R- and M3R-dependent mechanisms did not require G-

protein stimulation, but rather were comprised of unconventional pathway, mediated through SFK 

activity (Lu et al., 2009). Surprisingly, another GPCR, CaSR, was found to inhibit NALCN (Lu et 

al., 2010). This regulation was reported to be G-protein-dependent and SFK-independent, to 

require UNC-80 and to involve molecular determinants in the C-terminal portion of NALCN (Lu 

et al., 2010). However, recent study in C. elegans, provided contrasting evidence, indicating that 

Gq signalling involves stimulation of Rho GTPases and leads to the activation of NALCN 

orthologs, NCA-1/NCA-2 (Topalidou et al., 2017). Since it is known that Go inhibits Gq (Hajdu-

Cronin et al. 1999), one can suggest that G-protein-dependent activation/inhibition of NALCN 

channelosome would be highly restrained to the type of upstream GPCRs. Indeed, CaSR is GPCR 

coupled with Go-protein, whereas NK1R and M3R – with Gq proteins (Figure 18). 

1.2.3.5 Src Family Kinase 

As described above, it was reported that some GPCRs mediate INALCN through SFK activation (Lu 

et al., 2009). Indeed, SFK-generated currents were lacking in NALCN-/- neurons, and thus 

implying on NALCN as their major cation channel target (Lu et al., 2009). Of note, UNC-80 

directly interacts with proto-oncogene tyrosine protein kinase, c-Src (Wang & Ren, 2009). 

Importantly, this interaction was shown for both wild-type and constitutively active Src, but not 

for inactive mutant (Figure 18) (Wang & Ren, 2009).  
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Figure 18. Schematic illustration of GPCRs involvement in the functioning of NALCN 
channelosome.   
GPCRs may affect NALCN channelosome functioning by the means of different mechanisms: 
SFK-dependent pathway was reported to activate INALCN, whereas G-protein-dependent 
pathway was thought to inhibit INALCN. However, recent evidence suggests that NALCN 
modulation is more likely determined by the particular type of G-protein coupled to GPCR: Gq 
proteins would activate Rho GTPases, involve SFK-dependent signalling, and lead to NALCN 
activation; whereas Go proteins would inhibit Gq stimulation and decrease NALCN functioning. 
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1.2.4 Physiological role 

Investigations of NALCN channelosome-associated phenotypes were mostly conducted on 

mammals and invertebrates. Accordingly, in this chapter the physiological role of NALCN channel 

complex will be described based on the evidence collected from animal model studies. 

1.2.4.1 Abdominal morphology 

The orthologue of human NALCN in D. melanogaster was identified due to particular changes in 

the mutants morphology: thinner and more elongated abdomens with no obvious deformities, 

hence the name - narrow abdomen (NA) ion channel (Krishnan & Nash, 1990; Mir et al., 1997; 

Nash et al., 2002). Additionally, UNC-79 mutants fruit flies also exhibited cylindrically shaped 

abdomen (Humphrey et al., 2007). On contrary, NALCN null mice did not display striking 

morphological abnormalities (Lu et al., 2007).  

1.2.4.2 Cardiovascular pathologies 

Interestingly, different minerals, vitamins and trace elements considerably affected cardiac gene 

expression pattern in rat, in particular, NALCN was found significantly downregulated (Sárközy 

et al., 2015).  

1.2.4.3 Circadian rhythm and sleep  

Various studies performed with D. melanogaster, and later with mice, highlighted the importance 

of NALCN in rhythmical behaviours. Importantly, NA null mutants of D. melanogaster displayed 

impaired circadian rhythm: typically diurnal animals exhibited suppressed daylight activity (Nash 

et al., 2002). Indeed, NA expression was found in circadian pacemaker neurons of D.melanogaster, 

acting there as an essential component of neuronal output (Lear et al., 2005). Accordingly, in NA 

mutants the accumulation of pigment-dispersing factor (PDF), essential protein for robust 

circadian behaviour, was associated with attenuated neuropeptide release, whilst oscillations of 

the clock protein PERIOD (PER) were intact (Lear et al., 2005). Furthermore, loss-of-function 

mutations introduced into auxiliary subunit genes UNC-79 and UNC-80 displayed severe defects 

in circadian locomotor rhythmicity of D. melanogaster (Lear et al., 2013). Although NA, UNC-

79, and UNC-80 mutants exhibited indistinguishable phenotypes, none of these channelosome 

members were able to substitute for each other (Lear et al., 2013). Additionally, NLF-1 

suppression in D. melanogaster also led to disrupted diurnal control of locomotor behaviour, 

indicating on its importance in circadian regulation (Ghezzi et al., 2014). Indeed, it is particularly 

NLF-1 that was found to link NA channelosome with molecular clock in pacemaker neurons of D. 
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melanogaster. Importantly, NLF-1, but not NA, UNC-79, UNC-80, or Src, exhibited rhythmic 

expression in both 12 hour light/ 12 hour dark and constant dark conditions (Flourakis et al., 2015). 

Furthermore, NLF-1 was found to be highly enriched in the clock neurons of fruit fly when 

compared with the whole head (Flourakis et al., 2015). Indeed, the major circadian clock 

transcription factor, CLOCK (CLK), was found to bind NLF-1 genomic locus, already suggesting 

on a direct biochemical link between the two (Abruzzi et al., 2011). Surprisingly, in NLF-1 

knockdown flies NA-mediated current and protein level were dramatically reduced, whereas NA 

transcript level was unchanged (Flourakis et al., 2015). Vice versa,  NLF-1 overexpression 

increased NA current at a time when membrane potential, firing rates and cellular excitability are 

near their daily through in wild-type flies (Flourakis et al., 2015). Therefore, NLF-1 was proposed 

being a key mediator of NA rhythms that couples the transcriptional oscillator to membrane 

potential rhythms. This ‘bicycle’ mechanism is conserved in master clock neurons between fruit 

flies and mice (Flourakis et al., 2015). Moreover, it was reported that much of the NA channel 

complex that functions in adult circadian neurons is normally produced during development, and 

that the channel complex is very stable in the most neurons of Drosophila brain (Moose et al., 

2017). Therefore, it was proposed that it is particularly developmental expression of NLF-1 which 

promotes adult rhythmicity, whereas circadian regulation of NA channel function in adult 

pacemaker neurons is mediated primarily by post-translational mechanisms which are NLF-1-

independent (Moose et al., 2017). Interestingly, the role of NLF-1 also extends to neurons 

expressing PDF. Accordingly, NLF-1 knockdown technically compelled into PDF neurons, 

considerably reduced free running rhythms (Flourakis et al., 2015).  

Sleep is an animal behaviour ubiquitously conserved from vertebrates to invertebrates, 

including flies and nematodes and is tightly regulated by circadian rhythms. In mammals it exhibits 

the cycles of rapid eye movement sleep (REMS) and non-rapid eye movement sleep (NREMS). 

Interestingly, ethylnitrosourea-mutagenized mice with REMS abnormality, named as Dreamless, 

exhibited heterozygous missense gain-of-function NALCN mutation (Funato et al., 2016). 

Furthermore, when the very same mutation was introduced into wild-type mice by using gene 

editing technique CRISPR/Cas9, it exhibited short REMS episode duration, similar to the original 

Dreamless pedigree (Funato et al., 2016). Additionally, when compared to the wild-type channel 

NALCN with Dreamless-associated mutation produced current with considerably higher ion 

conductance (Funato et al., 2016). Thus, a missense, gain-of-function NALCN mutation reduced 

the total amount and episode duration of REMS, apparently by increasing the excitability of 

REMS-inhibiting neurons. Indeed, the deep mesencephalic nucleus neurons from brain slices of 

Dreamless mice exhibited significant depolarization and higher spontaneous firing rates than in 
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wild-type mice (Funato et al., 2016). Taken these data together, NALCN was suggested to work 

in the REMS regulating neuronal groups and hence controlling various oscillatory behaviours in 

mammalian brain.  

1.2.4.4 Ethanol sensitivity and consumption 

Interestingly, the mutations of UNC-79 gene were shown to regulate ethanol sensitivity in C. 

elegans (Morgan & Sedensky, 1995). Indeed, UNC-79, UNC-80, and NCA-1/NCA-2 nematode 

mutants demonstrated ethanol hypersensitivity (Speca et al., 2010). Furthermore, UNC-79 mice 

heterozygotes exhibited enhanced voluntary consumption of ethanol and increased sensitivity to 

its acute sedative effects (Speca et al., 2010). Nonetheless, the precise relationship between ethanol 

and NALCN channelosome remains elusive.  

1.2.4.5 Enteric nervous system 

Analysis of mouse enteric system revealed that the loss of Ret, Hirschsprung disease susceptibility 

gene, leads to significant changes in the intestine transcriptome (around 300 genes) (Kapoor et al., 

2017). Of note, downregulated NALCN was found within top 50 differentially expressed genes in 

Ret null mice (Kapoor et al., 2017). Indeed, NALCN was shown to mediate SP-induced 

depolarization of pacemaking activity in the interstitial cells of Cajal, already implying on the 

channel involvement in the functioning of enteric nervous system (Kim et al., 2012).  

1.2.4.6 Locomotor activity 

The locomotion of nematodes, particularly C.elegans, is produced by interior pressure and 

excitation of certain sets of muscles that enables continuous body propagation/retraction 

accompanied by typical sinusoidal movements. Importantly, loss of NCA-1/NCA-2, UNC-79, 

UNC-80 and NLF-1 in C. elegans led to so called ‘fainting’, a unique motor deficit characterized 

by periodic halting during movement (Sedensky & Meneely, 1987; Morgan et al., 1988; Rajaram 

et al., 1999; Humphrey et al., 2007; Jospin et al., 2007; Xie et al., 2013). Moreover, NCA, UNC-

79 and UNC-80 mutants were found to be paralyzed upon immersion in liquid, suggesting onto 

defective transition between crawling and swimming behaviours (Pierce-Shimomura et al., 2008). 

Indeed, NALCN channelosome was reported to provide Na+ leak current in premotor interneurons 

and hence suggested to maintain rhythmic locomotion of C.elegans (Xie et al., 2013). Similarly, 

in D. melanogaster inactivated mutants of NA and UNC-79 genes displayed pause-interrupted 

walking behaviour (Krishnan & Nash, 1990; Mir et al., 1997; Nash et al., 2002; Humphrey et al., 

2007). Vice versa, nematodes with gain-of-function NCA mutation demonstrated phenotype with 
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elevated body bending and coiling, and exhibited larger Ca2+ transients at synaptic sites (Yeh et 

al., 2008; Aoyagi et al., 2015). Accordingly, NCA depletion reduced synaptic transmission at 

neuromuscular junctions, subserving into halted locomotion (Yeh et al., 2008). Interestingly, the 

loss of NALCN channelosome functioning led to a relative cationic concentration shift and 

hyperpolarization of key neurons in C. elegans (Xie et al., 2013; Kasap et al., 2017). Accordingly, 

pharmacological agents that selectively blocked K+ channels and gap junction, or activated Ca2+ 

channels significantly improved the movement of NCA-deficient nematodes (Kasap et al., 2017). 

Of note, UNC-80 mutant strains were less responsive to K+ channel inhibitors than worms with 

NCA-1/NCA-2 and UNC-79, especially in the touch-freeze assay (Kasap et al., 2017).  

Small GTPase family Rho was reported to act in multiple classes of neurons to promote 

locomotion in adult C. elegans (Topalidou et al., 2017). Importantly, NALCN channel complex 

was proposed to act downstream of Rho after the Gq protein activation. Indeed, UNC-80 and NCA-

1/NCA-2 mutants suppressed the locomotion and body posture phenotypes of an activated Rho 

mutant (Topalidou et al., 2017). Of note, particularly NCA-1 was suggested being a primary target 

of G protein regulation (Topalidou et al., 2017). Overall, the Gq-Rho-NCA pathway was shown to 

regulate two different classes of neurons and thus to control locomotion rate, waveform, and 

fainting in C. elegans.  

 The substantia nigra neurons are main output of the basal ganglia motor circuit in 

mammals.  Interestingly, it was discovered that spontaneous firing of the mice substantia nigra 

neurons was maintained by the depolarizing current provided through NALCN, but not by the 

transient receptor potential canonical (TRPC) channels as it was suggested previously (Lutas et 

al., 2016). Indeed, NALCN exhibited the highest level of expression within all non-selective cation 

channels in substantia nigra neurons (Lutas et al., 2016). Additionally, UNC-79, UNC-80, and 

NLF-1 were also found in substantia nigra neurons, indicating on the functionality of the channel 

complex (Lutas et al., 2016). Of note, UNC-79 null newborns exhibited differential movements 

when compared with their heterozygote littermates (Nakayama et al., 2006). Interestingly, the 

spontaneous firing rate of NALCN knockdown was significantly lower than in control substantia 

nigra neurons (Lutas et al., 2016). Furthermore, NALCN was shown to modulate the excitability 

of substantia nigra neurons by changes in glycolysis and by activation of muscarinic acetylcholine 

receptors (Lutas et al., 2016). Therefore, deficient functioning of NALCN complex in basal 

ganglia circuit was suggested as one of the potential causes of severe motor and cognitive deficits.  

1.2.4.7 Metabolism 

Importantly, mice with UNC-79 depletion lacked ability to nurse and died within several days after 

birth (Nakayama et al., 2006). Accordingly, unlike their heterozygote and wild-type littermates, 
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UNC-79 null pups failed to gain weight and drastically weakened (Nakayama et al., 2006). 

Interestingly, heterozygous UNC-79 disruption also significantly reduced mice body weight, and 

hence was named as ‘Lightweight mutation’ (Lwt) (Speca et al., 2010). Indeed, Lwt heterozygotes 

displayed shorter body length, lower mass, enlarged lean tissue, decreased body fat, and enhanced 

food uptake when comparing with wild-type mice of the same body weight (Speca et al., 2010). 

Furthermore, in mice pancreatic β-cell line, NALCN was reported to encode an inward cationic 

current mediated through the activation of muscarinic receptors (Swayne et al., 2009). Therefore, 

it was hypothesized that NALCN plays important role for glucose-stimulated insulin secretion in 

pancreatic β-cells, which represent the so called ‘metabolic hub’, connecting nutrient metabolism 

and the endocrine system (Swayne et al., 2010; Fridlyand et al., 2013).  

1.2.4.8 Osmoregulation  

Interestingly, within the total of five genomic loci associated with osmoregulation in mice, NALCN 

was identified as the gene that most significantly correlated with serum Na+ concentration (Sinke 

et al., 2011). Indeed, heterozygous NALCN knockout mice exhibited hypernatremia, highlighting 

the importance of this Na+ leak channel in osmobalance (Sinke et al., 2011). Although the exact 

mechanism of NALCN implication in osmoregulation is not known yet, it was hypothesized that 

decreased channel expression would lead to the hyperpolarization of osmosensitive neurons and 

thus reduce the frequency of their action potentials (Sinke & Deen, 2011).  

1.2.4.9 Pacemaker activity  

Resting membrane potential is a key intracellular prerequisite that defines spontaneous rhythmic 

activity of pacemaker neurons. Since typically it is highly depolarized, the well-established K+ 

leak mechanism by itself is not sufficient to maintain the resting membrane potential, and hence it 

requires additional current components. Indeed, NALCN was reported to provide such background 

Na+ leak and thus contribute to the neuronal depolarization (Lu et al., 2007). Furthermore, NALCN 

maintained the resting membrane potential and bursting activity of respiratory pacemaker neuron 

in pond snail, Lymnaea stagnalis (Lu & Feng, 2011). Importantly, in D. melanogaster NA is 

endogenously expressed in a set of circadian pacemaker neurons and functions downstream of the 

core oscillator to regulate diurnal behaviour (Lear et al., 2005). Specifically, NA was shown to 

effect expression of PDF, an important molecule of pacemaker neurons (Lear et al., 2005). In 

addition, pacemaker neurons of D. melanogaster exhibited functional requirement for UNC-79 

UNC-80 and NLF-1 in order to promote the rhythmic behaviours (Lear et al., 2013; Flourakis et 
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al., 2015; Moose et al., 2017). Therefore, NALCN-provided Na+ background current was 

considered as an essential component of pacemaker neuron activity. 

Furthremore, NALCN and UNC-80 were found in mice interstitial cells of Cajal, the main 

generators of pacemaker currents during rhythmic bowel contractions (Kim et al., 2012). Albeit 

the lack of apparent involvement in basal intestinal pacemaking activity, NALCN was accounted 

for around 75% of SP-induced depolarization in the interstitial cells of Cajal, and hence highly 

suggested to modulate their pacemaking activity (Kim et al., 2012).   

1.2.4.10 Reproduction and offspring survival 

Deletion or loss-of-function mutations introduced into NALCN channelosome genes produced 

fewer, but still viable offspring in C. elegans and D. melanogaster (Krishnan & Nash, 1990; Speca 

et al., 2010). Of note, the depletion of NCA-1/NCA-2, UNC-79 or UNC-80 in C. elegans did not 

display striking defects of the nervous system development (Pierce-Shimomura et al., 2008).  

 Similarly, no apparent abnormalities of embryonic development in NALCN and UNC-79 

knock-out mice were detected (Nakayama et al., 2006; Lu et al., 2007). However, these pups did 

not survive beyond several days after birth (Nakayama et al., 2006; Lu et al., 2007). Whilst 

lethality of UNC-79 knock-outs was presumed due to their inability to consume milk, fatal NALCN 

depletion was largely attributed to the disrupted respiratory rhythm (Nakayama et al., 2006; Lu et 

al., 2007). Recently, it was discovered that the critical determinant for NALCN-dependent 

viability is channelosome functioning in the particular subpopulation of brainstem neurons. 

Specifically, glutamatergic preBötzinger complex (preBötC) neurons expressing the developing 

brain homeobox protein 1 (Dbx1+) are crucial for NALCN-controlled survival (Yeh et al., 2017). 

Of note, NALCN knockout in Dbx1+ preBötC neurons led to around 30% of neonatal lethality 

(Yeh et al., 2017). Furthermore, NALCN null GABAergic neurons led to around 15% of lethality 

in mice within 24 hours of birth, whereas cholinergic, serotonergic, glycinergic and glutamatergic 

retrotrapezoid nucleus (RTN) neurons with NALCN elimination resulted in survival of all animals 

(Yeh et al., 2017).  

1.2.4.11 Respiratory rhythm 

Interestingly, NALCN knockdown in pond snail Lymnaea stagnalis reduced total breathing time 

of the animal (Lu & Feng, 2011). Specifically, the resting membrane potential of the right pedal 

dorsal 1 neuron that initiates the respiratory rhythm was found to be hyperpolarized by around 

15mV and its rhythmic firing was abolished (Lu & Feng, 2011). Therefore, NALCN was suggested 
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to maintain activity of respiratory pacemaker neurons, and hence regulate respiratory behaviour in 

snails.  

Similarly, NALCN knockouts mice exhibited remarkably distinct breathing pattern in 

comparison to the wild-type animals: sporadic respiration accompanied by apnea with the bursts 

of deep breathing lasting around 5-10 seconds (Lu et al., 2007). Of note, such breathing pattern is 

highly reminiscent of Cheyne-Stokes respiration found in humans with hyponatremia, heart 

failure, strokes, brain pathologies, including cancer, and near-to-death patients (Strohl, 2003). 

Importantly, the electrical activities of cervical nerve root, C4, that controls breathing due to 

diaphragm innervation, were largely absent in NALCN null mice (Lu et al., 2007). Therefore, it 

was hypothesized that respiratory rhythm is highly dependent on NALCN particularly due to its 

pivotal input into central nervous system. Indeed, recent studies demonstrated that NALCN plays 

important role in mice neuronal groups that control respiratory rhythmogenesis, specifically in 

preBötC and RTN neurons (Shi et al., 2016; Yeh et al., 2017). Accordingly, in these neurons 

NALCN, UNC-79 and UNC-80 were found to be co-localized, suggesting onto functionality of 

the channel complex (Yeh et al., 2017). Of note, approximately 30% of mice newborn population 

with NALCN knockout in Dbx1+ preBötC neurons showed increased frequency of apnea and 

longer inspiratory time, consistent with the rate of lethality (Yeh et al., 2017). These results 

indicated that NALCN expression in the preBötC is critical for neonatal respiration in both awake 

and sleep states. Furthermore, NALCN regulated CO2-evoked, independent of direct pH sensing 

neuronal activation and breathing in RTN neurons (Shi et al., 2016). In addition, Na+ leak provided 

through NALCN was shown to influence resting membrane potential and thus neuronal 

excitability of the oscillatory populations within the RTN and the preBötC (Shi et al., 2016; Yeh 

et al., 2017). Moreover, in these neurons NALCN also contributed to the maintenance of stable 

network activity and mediated modulatory responses to the neuropeptide substance P (Shi et al., 

2016; Yeh et al., 2017). Overall, NALCN contributes to the biophysical properties of 

glutamatergic preBötC and RTN neurons and hence plays an important role in sustaining the 

respiratory activity in adult mammals.  

1.2.4.12 Sensitivity to general anaesthetics 

Amongst multiple downstream molecular targets, ion channels are considered being predominant 

subjects of general anaesthetics action. Importantly, NCA channelosome mutants in C. elegans 

exhibited remarkable profile of sensitivity to general anaesthetics: striking hypersensitivity to 

ethanol, halothane, thiomethoxuflurane, methoxyflurane, toluene and chloroform, modest 

sensitivity to diethylether, lack of sensitivity to fluroxene and isoflurane, and increased resistance 
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to flurothyl and enflurane (Sedensky & Meneely, 1987; Morgan et al., 1988, 1990, 2000; Minto 

et al., 1997; Humphrey et al., 2007; Singaram et al., 2011; Davies et al., 2012). Interestingly, in 

D. melanogaster mutants this profile was somewhat different: hypersensitivity to isoflurane, lack 

of sensitivity to enflurane, and resistance to methoxyflurane, chloroform and trichloroethylene 

(Krishnan & Nash, 1990; NASH et al., 1991; Campbell & Nash, 1994; Mir et al., 1997; Guan et 

al., 2000; Van Swinderen, 2006; Humphrey et al., 2007). Of note, some discrepancy in response 

of D. melanogaster NA mutants to halothane was reported: primarily described as halothane-

resistant, and later discovered as halothane hypersensitive (Krishnan & Nash, 1990; Nishikawa & 

Kidokoro, 1999; Humphrey et al., 2007; Burg et al., 2013).  

 Furthermore, mice with heterozygote Lwt mutation (UNC-79 disruption) became 

extensively hypersensitive to acute sedative effects of ethanol, despite the same level of blood 

ethanol concentration (Speca et al., 2010). Of note, in Lwt heterozygotes no alterations of 

minimum alveolar concentration in response to halothane, cyclopropane, and sevoflurane were 

detected. However, a significant resistance to isoflurane-induced anaesthesia was detected in this 

model of Lwt mice (Speca et al., 2010).  

1.2.4.13 Social clustering  

Selectively advantageous strategy of local enhancement led to the evolution of a specific animal 

behaviour type – social clustering. Interestingly, in D. melanogaster NA and NLF-1 deficient 

mutants exhibited significantly suppressed social clustering behaviour (Burg et al., 2013; Ghezzi 

et al., 2014). Of note, rescue of NA in cholinergic neurons completely restored behavioural defects 

of fruit flies, whilst only partial reversion was achieved by NA reexpression in glutamergic neurons 

(Burg et al., 2013).  

1.2.4.14 Synaptic transmission  

Communication between neurons is achieved due to the synaptic transmission, a process which is 

mediated by repeated cycles of exocytotis-dependent neurotransmitters release. Interestingly, 

NALCN was found to be preferentially localized at the synaptic regions of D. melanogaster 

neurons, implying on the channel importance in postsynaptic response or neurotransmitter release 

(Nash et al., 2002). Indeed, PDF accumulation in NALCN deficient pacemaker neurons of fruit 

flies indicated onto abolished neuropeptide release (Lear et al., 2005).  

Retrieval of synaptic vesicles after neurotransmitter release is an important stage for 

presynaptic cell restoration with new neurotransmitter, that allows it to sustain repeated cycles of 

exocytosis. Synaptojanin is an essential protein of vesicle recovery at the synapse. Interestingly, 
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synaptojanin mutants in C. elegans demonstrated defects in recycling of synaptic vesicles, and 

disruption of NCA channelosome suppressed this uncoordination (Jospin et al., 2007). Indeed, the 

highly conserved UNC-80 and UNC-79 proteins in C. elegans were reported being essential for 

proper NCA-1 and NCA-2 localization (Jospin et al., 2007; Yeh et al., 2008). Furthermore, NCA, 

UNC-79 and UNC-80 were found highly enriched at nonsynaptic regions along axons in C. 

elegans and to play critical role in transmission of depolarizing signals from neuronal cell bodies 

to synapses (Yeh et al., 2008). Specifically, synaptic calcium transients were strongly correlated 

with the functional activity of NCA (Yeh et al., 2008). Accordingly, NCA loss considerably 

reduced the synaptic transmission at neuromuscular junctions and thus halted nematode 

locomotion (Yeh et al., 2008). Importantly, due to presynaptic depression halothane was reported 

to suppress the synaptic transmission in wild-type D. melanogaster, but not in hypomorphic NA 

mutants (Nishikawa & Kidokoro, 1999). 

 In addition, NALCN depletion in L. stagnalis hyperpolarized the resting membrane 

potential of pacemaker neurons, favouring the attenuation of excitatory synaptic input into 

respiratory network (Lu & Feng, 2011).   
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1.2.5 Human channelopathies 

To date, a number of congenital and acquired human pathologies were associated with deregulated 

NALCN channelosome (Cochet-Bissuel et al., 2014).  

1.2.5.1 13q deletion syndrome 

The 13q deletion syndrome is a rare genetic disease caused by absence (deletion or monosomy) of 

a portion of the long arm in chromosome 13, that causes intellectual disability and affects many 

organ systems (LELE et al., 1963). Importantly, deletion of 13q33.1-13q34 region, that comprises 

NALCN and NLF-1 genes, was reported in female with congenital heart defects, facial anomalies, 

developmental delay, and intellectual disability (Huang et al., 2012). Furthermore, genotype of 

13q chromosomal deletions was linked to the patients’ phenotype, and accordingly NALCN and 

NLF-1 containing regions were related to microcephaly, cortical development malformations, 

Dandy-Walker malformation, corpus callosum agenesis, meningocele/ encephalocele, neural tube 

defects, ano-/microphthalmia, cleft lip/palate, lung hypoplasia, thumb a-/hypoplasia, growth 

retardation, facial dysmorphism, and seizures (Kirchhoff et al., 2009; Lalani et al., 2013).  

1.2.5.2 Alcoholism 

Although alcohol dependence is not a hereditary health problem, some studies suggest on genetic 

influence predisposing alcoholism development (Mayfield et al., 2008; Morozova et al., 2012). 

Interestingly, single-nucleotide mutation (SNP) located in NALCN was significantly correlated 

with high-risk alcohol dependence screened within 2322 individuals (Wetherill et al., 2014). 

Furthermore, SNP found in UNC-79 gene was associated with alcohol/nicotine dependence (Lind 

et al., 2010). Moreover, locus located on chromosome 2, near UNC-80 gene, was presumably 

related with alcohol tolerance and comorbidity of alcoholism and depression (Nurnberger et al., 

2001; Schuckit et al., 2001).  

1.2.5.3 Alzheimer’s disease  

Alzheimer’s disease is a chronic polygenic neurodegenerative disease, frequently leading to 

dementia. Interestingly, several Alzheimer’s susceptibility loci might be linked to NALCN 

channelosome: D2S2944 marker located in 2q34 (UNC-80); D14S617 marker and SNP 

rs11622883 in 14q32.12 (UNC-79) (Scott et al., 2003; Grupe et al., 2007; Lee et al., 2008).  
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1.2.5.4 Autism  

Autism spectrum disorder refers to a group of complex neurodevelopmental disorders 

characterized by repetitive and characteristic patterns of behaviour, frequently accompanied by 

hardship in socialization. Importantly, UNC-80 truncation was discovered as one of the gene-

disrupting de novo mutations linked with the likelihood of autistic spectrum analyzed within 343 

families (Iossifov et al., 2012).  

1.2.5.5 Congenital syndromes with coding mutations for the channelosome genes 

The first coding NALCN mutations for inherited disorders were found in patients with an 

autosomal-recessive syndrome characterized by subtle facial dysmorphism, variable degrees of 

hypotonia, speech impairment, chronic constipation, and cognitive delay from two unrelated 

consanguineous families (Al-Sayed et al., 2013). Thus, it was named as infantile hypotonia with 

psychomotor retardation and characteristic facies (IHPRF) syndrome. Noteworthy, recessive 

mutations for NALCN are now classified as IHPRF1, whereas recessive mutations for UNC-80 are 

now being referred to as IHPRF2. Accordingly, the loss-of-function NALCN mutations were 

reported for 3 male patients due to homozygous single nucleotide deletion c.1489delT 

(Y497Tfs*21), whereas for 3 female patients due to homozygous missense mutation c.3860G>T 

(W1287L) (Al-Sayed et al., 2013). Infantile neuroaxonal dystrophy (INAD), which is also now 

classified as IHPRF1 is an extremely rare, inherited (in an autosomal recessive fashion) 

degenerative disorder of the nervous system caused by lipid storage defects, mostly aroused due 

to the mutations in PLA2G6 gene, which encodes Ca2+-independent phospholipase A2β (iPLA2β). 

It is usually diagnosed in infancy and characterized by progressive motor, mental and visual 

deterioration. Homozygous truncating NALCN mutation (Q642X) was identified in INAD patients 

with facial dysmorphism (Köroǧlu et al., 2013). Importantly, despite severe growth and 

neuromotor retardation these patients lived to adulthood (Köroǧlu et al., 2013). Of note, the fact 

that PLA2G6 and NALCN mutations lead to similar disorders suggest on substantial relationship 

between iPLA2β and NALCN functioning. 

Interestingly, another exome sequencing study identified 14 de novo missense NALCN 

mutations in individuals with congenital contractures of the limbs and face with hypotonia and 

developmental delay (CLIFAHDD) syndrome: c.530A>C (G177P), c.934C>A (L312I), c.938T>G 

(V313G), c.979G>A (Q327K), c.1526T>C (L509S), c.1534T>G (F512V), c.1538C>A (T513N), 

c.1733A>C (Y578S), c.1768C>T (L590F), c.3017T>C (V1006A), c.3050T>C (I1017T), 

c.3493A>C (T1165P), c.3542G>A (R1181Q), c.4338T>G (I1446M) (Chong et al., 2015). 

Additionally, the same de novo missense NALCN mutation c.1768C>T (L590F) was reported in 
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an infant with a severe neonatal lethal form of CLIFAHDD syndrome (Bend et al., 2016). 

Moreover, other three novel de novo missense NALCN mutations were found in four unrelated 

patients with intellectual disability, seizures, arthrogryposis and dysmorphic facial features 

(Vivero et al., 2017). Furthermore, another de novo heterozygous mutation in NALCN (R1181Q) 

was found in the girl with episodic and persistent ataxia, arthrogryposis, and intellectual disability 

(Aoyagi et al., 2015). In addition to this mutation (R1181Q), two novel (L312V and V1020F) 

mutations occurring de novo in NALCN were found in three patients with neurodevelopmental 

disease and hypotonia (Fukai et al., 2016). Moreover, another de novo NALCN mutation 

c.1789G>A (V597I) was considered responsible for cerebellar ataxia associated with intellectual 

instability and arthrogryposis in an adult individual (Wang et al., 2016). Furthermore, 3-year-old 

girl with reversed circadian rhythm, frequent episodes of disrupted respiratory rhythms, central 

and obstructive sleep apneas with recurrent hypoxia, and sensitivity to sevoflurane, exhibited de 

novo missense mutation in NALCN: c.956C>T (A319V) (Lozic et al., 2016). Additional de novo 

NALCN mutations (F317C and V595F) were reported for two patients with distal arthrogryposis 

and central hypertonicity (Karakaya et al., 2016). Interestingly, the muscle biopsy in 3-year-old 

boy with congenital arthrogryposis, hypotonia and developmental delay that possessed 

heterozygous de novo NALCN mutation c.965T>C (p.1332T) suggested on the possible 

mitochondrial bioenergetics dysfunction (Sivaraman et al., 2016). Furthermore, three siblings born 

to consanguineous parents exhibited severe intellectual disability, cachexia, strabismus, seizures 

and episodes of abnormal respiratory rhythm, reminiscent of previously described homozygous 

NALCN knockout mice (Lu et al., 2007), and presented novel homozygous splice site NALCN 

mutations c.G3390A (IVS29-1G>A) (Gal et al., 2016). Of note, dominant mutations for NALCN 

are now referred to as CLIFAHDD syndrome. 

 Interestingly, homozygous nonsense UNC-80 mutation c.151C>T (R51*) was detected in 

siblings from two remotely related consanguineous Bedouin Israeli families that exhibited 

hypotonia, severe intellectual disability, dyskinesia and mild dysmorphism (Perez et al., 2016). 

Furthermore, homozygous missense or compound heterozygous truncating UNC-80 mutations 

were found in four individuals characterized by persistent hypotonia, encephalopathy, growth 

failure, and severe intellectual disability: c.5098C>T (P1700S), c.7607G>C (R2536T, predicted 

to cause aberrant splicing), c.7757T>A (L2586*), and c.2033delA (N678Tfs*15) (Stray-Pedersen 

et al., 2016). Of note, one of these mutations c.5098C>T (P1700S) exhibited significantly inhibited 

NALCN channel currents, when it was expressed in HEK293T cells (Stray-Pedersen et al., 2016). 

Moreover, in individuals with infantile encephalopathy whole-exome sequencing revealed 

homozygous UNC-80 mutations: c.565G>A (p.V189M), c.1078C>T (p.R360*), and c.3793C>T 
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(p.R1265*) (Shamseldin et al., 2016). Additional biallelic UNC-80 mutations were reported in two 

female siblings with spastic paraplegia, global developmental delay, and failure to thrive: 

paternally inherited c.3983-33994delinsA (S1328Rfs*19) and maternally inherited c.2431C>T 

(R811*) (Valkanas et al., 2016).  

 Overall, mutations either loss-of-function or gain-of-function in the encoding part of 

NALCN channelosome might cause recessive or dominant conditions characterized by 

neurodevelopmental phenotypic features.  

1.2.5.6 Cardiovascular pathologies 

Interestingly, analysis of human cardiomyopathy signature revealed significant upregulation of 

NALCN mRNA, suggesting onto involvement of Na+ leak channel in the cardiovascular pathology 

(Matkovich et al., 2009). 

1.2.5.7 Cervical dystonia 

Cervical dystonia, also named as spasmodic torticollis, is a rare chronic neurological movement 

disorder, comprised of involuntarily contraction of neck muscles. Of note, a genome-wide 

association study in 212 British patients reported on 2 SNPs located in NALCN region as putative 

genetic risk factors for cervical dystonia (Mok et al., 2014). However, these results were not 

confirmed for 252 Spanish and 201 Chinese patients, indicating that NALCN was not associated 

with cervical dystonia in these populations (Gómez-Garre et al., 2014; Zhou et al., 2016).  

1.2.5.8 Hepatic and biliary disorders 

One of the most common types of liver diseases is nonalcoholic fatty liver disease. Its main 

problematics is associated with poor diagnosis, especially before the disease progression into 

symptomatic cirrhosis or liver cancer. Interestingly, NALCN was identified as one of 64 genes that 

were reproducibly associated with severe nonalcoholic fatty liver disease, when compared to the 

mild form of disorder, and hence could potentially facilitate disease prognostics (Moylan et al., 

2014). Furthermore, analysis of DNA integration sites for chronic hepatitis B revealed 2 intronic 

regions within chromosome 13 related to NALCN gene (Mason et al., 2016).  

 Primary biliary cirrhosis is a chronic autoimmune disease of the liver, characterized by 

slow, progressive destruction of bile ducts. Interestingly, a genome wide association study in 2072 

North-American individuals exhibited strong correlation between this disease and human 

leukocyte antigen-related genes, and also significant correlation with SNP in NLF-1 gene 

(Hirschfield et al., 2009).  
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1.2.5.9 Hypertension 

Hypertension is a long-term medical condition characterized by persistently elevated blood 

pressure. Interestingly, a significant relationship between systolic blood pressure and SNP located 

within NLF-1 region was reported due to examination of 1017 African-American individuals 

(Adeyemo et al., 2009).  

1.2.5.10 Kidney stones 

Although the precise mechanism of its implementation was not established, NALCN was 

suggested to play role in osmoregulation (Sinke & Deen, 2011). Interestingly, NALCN expression 

was found in renal papillary tissue, specifically in epithelial, tubular and interstitial cells (Taguchi 

et al., 2017). Importantly, mRNA and protein levels of NALCN were significantly downregulated 

in tissues from Randall plaques stone patients, suggesting onto renal cell damage that might prone 

formation of idiopathic Ca2+ oxalate kidney stones (Taguchi et al., 2017).  

1.2.5.11 Trinucleotide repeat disorders 

Trinucleotide repeat disorders are a set of neurodegenerative diseases caused by trinucleotide 

repeat expansion. Today, trinucleotide repeat disorders are categorized as follows: Category I – 

includes Huntington’s disease and spinocerebellar ataxias, mainly caused by cytosine-adenine-

guanine (CAG) repeat expansion in protein-coding portions of specific genes; Category II – more 

phenotypically diverse with heterogeneous expansions that are generally small in magnitude, but 

also found in the exons of genes; Category III – includes fragile X syndrome, myotonic dystrophy, 

two of the spinocerebellar ataxias, juvenile myoclonic epilepsy, and Friedreich's ataxia. 

 Of note, bovine NLF-1 displayed polymorphic polyglutamine repeat-associated tract, 

which is conserved in other species, including human (Whan et al., 2010).  

1.2.5.12 Psychiatric disorders  

Bipolar disorder and schizophrenia  

Bipolar disorder (BD) and schizophrenia (SCZ) are mental health illnesses that are characterized 

by abnormal perception of reality and series of severe manic-depressive mood shifts, respectively. 

Although the precise cause of these diseases occurrence is not established yet, growing evidence 

indicates on their close relationship as well as strong genetic predisposition. Interestingly, NALCN 

lies within a region on chromosome 13q that was found susceptible for BD and SCZ (Detera-

Wadleigh & McMahon, 2006). Importantly, NALCN mRNA expression was found to correlate 

with SCZ-associated GABRB2 gene in human brain (Kang et al., 2011). Furthermore, SNP 
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(rs9513877) found in NALCN was significantly associated with BD (Baum et al., 2008). 

Additionally, another SNP (rs2044117) in NALCN was linked with both SCZ and BD in cohorts 

of European-American patients (Wang et al., 2010). In contrast, other studies did not reveal 

association between NALCN and these mental illnesses in other cohorts of patients (Ollila et al., 

2009; Souza et al., 2011; Teo et al., 2012). Moreover, several findings reported on linkage between 

these diseases and auxiliary channelosome subunits, UNC-79 and UNC-80 (Askland et al., 2009; 

Mead et al., 2010).  

 

Depression and attention-deficit/ hyperactivity disorders  

Interestingly, a genome-wide association study in major depressive disorder patients revealed 

possible but not significant association between this condition and several NLF-1 SNPs 

(rs9634463, rs7329003, rs713548, rs9301191, and rs1924397) (Terracciano et al., 2010). 

Additionally, SNPs (rs10492664 and rs8002852) located in the vicinity to NLF-1 represented the 

strongest, however, again not significant, association with attention-deficit/hyperactivity disorder 

(Anney et al., 2008).  

 

Epilepsy 

Epilepsy is a set of neurological disorders characterized by the occurrence of unprovoked epileptic 

seizures. Importantly, seizures were reported for patients with various neurodevelopmental 

disorders, that exhibited altered NALCN channelosome profile (Kirchhoff et al., 2009; Al-Sayed 

et al., 2013; Köroǧlu et al., 2013; Lalani et al., 2013; Gal et al., 2016; Perez et al., 2016; 

Shamseldin et al., 2016; Stray-Pedersen et al., 2016; Valkanas et al., 2016). Furthermore, a whole 

genome analysis performed in multiple related individuals with remarkable family history of 

juvenile myoclinic epilepsy revealed critical UNC-80 comprised genetic interval within 2q33-q36 

region (Ratnapriya et al., 2010).  

1.2.5.13 Restless legs syndrome  

Restless legs syndrome is a sensorimotor disorder characterized by abnormal urge for legs 

movement, especially at rest (e.g. sleep). Interestingly, analysis of 11 individuals revealed locus 

on chromosome 13q, where NALCN is located, susceptible for the condition development (Balaban 

et al., 2012).  
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1.2.5.14 Cancer  

To date, NALCN channelosome was associated with cancer disease exclusively due to the 

results of genomic sequencing analysis that reported onto significant genes alterations. 

Importantly, the mutant allele frequency of NALCN somatic mutation (D468E) was reported to be 

significantly enriched in metastases of basal-like breast cancer, when compared with the primary 

tumours (Ding et al., 2010). Furthermore, exome sequencing analysis of pancreatic ductal 

adenocarcinoma patients revealed mutations in the axon guidance pathway genes, including 5 

somatic SNPs in NALCN (Biankin et al., 2012). Moreover, advanced-stage non-small cell lung 

carcinoma patients also exhibited SNP in NALCN that was significantly associated with taxane 

sensitivity, smoking history, and poor prognosis in the additive genetic model (Lee et al., 2013). 

Additionally, another nonsense NALCN mutation (c.1114C>T) was found in colorectal tumour 

(Sottoriva et al., 2015). Furthermore, 1 silent, 3 non-silent and 3 non-coding NALCN mutations 

that represented 3.9% of its genetic abberations were found in gallbladder cancer (Li et al., 2014; 

Valle et al., 2017).  

 Interestingly, the same study that reported NALCN mutation in advanced-stage non-small 

cell lung carcinoma indicated onto possible disease association with UNC-80 (Lee et al., 2013). 

Additionally, analysis on Ewing sarcoma samples revealed UNC-80 as a recurrently mutated gene 

with significant nonsynonymous mutation frequency at around 8% (Agelopoulos et al., 2015). 

Nonetheless, such low mutation frequency suggested onto involvement of UNC-80 in tumour 

pathology, but more likely is not sufficient enough for the disease initiation (Agelopoulos et al., 

2015). Further linking the channelosome to cancer, elevated NLF-1 copy number was reported for 

tumour-derived endothelial cells that are resistant to anti-angiogenic cancer therapies (McGuire et 

al., 2012). Moreover, high correlation between the malignant state and decreased copy number of 

NALCN and NLF-1 regions was reported for human glioblastoma patients (De Las Rivas et al., 

2012). 

Overall, several studies found significantly altered NALCN, UNC-80 and NLF-1 genes in 

tumours of various origins, suggesting onto involvement of NALCN channelosome in the disease 

development. However, nothing is yet known about its functioning in cancer.  
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1.3 Sodium influx in cancer 

To date, most of the studies on the role of Na+ influx in cancer cells were investigated due to the 

activity of voltage-operated Na+ channels. Accordingly, multiple studies demonstrated that Na+ 

current generated through pore-forming subunit of voltage-operated Na+ channels, Navα, is 

involved in controlling particularly metastatis-associated cancer cell behaviours. Indeed, usage of 

Na+-free extracellular medium, pharmacological openers and blockers of Navα indicated on the 

importance of Na+ influx for voltage-operated Na+ channel-dependent migration and invasiveness 

(Roger et al., 2003; Onkal et al., 2008; Carrithers et al., 2009; Besson et al., 2015). In addition, 

other Na+-permeable channels were also demonstrated to possess similar Na+-dependent 

regulatory mechanisms involved in tumour promoting properties. For example, family of epithelial 

Na+ channels ENaC/ASIC, purinergic receptor P2X7 and transient receptor potential canonical 

channel TRPC1 were all suggested to regulate metastatic cancer cell behaviours particularly due 

to provided Na+ influx (Kapoor et al., 2009; Dong et al., 2010; Jelassi et al., 2011). Therefore, one 

can hypothesize that elevated intracellular Na+ concentration ([Na+]i) by itself plays an important 

role in cancer progression, whereas the channel type preference is rather determined as a tissue 

specific tool of Na+ delivery. Noteworthy, elevated tissue Na+ concentration was even proposed 

as a highly specific in vivo indicator of malignant lesions in human cancer patients (Ouwerkerk et 

al., 2007; Jacobs et al., 2011). However, little is yet known about the underlying mechanisms of 

Na+-signalling that control aggressiveness of cancer cells.  

Of note, Na+ influx induces reverse mode of Na+-Ca2+ exchanger (NCX) and thus leads to 

increased [Ca2+]i. Interestingly, functioning of NCX in reverse mode was associated with enhanced 

motility and invasiveness in various cell types, including cancer (Ifuku et al., 2007; Raizman et 

al., 2007; Dong et al., 2010; Andrikopoulos et al., 2011; Balasubramaniam et al., 2015; Wen et 

al., 2016). Therefore, inward Na+ current might be required by cancer cells in order to acquire high 

migratory activity through the same molecular pathway which is regulated by the reverse mode of 

NCX. In addition, Navα activity was shown to fuel proton extrusion through Na+-H+ exchanger 

NHE1 and hence to lower pH of the pericellular microenvironment (Busco et al., 2010; Brisson et 

al., 2011, 2013; Xia et al., 2016). Extracellular acidification activates extracellular matrix (ECM) 

degrading enzymes and thus promotes cancer cell dissemination (Cardone et al., 2005; Gillet et 

al., 2009). Indeed, Na+/H+ exchanger 1 (NHE1) was found to be localized in invadopodia and to 

modulate both their formation and proteolytic activity (Busco et al., 2010). Therefore, Na+ 

permeation was suggested to be the key parameter controlling signalling pathways of invasion, 

through the regulation of other proteins such as NHE1 and NCX (Roger et al., 2015).  
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Furthermore, binding of cardiotonic steroids such as ouabain to the Na+/K+-ATPase (NKA) 

inhibits the ion pumping function of enzyme and thus leads to [Na+]i increase. At the same time, 

it was shown to activate proto-oncogene kinase Src, leading to the subsequent protein tyrosine 

phosphorylation (Li & Xie, 2009). Of note, epithelial cells contain two functionally distinct pools 

of the pump, and it is particularly reduction of α1 NKA that preferentially depletes the NKA/Src 

complex, leading to the activation of Src signalling (Liang et al., 2006, 2007; Chen et al., 2009). 

Indeed, it was shown, that in human prostate cancer in vitro and in vivo, the raise in phenotype 

aggressiveness was associated with reduced expression of α1 NKA protein and elevated Src 

activity (Li et al., 2011). Therefore, the link between Na+ signalling and activation of the 

substantial promoter of cancer progression Src kinase, was proposed (Vlaeminck-Guillem et al., 

2014). Nonetheless, it still not clear whether Src activation actually rely on the [Na+]i/[K+]i 

disbalance caused by NKA inhibition. For example, initial studies suggested that direct interaction 

with NKA constrains Src activity in [Na+]i, [K+]i, and [Ca2+]i-independent manner, whereas upon 

ouabain binding Src dissociates and gets activated (Xie & Askari, 2002; Liu & Xie, 2010). 

However, later on, using purified NKA, it was shown that Src phosphorylation was suppressed by 

elevated K+ and attenuated Na+ (Ye et al., 2011). Indeed, any other stimuli (e.g. ouabain) that 

triggered the E1-E2 conformational transition of NKA were sufficient to release and activate Src 

kinase (Ye et al., 2011). Taken together, it was strongly suggested that at least in some cell types 

the elevated [Na+]i/[K+]i ratio contributes to the Src-mediated signalling (Orlov et al., 2017). 

Noteworthy, vice versa Src kinase was shown to modulate the activity of Nav, more likely to 

increase the rate of channel recovery from fast inactivated states, and thus to provide enhanced 

Na+ influx (Ahern et al., 2005; Scheuer, 2011). Therefore, it was suggested that interrelationship 

between Na+ signalling and proto-oncogene tyrosine kinase Src could subserve in the 

establishment of more aggressive phenotype in cancer cells (Figure 19). 

Overall, Na+ ions were proposed being an important second messengers with fine 

spatiotemporal regulation, which is deregulated in cancer disease (Roger et al., 2015). In this 

regard, due to its Na+ leak and association with Src kinase NALCN channelosome could provide 

interesting anti-cancer target. Of note, all current studies that reported on deregulation of NALCN 

complex in cancer were based only on the genome sequencing analysis (Biankin et al., 2012; De 

Las Rivas et al., 2012; Lee et al., 2013; Agelopoulos et al., 2015). Accordingly, nothing yet is 

known about its particular functioning in tumourigenesis. Therefore, this PhD project is a pioneer 

study that would provide first evidence on the role of NALCN in the disease progression.  
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Figure 19. Na+ influx in cancer progression.   
Cancer cells degrade extracellular matrix (ECM) due to activity of protrusive structures, 
enriched in F-actin, called invadopodia. Voltage-operated Na+ channels, in particular NaVα 
proteins, are overexpressed in highly invasive cancer cells, and are found in invadopodia. They 
provide Na+ influx and thus enhance H+ extrusion through activity of Na+-H+ exchanger type 1 
(NHE1). It leads to acidification of nearby environment and subsequent activation of ECM 
degrading enzymes, cathepsins. Elevated intracellular Na+ concentration ([Na+]i) was also 
proposed to increase the intracellular Ca2+ concentration ([Ca2+]i) due to reverse mode of Na+-
Ca2+ exchangers (NCX). Moreover, the elevated [Na+]i/[K+]i ratio caused by Na+/K+-ATPAse 
(NKA) blockage with cardiotonic steroids (CTS) might contribute to the Src-mediated 
signalling. Altogether, this suggests that elevated Na+ influx in cancer cells enhances both the 
formation and the ECM degradative activity of invadopodia.Modified from (Roger et al., 2015). 
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1.4 Link between calcium signalling and metastatic disease 

Ca2+ as a second messenger was shown to participate in manifold cellular processes, including 

carcinogenesis (Monteith et al., 2017). For example, one of the primary responses to cancer 

initiation, senescence, was proposed being an intrinsic anti-tumour protective mechanism 

regulated by Ca2+ signalling (Farfariello et al., 2015). Furthermore, proto-oncogene Src kinase was 

also demonstrated to be activated through Ca2+-dependent mechanisms (Gudermann & Roelle, 

2006). Specifically, a particular feature of Ca2+ signal – cytosolic oscillations –was recently 

associated with the metastatic phenotype in cancer cells (Sun et al., 2014). Noteworthy, Ca2+ 

oscillations, but not the sustained elevated intracellular Ca2+ levels, are defined as substantial 

signalling trigger for the vesicle secretion (Wollman & Meyer, 2012). Indeed, in cancer cells 

abolished Ca2+ oscillations revoked fusion of matrix-metalloproteinases-containing vesicles with 

the plasma membrane and resulted in constrained ECM degradation (Sun et al., 2014). 

Noteworthy, the loss of background Na+ leak is associated with defective rhythmically oscillating 

activities in neurons and cancer cells, as well as with abrogated secretion especially in cells with 

fast or continuous vesicle turnover (Lear et al., 2005; Jospin et al., 2007; Lu et al., 2007; Pierce-

Shimomura et al., 2008; Yeh et al., 2008; Bouhours et al., 2011; Rizaner et al., 2016). Indeed, 

ouabain-NKA complex was shown to induce Src activation with simultaneous evocation of 

cytosolic Ca2+ oscillations (Fontana et al., 2013). Moreover, coupling of NHE1-integrin-NCX by 

lipid rafts was shown to initiate integrin ligand interactions and hence trigger Ca2+ oscillations (Yi 

et al., 2009). Furthermore, in highly aggressive breast cancer cells cytosolic Ca2+ oscillations were 

inhibited by the Navα blocker, tetrodotoxin (Rizaner et al., 2016). Taken together, this data implies 

on the importance of Na+ influx provided through various mechanisms as a governor of Ca2+ 

oscillations and invasiveness (Rizaner et al., 2016).  

Therefore, one of the objectives of this PhD project was devoted to investigate NALCN 

involvement in controlling the cytosolic Ca2+ oscillations as the part of mechanisms assisting in 

cancer progression.  

 Of note, potential role of Ca2+ involvement in regulation of senescence-associated 

characteristics is discussed in the review “Calcium homeostasis in cancer: A focus on senescence” 

(Farfariello et al., 2015).  

In addition, the role of Ca2+ signalling as a substantial intracellular tool that regulates 

dynamicity and complexity of the metastatic cascade is discussed in the review “Molecular 

mechanisms of tumour invasion: regulation by calcium signals” (Iamshanova et al., 2017). 
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Abstract 

Senescence is one of the primary responses to the activation of oncoproteins or down-regulation of 

tumor suppressors in normal cells and is therefore considered as being anti-tumorigenic but the 

mechanisms controlling this process are still much unknown. Calcium (Ca
2+

) plays a major role in 

many cellular processes and calcium channels control many of the "hallmarks of cancer" but  their 

involvement in tumor initiation is poorly understood and remains unclear.  

Therefore, in this article we review some striking senescence-associated characteristics and 

their potential regulation by Ca
2+

. The main aim is to produce plausible hypothesis on how calcium 

homeostasis may participate in cancer-related senescence. 

Highlights:  

- Senescence is a major cellular response during cancer initiation

- Calcium controls many hallmarks of cancer and can regulate senescence

- Calcium can prime the senescence escape during tumor initiation

Keywords: senescence, cancer, calcium homeostasis, calcium channels 
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1. Introduction 

Cell division is an essential tool used by multicellular organisms to survive and, where necessary, to 

renew or repair damaged tissues. However, genomes are continually damaged by environmental and 

oxidative stresses and, in dividing cells, by errors in DNA replication and mitosis. In fact, dividing 

cells can sometimes undergo genomic mutations that, if occur in cell cycle-controlling genes, put 

the organism at risk to develop cancer [1]. To counteract this phenomenon, complex organisms 

have developed some mechanisms in the attempt to repair the damage, if possible, or to block 

proliferation in cells susceptible of oncogenic transformation. The most common way for cells to 

limit uncontrolled proliferation is to die by apoptosis (or programmed cell death), but cells have 

developed alternative mechanisms to block proliferation avoiding death. 

The concept of cellular senescence was formally postulated five decades ago when Hayflick and 

colleagues showed that normal cells had a limited ability to proliferate in culture [2]. Further 

experiments demonstrated that the loss of the proliferative potential was due to the telomere 

shortening. Indeed, when the length of one or more telomeres falls below a certain threshold, the 

exposed DNA end is recognized as a DNA doublestrand break by the DNA damage response 

machinery and triggers the canonical DNA damage checkpoint.  As a general mechanism, DNA 

damage signals contribute to activation of the p53 and pRB tumor suppressor pathways, key 

regulators of much of the senescence program. Activation of p53 contributes to senescence-

associated proliferation arrest through one of its target genes, CDKN1a, encoding the cyclin/cdk 

inhibitor p21
CIP1

. By inhibiting cyclin/cdk2 or cyclin/cdk4 complexes, p21
CIP1

 activates the pRB 

tumor suppressor pathway, which inhibits cell proliferation through numerous downstream targets, 

including the E2F family of transcription factors, whose response genes are necessary for 

progression through S phase [3,4]. Senescent cells are characterized by specific features such as 

irreversible proliferation arrest, resistance to apoptotic cell death and altered differentiated 
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functions, such as morphological modifications, changes in gene expression and production of 

secreted proteins like metalloproteases, inflammatory cytokines and growth factors.  In the context 

of cancer, senescence would represent an obstacle to overcome for the cells to become fully 

tumorigenic in that it irreversibly arrests cell growth. As a matter of fact, cells with cellular and 

molecular characteristics of senescence are found in benign precancerous neoplasms associated 

with oncogene activation in both humans and mice. For example, human nevi or moles are benign 

clonal neoplasms containing melanocytes made senescent by a mutated Ras or B-Raf [5]. Evidence 

for the tumour suppressor role of senescence has been obtained also with mouse models of cancer 

triggered by ablation of the tumour suppressor Pten in the prostate [6] or oncogenic N-Ras 

expression in the haematopoietic system [7], in which the oncogenic initiating event led to the 

development of senescent premalignant lesions with little evidence of apoptosis. However, even if 

cells attempts to block uncontrolled proliferation by triggering senescence, cancer still occurs. 

Many evidence indicate that at one point, some cells lose the senescent phenotype and re-enter in 

the cell cycle progression, the so-called senescence escape. It is thus not surprising that the main 

effectors of senescence, such as p53 and pRB, are the most commonly lost functions in mammalian 

cancers. Indeed, in experimental models of cancer, the progression to cancerous neoplasms instead 

of benign ones occurs when the oncogenic event is combined with simultaneous deletion of 

mediators of the senescence response [6,8]. Calcium controls many aspects of the cellular lifecycle 

and it is conceivable that senescent cells are characterized by a specific calcium signature that could 

be responsible in part for the senescent “phenotype”. Moreover, since the prominent role of Ca
2+

 in 

cancer progression [9], particular perturbations of Ca
2+

 equilibrium could allow cells to bypass the 

proliferation arrest and become tumorigenic.  

Therefore, the aim of this review is to provide new hypothesis on how Ca
2+

 signaling could 

participate in senescence during tumor initiation. However, since on the one hand senescence is the 
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tight cellular balance between proliferation, apoptosis and autophagy and on the other hand Ca
2+

 is 

a key controller of all these processes, we will recapitulate first the current knowledge of how it 

governs the “cellular life”.        

2. Ca
2+

 and the regulation of the cellular fates 

2.1  Proliferation 

Typically quiescent cells exhibit localized short-term Ca
2+

 fluctuations, which represent native Ca
2+

signaling pathways, required to maintain basic cellular physiological activity. However, as a second 

messenger, it is able to regulate a plethora of intracellular pathways. This “versatility” mostly 

depends on spatial and temporal localization of Ca
2+

 in the so-called nanodomains that activate 

specific pathways in specific circumstances.  

In cancer cells, the enhanced proliferation is usually associated with increased cytosolic Ca
2+

concentration [10]. Indeed, multiple transcription factors responsible for cell cycle propagation 

highly depend on Ca
2+

 ions. Among the most common regulators of those are calmodulin, 

Ca
2+

/calmodulin-dependent protein kinases, calcineurin and protein kinase C (PKC) [11].  

For instance, Nuclear Factor of Activated T-cells (NFAT) signaling pathway has been 

implemented in multiple features of cellular cycle, including proliferation. As a general mechanism, 

following phospholipase C� (PLC�) activation the phosphatidyl-inositol-1,4,5-trisphosphate (InsP3) 

is produced and binds to the InsP3 receptor (InsP3R) on the endoplasmic reticulum (ER) 

membrane, inducing the efflux of Ca
2+

. Stromal interaction molecule 1 (STIM1) and STIM2 

subsequently detect the decrease of ER Ca
2+

 stores, form small clusters and communicate with Orai 

channel protein at the plasma membrane to trigger Store-Operated Calcium Entry (SOCE). Ca
2+

binds to the Ca
2+

 sensor protein calmodulin, resulting in activation of calcineurin, which assists in 

dephosphorylation of NFAT, its nuclear localization and subsequent target genes expression. 
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Interestingly, it has been recently shown that Orai1 detects local Ca
2+

 by N-terminal domain in 

specific nanodomains thus effectively coupling Ca
2+

 entry to NFAT activation explaining such 

selective activation of a fundamental downstream response by Orai1 [12]. Nevertheless, there is 

evidence that the same proliferation-promoting Ca
2+

/calmodulin/calcineurin/NFAT pathway can be 

also activated by the store-independent Ca
2+

 entry (e.g. through transient receptor potential (TRP) 

channels, Orai heteromers) [13–15].  

Another ubiquitous regulator of genes that control cell proliferation and survival is Nuclear 

Factor Kappa-light-chain-enhancer of activated B cells (NF-�B). It has been shown to be 

constitutively activated in some types of cancer cell and can control the expression of genes that are 

involved in the stimulation of cell proliferation, inhibition of apoptosis and increase of metastatic 

and angiogenic potential [16]. Ca
2+

 seems to play a crucial role in the activity of NF-kB: using 

primary cultures of neonatal cerebellar granule neurons, Lilienbaum and Israël found that opening 

of Ca
2+

 channels at the plasma membrane and at intracellular stores is indispensable for the basal 

NF-�B activity [17]. They demonstrated that calmodulin, protein kinases C (PKCs), and the p21

CIP1
/Ras/phosphatidylinositol 3-kinase (PI3K)/Akt pathways are simultaneously involved in the 

steps linking the Ca
2+

 signal to NF-κB activity. Of note, there are studies that found NFAT and NF-

�B transcription factors or their upstream activators acting as tumor suppressors and hence inhibit 

cellular proliferative rate [16,18]. Therefore, Ca
2+

-dependent signaling pathways realized through 

NFAT and NF-�B provide a peculiar tool for balancing between proliferation and cell cycle arrest. 

(Fig. 1; point 2.1). 

2.2 Apoptosis 

The involvement of Ca
2+

 and Ca
2+

 channels in extrinsic and intrinsic apoptosis is a widely 

investigated topic (for review, see [19]). Both during extrinsic and intrinsic apoptosis induction, 

mitochondria eventually become overloaded with Ca
2+

, causing mitochondrial depolarization, 
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leading to the opening of the mitochondrial permeability transition pore (mPTP) and the release of 

the cytochrome C in the cytosol, allowing apoptosome formation and the well-described caspase 

cascade.   

The paradigm of apoptosis regulation by calcium resides in B-cell lymphoma-2 (Bcl-2) activity. 

First, Bcl-2 ensures a balance between Bcl-2 pro-apoptotic family members at the mitochondrion 

for the BAK/BAX (Bcl-2 homologous antagonist killer/Bcl-2 associated X protein) pore formation 

[20]. Additionally, they were proposed to affect different Ca
2+

- handling proteins at the ER 

(inactivation of Sarco/Endoplasmic Reticulum Ca
2+

-ATPase (SERCA), interaction with IP3R), 

leading to Ca
2+

 release from the ER, mitochondrial calcium uptake and cytosolic calcium elevation. 

Of note, increased levels of IP3R are usually associated with promotion of cell death, whereas 

reduction of SERCA levels is a common feature of cancer cells that avoid apoptosis [21,22]. 

Overall, Ca
2+

 movement mechanism from ER to mitochondrion seems to be complex, and 

elucidation of molecular complexes located in ER/mitochondrion juxtaposition contacts is of 

primordial interest. In parallel, intracellular Ca
2+

 elevation causes calcineurin-dependent 

dephosphorylation and activation of Bcl-2 associated death promoter (Bad), a pro-apoptotic Bcl-2 

family member, as well as the activation of the Ca
2+

-dependent cystein protease calpain. This latter 

mediates cleavage of several members of Bcl-2 family and activates caspase-12, promoting 

apoptotic cell death induced by oxygen and glucose deprivation [23]. 

2.3 Autophagy

Autophagy is a self-digestive process that provides breakdown and recycling of damaged or unused 

cellular components. In this way cell preserves its energy levels and at the same time provides 

additional self-repairing mechanism. Hence, increased autophagy might be triggered by various 

stress-factors, such as rise in free cytosolic Ca
2+

. However, depending on its spatial and temporal 

organization, Ca
2+

 has been demonstrated to both stimulate and prevent autophagy [24].  
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Interestingly, most studies report ER-residing IP3R as a prominent inhibitor of autophagy [25]. 

However, in starvation-induced autophagy IP3R has also been demonstrated as a stimulator [26]. 

There is some evidence on involvement of TRPV1 and L-type calcium channels in autophagy 

regulation [27,28]. However, their direct implication is further to be confirmed by using more 

specific effectors. Interestingly, autophagolysosome formation is much facilitated due to luminal 

Ca
2+ 

release performed via TRPML1, also known as mucolipin-1. Moreover, expressions of 

TRPML3 also localized in endo-lysosome compartments, directly correlate with autophagy 

induction [29].  

Channels expressed in mitochondria have been also demonstrated to regulate autophagy. Among 

them are Mitochondrial Calcium Uniporter (MCU) and its regulator MCUR1, proteins responsible 

for mitochondrial Ca
2+ 

uptake, which have been shown to induce autophagy when in downregulated 

state [30]. 

3. Ca
2+

 and the senescent phenotype  

3.1 Increase of cell volume

Modifications of the cell volume is one of the most prominent feature of senescent cells. In many 

cells, swelling is rapidly followed by Ca
2+

 entry and the so-called regulatory volume decrease 

(RVD) during which cells extrude ions to counteract the cell volume increase. The activation of ion 

release during RVD is paralleled by inhibition of ion uptake mechanisms.  

The transport systems most often activated by cell swelling are separate K
+
 and anion channels and 

in many cells, swelling leads to the activation of nonselective cation channels [31]. 

A possible participant in RVD is the non-selective cation channel Transient Receptor Potential 

Vanilloid 4 (TRPV4), a member of the Transient Receptor Potential (TRP) superfamily that has 

been shown to react to hypotonic stimuli with a conductance for Ca
2+

. Indeed, cells lacking TRPV4 
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are not able to undergo RDV, property that is re-established in TRPV4-transfected cells [32]. As for 

TRPV4, also TRPM7 is proposed to be activated by osmotic swelling and its knockdown attenuates 

RVD [33]. Piezo proteins have recently been identified as non selective cation channels mediating 

mechanosensory transduction in mammalian cells. A recent paper shed new light on the role of 

Piezo-1 in the regulation and maintenance of cell volume homeostasis, in that its knockdown leads 

to zebrafish erythrocyte swelling [34]. 

In addition, inhibition of Ca
2+

/calmodulin-dependent kinases has been shown to inhibit RVD or 

activation of cell volume regulatory ion channels [35], and it has been concluded that 

calmodulin/Ca
2+ 

complexes are important for activation of RVD. 

In senescent cells, this control mechanism is apparently modified because after senescence stimulus, 

cells increase their volume that remains unchanged with time. It is thus conceivable that senescent 

cells regulate differentially calcium-permeable channels and the associated downstream signaling 

pathways to trigger and maintain the specifics morphological features (Figure 1, 3.1).  

3.2 Changes in  membrane potential  

Membrane potential (Vm), is the voltage across the plasma membrane provided due to differences in 

ions (e.g. Na
+
, K

+
, Ca

2+
) concentration between extra- and intra-cellular regions. Accordingly, 

activity of ion permeable channels/transporters provokes changes in Vm. Typically, in excitable 

cells, changes in Vm are required for propagation of action potential, driving force of cell-to-cell 

communication, whereas in other types of cells, Vm is a biophysical activator of intracellular 

signaling. Indeed, Vm has been shown to play key roles in multiple cellular activities such as 

proliferation and differentiation [9]. Recently, Lallet-Daher and colleagues have suggested on 

association of Vm with another feature of cellular physiology in senescence [36]. They have 

demonstrated that oncogenic stress triggers an increase of potassium channel KCNA1 expression 

and its relocation from the cytoplasm to the membrane responsible for changes in Vm and leading to 
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cellular senescence. In similar manner, Ca
2+ 

channels have been known to modulate Vm, however 

no direct evidence on their involvement in senescence initiation is yet known. In addition, Vm

regulates activity of voltage-gated channels that provide another significant trail of Ca
2+

 influx 

affecting subsequent downstream signaling [37]. Nevertheless, this aspect has not been investigated 

in the work of Lallet-Daher. Therefore, since changes in Vm has been implemented in oncogene-

induced senescence, it would be reasonable to investigate whether similar effects could be 

potentiated by remodeling of Ca
2+

-channels as wells as to affect downstream Ca
2+

-signalling 

(Figure 1, 3.2). 

3.3 Inhibition of telomerase activity  

Expression of telomerase is the most common mechanism by which cancer cells stabilize their 

telomeres and hence avoid replicative senescence [38]. Telomerase activity can be modulated by 

Ca
2+ 

homeostasis. In HaCaT human epidermal keratinocytes, the levels of telomerase activity were 

reduced in response to ER Ca
2+ 

release even without the downregulation of hTERT human 

Telomerase Reverse Transcriptase (hTERT) expression, suggesting that Ca
2+ 

release can directly 

modulate the activity of the telomerase complex [39]. This modulation was postulated to occur via 

the S100A8 Ca
2+

-binding protein, which inhibits the telomerase complex (Figure 1, 3.2). Ca
2+ 

can 

also exert the opposite effect, in that elevated extracellular Ca
2+ 

levels can enhance telomerase 

activity likely by L-type voltage-operated Ca
2+ 

channels [40].  

3.4 Mitochondria-endoplasmic reticulum interactions 

Mitochondria and ER are well-recognized nodes where significant remodeling of Ca
2+

 signaling 

occurs in cancer cells to sustain proliferation and avoid cell death [41]. In a recent study conducted 

with a loss of function approach, ER-to-mitochondria Ca
2+ 

transmission is proposed as a potent 

senescence-inducing signal. Indeed, senescent cells exhibit an altered calcium homeostasis. During 

oncogene and replicative senescence induction, ITPR2 triggers calcium release from the ER 



11 

�

�

followed with by mitochondrial calcium accumulation through MCU channel. This Ca
2+ 

remodeling 

causes a drop in mitochondrial membrane potential and an accumulation of oxygen species [42]. 

Knockdown of MCU or MICU1 modulator prior to oncogenic stress application leads to a strong 

decrease in mitochondrial accumulation correlated to loss of mitochondrial depolarization and 

senescence escape. Although the precise mechanism underlying ER-to-mitochondria Ca
2+ 

transfer 

during senescence is still unclear, it is tempting to speculate a link between mitochondrial Ca
2+ 

modulation, mitochondrial respiration and eventually metabolic crisis such as autophagy [19,43]

(Figure 1, 3.4). Mitochondria and ER networks are interconnected in punctuate microdomains 

called Mitochondria-Associated Endoplasmic Reticulum Membrane (MAM) sharing structural and 

functional interactions essential for Ca
2+

 signaling, lipid transport, energy metabolism, and cell 

death [44]. In mammalian, these MAMs are composed of the Voltage-Dependent Anion Channel 

(VDAC) located at the outer mitochondrial membrane interacting with the IP3R at the ER 

membrane through the molecular chaperone glucose-regulated protein 75 (Grp75), allowing Ca
2+ 

transfer from the ER to mitochondria [45] (Figure 1, 3.4). These ‘hotspots’ of calcium transfer are 

now considered as crosstalk platforms in response to various stresses associated with specific 

proteins recruitment. Altogether, it appears that Ca
2+

 signals regulating cell death, autophagy and 

metabolism depend on spatially and dynamically restricted domains. Under this prespective, the 

subcellular localization of all calcium permeable channels appears of great significance.

3.5 Transcriptional reprogramming 

In paragraph 2.1 we reported some of the potential effects of Ca
2+

 in the regulation of transcription 

factors responsible for cell proliferation. As a key regulator of senescence, p53 is the first that 

should be taken into account. A direct link between Ca
2+ 

and p53 activity was provided by Lu et al., 

showing that siRNA-mediated silencing of Cav3.1 channels expressed in certain esophageal 

carcinoma cell lines can reduce cell proliferation via the p53 tumor-suppressing transcription factor-
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dependent pathway, leading to the upregulation of cell-cycle arrest protein p21
CIP1

[46]. Moreover, 

calcium can indirectly modulate the expression and function of p53 by regulating the activity of the 

large conductance Ca
2+-

dependent K
+
 channel (BKCa). Indeed, the pharmacological blockade of 

BKCa channels in human HeLa cervical and A2780 ovarian cancer cell lines has been reported to 

induce the increased expression of p53 and cell-cycle arrest in the G1 phase [47], suggesting that 

BKCa channel activity is required to keep p53 under negative control to prevent its antitumor 

actions. Additionally, Ca
2+

 can regulate the ability of partner proteins to bind and modulate p53 

activity. Mueller and colleagues have in fact demonstrated that the S100A2, a member of the 

subfamily of S100 Ca
2+

-binding proteins, is able to interact with p53 in a Ca
2+

-dependent manner, 

and that this interaction facilitates binding of p53 to its responsive element [48]. By contrast, the 

S100B Ca
2+-

binding protein exerts the opposite role, by decreasing p53 DNA binding and 

transcriptional activity [49]. Moreover, Delphin et al.  demonstrated that in vitro, Ca
2+

-dependent 

PKC is able to phosphorylate recombinant murine p53 protein on several residues contained within 

a conserved basic region of 25 amino acids, located in the C-terminal part of the protein, thus 

increasing the stability of p53 protein tetramers and oligomers [50].   

Ca
2+

 is the major regulator of NFAT, however no data are available on its role in cancer-

related senescence. However, dysregulation of NFAT is now known to be associated with 

malignant transformation and the development of cancer. For example, it is expressed and 

transcriptionally active in human metastatic melanoma cell lines, in which it is activated by 

oncogenic B-Raf
V600E

 via the canonical MEK/ERK pathway [51]. Moreover, this specific pathway 

is also known to induce senescent-like cycle arrest of human naevi, suggesting that the additional 

NFAT activation is required for cells to become tumorigenic. As a matter of fact, recently Unemura 

et colleagues [52] showed that STIM1 and Orai1 are expressed in metastatic human melanoma cell 

lines, while the melanocyte cell line, HEMA-LP, displayed only a low level of Orai1 expression 
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that could explain partially the increased activation of NFAT in malignant cells. It is thus 

conceivable that the activation of NFAT occurs in part as the result of changes in Ca
2+

 homeostasis 

due to channels expression and function remodeling that can occur in cells during the tumorigenic 

process, allowing cells to pass from a senescent-like to a more aggressive phenotype.     

Little is known about the role of NF-kB cancer-associated senescence. It has been shown 

that chronic NF-�B activation delays H-Ras
V12

-induced premature senescence in IMR-90 normal 

human diploid fibroblasts [53]. Accordingly, inhibition of p53 or p65 expression alone had no overt 

effect on the growth arrest phenotype induced by oncogenic H-Ras
V12

 in IMR-90 cells, but 

inhibiting both p53 and p65 simultaneously promoted cell growth and reversed the senescent 

phenotype [54]. In the same paper, the authors found that NF-�B acts as a master regulator of the 

Senescence-Associated Secretory Phenotype (SASP), influencing the expression of several genes, 

including interleukin 6 (IL-6), IL-8, CXCL1 chemokine, InterCellular Adhesion Molecule 

1(ICAM1), matrix metalloproteinases and noninflammatory response genes.  Indeed, oncogene-

induced senescence has been associated with secretion of multiple CXCR2-binding chemokines in 

NF-�B-dependent manner  [55] (Figure 1, 3.5). 

3.6 Senescence-associated secretory phenotype (SASP)

It is well known that senescent cells are able to secrete a large number of soluble factors (the so-

called SASP) like growth factors, cytokines, extracellular matrix, and degradative enzymes, all of 

which can alter tissue microenvironments and affect nearby epithelial cells [56,57]. Calcium 

channels are well known regulators of secretion. Indeed, Cav3.2 T-type calcium channels were 

found to be involved in calcium-dependent secretion of neuroendocrine prostate cancer cells 

probably by stimulating intracellular trafficking and exocytosis [58]. Moreover, Ca
2+

 influx via 

store-dependent TRPs (TRPC1, TRPC4, aids the enhanced secretion of angiogenic factors and 

TRPM8 is in part responsible for the secretion of mitogenic factors in prostate cancer cells [9].  
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Indeed, modulation of the expression of calcium channels in senescent cells could contribute to 

regulate the secretory phenotype acting either directly on the exocytic pathway or indirectly by 

promoting the activity of transcription factors such as NF-κB (Figure 1, 3.6).  

3.7 Autophagic flux

Autophagy has been linked with aging and indeed found in senescence transition phase (reviewed in 

[59]). Actually, the significant switch of protein degradation from proteosomal onto 

autophagosomal pathway has been reported to take place during senescence [60]. Indeed, autophagy 

has been suggested to mediate acquisition of oncogene-induced senescence, whereas its inhibition 

delays senescence-associated processes, including specific secretion phenotype [61]. In fact, the 

main result of autophagy functioning is the production of particular vesicles that assist in 

degradation of a required material after their fusion with lysosomes. Indeed, previously it has been 

shown that lysosomal membrane permeabilization induces autophagy and triggers stress-induced 

premature senescence, which is reversible by autophagy inhibition [62]. In fact, one of the most 

spread assays for determination of senescent cells is enhanced lysosomal enzyme �-galactosidase 

activity. In consistence with this, during Ras-induced-senescence the kinetics of �-galactosidase 

activity and autophagy activation have been tightly correlated [61].  

Indeed, the evidence of a profound relationship between the autophagy process and oncogene-

induced senescence strengthen the potential role of Ca
2+

 signaling as one of the main actors in the 

acquisition of the senescent phenotype (Figure 1, 3.7). 

4. Concluding remarks   

Senescence is a critical step through which “oncogene-stressed” cells pass to limit the proliferation, 

the consequent accumulation of genomic mutations and finally the tumor progression. 

Over these last few years, the importance of Ca
2+

 channels in regulating few hallmarks of cancer is 
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emerging. Indeed, they have been demonstrated to play important roles in 1) self-sufficiency in 

growth signals and aberrant cell proliferation, 2) insensitivity to antigrowth signals, 3) evasion of 

programmed cell death (apoptosis), and 4) tissue invasion and metastasis. Some of these channels 

have a specific profile of expression depending on the cancer cell phenotype thereby pointing on the 

possibility to use them as diagnostic/prognostic markers for cancer development.  

 Proliferating tumor cells show very distinct patterns of expression and function of Ca
2+

channels if compared to their normal counterparts. It is therefore highly probable that some of the 

features of this “intermediate” phenotype are regulated by Ca
2+ 

homeostasis, through the 

modulation of ion fluxes caused by differential expression and/or remodeling of channels activities.  

However, senescence is often bypassed and cells re-acquire features of proliferating cells allowing 

cancer to arise and progress but little is known about the molecular mechanisms involved in this 

phenomenon. Thus, unveiling their role in senescence could be of help for the development of new 

more conscious therapeutic strategies targeting Ca
2+ 

channels, or to identify new early diagnostic 

markers. 
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Figure 1 

Calcium and calcium-permeable channels in the control of senescence. The potential pathways 

by which Ca
2+

 could regulate senescence are depicted. Numbers indicate the relative paragraph in 

the text. 
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Abstract 

 

Na
+
 ions are known to regulate many signalling pathways involved in both physiological and 

pathological conditions. Though the functionality of Na
+
 channels and the corresponding Na

+
 

currents can be investigated using the patch-clamp technique, the latter does not provide the 

fast and dynamic method to study [Na
+
]i transients as do Na

+
 fluorescence indicator dyes. 

Despite the fact that Na
+
 signalling is considered as an important controller of cancer 

progression, only few data using Na
+
 imaging technique are available so far, suggesting the 

persisting challenge within the scientific community. In this study, we have performed the 

comparison of three Na
+
 specific fluorescent dyes – Na

+
-binding benzofuran isophthalate 

(SBFI), CoroNa
TM

 Green (Corona) and Asante NaTRIUM Green-2 (ANG-2) in prostate 

cancer cells. These dyes have been assessed for optimal loading conditions, working range, 

[Na
+
]i sensitivity, etc, in order to determine which probe can be considered as the most 

reliable to visualize Na
+
 fluctuations in vitro. This is the first study to report on Na

+ 

fluorescence imaging in prostate cancer cells. Moreover, it addresses many technical issues 

associated with different Na
+
 specific probes and provides better understanding on their 

proper application in vitro. 

 

 

 

Key words: sodium-imaging, fluorescent dye, prostate cancer cells 
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Introduction 

Virtually all living organisms could be unified in their feature to possess sodium (Na
+
) 

concentration gradient across plasma membrane. It is reached due to the great difference in 

ionic composition between interior and exterior regions of the cell. Intracellular Na
+
 

concentration [Na
+
]i is ten to twenty times lower than extracellular concentration in every 

organisms. Typically, [Na
+
]i varies around 5-15 mM depending on the cell type in mammals, 

whereas its extracellular amount is much higher, around 120-150 mM. Such concentration 

gradient is established through activity of ion channels/transporters and pumps and is required 

for maintenance of resting membrane potential. Thus, ion movement across plasma membrane 

might initiate electrical excitation as well as local cytoplasmic responses. Therefore, Na
+
 ion 

has been proposed as a second messenger that could regulate many signalling pathways 

involved in both physiological and pathological cellular properties (Besson et al. 2015; Roger 

et al. 2015). Despite being important in functioning of excitable and non-excitable tissues 

(e.g. nerve conduction and organogenesis, accordingly), Na
+
 signalling has also been 

associated with cancer cell behaviours (Fraser et al. 2014). Indeed, Na
+
 signalling has been 

shown to play a significant role in cell polarity, motility, migration, invasiveness and 

extracellular matrix remodelling. Importantly, elevated total tissue Na
+
 concentration has been 

proposed as a highly specific in vivo indicator of malignant lesions in human cancer patients 

(Jacobs et al. 2011; Ouwerkerk et al. 2003; Ouwerkerk et al. 2007). Therefore, investigation 

of Na
+ 

signalling dynamics at a cellular level could give us a better understanding on how 

variety of carcinogenic processes are being regulated.  

Various experimental approaches have been developed to study changes in [Na
+
]i. For 

example, 
23

Na nuclear magnetic resonance spectroscopy offers a reliable method for non-

invasive quantification of [Na
+
]i in perfused cancer cells and tissues(Hansen et al. 1993). Flow 

cytometry also provides feasible [Na
+
]i measurements (Amorino and Fox 1995). However, 
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due to the heterogeneity of cancer cell populations, only large differences could be accurately 

discriminated by these methods. Functionality of Na
+
 channels and hence their active Na

+
 

currents can be investigated by usage of the patch-clamp technique (Armstrong 1981; Roden 

and George 1997). However, all these options do not provide fast and dynamic method to 

quantify [Na
+
]i variations as Na

+
 fluorescence indicator dyes do. Indeed, some studies have 

reported on successful Na
+
 imaging in various types of cells (Baquero and Gilbertson 2011; 

Komlosi et al. 2003; Lahn et al. 2011; Miyazaki and Ross 2015). Regarding the fact that Na
+
 

signalling is considered as an important controller of cancer progression, it is highly 

surprising that only few research groups have published their Na
+
 imaging results using 

cancer cell lines (Gao et al. 2009b; Roger et al. 2007). Therefore, it can be suggested that 

realization of this technique is still imposing many challenges within the scientific 

community. In addition, existing variety of the commercially available Na
+
 dyes makes 

unclear which one can be considered as the most reliable probe to visualize Na
+
 fluctuations 

in vitro.  

In this study, we have performed the comparison of three Na
+
 specific fluorescent dyes 

– Na
+
-binding benzofuran isophthalate (SBFI), CoroNa

TM
 Green (Corona) and Asante 

NaTRIUM Green-2 (ANG-2) in prostate cancer cells. The dyes have been evaluated by their 

various parameters (e.g. time for loading, working range, and sensitivity). Throughout this 

study, increases in free [Na
+
]i have been reached via diverse pathways – ubiquitous and cell 

type-specific (Fig.1). For example, various types of human cancer cells, including prostate, 

have been reported to express voltage-gated sodium channels (Fraser et al. 2014; Shan et al. 

2014). Thus, application of sodium channel activator, veratridine, would lead to [Na
+
]i 

increase only in cells where functional sodium channels are expressed on plasma membrane. 

On the contrary, Na
+
/K

+
-ATPase, protein that transports three Na

+
 out of the cell against two 

K
+
 inside, is found in plasma membrane of all animal cells (Dlouha et al. 1979; Quinton and 
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Tormey 1976; Robinson 1975). Hence, the application of ouabain, a specific inhibitor of 

Na
+
/K

+
-ATPase, would result in omnipresent [Na

+
]i increase. Similarly, ionomycin is an 

ionophore that acts on any kind of cell where it enables calcium (Ca
2+

) entry through plasma 

membrane and its release from the endoplasmic reticulum (Moskowitz and Hruska 1992; 

Nilsson et al. 1987). Elevated cytosolic Ca
2+

are thus expected to affect the activity of 

Na
+
/Ca

2+
 exchanger that imports Na

+
 and hence to increase [Na

+
]i. In addition, Na

+
 entry can 

be provided via ion diffusion down the electrochemical gradient through Na
+
-specific leak 

channels (Pajor and Wright 1992; Parent et al. 1992; Wright et al. 1992). However, very little 

is yet known on the mode of operation of these channels. In this study, the function of Na
+
-

leak channels has been investigated due to the alteration of extracellular Na
+ 

concentration. 

Overall, this is the first study to report on Na
+ 

fluorescence imaging in prostate cancer 

cells. Moreover, it addresses many technical issues associated with the different Na
+
 specific 

probes and provides a better understanding on their proper application in vitro. 
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Materials and Methods 

Cell culture 

In this study, human prostate cancer cell lines of epithelial origin have been used. DU 145 and 

PC-3 have been purchased from the American Type Culture Collection (ATCC®), whereas – 

PC-3M have been kindly provided by Prof Mustafa Djamgoz (Imperial College London, UK). 

These cancer cell lines derive from various metastatic sites and are relatively classified by 

their tumorigenic potential as follows: DU 145 – issue from brain, moderately metastatic 

(Stone et al. 1978); PC-3 – issue from bone, highly metastatic (Kaighn et al. 1979); and PC-

3M – issue from liver, more aggressive derivative of PC-3(Kozlowski et al. 1984). Cells were 

routinely cultured at 37ºC in a humidified atmosphere with 5% CO2 in RPMI 1640 medium 

(Gibco
TM

, Thermo Fischer Scientific) containing a final concentration of 10% fetal bovine 

serum (Gibco
TM

) and 2 mM L-Glutamine (Gibco
TM

, Thermo Fischer Scientific). Twice a 

week, cultures were split by treatment with 0.25% trypsin-EDTA (Gibco
TM

, Thermo Fischer 

Scientific) for 5 min at 37ºC. 

 

Solutions 

The Hank’s buffer saline solution (HBSS) comprised as follows (mM): NaCl 150, KCl 5, 

MgCl2 1, CaCl2 2, D-Glucose 10, and HEPES 10, adjusted to pH 7.4 with 1 M NaOH. Na
+
-

free solution contained the following components (in mM): Choline chloride 150, MgCl2 1, 

KCl 5, CaCl2 2, D-Glucose 5.6, and HEPES 10, adjusted to pH 7.4 with 1 M KOH. 

Extracellular solution with high Na
+
 concentration consisted of (mM): NaCl 150, KCl 5, 

MgCl2 1, CaCl2 2, D-Glucose 5.6, and HEPES 10, adjusted to pH 7.4 with 1 M NaOH. For 

calibration purposes, Na
+
 dilutions (ranged from 0 to 140 mM) containing 20 µM gramicidin 

and monensin have been prepared. Ouabain-, ionomycin- and veratridine-containing solutions 
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were prepared in HBSS. All reagents have been purchased from Sigma-Aldrich, unless 

otherwise specified. 

 

Sodium fluorescent imaging  

All probes were purchased in a form of cell-permeant acetoxymethyl esters: Na
+
-binding 

benzofuran isophthalate (SBFI) from Interchim (Cat. №FP-82902B), whereas CoroNa
TM

 

Green (CoroNa) and Asante NaTRIUM Green-2 (ANG-2) – from Life Technologies (Cat. № 

C36676) and TEFlabs (Cat. № 3512), accordingly. Dyes were reconstituted in dimethyl 

sulfoxide (DMSO) and diluted in HBSS containing 0.02% of Pluronic
®
 F127 to the final 

concentrations of 7 µM for SBFI, 10 µM for CoroNa, and 5 µM for ANG-2.  

Cells were plated onto 30 mm glass coverslips and grown in standard conditions for 

three days. During this time, cells properly attached to the coverslips and had time to divide at 

least once. In such a way, we reassured that cells were exhibiting healthy phenotype prior to 

experimental procedure. Then coverslips were washed with HBSS and loaded with 1 ml of the 

dye solution as follows: for SBFI – 5 hours in the incubator at 37ºC, for CoroNa – 1 hour in 

the incubator at 37ºC, and for ANG-2 – 1 hour at room temperature. Afterwards, coverslips 

were gently rinsed with HBSS, fixed on the imaging platform and left in the appropriate 

experimental solution. All recordings, including calibrations, were performed at room 

temperature. About 50 cells per field of view were selected for fluorescence measurements. 

Background fluorescence was selected as an area with no cells and subtracted from each data 

point obtained during experiment. 

Fluorescence was excited using an illumination DG4 system (Sutter) fitted with a 

xenon lamp 300W. All recordings of Na
+
 fluorescence have been acquired using objective 

20x Superfluor Nikon Eclipse Ti- series inverted microscope coupled to EMCCD camera 

Rolera EM-C
2
 (Qimaging) and processed using Metafluor 7.7.5.0 software. The excitation 
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filters represented following parameters in terms of wavelength and bandwidth: 340 nm / 26 

nm and 387 nm / 11 nm for SBFI; 482 nm / 35 nm for CoroNa; and for ANG-2. The emission 

filters were as follows: 510 nm / 84 nm for SBFI, 536 nm / 40 nm for CoroNa and for ANG-2. 

 

Results 

Basics of sodium imaging and ion-specific indicators 

The Na
+
-imaging technique is based on the recordings of signals produced by fluorescent Na

+
 

indicator dyes. These molecules are typically composed of an ion-binding site and a 

fluorophore unit (Fig. 2). Thus, the principle is built on dye conformational changes upon Na
+
 

binding which are followed by spectral changes. This can be assessed by exciting dyes’ 

fluorescence using specific wavelengths and measuring the emitted light, which can be 

registered and visualized by the software. The variety of commercially available Na
+
 probes is 

still relatively small, when comparing to the wide range of Ca
2+

 indicator dyes (Rose 2012). 

Nevertheless, there is still a significant contrast between general chemical properties of the 

molecules (e.g. fluorescence, ion specificity, affinity, etc). Therefore, these differences have 

to be accurately considered prior to the dye employment. Importantly, a reliable Na
+
 indicator 

should be highly specific for Na
+
 over other ions. Hence, Na

+
 binding (or unbinding) should 

result in a significant change in the fluorescence emission. Furthermore, high dye 

concentrations and long-term exposure times are not advised for elimination of the possible 

cytotoxic effects. Thus, emission efficacy of the fluorophore should be as high as possible. To 

date, Na
+
 indicator dyes are available in the modified form of acetoxymethyl esters. In this 

form, the passage of the dye across cell membrane is facilitated. Once inside, the 

acetoxymethyl groups are removed by cellular esterases and uniformly dispersed in the 

cytoplasm.  
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Despite new developments, the most commonly used Na
+
 indicator dye is still SBFI, 

first described in 1989 (Minta and Tsien 1989). As a ratiometric dye, it can be excited at two 

separate wavelengths (340 nm and 380 nm) and the emitted fluorescence reaches a maximum 

of intensity at 500 nm. The excitation spectra is shifted upon Na
+
 binding onto SBFI, the Na-

bound SBFI and the Na-free SBFI displaying excitation peak at 340 and 380 nm, respectively. 

The ratio of emitted fluorescence obtained at each wavelength (F340nm/ F380nm) thus directly 

correlates with [Na
+
]i, whereas the SBFI emission spectra does not depend on changes in 

[Na
+
]i. The properties of CoroNa have been described in detail by earlier studies (Martin et al. 

2005; Meier et al. 2006). It is excited by visible light and exhibits an increase in fluorescence 

emission intensity upon binding of Na
+
 with just little shift in wavelength. The excitation and 

emission maxima of CoroNa are at 492 nm and 516 nm, accordingly, whereas for absorbance 

it is near 488 nm. The selectivity of CoroNa is 4 times higher to Na
+
 than to K

+
 binding 

(Martin et al. 2005). Moreover, CoroNa exhibits relatively high dissociation constant Kd, 

making it well suitable for measuring large [Na
+
]i transients (Martin et al. 2005). Lately, a 

novel Na
+
 indicator, Asante NaTrium Green 1 has been described (Kim et al. 2010; Lamy and 

Chatton 2011). According to the manufacturer (TEFLabs Inc., Austin, TX), another 

derivative, ANG-2, does even show improved fluorescence properties, but up to now, no data 

with this dye have been published. The excitation and emission maxima of ANG-2 are around 

532 nm and 550 nm, and sodium binding induces an increase in fluorescence intensity. 

 

Loading of the cells with sodium indicator dyes 

Within the existing variety of methods for the dye delivery inside of the cell (e.g. 

microinjection, electroporation, patch-pipette administration, etc.), the usage of esterified 

compounds is the most practical. The membrane-permeable ester reaches cytoplasm due to 

hydrolytic reaction and hence no special facilities are required. However, the disadvantage of 
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esters is their ability to accumulate inside intracellular compartments making indicator 

insensitive to the cytosolic levels of Na
+
. It can be avoided by decreasing the loading 

temperature, which usually implies longer incubation time. Therefore, the loading conditions 

of each Na
+
 indicator have to be accurately adjusted.  

 In this study, we optimized loading conditions of esterified SBFI, CoroNa and ANG-2 

indicator dyes when using human prostate cancer cell lines DU 145, PC-3 and PC-3M. The 

loading conditions were mostly comparable to the manufacturer indications and changed if 

necessary. It has been reported that the loading time for SBFI may vary depending on the cell 

type. In our study, the loading times for SBFI and CoroNa were prolonged for 5 hours and 1 

hour, respectively. Furthermore, the working concentrations of CoroNa were step-wise 

increased from 0.5 µM to 10 µM. Nevertheless, even with high concentrations of CoroNa (10 

µM), a gradual fluorescence signal loss was observed, more likely due to the dye leakage out 

of the cell. Alterations of the loading temperatures did not improve the procedure and hence 

were not modified.  

 

Calibration of the dyes 

When employing Na
+ 

indicator dyes, [Na
+
]i is not measured directly. Therefore, calibration is 

required in order to convert fluorescence signals into defined changes in [Na
+
]i. Of note, 

constructed calibration curves are crucial for estimating multiple working parameters. For 

example, the dissociation constant Kd, indicative of the indicator dye affinity for Na
+
, should 

be within the expected physiological range of [Na
+
]i in the biological sample. Furthermore, 

efficient measurements of [Na
+
]i changes could be recorded under condition where the 

working range of the dye varies between 0.1 to 10 times of its Kd value. Therefore, these 

parameters have to be taken into account during the experimental design. Here we describe in 

vitro calibration procedures of SBFI, CoroNa and ANG-2 Na
+ 

indicator dyes using PC-3 cells 
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that have been sequentially exposed to solutions with different Na
+
 values (ranged from 0 to 

120 mM) containing 10 µg/ml of monensin and gramicidin.  

Calibration of ratiometric dye SBFI: 

Typical changes in fluorescence emitted during excitation at 340 nm (F340nm) and 380 nm 

(F380nm) have been obtained after calibration and are illustrated as F340nm and F380nm, 

respectively, in Fig. 3A. As it has been expected, F380nm inversely correlates with the changes 

in [Na
+
]i, whereas F340nm remains essentially unaffected. Accordingly, the fluorescence ratio 

F340nm/F380nm directly corresponds to the alterations in [Na
+
]i (Fig. 3B). Nevertheless, it is still 

required to convert F340nm/F380nm recordings into [Na
+
] values. Typically for ratiometric dyes 

as SBFI, it is done by using standard equation (Grynkiewicz et al. 1985): 

                         [Na
+
] = β × Kd [ ( Rn - Rn(min) ) / ( Rn(max) - Rn ) ]                                 (1) 

where β = F380nm(max)/F380nm(min); Kd – dissociation constant; Rn = F340nm/F380nm at each data 

point recorded; Rn(min) and Rn(max) are the fluorescence ratios F340nm/F380nm at the lowest and 

highest [Na
+
]concentration applied during calibration. Thus, Rn, Rn(min) and Rn(max) are known, 

and β can be estimated from the values illustrated in Fig. 3A. In order to calculate Kd, the 

fluorescence ratio F340nm/F380nm has been plotted versus log10 of known [Na
+
] values used for 

the calibration (Fig. 3C). The derived curve was fitted by using Logistic function.  

                             Rn= Rn(max) + [ Rn(min) - Rn(max)) / ( 1 + ( [Na
+
] / Kd ) ^ p ]                           (2) 

where p = is the power which represents the slope of the linear part of the curve.The EC50 (Kd 

value) was computed and found to be 5.3 mM. We propose that the optimal working range of 

SBFI varies between 0.5 mM and 30 mM [Na
+
] in vitro. This range has been also confirmed 

on Fig. 3B, where alterations of [Na
+
]i have initiated the most apparent changes in ratio 

F340nm/F380nm intensity. Overall, the identification of all parameters required in Eq.1 has 

enabled us to evaluate [Na
+
]i throughout all recordings performed with SBFI in this study.  

Calibration of non-ratiometric dyes CoroNa and ANG-2: 
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The calibration for single wavelengths dyes as CoroNa and ANG-2 is relatively simple. The 

fluorescence intensities obtained after administration of various extracellular Na
+
 levels are 

illustrated in Fig. 4A and 5A. Afterwards, the intensity values have been plotted versus log10 

of [Na
+
] applied (Fig. 4B and 5B). The Logistic function has been used for curve fitting (see 

Eq.2), where Kd value has been derived as EC50. In this study for CoroNa dye Kd = 10.5 mM, 

whereas for ANG-2 dye Kd = 3.4 mM. Accordingly, the working range of the dyes is 

suggested as follows: 1mM to 60 mM for CoroNa, and 0.5 mM to 30 mM for ANG-2.  

 

Response to changes in extracellular sodium concentration 

The passive transport of many ions including Na
+
 is carried out across the plasma membrane 

down the electrochemical gradient. Thus, in order to investigate the correlation of [Na
+
]i 

variations with changes in extracellular [Na
+
], we performed a so called “Na

+
 switch”. First, 

cells were washed in Na
+
-free media to eliminate residual Na

+
 ion presence. After an initial 

recording carried out in Na
+
-free solution, extracellular [Na

+
]was switched to 75 mM and 110 

mM. As indicated in Fig. 6A, PC-3 cells responded to the sodium switch with a two-fold 

larger Na
+
 entry than PC-3M, whereas DU 145 exhibited relatively stable levels of [Na

+
]i 

whatever the extracellular Na
+
 concentration was. Although Na

+
 diffusion at resting 

membrane potential is generally accepted as a well-known phenomenon, very little is known 

about its precise mechanisms. From our results, it is obvious that DU 145 cells are more 

resistant to extracellular [Na
+
] changes than PC-3 or PC-3M. Thus, it can be suggested that 

[Na
+
]i in DU 145 cells has reached some limit or saturation point, and hence no more Na

+
 can 

enter inside or that DU145 have efficient Na
+
 buffering mechanisms which allow its rapid 

extrusion upon Na
+
 entry. In addition, it can be hypothesized that passive Na

+
 transports 

might be mediated through some ion-specific channels, which are absent/non-functional in 
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DU 145 cells. Nevertheless, these pathways are still scarcely described overall and have to be 

identified for prostate cancer cells in particular. 

 

Response to increase in cytosolic calcium concentration 

Ionomycin is an ionophore which is often used as a tool for investigating Ca
2+

-associated 

mechanisms (Moskowitz and Hruska 1992; Nilsson et al. 1987). Of note, it creates pores in 

the lipid membrane layer that permits intracellular Ca
2+

 entry. Moreover, after application, 

ionomycin itself easily penetrates inside of the cell and reaches endoplasmic reticulum. 

Consequently, the rise of [Ca
2+

]i is augmented due to endoplasmic reticulum depletion. In this 

study, we have used ionomycin in order to elevate [Ca
2+

]i and hence affect Na
+
/Ca

2+
 

exchanger as the predominant cellular mechanism of Ca
2+ 

efflux. Accordingly, in conditions 

where [Ca
2+

]i is high, the Na
+
/Ca

2+
 exchanger allows Na

+
 entry and as a result [Na

+
]i 

increases. Here, we have observed a similar raise in [Na
+
]i within all prostate cancer cell lines 

tested (Fig. 7). It might be explained due to the nature of ionomycin, which is not cell type-

dependent reagent. Hence, its application leads to equal intracellular Ca
2+

 release regardless 

of the cell line. Consequently, the activity of Na
+
/Ca

2+
 exchanger has been similarly affected 

and provoked comparable changes in [Na
+
]i in all cell lines. Of note, ANG-2 was slightly less 

sensitive than SBFI, whereas CoroNa exhibited only partial [Na
+
]i fluctuations after 

ionomycin administration (Fig. 7). 

 

Response to sodium/potassium pump inhibition 

Na
+
/K

+
 ATPase participates in active ion transport by pumping Na

+
 and K

+
 against their 

concentration gradients. The enzyme is present in all higher eukaryotes and hence its 

functioning has been investigated in galore. In particular it has been attributed to the 

maintenance of the membrane resting potential, cell volume regulation, signal transduction, 
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etc (Dlouha et al. 1979; Quinton and Tormey 1976; Robinson 1975). Besides controlling 

intrinsic cellular activities, multiple studies have reported on Na
+
/K

+
 ATPase differential 

expression in cancer cells and its involvement in cell survival, proliferation, adhesion, 

migration and invasiveness (Mijatovic et al. 2012; Mijatovic et al. 2008; Weidemann 2005). 

Overall, Na
+
/K

+
 ATPase may be considered as one of the most important players of 

intracellular Na
+
 signalling with its prominent role in cellular (patho)-physiology. Therefore, 

Na
+
-imaging is an essential technique for visualization of Na

+
/K

+
 ATPase functioning in 

vitro. In the present study, the activity of Na
+
/K

+
 ATPase was examined by the application of 

a pump-specific inhibitor, ouabain, at a concentration of 250 µM. As expected, all cell lines 

tested have responded with a progressive accumulation of [Na
+
]i (Fig. 8). Interestingly, DU 

145 and PC-3 cells exhibited higher [Na
+
]i elevations than PC-3M cells (Fig. 8). This could 

imply various expression levels of this enzyme among different prostate cancer cell lines. 

Noteworthy, all three Na
+
 indicator dyes were able to detect [Na

+
]i increase in DU 145 and 

PC-3 cells (Fig 8A, B). However, CoroNa exhibited lower sensitivity for [Na
+
]i elevation in 

these cells and was not sufficiently effective to uncover lower response in PC-3M cells (Fig. 

8A, B).  

 

Response to voltage-gated sodium channel agonist 

Voltage-gated Na
+
 channels are known for their involvement in allowing action potential 

triggering and propagation in nerve and muscle tissues (Denac et al. 2000). However, there is 

growing evidence on the implementation of these channels in “non-excitable” epithelial cells 

(Barshack et al. 2008; Gao et al. 2009a). Especially voltage-gated Na
+
 channels have been 

found upregulated in many carcinomas, and in particular associated with their metastatic 

potential (Patel and Brackenbury 2015; Roger et al. 2015). Therefore, in our study we have 

used DU 145, PC-3 and PC-3M cells which are considered as highly aggressive model of 
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human prostate cancer. Indeed, these cell lines have been reported to express voltage-gated 

Na
+
 channels (Nakajima et al. 2009; Shan et al. 2014). Thus, we have investigated their 

functioning using a channel-specific agonist, veratridine. Surprisingly, as measured using 

SBFI and ANG-2, voltage-gated Na
+
 channel “opener” provoked a minor [Na

+
]i increase in 

DU 145 cells and had no effect on PC-3 and PC-3M (Fig. 9A, B). On the one hand, it can be 

suggested that voltage-gated Na
+
 channels are simply not functionally active or localized in 

intracellular compartments rather than on the plasma membrane in the cell lines tested. On the 

other hand, it can be explained due to the lack of the effect of veratridine itself, which has 

already been reported for rat prostate cancer cells (Fraser et al. 2000). Interestingly, 

veratridine was found to affect only differentiated cells (Imanishi et al. 2006). Thus, it can 

explain poor performance of this agonist on advanced cancer cells that are considered to 

possess undifferentiated cell phenotype. Furthermore, the value of veratridine as a chemical 

activator of voltage-gated Na
+
 channels has been undermined since it was shown to have only 

a slight influence on the tetrodotoxin-resistant channel in non-voltage-clamped cells (Farrag et 

al. 2008). Overall, it has been previously suggested that veratridine may interact with other 

ion channels and hence its mode of action may be rather complex (Fraser et al. 2003; Romey 

and Lazdunski 1982; Verheugen et al. 1994). 
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Discussion 

Technical aspects 

Occasionally, technical limitations may become decisive for awhole experimental design. 

Thus, some major aspects of SBFI, CoroNa and ANG-2 applications have to be taken into 

account (Table 1) for intracellular Na
+
 measurements. For example, employment of such a 

ratiometric dye as SBFI eliminates experimental variables as cell thickness or size, 

photobleaching and dye concentration. However, it is sensitive to changes in intracellular pH 

(Diarra et al. 2001). Therefore, Na
+
 recordings involving significant pH alterations should be 

reconsidered using an alternative Na
+
 indicator dye. However, a ratiometric dye enables direct 

comparison between different experiments and quantitative measurement of signals. And, if 

precise [Na
+
]i estimation is required while using single-excitation wavelength dye, the 

calibration procedure has to be performed on each sample tested. The employment of the 

latter becomes markedly inconvenient for Na
+
-imaging in multiple samples, that is often 

required to reach statistical significance, especially when the response is transient and/or of a 

low magnitude. Interestingly, the calibration of all three Na
+
 indicator dyes has shown that 

CoroNa is more suitable for detecting [Na
+
]i variations in a wider range of concentrations. Its 

working range and Kd are at least twice larger than for SBFI or ANG-2. Indeed, CoroNa has 

been previously reported to discriminate substantial [Na
+
]i changes at high background [Na

+
] 

(Meier et al. 2006). SBFI, CoroNa and ANG-2 are not toxic per se and there have not been 

any pharmacological effects of the indicators demonstrated yet. However, short exposure 

times and low indicator concentrations are favourable to minimize cellular stress. In this case, 

the disadvantage of SBFI is its slow cellular transfusion even after addition of special 

dispersion agent Pluronic® F127. For example, in this study it took 5 hours to charge human 

prostate cancer cells DU 145, PC-3 and PC-3M. Nevertheless, it has been reported that SBFI 
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loading strongly depends on the cell type and hence it is possible that for some other in vitro 

models this issue will not occur (Diarra et al. 2001; Minta and Tsien 1989). 

 

Suitability for sodium-imaging in vitro 

This study has been conducted to compare three different Na
+
 specific fluorescent dyes and 

their feasibility for in vitro Na
+
-imaging. After the working parameters were derived from 

calibration curves, it was necessary to examine the dyes utilities within experimental 

conditions. Therefore, changes in [Na
+
]I were initiated through various pathways (Fig 1). Of 

note, CoroNa has exhibited lower signal intensities than SBFI or ANG-2 throughout all 

experiments. This could be interpreted due to the elevated Kd and working range of CoroNa, 

which means that the dye may work more accurately for higher [Na
+
] alterations (Table 1). 

Another explanation could be attributed to the leakage of CoroNa out of the cells with time 

which has been observed in this study. Indeed, previous reports indicate that CoroNa may be 

lost quickly from intracellular medium due to its relatively small size. This can be alleviated 

with a constant delivery of the dye through a patch-pipette during whole-cell path clamp 

recordings which enables stable intracellular CoroNa concentrations (Meier et al. 2006). In a 

promising novel approach, Lamy and coworkers encapsulated CoroNa Green in a PAMAM 

dendrimer-nanocontainer to counteract permanent dye extrusion (Lamy et al. 2012). SBFI and 

ANG-2 have exhibited comparable levels of signal intensities after various [Na
+
]i alterations. 

However, it has to be kept in mind that Na
+
-imaging conducted with the SBFI dye enables a 

reliable and quantitative determination of the real [Na
+
]i, whereas loading conditions for 

ANG-2 are more practical.  

In conclusion, this study presents in vitro Na
+
-imaging in human prostate cancer cells. 

According to our data, CoroNa is not suitable for detection of relatively low [Na
+
]i changes in 

the prostate cancer cell model studied here, whereas SBFI and ANG-2 can provide efficient 

recordings. 
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Figure legends 

Fig. 1.Schematic representation of the molecular pathways used in this study to induce 

alterations of the intracellular sodium concentrations ([Na
+
]i). Typical Na

+
 concentrations of 

the mammalian cells are 5 to 15 mM for cytosol ([Na
+
]int) and 120 to 150 mM for 

extracellular ([Na
+
]ext) medium. The extracellular concentration has been switched from 0 to 

110 mM for investigating ion diffusion down the electrochemical gradient through Na
+
 leak 

channels. Ouabain inhibits the activity of Na
+
/K

+
 ATPase and hence restrains constant 

expulsion of the intracellular Na
+
. The application of voltage-gated sodium channels (VGSCs) 

opener, veratridine, should also result in a [Na
+
]i increase. Ionomycin as an ionophore 

promotes calcium entry through the plasma membrane and the depletion of endoplasmic 

reticulum (ER) Ca
2+

storesand hence boosts the activity of Na
+
/Ca

2+
 exchanger (NCX). 

 

Fig. 2.Chemical structures of the different Na
+
 indicator dyes used in this study in the form of 

acetoxymethyl esters (AM): Na
+
-binding benzofuran isophthalate (SBFI), CoroNa

TM
 Green 

(CoroNa) and Asante NaTriumGreen 2 (ANG-2). 

 

Fig. 3.Calibration of SBFI in human prostate cancer PC-3cells. The real-time extracellular 

concentrations of Na
+
(0 to 120 mM) are indicated. A, changes in emitted fluorescence 

intensities during excitation at 340 nm and 380 nm. B, fluorescence ratio 340 nm/ 380 nm 

derived from signals shown in A. C, data from B plotted versus log10 of the known Na
+
 

concentrations and fitted using a Logistic function; the derived EC50 value has been attributed 

to Kd = 5.3 mM. The working range is proposed to lie within the linear scale of the curve, i.e. 

0.5 to 30 mM. Data is represented as mean±SD. 
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Fig. 4.Calibration of CoroNa in human prostate cancer PC-3cells. The real-time extracellular 

concentrations of Na
+
 (0 to 120 mM) are indicated. A, emitted fluorescence intensities at 488 

nm. B, data from A plotted versus log10 of the known Na
+
 concentrations and fitted using a 

Logistic function; the derived EC50 value has been attributed to Kd of 10.5mM.The working 

range is proposed to lie within the linear scale of the curve, i.e. 1 to 60 mM. Data is 

represented as mean±SD. 

 

Fig. 5.Calibration of ANG-2 in human prostate cancer PC-3cells. The real-time extracellular 

concentrations of Na
+
 (0 to 120 mM) are indicated. A, emitted fluorescence intensities at 540 

nm. B, data from A plotted versus log10 of the known Na
+
 concentrations and fitted using a 

Logistic function; the derived EC50 value has been attributed to Kd = 3.4mM.The working 

range is proposed to lie within the linear scale of the curve, i.e. 0.5 to 30 mM. Data is 

represented as mean±SD. 

 

Fig. 6.[Na
+
]i levels during Na

+
 switch from 0 to 75 mM and 110 mM concentrations. A, 

fluorescence intensities normalized to the initial values (F/F0). B, SBFI fluorescence ratios 

340 nm/380 nm and corresponding calibrated levels of [Na
+
]i. Data is represented as 

mean±SD. 

 

Fig. 7.[Na
+
]i levels after Na

+
/K

+
-ATPase inhibition induced by an application of 250 µM 

ouabain. A, fluorescence intensities normalized to the initial values (F/F0). B, SBFI 

fluorescence ratios 340 nm/ 380 nm and corresponding calibrated levels of [Na
+
]i. Data is 

represented as mean±SD. 
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Fig. 8.[Na
+
]i levels after cytosolic Ca

2+
 increase induced by an application of 1 µM 

ionomycin. A, fluorescence intensities normalized to the initial values (F/F0). B, SBFI 

fluorescence ratios 340 nm/ 380 nm and corresponding calibrated levels of [Na
+
]i. Data is 

represented as mean±SD. 

 

Fig. 9. [Na
+
]i levels after voltage-gated sodium channels opening induced by an application of 

50 µM veratridine. A, fluorescence intensities normalized to the initial values (F/F0). B, SBFI 

fluorescence ratios 340 nm/ 380 nm and corresponding calibrated levels of [Na
+
]i. Data is 

represented as mean±SD. 
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Table 1.Comparison of three Na
+
 indicator fluorescent dyes used in this study. 

 

Characteristics of Na
+
 indicator dye SBFI CoroNa ANG-2 

As indicated by the manufacturer:    

Molecular weight, g/mol 1127.09 657.62 1084 

λex, nm 340 / 380 492 517 

λem, nm 505 516 540 

Ratiometric yes no no 

Kd, mM 3.8 80 20 

Concentration, µM 5-10 0.5-10 3-10 

Loading time 40 mins – 4 hours 10-45 mins 1 hour 

Loading conditions 
37ºC, 5% CO2, 

humidified  

37ºC, 5% CO2, 

humidified  

room 

conditions 

As used/ obtained in this study:    

Concentration, µM 7 10 5 

Loading time, hours 5 1 1 

Kd in vitro, mM 5.3 10.5 3.4 

Working range, mM 0.5 - 30 1 - 60 0.5 - 30 
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1.5  Aims and scope of the present study 

1.5.1 Hypothesis 

Amongst carcinomas diagnosed in men, prostate cancer is increasingly the most common and has 

one of the highest mortality rates. The standard hormone-based therapy works for limited time and 

most patients then die within months from metastasis – cancer spreading and formation of 

secondary tumours. Thus, at the present, there is a great unmet need for novel molecular targets 

(i) to enable early, functional detection of prostate cancer and (ii) to control metastatic disease.  

Ion channels are pivotal regulators of cellular homeostasis and offer promising prospects 

in the field of cancer research. Indeed, membrane potential and various ion channels have been 

shown to correlate with the main hallmarks of cancer (Prevarskaya et al., 2010; Brackenbury, 

2016). Recently, a newly discovered NALCN channel complex, has been found significantly 

mutated in a number of human cancers (Biankin et al., 2012; De Las Rivas et al., 2012; Lee et al., 

2013; Agelopoulos et al., 2015). To date, it is known that due to its resting Na+ permeability 

NALCN channelosome plays key role in neuronal excitability, which is linked with molecular 

clock (Lear et al., 2005, 2013; Lu et al., 2007; Flourakis et al., 2015; Funato et al., 2016; Moose 

et al., 2017). Of note, altered Na+ homeostasis has already been implemented in prostate 

carcinogenesis (Yildirim et al., 2012). Indeed, Na+ signalling was shown to play a significant role 

in metastatic cell behaviours such as motility, migration, invasiveness and extracellular matrix 

remodelling (Besson et al., 2015; Roger et al., 2015). Importantly, elevated total tissue Na+ 

concentration was proposed as a highly specific in vivo indicator of malignant lesions in human 

cancer patients (Ouwerkerk et al., 2007; Lupu et al., 2009; Jacobs et al., 2011; Henzler et al., 2012; 

Schepkin, 2016). However, very little is yet known about the particular mechanistical aspects of 

how Na+-dependent signalling regulates cancer progression.  

Importantly, the examination of pancreatic cancer genomes by using exome sequencing 

revealed that genes, including NALCN, involved in the axon guidance pathway were significantly 

mutated (Biankin et al., 2012). Of note, axon guidance molecules were demonstrated being highly 

involved in migratory potential of normal and tumourigenic tissues, and suggested as potential 

targets of the anti-cancer therapy (Chédotal et al., 2005). In addition to pancreatic ductal 

adenocarcinoma, NALCN was found significantly mutated in non-small cell lung carcinoma and 

glioblastoma (Biankin et al., 2012; De Las Rivas et al., 2012; Lee et al., 2013). Furthermore, proto-

oncogene Src kinase was reported to be the part of NALCN channel complex (Lu et al., 2009; 

Wang & Ren, 2009). Na+ influx is also associated with cancer progression (see section 1.2.6 

‘Sodium influx in cancer’), and, since primary NALCN function is to provide background Na+ 
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leak, one can hypothesize on the plausible channel implication in the disease development. 

However, nothing is yet known about role of NALCN channelosome in tumourigenesis.  

Therefore, this PhD project is a pioneer study that would provide first evidence on the role 

of NALCN in prostate cancer progression and would develop our current knowledge on how Na+-

dependent signalling pathways are involved in the disease advancement. To our knowledge, it is 

the first study to question the physiological relevance of NALCN in the malignancy development 

overall (Figure 20).  

1.5.2 Main objective and aims 

The main objective of this project is to investigate the role of NALCN in the physiopathology of 

human prostate. Therefore, the specific goals were established as follows: 

1) To follow the evolution of NALCN expression in human prostate cancer; 

 

2) To verify the functionality of NALCN channelosome in human prostate cancer cells due 

to the provided Na+ leak;  

 

3) To determine the prostate cancer cell behaviours which are regulated by NALCN;  

 

4) To explore molecular mechanisms and signalling pathways involved in NALCN-mediated 

phenotype of the human prostate cancer cells; and  

 

5) To evaluate the importance of NALCN on prostate carcinogenesis and tumour progression 

in vivo.  
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Figure 20. Main hypothesis of this PhD project.   
Carcinomas are derived from epithelial cells and represent the most common type of cancer 
(around 85% of every cancer case). Of note, prostate cancer is nearly always adenocarcinoma, 
which means that it starts in glandular cells that produce fluids to keep tissues moist. The 
transformation of healthy cell into cancerous results in tumour outgrowth. Importantly, elevated 
total tissue Na+ concentration was proposed as a highly specific in vivo indicator of malignant 
lesions in human cancer patients. Therefore, it is important to investigate whether such Na+ 
increase could be conditioned due to the Na+ leak provided through NALCN channelosome. 
Our main objective is to understand the role of Na+ leak (in particular, provided through 
NALCN) in prostate cancer metastatic behaviours. 
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2. Materials and methods 

2.1 Stock solutions 

2.1.1 Buffers and standard solutions 

Most chemicals were purchased from Invitrogen Life Technologies and Sigma Aldrich Chemicals 

unless stated otherwise. Buffers and standard solutions used throughout this study are listed in 

Table 1. If needed, pH of solutions has been adjusted using combined pH electrode InLab® Flex-

Micro (Mettler Toledo). The media and other necessary materials were sterilized by autoclaving 

at 120ºC. Thermally-labile chemicals were filter-sterilized with 0.2 μm pore polyethersulfone 

Acrodisc® Supor® membrane filters (514-4126, VWR).  

Purchased 

Name 
Reference number, 

GibcoTM 

Distilled water (dH2O) DNAse/RNase Free 10977 
Dulbecco’s Modified Eagle Medium (DMEM) + GlutaMAXTM 31966 

Fetal bovine serum (FBS) 10270 
L-Glutamine 25030 

Dulbecco’s Phosphate Buffered Saline (DPBS) 14190 
Phosphate Buffered Saline (PBS) 10010 

Roswell Park Memorial Institute (RPMI) 1640 31870 
0.05% Trypsin-EDTA 25300 

Home-prepared 

Name Composition 
pH; 

adjusted with 
Storage 

0 CaCl2 solution 
150 mM NaCl; 5 mM KCl; 3 mM MgCl2; 

10 mM HEPES; 10 mM Glucose;  
7.4;  

HCl, NaOH 
1 month, 

4ºC  

4 mM CaCl2 solution 

150 mM NaCl; 5 mM KCl; 4 mM CaCl2; 
1 mM MgCl2; 10 mM HEPES;  

10 mM Glucose;  

7.4;  
HCl, NaOH 

1 month, 
4ºC  

8 mM CaCl2 solution 

 

150 mM NaCl; 5 mM KCl; 8mM CaCl2; 
10 mM HEPES; 5.6 mM Glucose 

7.4;  
HCl, NaOH 

1 month, 
4ºC 

0 mM NaCl solution 

150 mM CholineCl-; 5 mM KCl;  
2 mM CaCl2; 1 mM MgCl2;  

10 mM HEPES; 5.6 mM Glucose 

7.4;  
HCl, KOH 

1 month, 
4ºC 

150 mM NaCl 

solution 

150 mM NaCl; 5 mM KCl;  
2 mM CaCl2; 1 mM MgCl2;  

10 mM HEPES; 5.6 mM Glucose 

7.4;  
HCl, NaOH 

1 month, 
4ºC 
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Fractionation 

solution B 

250 mM saccharose; 1 mM EDTA; 20 
mM HEPES; 

7.4;  
-, NaOH 

3 
months, 

4ºC 

Fractionation 

solution C 

250 mM saccharose;  
6 mM EDTA; 120 mM HEPES 

7.4;  
-, NaOH 

3 
months, 

4ºC 

Fractionation 

solution D 

50% OptiPrepTM in  
Fractionation solution C 

7.4; 
 -,- 

3 
months, 

4ºC 
Modified Hank’s 

balanced salt 

solution (HBSS), 

without phosphate 

150 mM NaCl; 5 mM KCl; 2mM CaCl2; 
1 mM MgCl2; 10 mM HEPES;  

10 mM Glucose;  

7.4;  
HCl, NaOH 

1 month, 
4ºC 

Mowiol 
20% Mowiol® 4-88; 30% glycerol;  

100 mM Tris 
8.5; 
-,- 

12 
months, 
-20ºC 

Laemmli buffer 5x  
1 M Tris; 20% SDS; 10% saccharose;  

10 mM DTT; 0.25% bromophenol blue 
6.8;  

-, Tris-base 

12 
months, 
-20ºC 

Loading buffer 6x 
10 mM Tris-HCl; 40% glycerol; 0.25% 
xylene cyanol; 0.25% bromophenol blue 

8.0;  
HCl, Tris-base 

3 
months, 

4ºC 

Lysogeny Broth 

(LB) 

1% Tryptone; 0.5% Yeast extract;  
1% NaCl 

7.0;  
HCl, Tris-base 

3 
months, 

4ºC 

NuPAGE MOPS 

SDS Running buffer 

2.5 mM MOPS; 2.5 mM Tris-base;  
0.005% SDS; 0.05 mM EDTA 

7.7;  
-,- 

3 
months, 

4ºC 

Phosphate buffer 
100 mM KH2PO4; 100 mM Na2HPO4; 

100 mM NaH2PO4 
7.2;  
-, - 

3 
months, 

4ºC 

Phosphate-buffered 

saline (PBS) 

137 mM NaCl; 2.7 mM KCl; 
0.2 mM KH2PO4;  

1.42 mM Na2HPO4·2H2O  

7.4;  
HCl, NaOH 

3 
months, 

4ºC 
Radioimmunoprecip

itation assay (RIPA) 

buffer 

15 mM Phosphate buffer;  
150 mM NaCl; 1% Triton x-100;  

1% Na+ deoxycholate;  

7.2; 
HCl, Tris-base 

6 
months, 

4ºC 
Solution 1 for 

chemically 

competent bacteria 

30 mM CH3COOK; 100 mM RbCl2;  
10 mM CaCl2; 50 mM MgCl2;  

5.8;  
Acetic acid, - 

3 
months, 

4ºC 
Solution 2 for 

chemically 

competent bacteria 

10 mM MOPS; 10 mM RbCl2;  
75 mM CaCl2; 15% Glycerol 

6.5;  
HCl, - 

3 
months, 

4ºC 
Super Optimal 

Broth with 

Catabolite 

repression (SOC) 

2% tryptone; 0.5% yeast extract;  
10 mM NaCl; 2.5 mM KCl;  

10 mM MgCl2; 20 mM Glucose 

7.0;  
-,- 

12 
months, 
-20ºC 

TBS-Tween (TBS-T) 
1.5 mM Tris; 14 mM NaCl;  

0.05% Tween20 
7.4;  

HCl, NaOH 

3 
months, 

4ºC 
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Terrific Broth (TB) 

1.2% Tryptone; 2.4% Yeast extract;  
0.4% Glycerol; 17 mM KH2PO4;  

72 mM K2HPO4 

7.0;  
HCl; Tris-base 

3 
months, 

4ºC 

Tris buffere saline 

(TBS) 
1.5 mM Tris; 14 mM NaCl;  

7.4;  
HCl, NaOH 

3 
months, 

4ºC 
Tris-Acetate 

resolving gel 

solution 

3-8% acrylamide (Merck 100638100); 
0.1% SDS (Propure M 112); 

0.75 M Tris-base (VWR 103156X) 

8.8;  
acetic acid, 

NaOH 

3 
months, 

4ºC 

Tris-Acetate 

stacking gel solution 

3.2% acrylamide ; 0.1% SDS;  
0.5 M Tris-base 

8.8;  
acetic acid, 

NaOH 

3 
months, 

4ºC 

Tris/Acetate/EDTA 

(TAE) buffer 

40 mM Tris-base; 0.1% acetic acid;  
1 mM EDTA 

8.0;  
acetic acid, 
Tris-base 

1 month, 
RT 

Tris/Borate/EDTA 

(TBE) buffer 

50 mM boric acid;  
50 mM Tris-base; 1 mM EDTA 

8.3;  
HCl,  

1 month, 
RT 

Table 1. List of buffers and standard solutions used in this study. 

2.1.2 Antibiotics 

Antibiotics used throughout this study were prepared at stock solutions in distilled water (dH2O), 

stored at -20ºC and used as indicated in Table 2. 

Applied for bacterial strains 

Antibiotic Working concentration Source 

Carbenicilin (Carb) 30 µg/ml and 100 µg/ml GibcoTM 

Kanamycin (Kan) 50 µg/ml GibcoTM 

Applied for mammalian cell cultures 

Antibiotic Working concentration Source 

Puromycin (Puro) 0.5 µg/ml Sigma 

Geneticin (G418) 700 µg/ml Sigma 

Table 2. List of antibiotics used throughout this study. 

2.1.3 Antibodies 

Primary antibodies for immunoblotting were prepared in 1% dry milk, 0.02% NaN3, TBS-T 

solution, stored at 4ºC and used as indicated in Table 3. Secondary antibodies for immunoblotting 

were prepared prior to usage at the final concentration of 1:50,000 in 1% dry milk TBS-T solution. 

In this study anti-mouse refers to peroxidase conjugated affinipure goat, anti-mouse IgG, light 

chain specific (115-035-174, Jackson Immuno Research), whereas anti-rabbit is peroxidase 

conjugated IgG fraction monoclonal mouse, anti-rabbit IgG, light chain specific (211-032-171, 

Jackson Immuno Research). 
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Primary antibodies for immunocytochemistry were freshly prepared in 5% goat serum in 

PBS and used at the final concentration of 1:100 (Table 3). Secondary antibodies for 

immunocytochemistry were freshly prepared 1:2,000 in PBS goat, anti-mouse or anti-rabbit IgG, 

heavy and light chains, conjugated with Alexa Fluor™ 488 or 546 (Invitrogen). 

Antibodies used for immunoblotting and immunocytochemistry 

Primary antibody  
(ref. number) 

Working 
concentration for 
immunoblotting 

Secondary 
antibody 

Source 
Expected 
band size 

β-actin (A5441) 1:1000 anti-mouse Sigma 42 kDa 
Calnexin  

(MAB3126, C8.B6) 
1:1000 anti-mouse Merck Millipore 100 kDa 

Cathepsin-B (sc-6493-R) 1:200 anti-rabbit Santa-Cruz 
37 kDa, 
25 kDa 

Cathepsin-D (sc-10725) 1:200 anti-rabbit Santa-Cruz 
52 kDa, 
46 kDa, 
32 kDa 

Cortactin (sc-55578) 1:100 anti-mouse Santa-Cruz 80 kDa 
Dynamin-1/2 (MABT188) 0.5 µg/ml anti-mouse Merck Millipore 98 kDa 

E-Cadherin (sc-21791) 1:200 anti-mouse Santa-Cruz 
135 kDa, 
120 kDa, 
80 kDa 

FAK  (BD-610088) 1 µg/ml anti-mouse 
Becton 

Dickinson 
Biosciences 

125 kDa 

Fyn (sc-434) 1:100 anti-mouse Santa-Cruz 59 kDa 
GFP 1:1000 anti-mouse Clontech 27 kDa 

HA (ab9110) 1:2000 anti-rabbit Abcam 15 kDa 
Integrin α5 (ab76609) 1 µg/ml anti-rabbit Abcam 128 kDa 
Integrin β1 (sc-8978) 1:200 anti-rabbit Santa-Cruz 140 kDa  

Integrin β3 (ab7167) 1 µg/ml anti-mouse Abcam 
90-110 

kDa 

Integrin β3 (sc-14009) 1:200 anti-rabbit Santa-Cruz 
90-110 

kDa 

iPLA2 1:500 anti-rabbit 
gift or Prof 

Bolotina 
85 kDa 

MT1-MMP (sc-377097) 1:100 anti-rabbit Santa-Cruz 63 kDa 
N-Cadherin (sc-59987) 1:200 anti-mouse Santa-Cruz 130 kDa 

NALCN 1:1000 anti-rabbit 
Eurogentec 

produced by our 
order 

250-300 
kDa 

p-FAK-Y397 (sc-11765) 1:200 anti-rabbit Santa-Cruz 125 kDa 
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p-Src-Y418 (ab40660) 1:1000 anti-rabbit Abcam 56 kDa 
p-Src-Y530 (sc-166860) 1:100 anti-mouse Santa-Cruz 60 kDa 

Pyk2 (ab 16672) 1 µg/ml anti-rabbit Abcam 116 kDa 
Src-total (ab109381) 1:1000 anti-rabbit Abcam 60 kDa 

Tks5 (sc-736241) 1:200 anti-mouse Santa-Cruz 140 kDa 
Antibodies used for immunohistochemistry 

Antibody Working concentration Source 

Ki67 1:50 DakoCytomation 

NALCN 1:300 Eurogentec  
produced by our order 

ORAI1 (LS-C94375) 1:4000 Lifespan 

SK3 (WPA 017990) 1:300 Sigma 

Src-total (ab109381) 1:500 Abcam 

STIM1 (710954) 1:1000 Becton Dickinson Biosciences 

STIM2 (S85-72) 1:2000 Sigma 

TRPC1 (NB 110-74946) 1:4000 Novus Biological 

Table 3. List of antibodies used in this study. 

2.1.4 Pharmacological agents 

Pharmacological agents used in this study are listed in Table 4. 

Name Mode of action 
Working 

concentration 

Acetylcholine (ACh) Activator of cholinergic receptors 100 µM 

Carbachol (CCh) 
Cholinomimetic drug, agonist of 

cholinergic receptors 
100 µM 

Cisplatin (CS) 
Chemotherapeutic drug, inducer of 

DNA damage 
1 µM 

Cycloheximide (CHX) Inhibitor of protein synthesis 1 µM 

Cyclopiazonic acid (CPA) 
Inhibitor of the sarco/endoplasmic 
reticulum Ca2+ ATPase (SERCA) 

50 µM 

Epidermal growth factor 

(EGF) 

Stimulator of cell growth and 
differentiation 

100 ng/ml 

Neurotensin (NT) 
Neuropeptide, suggested being an 

activator of NALCN  
1 µM 

PP1 Inhibitor of Src kinase family  10 µM 
PP2 Inhibitor of Src kinase family 10 µM 
PP3 Negative control for PP1 and PP2 10 µM 

Substance P (SP) 
Neuropeptide, suggested being an 

activator of NALCN 
1 µM 

Thapsigargin (TG) Inhibitor of SERCA pump  1 µM 
Tumour necrosis  

factor α (TNF-α) 
Cytokine 10 ng/ml 

KB-R7943 (KB-R) Inhibitor of reverse mode NCX 1 µM 
Table 4. List of pharmacological agents used in this study. 
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2.2 Oligonucleotides 

All oligonucleotides used in this study were purchased from Eurogentec company.  

2.2.1 Primers 

Primers 

Sequence 

Expected 

PCR 

product 

Usage Reference 

 
FW-5’- CAGCTTCCGGGAAACCAAAGTC -3’ 
RV-5’- AATTAAGCCGCAGGCTCCACTC -3’ 

113 bp 
18S as a loading  
control for qPCR 

(El Boustany et al., 2008) 

 
FW-5’- ACCCACTCCTCCACCTTTG -3’ 
RV-5’- CTCTTGTGCTCTTGCTGGG -3’ 

178 bp 
GAPDH as a loading  

control for qPCR 
(Borowiec et al., 2013) 

 
FW-5’- GCAAAGCAGAAGAAACCGATAC -3’ 
RV-5’- AACTTAAAAGCTGGTCCTCCTC -3’ 

584 bp 
NALCN screening 

for cPCR 
Dr Arnaud Monteil (IGF, 

Montpellier, France) 

 
FW-5’- CACAGGTGAAGACTGGAACAAGA -3’ 
RV-5’- CCACAGTCTGTTGCCCAGTATGTA -3’ 

96 bp 
NALCN screening 

for qPCR 
Designed by Oksana 

Iamshanova for this study 

 
FW-5’- AGCCACTTTTCTCTACGGTCC -3’ 
RV-5’- TACGGAGGCCTCTCCAGTTT -3’ 

136 bp 
NLF-1 screening 

for qPCR 
Designed by Alexandre 
Bokhobza for this study 

 
FW-5’- CTTGACCTAAAGACCATTGCACTTC -3’ 
RV-5’- AACTTCACATCACAGCTCC -3’ 

266 bp 
TBP as a loading  
control for cPCR 

Designed by Oksana 
Iamshanova for this study 

 
FW-5’- CTTGACCTAAAGACCATTGCACTTC -3’ 
RV-5’- GTTCTTCACTCTTGGCTCCTGTG -3’ 

154 bp 
TBP as a loading  
control for qPCR 

Designed by Oksana 
Iamshanova for this study 

 
FW-5’- TATGGTTCTTAGTGAGCCTCTGCAC -3’ 
RV-5’- CAATAGTCCTTCCTCCTGGGTGTC -3’ 

849 bp 
UNC-79 screening 

for cPCR 
Designed by Oksana 

Iamshanova for this study 

 
FW-5’- GCATCTCGAAGGGTGAGTG -3’ 
RV-5’- CAATAGTCCTTCCTCCTGGGTGTC -3’ 

163 bp 
UNC-79 screening 

for qPCR 
Designed by Oksana 

Iamshanova for this study 

 
FW-5’- CTGAGGAAGGCACTCAGTGGTC -3’ 
RV-5’- GTTTATGCAGGAGTCTGTGAGGC -3’ 

854 bp 
UNC-80 screening 

for cPCR 
Designed by Oksana 

Iamshanova for this study 

 
FW-5’- GTCAAGGAAGTGCGATCTCAGATC -3’ 
RV-5’- GTTTATGCAGGAGTCTGTGAGGC -3’ 

201 bp 
UNC-80 screening 

for qPCR 
Designed by Oksana 

Iamshanova for this study 

Table 5. List of primers used in this study. 

2.2.2 Small interfering RNA 

Small interfering RNA (siRNA) 

Sequence Usage 

5’- GGUGAAGACUGGAACAAGAUU -3’ Designed by Oksana Iamshanova for this study 

5’- GGAACAAGAUUAUGCAUGACU -3’ Designed by Oksana Iamshanova for this study 

5’- AACUGCUGUCAUCAGGGACUU -3’ (Swayne et al., 2009) 

5’- AAGAUCGCACAGCCUCUUCAU -3’ (Swayne et al., 2009) 

5’- AAUGUAUGACAUAACCCAGCA -3’ (Swayne et al., 2009) 

Table 6. List of siRNA used in this study. 



82 
 

2.2.3 Short hairpin RNA 

Short interfering RNA (shRNA) 

Sequence Usage 

 
FW 5’ – GATCCGGTGAAGACTGGAACAAGATT 

TTCAAGAGAAATCTTGTTCCAGTCTTCACCTTTTTTGGAAA – 3’ 
 

To insert into 
pSilencerTM 4.1-CMV 

puro plasmid 
 

 
RV 5’ – AGCTTTTCCAAAAAAGGTGAAGACTGGAACAAGATTTCTCTTGAA 

AATCTTGTTCCAGTCTTCACCG – 3’ 
 

Table 7. List of shRNA used in this study. 

2.3 Plasmids 

Plasmids used in this study are given in Table 8. 

Commercial plasmids 

Plasmid Description Source 

pcDNA3 
5428 bp; AmpR; MCS is in the forward (+) orientation (CMV promoter); 

5' sequencing primer: CMV-FW; 3' sequencing primer: BGH-RV;  
NeoR (SV40 promoter); ColE1 origin 

Invitrogen 

pSilencerTM 4.1-
CMV puro 

4781 bp; AmpR; cloning site for siRNA – HindIII(463) and BamHI(516) 
(CMV promoter); 5' sequencing primer: AGGCGATTAAGTTGGGTA; 

3' sequencing primer: CGGTAGGCGTGTACGGTG; 
PuroR (SV40 promoter); ColE1 origin 

Thermo Fisher 
Scientific 

Constructed plasmids 

Plasmid Usage Reference 

pcDNA3-GFP 
As control for protein expression with 

fluorescent tag 
Dr Arnaud Monteil  

(IGF, Montpellier, France) 

pcDNA3-hNALCN-GFP 
For NALCN overexpression with fluorescent 

tag 
Dr Arnaud Monteil  

(IGF, Montpellier, France) 
pSilencerTM 4.1-CMV puro-

shNALCN 
For establishment of stable NALCN knock-

down cell line 
Constructed by Oksana 

Iamshanova for this study 

Table 8. List of plasmids used in this study. 
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2.4 Cell lines, bacterial strains and their growth conditions 

2.4.1 Cell lines and their growth conditions 

Prostate cancer cell lines, listed in the Table 9, were grown in RPMI 1640 medium (GibcoTM, 

Thermo Fischer Scientific) containing a final concentration of 10% fetal bovine serum (FBS) 

(GibcoTM) and 2 mM L-Glutamine (GibcoTM). Primary prostate hTERT-immortalized cell line  

Mouse-derived osteoblast precursor cell line MC3T3 E1 was cultured in MEMα medium 

(GibcoTM) containing 10% FBS and 1% Penicillin-Streptomycin (GibcoTM).  

All cells were routinely cultured at 37ºC in a humidified atmosphere with 5% CO2. Cultures 

were split by treatment with 0.25% trypsin-EDTA (GibcoTM) for 5 min at 37ºC. All cells used in 

this study were validated as being mycoplasma free by using Hoechst staining. If needed, the cell 

lines were amplified and conserved in cryogenic vials (Corning®) at the concentration of 1 million 

of cells per 1 ml of Recovery Cell Culture Freezing Medium (GibcoTM) at -800C.   

2.4.2 Bacterial strains and their growth conditions 

E. coli strains (Table 10) were grown in Lysogeny Broth (LB) at 370C or at 280C when needed. 

Colonies were maintained on 1.5% weight/volume (w/v) agar LB plates and stored at 40C with 

appropriate antibiotics (Table 2). If needed, the bacteria strains were conserved in 10% DMSO at 

-800C. 
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Prostate cell lines 

Characteristics      EP156T               LNCaP           C4-2 DU 145               PC-3                PC-3M 

Origin 

hTERT-
immortalized 

EP156 tumour-
free tissue 

culture  

Lymph node metastasis 
in Caucasian male 

From C4, LNCaP 
cultured in 

castrated mice  

Central nervous 
system metastasis Lumbar metastasis 

Hepatic 
metastasis of 

PC-3 cell line, 
when injected 

into nude mice. 
 

Metastatic 

potential (after 

innoculation into 

nude mice) 

Non-
tumourigenic 

Poorly tumourigenic 
until coinoculated with 

tissue specific 
mesenchymal or stromal 
cells or Matrigel. Site-

specific metastasis. 
Osteoblastic phenotype 

in bone metastasis. 

Lymph and bone 
metastasis. 

Osteoblastic 
phenotype in bone 

metastasis.  

Poorly differentiated 
tumours. Cells 

maintain phenotype 
and genotype and 
metastasize to a 

variety of organs, 
including spleen, lung, 
and liver. Osteolytic 
phenotype in bone 

metastasis 

Poorly differentiated 
tumours. Osteolytic 
phenotype in bone 

metastasis. 

Poorly 
differentiated 

tumours. 

Androgen 

sensitivity 
n/a Hormone naïve, AS 

Castration 
resistant, AI (+ 

mets)? 
Castration resistant, AI Castration resistant, AI Castration 

resistant, AI 

Androgen 

receptor (AR) 
+ 

+  
(mutated) +++ - - - 

Prostate specific 

antigen (PSA) 
+ + + - - - 

Prostate specific 

membrane 

antigen (PSMA) 

n/a + + - - - 

5α-reductase n/a + + - - - 

Cytokeratin 

expression 

CK-5, CK-7, 
CK-8, CK-14, 

CK-18 
CK-8, CK-18, CK-20 CK-8 CK-8, CK-18 

CK-7, CK-8, CK-18, CK-
19,  

n/a 

Other markers 
E-cadherin, 
p63, ER-β 

Vimentin, E-cadherin, a-
, b-, g- catenin, PAP, 
Creb binding protein 

Marker 
chromosome m1 

TGF-α, IGF-1, EGF, 
bFGF IGF-I, TGF-β, 
EGF/TGF-α-R, FGF-
R, IGF-I-R, TGF-β-R 

E-cadherin, transferrin 
receptor, TGF-α, EGF-R 

n.a 

p53/other 

features 

Possibly intact 
p53 

Silent mutation of p53; 
PTEN inactivation 

Low levels of 
functional p53; 

PTEN null 

Mutated p53: 
Pro233Leu, 

Val274Phe; mutated 
p16 codon 84; 

heterozygous PTEN 

Deletion mutation 
(Cys138) and nonsense 
mutation at 169 of p53; 

PTEN deficient 

n/a 

Doubling time ~72 hours 60-72 hours ~48 hours ~34 hours ~33 hours ~20 hours 

Karyotype 46, XY, dup(20) 
33-91, modal of 76-91; 

highly aneuploid 
61-90, modal of 

84 
46-143, modal of 64; 

M1, M2, M3, Yq+ 

55-62, modal of 58; 
aneuploidy; 

chromosomes 2, 3, 5, 15, 
and Y are absent. 

Modal of 60-
61, similar 
karyotype 

pattern as in 
PC-3 

Purchased from 

Prof Varda 
Rotter 

(Weizmann 
Institute of 

Science, Israel) 

ATCC, USA 

Dr Florence 
Cabon (Cancer 

Research Centre 
of Toulose, 

France) 

ATCC, USA ATCC, USA 

Prof Mustafa 
Djamgoz 
(Imperial 
College 

London, UK) 

Ref. 
(Kogan et al., 

2006) 
(Horoszewicz et al., 

1980) 
(Wu et al., 1994) (Stone et al., 1978) (Kaighn et al., 1979) 

(Kozlowski et 

al., 1984) 

Table 9.  Prostate cell lines used in this study. 

Strain Genotype description Source 

DH5-α 
F-80dlacZ M15 (lacZYA-argF) U169 recA1 endA1hsdR17(rk-, mk+) 

phoAsupE44 -thi-1 gyrA96 relA1, chemically competent 
Thermo Fisher 

Scientific 
OneShotTM 

Stbl3TM 
F-mcrB mrrhsdS20(rB-, mB-) recA13 supE44 ara-14 galK2 lacY1 

proA2 rpsL20(StrR) xyl-5 λ-leumtl-1, chemically competent 
Thermo Fisher 

Scientific 

Table 10. Bacterial strains used throughout this study. 
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2.5 Cell culture assays 

2.5.1 Cell count 

Cell count was performed by using hemocytometer, in particular Malassez chamber. A coverslip 

was placed over the grid surface of the chamber, and then 15 μl of cell suspension were loaded in 

between. Once the cells settled, they were visualized under transmitted light microscope with 10X 

objective and were quantified as indicated in the Figure 21A. According to the parameters of the 

Malassez chamber, 1 square corresponds to the amount of cells in 1 μl of suspension. Therefore, 

the exact quantity of cells was distinguished as follows: 

����� ����	 = ���� ��� �ℎ� 	�����	 ��������� × 	�	���	��� ������ ����  (1) 

2.5.2 Cellular viability 

Cellular viability was evaluated by the dye exclusion assay. In brief, cells were plated at 30x104 

cells per 35 mm dish and left in the standard growth conditions overnight. The next day, cultures 

were treated with the potential cytotoxic agents (e.g. siRNA). After the treatment was completed, 

cells were collected in suspension and stained with 0.4% Trypan Blue Solution (Thermo Fisher 

Scientific). Necrotic cells would have their plasma membrane ruptured and thus dye would easily 

stain their intracellular proteins, whereas other cells would stay intact. Afterwards, the dye was 

substituted with PBS and the proportion of blue cells over total amount of cells was calculated 

according to the Formula 1. It is generally accepted to have around 5% of necrotic cells within the 

healthy culture population.  

2.5.3 Proliferation 

Cell proliferation was investigated due to the direct cell count (as described in section 2.5.1. Cell 

count) and also by the means of colorimetric assays (Figure 21B, C).  

In brief, 1x103 cells were plated in 200 μl of media into 96-well plate and left in the 

incubator overnight. The next day, treatment would be applied and considered as hour 0. Each 

subsequent day, 1 plate would be taken for proliferation assay at the required time point. The 

absorbance was measured at 485 nm wavelength with TriStar2 Multimodal Reader LB942 

(Berthold Technologies). Blank was considered as well without cells and substituted from each 

data point during analysis. 

For MTS/PMS assay the solutions were used as follows: [3-(4,5-dimethylthiazol-2-yl)-5-

(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) as an inner salt, phenazine 

methosulfate (PMS) as an electron coupling reagent. MTS is bioreduced by cells into a formazan  
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Figure 21. Methods to evaluate cell proliferation used in this study.   
A, direct cell count by using the Malassez chanber. B, MTS dye, based on metabolic activity of 
mitochondria. C, sulforhodamine B dye, based on general protein synthesis. 
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product that is soluble in tissue culture medium. The conversion of MTS into aqueous, soluble 

formazan is accomplished by dehydrogenase enzymes found in metabolically active cells. 

Therefore, the quantity of formazan product as measured by the amount of 490nm absorbance is 

directly proportional to the number of living cells in culture. MTS and PMS powders were 

dissolved in DPBS to a stock concentration of 2 mg/ml and 0.92 mg/ml, respectively. On the day 

of experiment, solutions were mixed in 20:1 ratio and applied onto living cells during 1 hour in 

the standard growth conditions.  

Another colorimetric assay is based on the fluorescent dye, sulforhodamine B (SFRB), that 

stains all cellular proteins. The cells were fixed with 10% trichloroacetic acid during 1 hour at 40C. 

Afterwards, all wells were vigorously washed with dH2O in order to remove fixative and serum 

proteins. The fixed cells were left to stain for 30 minutes in 0.4% SFRB in 1% acetic acid solution 

and subsequently washed with 1% acetic acid. The cells were air-dried and the dye was dissolved 

due to the application of 100 μl 10mM unbuffered Tris base solution, pH 10.5.  

2.5.4 Apoptosis assay 

The level of apoptosis was estimated from the number of apoptotic nuclei revealed by Hoechst 

staining. Cells were plated at 30x104 cells per 35 mm dish and left in the standard growth 

conditions overnight. The next day, cultures were treated with the potential apoptotic agents (e.g. 

cisplatin). After the treatment was completed, all cells (floating and adherent) were pelleted by 

centrifugation at 1000 rpm for 5 minutes and resuspended in PBS. Then 5x103 cells from 

suspension were loaded onto cytospin slides and centrifuged at 2000 rpm for 2 minutes by using 

Shandon 74000222 Cytospin 3 Centrifuge (Whittemore Entreprises) (Figure 22A). Afterwards, 

the slides were fixed in ice-cold methanol (MetOH) for 15 minutes at -200C and then stained in 

Hoechst 33258 solution for 30 minutes at the room temperature. The slides were washed in dH2O, 

air-dried and assembled with coverslip by using a drop of the Mounting Medium (Sigma). The 

images were taken with 20x objective visualized at 435 nm wavelength by using the epifluorescent 

microscope (AxioImager, Zeiss). The apoptotic nuclei were considered as the one exhibiting 

chromatin condensation or fragmentation (Figure 22B). 

2.5.5 Cell cycle analysis 

For cell cycle analysis, cells were fixed with ice-cold 70% methanol for 30 minutes, resuspended 

in 100 µl PBS with 500 µg/ml Ribonuclease A, and stained with 50 µg/ml of propidium iodide for 

1 hour at 40C. At least 10,000 events per condition were processed by CyAn™ ADP Analyser 

FACScan flow cytometer (Becton-Dickinson). Data were analysed with CellQuest software. 
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Figure 22. Cell apoptosis assay.   
A, representation of the cytospin slide. B, representative image of PC-3 cells population with 
apoptotic nuclei (white arrows). 
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2.5.6 Time-lapse video microscopy 

Cells were kept at 37°C under 5% CO2 in an incubator chamber for time-lapse video recording. 

Cell movements were monitored with an inverted microscope (Biostation, Nikon) using a 20x 

objective lens. To ensure long distance measurement, images mosaic (4 by 4 for tracking, and 8 

by 3 for wound healing) were acquired and reconstructed as a single high resolution, high field of 

view image using FiJi Grid/Collection Stitching Plugin (Schindelin et al., 2012).  

2.5.7 Random cell motility 

Random motility was analyzed due to the tracking of individual cells. In brief, 1x104 cells were 

plated into Hi-Q4 culture dishes (Ibidi) and left in the standard growth conditions overnight. The 

next day, cells were stained during 30 minutes by using 1:20,000 Hoechst-33342 (H1399, 

InvitrogenTM) staining suitable for living cells. Cells were left in standard growth conditions and 

images were acquired every 30 minutes for a time lapse of 48 hours. Image stacks were analyzed 

using trackmate imageJ plugin on the reconstructed mosaic image (Tinevez et al., 2017). For each 

condition, segmentation was performed on Hoechst stained nucleus. The same optimized tracking 

parameters were used for each image series. Cells were then automatically tracked using the 

“simple lap tracker” algorithm and, tracks coordinates and individual tracks mean velocity were 

measured for each cell. Only cells tracked over a period of more than 5 hours were taken into 

account and at least 1000 cells tracks were analyzed per condition. 

2.5.8 Lateral migration 

The wound-healing assay was performed in Culture-Insert 2 Well in μ-Dish 35 mm high, IbiTreat 

(Ibidi) according to the manufacturer’s instructions. 40x103 cells were plated into each 

compartment of the culture insert and left overnight at the standard growth conditions. The next 

day, culture insert was removed, dish was filled up with standard growth media and left in the 

imaging box of video microscope (Biostation, Nikon). Images of the side and wound area were 

acquired every 30 minutes for a time lapse of 48 hours (Figure 23A,B). Homemade plugin based 

on (Jonkman et al., 2014) recommendations was developed for ImageJ to automatically detect 

cells and gap areas. 

2.5.9 Chemotaxic migration 

Cells at 75 x 103 were plated into upper compartment of 8 μm pore Transwell® inserts (CorningTM) 

in a serum-free media, whereas lower compartment was filled with standard growth media, as a 

chemoattractant (Figure 23C). After 16 hours at 370C, 5% CO2 cells were fixed in ice-cold 100%  
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Figure 23. Methods to evaluate cell migration.   
A, Principle of the wound-heal assay when using Culture-Insert 2 Well in μ-Dish 35 mm high, 
IbiTreat (Ibidi). B, Analysis of lateral migration based on the cell movement on one side and 
during the wound closure. C, Principle of the Transwell migration assay. 
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methanol and stained with 1% crystal-violet in 25% methanol. Inserts were washed and the upper 

area of the filter was rubbed dry to eliminate the non-migrated cells. The data was obtained after 

counting five random fields of view under an inverted microscope DMIRE2 (Leica) at 5x 

magnification. At least two inserts for each condition were analysed in each independent 

experiment.  

2.5.10 Chemotaxic invasion 

The invasiveness of cells was assessed in a same way as chemotaxic migration. The only difference 

is that Transwell inserts were pre-coated with 1.25 mg/ml MatrigelTM Basement Membrane Matrix 

(Becton Dickinson). 

2.6 Transfection 

In order to introduce various genetic material (e.g. DNA, siRNA, plasmid) different transfection 

methods were utilized throughout this study. Transient transfection involved temporary 

incorporation of genetic material into cellular genome, whereas stable transfection was achieved 

by selecting the cells with corresponding antibiotic resistance (Table 2) and that would exhibit 

permanent genetic alteration. 

2.6.1 Nucleofection 

Electroporation-based method, nucleofection, was realized by application of a specific voltage 

onto cell suspension by using Nucleofector (Amaxa) according to the manufacturer’s instructions. 

In brief, adherent cultures were pelleted and resuspended in 100 μl of nucleofection buffer 

containing the required amount of genetic material. After suspension was put into special 

nucleofection cuvette and electroporated, 500 μl of standard growth media were applied and cells 

were left to recover in the incubator for 5 minutes. Then the whole cell suspension was plated into 

the dish of interest and left at the standard growth conditions overnight.  

2.6.2 Lipofection-like transfection 

Lipofection is a method of transfection based on the formation of liposome-embedded genetic 

material complex, which is transferred through plasma membrane and hence introduced to the 

cellular genome. To date, different variations of lipofection methods were developed based on the 

similar principle. In this study, HiPerFect Transfection Reagent (Qiagen) was mostly used for 

siRNA transfections, whereas X-tremeGENE 9 and X-tremeGENE HP DNA Transfection 

Reagents (Roche) were used for vector and plasmid introductions.  
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2.7 Molecular biology techniques 

2.7.1 Expression cloning 

2.7.1.1 Bacteria transformation 

In order to amplify vector or plasmid of interest bacteria were transformed by using heat-shock 

method. Per each transformation reaction 50 μl of chemically competent bacteria strains (Table 

10) were mixed with 50 ng plasmid in 5 μl by gentle swirling and left on ice for 30 minutes. 

Afterwards, the mixture was incubated in water bath at 420C for 45 seconds and left on ice for 2 

minutes. In order for bacteria to recover from the heat-shock, 250 μl of Super Optimal Broth with 

Catabolite repression (SOC) media were added and left shaking at 200 rpm/minutes at 370C for 1 

hour. Then the mixture was spread onto agar plates and incubated overnight at 280C or at 370C. In 

the next days bacteria colonies were checked and inoculated in LB media for further expression 

cloning manipulations. 

2.7.1.2 Plasmid isolation 

Plasmid isolation was performed by using Plasmid DNA purification kit (Macherey-Nagel) 

according to the manufacturer’s instructions. 

2.7.1.3 Sequencing 

In order to verify the cloning results the sequencing procedure was performed by GATC Biotech 

company.  

2.7.1.4 Restriction digest 

The restriction digest was performed by using restriction enzymes from NEB according to the 

manufacturer’s instructions. 

2.7.1.5 Agarose gel electrophoresis 

1% agarose gel was prepared in 0.5x Tris/Borate/EDTA (TBE) or 0.5x Tris/Acetate/EDTA (TAE) 

buffers by boiling the mixture until it becomes homogenous and transparent. After cooling it down 

to around 400C the DNA gel stain SYBR® Safe (Invitrogen) was added in the ratio of 1:20,000. 

The gel was left to solidify at the room temperature. Afterwards, samples and 1kb Plus DNA ladder 

(Invitrogen) were mixed with 6x Loading buffer in the ratio of 5:1 and loaded onto the gel. The 

gel was let to migrate in 0.5x TBE or 0.5x TAE buffer in RunOneTM Electrophoresis Cell 
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(EmbiTec) at 100 mV for 20 minutes. The gel visualization was performed by using MiniLumi 

(Bio-Imaging Systems) machine.   

2.7.1.6 DNA extraction from agarose gel 

Extractions of DNA from agarose gels was performed by using NucleoSpin® Gel and PCR Clean-

up (Macherey-Nagel) according to the manufacturer’s instructions. 

2.7.1.7 Ligation 

Joining of two nucleic acid fragments was done due to the action of a specific enzyme, called 

ligase. In this study we were using T4 DNA ligase (NEB) according to the manufacturer’s 

instructions. 

2.7.2 Polymerase chain reaction (PCR) 

2.7.2.1 RNA extraction 

Organ tissues and cells were preserved in RNAlaterTM (Sigma). Cellular RNA was purified with 

the NucleoSpin RNA Plus Kit (Macherey-Nagel). Organ tissues were homogenized with 

Precellys® Tissue Homogenizer and purified with TRIzolTM Reagent (Invitrogen). The quantity of 

extracted RNA was measured by BioPhotometer (Eppendorf) and loaded onto agarose gel in order 

to exclude RNA degradation (Figure 24). If needed, samples were stored at -800C. 

2.7.2.2 DNase treatment 

In order to remove DNA concomitant from RNA samples, the DNase treatment was done by using 

RNase-free DNase I (Ambion) according to the manufacturer’s instructions. 

2.7.2.3 Reverse transcription 

The generation of complement DNA (cDNA) from RNA was performed by reverse transcription 

(Applied Biosystems). In brief, 2 μg of RNA were annealed with random hexamers at 700C for 10 

minutes. Afterwards, 1x PCR Buffer II, 3 mM MgCl2, 0.5 mM dNTP, 50 units of Moloney Murine 

Leukemia Virus (M-MuLV) reverse transcriptase and 20 units of RNase inhibitor were used per 

each reaction. After, mixtures were incubated at room temperature for 15 minutes and then at 420C 

for 30 minutes, enzymes were degraded by 700C for 10 minutes. Samples were stored at -200C. 
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Figure 24. Methods to evaluate integrity of nucleic acids.   
A, Typical absorbance spectra of pure nucleic acid, protein samples and other concomitants. 
Accordingly, absorbance ratio A260/A280<1.8 would likely indicate onto protein 
contamination, whereas A260/A230<1.8 - onto solvents and salts contamination. B, Integral 
RNA sample on 1% agarose gel. Typical bands of intact ribosomal RNA are indicated. Blurry 
bands would signify onto RNA degradation. 



95 
 

2.7.2.4 Conventional PCR 

In order to amplify DNA segments we have performed conventional polymerase chain reaction 

(cPCR). Per each reaction 1x PCR Buffer II, 2.5 mM MgCl2, 2 mM dNTP, 500 nM primers (Table 

5) and AmpliTaq Gold® DNA polymerase (Applied Biosystems). The detailed protocol is 

indicated in Table 11. PCR products were loaded onto agarose gel in order to verify the size of 

expected bands. 

2.7.2.5 Quantitative real-time PCR 

To assess the variations of gene expression between different samples we have performed 

quantitave real-time PCR (qPCR) by using SsoFastTM EvaGreen® Supermix on CFX96 Touch™ 

Real-Time PCR Detection System. The detailed protocol is indicated in Table 11. 

Conventional PCR 

Number of cycles    Conditions Description 

1 940C – 5:00 Initial cell breakage and DNA denaturation 

50 

940C – 0:45 DNA denatures into single strands 

550C – 0:45 Primers anneal to single stranded DNA template 

720C – 1:30 Extension/elongation from 3’- end 

1 720C – 10:00 Final extension to make sure all products are full legth 

Quantitaitve PCR 

Number of cycles Conditions Description 

1 950C – 0:30 Enzyme activation 

45 
950C – 0:05 Denaturation 

600C – 0:05 Annealing/extension 

1 65-950C (increment 0.50C) – 0:05/step Melting curve 

Table 11. PCR protocols used throughout this study. 

2.7.3 Macromolecule blotting 

2.7.3.1 Protein extraction 

Organ tissues were homogenized with Precellys® Tissue Homogenizer.  The cells were lysed in 

1x RIPA buffer with protease and phosphatase inhibitors, sonicated for 10 seconds at 30% intensity 

and centrifuged at 13000 g for 10 minutes in order to eliminate the nuclei fraction. The 

concentration of protein lysate was measured with Pierce® BCA Protein Assay (Thermo Fisher 

Scientific).  
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2.7.3.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

1xSample Reducing Agent and 1xLDS Sample Buffer (BoltTM, Thermo Fisher Scientific) were 

added to 50 μg of protein lysate and heated at 950C for 5 minutes. Proteins were resolved due to 

3-8% Tris-acetate sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). 

Stacking gel contained 3.2% polyacrylamide. Thermo Scientific Spectra Multicolor High Range 

Protein Ladder (Thermo Scientific) was used to verify the size of proteins. Sample were resolved 

due to migration in 1x NuPAGE MOPS SDS Running buffer (Thermo Fisher Scientific) under 

constant voltage of 100V. 

2.7.3.3 Immunoblotting 

Proteins from polyacrylamide gels were transferred onto methanol-activated 0.45 μm PVDF 

membrane (Immobilon) with Pierce G2 Fast Blotter (Thermo Fisher Scientific). Afterwards, the 

blots were blocked with 5% milk 1x TBS-T buffer for 1 hour, and then incubated with primary 

antibodies of interest (Table 3). For HRP-conjugated secondary antibodies blots were developed 

using SuperSignal™ West Dura Extended Duration Substrate (Thermo Fisher Scientific), and 

images were captured with Amersham Imager 600 (GE Healthcare Life Sciences). Data was 

analysed with ImageJ software. 

2.7.3.4 Cell fractionation 

Cell fractionation was done by using OptiPrep™ Density Gradient Medium (Sigma). Briefly, 

around 50x106 cells were centrifuged in PBS at 250 g for 10 minutes at 40C. Cells were 

resuspended in 5 ml of Fractionation solution B with protease and phosphatase inhibitors and 

grinded by using KONTES® DUALL® Tissue Grinder with Glass Pestle (DWK Life Sciences, 

KIMBLE®). Afterwards, suspension was quantum satis in 10 ml of Fractionation solution B and 

by using Corex® glass tubes centrifuged at 250 g for 10 minutes. The pellet was taken as nulcei 

fraction, whilst the supernatant fraction was ultracentrifuged at 17,000 g for 20 minutes. 

Supernantant was recentrifuged at 100,000 g for 2 hours and thus separated into cytosolic and 

microsomal fractions; whereas pellet was resuspended in 2 ml of Fractionation solution B and due 

to 10-30% OptiPrepTM gradient resolved into protein fractions of various densities. Each fraction 

was washed with 6 ml 500 mM HEPES and pelleted by ultracentrifugation at 100,000 g for 1 hour.  
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2.7.3.5 Invadopodia fractionation 

Invadopodia fractionation was performed as previously described in (Busco et al., 2010). As a 

result, cytoplasmic, plasmalemmal and invadopodia fractions were obtained and further analyzed 

due to SDS-PAGE and immunoblotting (sections 2.7.3.2-2.7.3.3). 

2.7.3.6 Biotinylation 

The extraction of plasmalemmal protein fraction was performed by using EZ-Link™ NHS-Biotin 

(Thermo Fisher Scientific) according to the manufacturer’s instructions.  

2.7.4 Src kinase activity assay 

After extraction of proteins (as described above) without proteinase and phosphatase inhibitors the 

Src activity was evaluated with ProFluor® Src-Family Kinase Assay (Promega) according to the 

manufacturer’s instructions. 

2.7.5 Zymography 

Zymography was performed with 1% gelatin 10% SDS-PAGE. The protein samples were 

extracted (as described above) without addition of reducing agents and boiling. The zymogram 

were developed with 0.5% Coomassie G-250 in 30% ethanol, 10% acetic acid. Data was analysed 

with ImageJ software. 

2.7.6 Immunostaining 

2.7.6.1 Immunocytochemistry 

For immunocytochemical analysis 100x103 cells were plated onto 15 mm glass coverslips and left 

in the standard growth conditions overnight. After coverslips were washed in 1x PBS, they were 

fixed in ice-cold MetOH or 4% paraformaldehyde (PAF) in PBS for 10 minutes. Then coverslips 

were blocked in 5% goat serum PBS for 30 minutes, and incubated overnight at 40C with primary 

antibodies (Table 3) that were freshly prepared in 1% goat serum PBS. Afterwards, coverslips 

were washed with PBS and incubated with fluorophore-conjugated secondary antibodies prepared 

in 1% goat serum PBS for 1 hour in humidified dark conditions. Afterwards, cellular nuclei were 

stained with 1:200 DAPI solution in PBS at the room temperature for 10 minutes. Following by 

washes with PBS, coverslips were mounted on the glass slides by using Mowiol. Visualization 

was performed with 40x objective on LSM 700 laser scanning confocal microscope (Carl Zeiss).  
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2.7.6.2 Immunohistochemistry 

Slides were deparaffinized, rehydrated, and heated in citrate buffer pH 6 for antigenic retrieval. 

After blocking for endogenous peroxidase with 3% H2O2, the primary antibodies were incubated. 

The primary antibodies were applied for 1 hour (Table 3). Immunohistochemistry was performed 

using the streptavidin-biotin-peroxydase method with diaminobenzidine as the chromogen (Kit 

LSAB, Dakocytomation, Glostrup, Denmark). Slides were finally counterstained with 

haematoxylin. Negative controls were obtained after omission of the primary antibody or 

incubation with an irrelevant antibody. Scoring of antibody staining: Staining was scored as 

follows: -, no stained cells; +, low intensity; ++, high intensity. Ki67 positive cells were expressed 

as a percentage of total epithelial cells. 

2.7.7 Gelatin degradation 

The gelatin degradation assay was performed by using QCM™ Gelatin Invadopodia Assay (Red, 

ECM671, Merck Millipore) according to the manufacturer’s instructions. In brief, prior to plating 

the cells, glass coverslips (15 mm in diameter) were covered with thin layer of fluorescent gelatin-

Cy3. After leaving the cells to attach and degrade gelatin at the standard growth conditions, 

coverslips were washed in PBS and fixed with 4% PAF in PBS. If needed, cells were 

immunostained with antibodies and 1:200 DAPI dye. Coverslips were mounted onto glass slides 

by using pre-warmed at 370C Mowiol and visualised with 40x objective on LSM 700 laser 

scanning confocal microscope (Carl Zeiss). The quantity of invadopodia and area of gelatin 

degradation were calculated and compared within different conditions. 

2.7.8 Secretion assay 

The vesical secretion was measured with FM® 1-43 dye (Thermo Fisher Scientific) according to 

the manufacturer’s instructions. 

2.8  Calcium and sodium imaging 

Cytosolic Ca2+ concentrations were measured using the ratiometric dye Fura-2-acetoxymethyl 

ester (AM) (Interchim), whereas cytosolic Na+ concentrations – with SBFI-AM (Interchim) as 

previously described in (Iamshanova et al., 2016). Dyes were reconstituted in dimethyl sulfoxide 

(DMSO) and diluted in HBSS containing 0.02% of Pluronic® F127 to the final concentrations of 

1 μM for Fura-2 and 7 μM for SBFI. Fluorescence was excited using an illumination DG4 system 

(Sutter) fitted with a xenon lamp (300 W). All recordings of Na+ fluorescence were acquired using 

objective 20× in the Superfluor Nikon Eclipse Ti- series inverted microscope coupled to an 
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EMCCD camera Rolera EM-C2 (Qimaging) and processed using Metafluor 7.7.5.0 software 

(Molecular Devices). The excitation filters represented the following parameters in terms of 

wavelength and bandwidth: 340 nm/26 nm and 387 nm/11 nm. The emission filters were as 

follows: 510 nm/84 nm for SBFI.  

For the confocal Ca2+ imaging, cells were loaded using 5 µM Fluo-4-AM as described 

previously (Dubois et al., 2014). In brief, experimental chambers containing the cells were placed 

on the stage of an Axiovert 200M inverted microscope attached to an LSM 510 META laser-

scanning unit (Carl Zeiss). x-y confocal images of Fluo-4 fluorescence were acquired at 0.6 Hz 

using a Plan-Apochromat 40× 1.3 NA objective lens (Carl Zeiss). Fluo-4 fluorescence was excited 

by the 488 nm line of a 500 mW argon ion laser (Laser-Fertigung) and was captured at wavelengths 

505 nm. The illumination intensity was attenuated to 0.6% with an acousto-optical tunable filter 

(Carl Zeiss). In all experiments, the photomultiplier gain was set at 688. To optimize signal quality, 

the pinhole was set to provide a confocal optical section <4 µm.  

2.9 Data analysis and software 

Data were compared using either a 2-tailed Student’s t test corrected for multiple comparisons by 

a Bonferroni adjustment or repeated measures 2-way ANOVA, as indicated. Where necessary, the 

Shapiro–Wilk test was used to test for normality of the underlying sample distribution. 

Experimental sample sizes were chosen using power calculations with preliminary experiments or 

were based on previous experience of variability in similar experiments. Samples that undergone 

technical failure during processing were excluded from analyses. The Kolmogorov–Smirnov test 

was used to evaluate the significance between different distributions. For adoptive transfer 

experiments, recipient mice were randomized prior to cell transfer. The tumor treatment graphs 

were compared by using the Wilcoxon rank sum test and analysis of animal survival assessed using 

a log-rank test. In all cases, P values of less than 0.05 were considered significant. Comparison 

between patient groups was performed using the χ2 test for categorical data and nonparametric 

Mann-Whitney U test and Kruskal-Wallis tests for continuous data. 

Statistics were calculated using GraphPad Prism 7 software (GraphPad Software Inc.), 

StatView, version 5.0, software (Abacus Concepts, Berkeley, CA) and OriginPro 2015 Beta3 

software (1991–2014 OriginLab Corporation). The figures were created mostly using 

CorelDRAW 11.633 software (2002 Corel Corporation). 
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Article 1: 

“Comparison of fluorescence probes for intracellular sodium imaging  

in prostate cancer cell lines.” 

Iamshanova O, Mariot P, Lehen'kyi V, Prevarskaya N. 

Eur Biophys J. 2016 Oct;45(7):765-777. Epub 2016 Sep 22. 
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3. Results 

3.1 Main results 

The main results obtained throughout this study are presented as the future manuscript entitled 

“Na+ leak governs pacemaking activity of cancer cells required for the metastatic disease 

development”. Results that were not included in this article are described in the separate section 

afterwards. 
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Article 2: 

“Na+ leak governs pacemaking activity of cancer cells  

required for the metastatic disease development”. 

Article is in preparation  
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Introduction 

Along with the very first functional characterization of NALCN as a Na+ leak channel that took 

just 10 years ago, was also discovered its importance in maintaining the resting membrane 

potential and controlling rhythmic electrical bursts in neurons (Lee et al. 1999, Lu et al. 2007). 

Indeed, NALCN deletion leads to severe disruption of neuronal activities and knockout mice 

die within 24 hours of birth (Lu et al. 2007). Thus, NALCN is one of the few channels in the 

4x6TM channel family required for neonatal survival (Lu et al. 2007). Today, NALCN is well-

recognised as an indispensable component of circadian pacemaker neuronal output (Lu et Feng 

2012, Bridget et al. 2013, Flourakis et al. 2015, Lozic et al. 2016). Such rhythmic neuronal 

activity is required to support repeated firing of action potentials and is established by complex 

intracellular signalling. Importantly, on molecular level this phenomenon is comprised of 

various spontaneously active systems including oscillators of circadian nucleus, membrane 

potential and cytosolic Ca2+. Surprisingly, cytosolic Ca2+ oscillations are also a prominent 

feature of highly aggressive dedifferentiated cancer cells (Iamshanova et al. 2017). In fact, the 

apparent parallels between tumour and normal, in particular neural, cells generated great 

interest in the last decades and implies on the possible mirrored traits between these two classes 

of cells (ref). For example, the neuronal growth cones form protrusions that share molecular, 

structural and functional characteristics of invadosomes, the sites of attachments with 

proteolytic activity required by cancer cells to metastasize (Santiago-Medina 2015 

Development). In both cases, the release of extracellular matrix degradation enzymes subserves 

for targeting the nearby tissues. Specifically, Ca2+ oscillations, but not the sustained elevated 

intracellular Ca2+ levels, are defined as substantial signalling trigger for the vesicle secretion 

(Wollman et Meyer 2012). Indeed, abolished Ca2+ oscillations revoked fusion of matrix-

metalloproteinases-containing vesicles with the plasma membrane and resulted in constrained 

extracellular matrix degradation (Sun et al. 2010). Noteworthy, the loss of background Na+ 



2 

 

leak is associated with defective rhythmically oscillating activities in neurons and cancer cells, 

as well as with abrogated secretion especially in cells with fast or continuous vesicle turnover 

(Lu et al. 2007, Yeh et al. 2008, Bouhours et al. 2011, Jospin et al. 2007, Lear et al. 2005, 

Pierce-Shimomura et al. 2008, Rizaner et al. 2016). Accordingly, Na+ signalling was already 

envisaged as an upstream governor of spontaneous Ca2+ oscillations, however, nothing is yet 

known about its intrinsic mechanisms (Rizaner et al. 2016). In this study, we show for the first 

time how background Na+ current provided through ‘classically’ neuronal pacemaker channel 

NALCN is employed by highly metastatic cancer cells in their signalling cascade of Ca2+ 

oscillations and its physiological impact on the disease outcome.  
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Results 

NALCN regulates metastasis-associated cancer cell behaviour 

To date, being primarily explored in neurons and cardiomyocytes NALCN was reported to be 

responsible for rhythmic behaviour and was mainly associated with neuronal and muscular 

channelopathies (Cochet-Bissuel et al., 2014; Bend et al., 2016). Despite its identification in 

endocrine glands and secretory organs, little is known about role of NALCN in ‘non-excitable’ 

cells (Cochet-Bissuel et al., 2014). We found NALCN expression in mammalian prostate 

(SFig. 1a-c). Although normal prostate has secretory function, secretion may also be engaged 

in genesis of various pathologies, including carcinogenesis where tumour spread is facilitated 

by secretion of extracellular matrix (ECM) degrading enzymes. Indeed, our screening of 

various pancreatic and prostate cancer cell lines, revealed NALCN and its circadian-linked 

regulator, NLF-1, only in highly aggressive cell lines, but not in those with weak metastatic 

potential (SFig. 2a-d). Genome sequencing analysis revealed that NALCN mutations in prostate 

cancer cells are unlikely to affect the Na+ leak channel function (SFig. 2e). Indeed, we 

demonstrated that in prostate cancer cells from NALCN-positive lines, NALCN is expressed 

in the plasma membrane (SFig. 3a) and provides pathway for Na+ influx not observant in 

NALCN-negative cell lines (SFig. 3b-e). Importantly, cellular viability, cell cycle, apoptosis 

(neither basal nor induced) and proliferation rate were not affected by the gene silencing, 

whereas metastasis-associated behaviour, namely, cell motility, migration and invasion were 

considerably dependent on the level of NALCN expression (SFig. 4a-e, SFig. 5a-m).  

In order to assess further the mechanisms promoting cancer cell invasion, we focused on 

formation of invadopodia, actin-rich membrane protrusions with ECM degradation activity.  

Confocal detection of the Cy3-fluorescent gelatine (the ECM component) degradation caused 

by PC-3 cells revealed that NALCN suppression significantly decreases the number of the 
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invadopodium formation sites and total area of gelatin degradation (Fig. 1a; SFig. 5k-m). Of 

note, intracellular pH was not affected by NALCN depletion, whereas intrinsic buffering 

capacity was significantly augmented (SFig. 5n-o).  

Furthermore, confocal mapping of NALCN in PC-3 cells expressing NALCN-GFP revealed 

that NALCN-enriched dynamic structures (“rosettes”) are located at the cell bottom reported 

by CellMaskTM Deep Red plasma membrane stain (SFig. 6a; SVideo1), and that, when these 

cells co-expressing NALCN-GFP and RCamp (to label the cell body) are placed on gelatine 

layer, newly-formed invadopodia are appeared to be enriched with NALCN ((Fig. 1b, SFig. 

6a; SVideo2). Presence of NALCN in invadopodia was confirmed further by cell fractionation 

assay (SFig. 6b). Interestingly, NALCN knockdown (NALCN-KD) markedly suppresses 

expression and activity of the invadopodia marker proto-oncogene Src kinase (SFig. 6b-d). 

Indeed, previous studies reported that Src kinase is recruited to NALCN channelosome, 

however, no evidence of direct Src kinase dependence on NALCN expression was then 

presented (Lu et al., 2009; Wang & Ren, 2009). Our immunocytochemical assay revealed 

strong co-localisation of NALCN not only with Src kinase but also with other invadopodial 

proteins, e.g. cortactin, dynamin, matrix metalloproteinase MT1-MMP and Tks5, within 

specific morphological structures referred to as invadopodia punctae and rosettes (Fig. 1c; 

SFig.6 e). Recently it was demonstrated that invadopodial precursor assembly in starved 

melanoma cells can be induced by stimulation with 10% FBS (Sun et al., 2014). We found that 

FBS-induced invadopodial precursor assembly in starved PC-3 cells reported by actin punctae 

formation is strongly suppressed by NALCN-KD (Fig. 1d, SFig. 7a). Interestingly, FBS-

induced formation of dynamin punctae, reporting invadopodial precursor assembly, occurred 

at a site of the [Ca2+]c wave initiation (Fig. 1e, SFig. 7b), which, in turn, coincide with NALCN-

enriched rosette (Fig. 1f) forming cap-like structure at the cell bottom (Fig. 1g). 
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In cancer cells, excretion of ECM-degrading enzymes via vesicle secretion is principal 

mechanism facilitating invasiveness. Here we report that NALCN bioavailability is an 

important determinant of the rate of vesicle secretion by PC-3 cells (Fig. 1h) and activity of 

ECM-degrading enzyme matrix metalloproteinases (Fig. 1i), and that this secretion is 

controlled by [Ca2+]c in microdomains, since fast and slow Ca2+ chelators suppress this process 

to different extents (Fig. 1h, 1j, SFig. 8).  

Altogether the above results strongly suggest that NALCN provides signalling input to 

invadopodium formation and cancer cell invasiveness.  

 

NALCN governs Ca2+ oscillations 

Recently it was demonstrated that in contrast to weakly metastatic human prostate cancer cells 

(LNCaP), strongly metastatic PC-3M cells are prone to generate Na+-influx-dependant [Ca2+]c 

oscillations (Rizaner et al. 2016), and that [Ca2+]c oscillations are important regulators of 

secretion (Wollman and Meyer, 2012) and invadopodium formation (Sun et al. 2014). We 

found that FBS-induced initial [Ca2+]c transient and [Ca2+]c oscillations are associated with 

reciprocal changes of [Ca2+]ER (Fig. 2a). Similar pattern of [Ca2+]c events was recorded in 

response to stimulations with one of the FBS component – the epidermal growth factor, EGF  

(Fig. 2b). The initial [Ca2+]c transient, but not subsequent [Ca2+]c oscillations, persisted in Ca2+-

free solution supplemented with 0.5 mM EGTA, while all [Ca2+]c response to FBS was 

abolished following Ca2+ store depletion with 50 µM cyclopiazonic acid (CPA) even when the 

cells were bathed in Ca2+-containing solution (Fig. 2c) We, therefore, concluded that  [Ca2+]c 

oscillations facilitated by FBS depend on both, repetitive Ca2+ influx and Ca2+ recycling by the 

endoplasmic reticulum (ER). To asses possible contribution of NALCN to the genesis of this 

oscillations we compared spatio-temporal patterns of the FBS-induced [Ca2+]c response in 
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starved PC-3 cells pre-treated with control siRNA (siCTL) and siNALCN, using time-laps 

confocal Ca2+ imaging (Fig. 2d-e).  This revealed that FBS-induced [Ca2+]c oscillations are 

attenuated (reduction in the frequency and signal mass temporal density) by NALCN-KD (Fig. 

2f) and that “pacemaker phase” evident in these oscillations is siNALCN-sensitive (Fig. 2d-e). 

Furthermore, dramatic attenuation of the [Ca2+]c oscillations following reduction of [Na+]o (Fig. 

2g)  and suppression of FBS-induced inward current by NALCN-KD or [Na+]o reduction (Fig. 

2h) provide most direct evidence that FBS-induced [Ca2+]c oscillations are governed by NALCN-

mediated Na+ influx rather than by other signalling pathways not immediately related to the NALCN 

channel activity.  

Moreover, we found that stimulation with 10% FBS of starved PC-3 cells that triggers [Ca2+]c 

oscillations promotes Src kinase activity (SFig. 9a), not unlike it was previously reported (Sun 

et al., 2014). We, therefore, concluded that in these strongly metastatic prostate cancer cells, 

NALCN facilitates Src kinase activity by promoting [Ca2+]c oscillations, which depend on (1) 

NALCN-mediated Na+ influx (Fig. 2d-h) and (2) repetitive Ca2+ influx and Ca2+ recycling by 

the ER (Fig. 2c). 

 

Coupling between NALCN-mediated Na+ influx and [Ca2+]c events  

Oscillations generally require positive feed-back between elements involved in their genesis. 

We, therefore, assessed (1) modulation of NALCN-mediated Na+ influx by [Ca2+]e and the 

events leading to [Ca2+]c elevation and (2) coupling between  Na+ influx and rise of [Ca2+]c. To 

unravel net effect of [Ca2+]c elevation on NALCN-mediated Na+ influx we assessed Na+ influx 

induced by [Na+]o switch from 0 to 130 mM (Fig. 3a) and Na+ influx induced by store-operated 

Ca2+ entry, SOCE (Fig. 3c), and compared (Fig. 3d). We found that in PC-3 cells [Na+]o-switch-

induced Na+ influx (Fig. 3a): (1) is dramatically suppressed by NALCN-KD, (2) is not 
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modulated by [Ca2+]e, at least within the range of 0 – 4 mM  (see also SFig. 9b) in contrast to 

that previously reported for neurons (Lu et al., 2010; Lu and Feng; 2012), and (3) is not affected 

by the Ca2+ store depletion (see also SFig. 9c). Furthermore, [Ca2+]c elevation brought about 

by the ER Ca2+ leak following acute block of sarco/endoplasmic reticulum Ca2+-ATPase 

(SERCA) with thapsigargin (TG) failed to induce Na+ influx when the cells were bathed in 

Ca2+-free external solution supplemented by 0.5 mM EGTA (and hence no SOCE was 

generated) (Fig. 3b). Moreover, we found (Fig. 3c) that: (1) SOCE activation triggers Na+ 

influx even at constant [Na+]o=130 mM in [Ca2+]o-dependent manner (see also SFig. 9d-i), (2) 

NALCN-KD significantly suppresses not only this Na+ influx but also SOCE, (3) inhibition of 

the reverse-mode plasmalemmal Na+/Ca2+ exchanger (RM-NCX) curtails [Ca2+]c transient 

caused by SOCE at [Na+]o=130 mM, does not affect it at [Na+]o=0 mM and attenuates [Ca2+]c 

transient triggered by Na+ readmission following SOCE activation. Comparison of the effects 

of NALCN-KD on Na+ influx caused by the [Na+]o switch with that one triggered by SOCE 

revealed that SOCE significantly augments NALCN-mediated Na+ influx (Fig. 3d, top). The 

cell surface biotinylation assay revealed that SOCE addresses NALCN to plasma membrane 

(Fig. 3d, bottom), similarly to that what we have previously reported for TRPV6 (Raphaël et 

al., 2014). Interestingly, stimulation with 10% FBS also elevates the amount of NALCN 

protein in the plasma membrane (SFig. 9j).  

The above results indicate that Ca2+ influx during SOCE, but not Ca2+ release from the ER (Fig. 

3b) or Ca2+ store depletion (Fig. 3a, right panel) per se, promote NALCN-mediated Na+ influx 

by addressing NALCN protein to the plasma membrane, while enhanced Na+ influx and/or 

accumulation, in turn, facilitates Ca2+ influx either via RM-NCX (Fig. 3c; SFig. 9k) or by 

relieving SOCE inactivation. The latter may involve mitochondrial Na+/Ca2+ exchanger 

(NCLX), the potential of which to modulate ROS production and, hence, SOCE was recently 

reported (Ben‐Kasus Nissim et al., 2017). We found that NCLX silencing notably suppresses 
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SOCE (Fig. 3c; SFig. 9l), what suggests that in PC-3 cells this exchanger may contribute to 

signalling chain:   NALCN-mediated Na+ influx – NCLX-mediated Ca2+ extrusion from 

mitochondria – decrease of ROS production – relief of SOCE inactivation. Nevertheless, 

attenuation of FBS-induced [Ca2+]c events (both the initial transient and oscillations) by RM-

NCX inhibitor KB-R7943 (Fig. 3e), suggests that NALCN-mediated Na+ influx facilitates RM-

NCX-mediated Ca2+ entry, while inhibition of FBS-induced inward current by this compound 

(Fig. 3f) indicates that this Ca2+ entry encourages NALCN-mediated Na+ influx. This positive 

feed-back between NALCN and RM-NCX may serve to sustain [Ca2+]c oscillations, 

modulation of which via the ER Ca2+ recycling (Fig. 2a) is also tuned by SOCE and RM-NCX.   

 

NALCN promotes prostate cancer aggressiveness in vivo 

We found that NALCN is upregulated in cancer prostate biopsies relative to non-cancerous 

tissues taken from the same patient (Fig. 4a). Furthermore, immunohistochemical analysis 

revealed that NALCN was negative in non-cancerous prostate glands, with a positive internal 

control in smooth muscle fibers (Fig. 4b). In human prostate cancer, NALCN staining was 

observed in 57% of clinically localized hormone-naïve cases, 6% of CRPC (3 cases out of 48) 

and 62% of metastases (13 cases out of 21). In clinically localized prostate cancer, NALCN 

expression increased within the ISUP group (ex Gleason score, that reflects the loss of 

differentiation) (p=0.0003), and was also higher in pT3 tumours (with extra-prostatic 

extension) when compared to pT2 (tumour limited to the prostate gland) (p=0.0003). Results 

are summarized in Table. 4c. 

Interestingly, in clinically localized prostate cancer, the expression of NALCN strongly 

correlated with staining of protooncogenic Src-kinase (p<0.0001). Moreover, NALCN 

expression also correlated with SOCE components - Orai1 (p<0.0001), STIM1 (p=0.005), 
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STIM2 (p=0.007), and with other plasmalemmal ion channels - SK3 (p<0.0001), TRPC1 

(p=0.0006) (SFig.10a). Importantly, all these proteins were previously reported to be 

implemented in prostate cancer progression (Chantome et al., 2013; Perrouin Verbe et al., 

2016). Yet, no significant correlation between expression of NALCN and expression of either 

proliferation marker, Ki67, or marker for epithelial-to-mesenchymal transition, Zeb1, was 

observed (SFig. 10b). 

As phosphatase and tensin homologue (PTEN) is one of the most commonly deleted/mutated 

tumour suppressor genes in human prostate cancer, we utilised PTEN knockout mice model 

with conditional gene inactivation (floxed allele; L2). Following prolonged tamoxifen 

administration PTEN-/- mice established prostate adenocarcinoma, whereas PTEN-/-p53-/- 

developed more aggressive and invasive phenotype of prostate cancer. The ex vivo analysis 

performed on these prostate tumours revealed that NALCN is markedly upregulated during 

progression of invasive adenocarcinoma, but not during initial tumourigenesis (Fig. 4d).  

To study the progression of prostate tumours in vivo we utilised PC-3 cells with stable 

Luciferase activity. Following orthotopic (directly into prostate) injection of these cells into 

the nude mice the time (12 weeks) was allowed for tumour growth and metastasis. We found 

that NALCN-KD significantly suppresses tumour growth in vivo (Fig. 4e-f, SFig. 11a). This 

was confirmed further by ex vivo analysis (Fig. 4g).  

It is well appreciated that primary target of the prostate cancer metastasis is bone tissue. In fact, 

PC-3 cell line is derived from bone issue of prostate cancer patient. We found that orthotopic 

(directly into prostate) injection of shNALCN PC-3 cells resulted in markedly decreased level 

of metastases into mouse skeleton than that caused by orthotopic  injection of shCTL PC-3 

cells (Fig. 4h). Reduction of metastasis to other organs by NALCN-KD, however less explicit, 

was also detected (SFig. 11b; SFig. 12). The above observations suggest that NALCN level 
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determines PC-3 cell invasiveness. To assess this we performed Transwell® invasion assay by 

using osteoblast conditioned media as a chemoattractant. We found that NALCN-KD 

significantly reduces invasiveness of PC-3 cells (Fig. 4i). Furthermore, comparison of the effect 

of the direct injection into tibia of shCTL PC-3 cells with that of the injection of shNALCN 

PC-3 cells revealed that NALCN-KD significantly reduces bone tissue destruction caused by 

the prostate cancer cells (Fig. 4j; SFig. 13a-c,).  

Altogether the above results indicate that NALCN suppression has profound effect on prostate 

malignant tumourigenesis and metastasis and, hence, represents novel strategy for prostate 

cancer therapy.  
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Figure 1. NALCN provides signalling input to invadopodia. a, NALCN-KD suppresses invadopodia 

formation revealed by Cy3-fluorescent gelatine degradation (arrows). Confocal images of Cy3 (red), 

DAPI (blue; nuclei) and Alexa 488 (green; anti-cortactin Ab) fluorescence in control (shCTL) and 

NALCN-KD (shNALCN) 48 h after plating PC-3 cells on gelatine. b, Sequential (top to bottom) z-x 

confocal cross-sections of PC-3 cell transfected with NALCN-GFP and RCamp reveal localisation of 

NALCN in newly-formed invadopodia (arrows). Dashed line: gelatine surface. c, Co-localisation of 

NALCN with invadopodia markers: dynamin (left), Src (middle) and Tks (right), as indicated. d, Left: 

siNALCN suppresses invadopodial precursor assembly in PC-3 cells expressing LifeAct-mCherry. 

Near-cell-bottom confocal images were captured before and 3 min after stimulation with 10% FBS 

during x-y time-series imaging. Right: corresponding traces of relative changes in mCherry fluorescence 

averaged at outlined regions (insets). e, Left: confocal images of mCherry-dynamin2 fluorescence 

captured before and 3 min after stimulation with 10% FBS. Middle and right: plots relates the dynamics 

of [Ca2+]c changes (fluo-4) to formation of dynamin puncta (mCherry-dynamin2) at two ROIs (insets); 

the galleries (below) show (left to right) every 40th image (after 90° rotation) during the POI (plots: blue 

bars), respectively. f, Top: the overlay of NALCN-GFP and Cal-590 images (left) is related to the 

gallery of self-normalised rainbow-coded Cal-590 images showing [Ca2+]c response to 10% FBS.  

Bottom: 3 rainbow-coded Cal-590 images are superimposed on grey-coded NALCN-GFP image. 

Arrows: NALCN-enriched structure. g, 3D distribution of NALCN in the region of Ca2+ wave initiation: 

confocal z-sections (right) of the boxed region (top left) and corresponding x-y, z-y and z-x cross-

sections (bottom left). h, Left: the galleries of sequential 3D images (left to right: every 25th image) 

compare FBS-induced degradation of FM1-43-labelled secretory vesicles in PC-3 cells pre-treated with 

siCTL and siNALCN. Middle: corresponding traces of relative changes in total z-stack fluorescence. 

Right: plot compares mean rate of secretion, calculated as signal mass (cyan, left) per second, in control 

(siCTL: N=26, n=35) and following NALCN suppression (siNALCN:  N=36, n=40). i,  Zymography 

compares MMP-2 activity (72 kDa) in control (shCTL) and NALCN-KD (shNALCN) PC-3 cells. j, 

The same as h, but for untreated (CTL: N=41, n=45) cells and those pre-loaded with slow (EGTA-AM: 

N=28, n=35) and fast (BAPTA-AM: N=53, n=62) Ca2+ helators. ***P<0.001.  
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Figure 2. NALCN regulates Ca2+ oscillations in PC-3 cells. a, FBS-induced transient [Ca2+]c 

elevations (Fluo-4, top) are associated with transient decreases of [Ca2+]ER (Mag-Fluo-4, bottom). The 

galleries (insets) show every 100th image during the highlighted periods (I and II, respectively). 

Visualisation of the ER with pDsRed2-ER vector confirms the ER origin of Mag-Fluo-4 signal (grey 

background inset: confocal images of cell fragment). b, Sample traces of EGF-induced [Ca2+]c 

responses (Fura-2). c, Contribution of Ca2+ influx and Ca2+ release to FBS-induced [Ca2+]c response 

(Fura-2) illustrated by sample traces (left to right): control, nominally Ca2+-free or EGTA-supplemented 

solutions, and Ca2+-containing solution but depleted Ca2+ stores. d, e, [Ca2+]c oscillations reported by 

confocal time-series imaging of fluo-4 fluorescence in FBS-exposed PC-3 cells pre-treated with siCTL 

(d) or siNALCN (e). The trace colours (right) correspond to the colour of the cell number (top left). 

Highlighted (grey background) periods are presented on enlarged plots (left middle) to emphasise that 

NALCN suppression abolishes “pacemaker events” observed in control (fitted red curves). The galleries 
(left bottom) show every 3rd image during the highlighted periods (left middle: orange background). f, 

The histograms compare the oscillation frequency (top) and signal temporal density (bottom) 

distributions for siCTL (n=98) and siNALCN (n=107). Insets: corresponding mean±S.E.M. g, FBS-

induced [Ca2+]c response (Fura-2, ΔR/R0) is attenuated following reduction of [Na+]o to 19.5 mM 

(substitution with NMDG). h, FBS-induced inward current (perforated patch, Vh=-80 mV) is 

suppressed following pre-treatment with shNALCN or reduction of [Na+]o to 13 mM (substitution with 

NMDG). The bar diagram plots: mean signal temporal densities (g, n=20-23) and mean current densities 

(h, n=4-6) during initial transient (cyan) and oscillations (orange). Data are mean±S.E.M. 

***P<0.001.   
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Figure 3. Interplay between SOCE, NALCN and NCX in PC-3 cells. a, [Na+]o-switch-induced Na+ 

influx reported by ratiometric Na+ indicator SBFI; the effect of (left to right): NALCN-KD, [Ca2+]o, 

Ca2+ store depletion and Ca2+ leak from the ER (n=45-360). b, SOCE-induced changes of [Na+]c (SBFI) 

and [Ca2+]c (Fura-2); the effect of (left to right): NALCN-KD, the reverse-mode plasmalemmal Na+/Ca2+ 

exchanger (RM-NCX) inhibitor KB-R7943 (1 µM) at [Na+]o=130 mM and [Na+]o stepped from 0 to 

130 mM following SOCE activation, and knockdown of the mitochondrial Na+/Ca2+ exchanger, NCLX-

KD (n=132-501). In a and b, cartoons (top) highlight experimental design and plots (bottom) show 

traces of SBFI (olive) and Fura-2 (wine) fluorescence with the axes (R/R0) presented in corresponding 

colour. c, SOCE addresses NALCN to plasma membrane. Plots (top) compare mean rates of Na+ influx 

induced by [Na+]o-switch (n=283-360) and SOCE (n=180-216), and their shNALCN-sensitive 

fractions. Immunoblotting (bottom) compares NALCN expression in total cell lysates and biotinylated 

fractions before and following SOCE induction. Numbers show (in corresponding colour) mean values 

(n=3) of NALCN protein levels (band intensity) normalized to N-Cadherin, calnexin and β-

actin. KB-R7943 (1 µM) attenuates: (d) [Ca2+]c responses (Fura-2, R/R0) and (e) inward current 

(perforated patch, Vh=-80 mV) induced by 10% FBS. The bar diagram plots: mean signal temporal 

densities (d, n=20) and mean current densities (e, n=6-8) during initial transient (cyan) and oscillations 

(orange). Data are mean±S.E.M. **P<0.01, ***P<0.001.   
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Figure 4. NALCN promotes prostate cancer progression. a, Q-PCR: NALCN mRNA level in 

cancerous vs. non-cancerous prostate biopsies (n=28). b, Immunohistochemistry: positive staining of 

NALCN and Src in cancerous, but not in non-cancerous (*) prostate. c, NALCN expression in hormone 

naïve clinically localized cancer (n=338). d, Q-PCR: NALCN mRNA levels in adenocarcinoma of 

PTEN-/- mice, invasive adenocarcinoma or prostatic epithelial neoplasia (PIN) of PTEN-/-/p53-/- mice vs. 

PIN of PTEN-/- mice (n=5). e, Bioluminescence images (BLIs) of mice 12 weeks after orthotropic 

injections of PC-3-Luc-shCTL or PC-3-Luc-shNALCN cells. f, BLIs on mice revealed tumour growth 

suppression by NALCN-KD (n=10). g, Masses of tumours dissected from mice used in f 12 weeks after 

the injection: box-plots with raw data (n=10). h, Left: the same as in e but BLIs of ex vivo skeleton 

metastases. Right: box-plots with raw data of the BLI bone metastasis assay (n=10). i, NALCN-KD in 

PC-3 cells suppresses Transwell® (chemoattractant: conditioned media from osteoblasts) invasion 

(n=3). j, X-ray 3D images: osteolysis (arrow) 31 days after intra-tibial injection of PC-3-Luc-shCTL or 

PC-3-Luc-shNALCN cells. Data are mean±S.E.M. *P<0.05, **P<0.01, ***P<0.001.   
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Discussion 

In this study we demonstrated that NALCN promotes prostate cancer progression. While many 

research groups were able to show that Na+ permeable ion channels indeed potentiated 

metastatic cancer cell behaviours, the exact mechanism of how Na+ influx acts on the 

intracellular signalling remained elusive. According to one of the current hypotheses, it was 

partially explained due to the changes in membrane potential caused by inward Na+ current 

(Yang & Brackenbury, 2013). However, the direct role of its relationship with metastatic 

cascade was not yet revealed. Moreover, Na+ influx carried by voltage-gated Na+ channels was 

reported to increase H+ efflux through NHE1, thus enhancing pH-dependent ECM degradation 

and invasion (Brisson et al., 2011). However, the precise mechanism by which Na+ current 

enhances NHE1 is not yet clear. Furthermore, Na+ influx was proposed to promote migration 

and invasion of cancer cells due to the regulation of Ca2+ signalling. For example, depolarizing 

Na+ influx may activate voltage-gated Ca2+ channels in the plasma membrane or reverse the 

mode of NCX mode leading to [Ca2+]i increase. Additionally, Na+ uptake by mitochondrial 

Na+/Ca2+ exchanger, NCLX, may lead to Ca2+ liberation from the organelle (Carrithers et al., 

2009; Ben‐Kasus Nissim et al., 2017). However, the direct link between Na+ and Ca2+ fluxes 

regulating cancer cell motility and invasiveness was scarcely known and much speculated.  

We now display that Na+ leak indeed potentiates cancer cell aggressiveness due to 

reversing the mode of NCX and is required to maintain SOCE activity. This in turn, governs 

cytosolic Ca2+ oscillations, which have been reported to initiate invadopodia assembly and its 

proteolytic activity (Sun et al., 2014). Importantly, current finding uncovers NALCN 

conductance as a substantial regulator of Ca2+ signal rhythmicity in highly dedifferentiated 

cancer cells, in analogous manner as it establishes spontaneous activity of neurons required for 

synaptic transmission. Accordingly, in this study we show that NALCN-controlled Ca2+ 

oscillations provide vesicle secretion in cancer cells, needed for extrusion of ECM degrading 
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enzymes. Of note, exocytosis as a Ca2+ dependent process was previously described for other 

cell types (e.g. insulin production in pancreatic β-cells, neuroendocrine secretion), but for 

epithelial cells - this is the first time.  

Altogether, NALCN-mediated Na+ influx is essential for setting up the pacemaking 

activity of cytosolic Ca2+ oscillations required by strongly metastatic cancer cells during 

disease manifestation. Interestingly, in pacemaker neurons day-night change of NALCN 

conductance has been linked with its rhythmic translocation driven by ER-residing protein 

NLF-1 (Flourakis et al., 2015), whereas oscillation of Ca2+ signal is defined as intrinsic 

molecular output of circadian clock. In this regards, our study is in accordance with previous 

findings pointing on the dysregulated circadian tumour clock that subserves malignancy 

progression, and thus it provides novel perspectives for the anti-cancer chronotherapeutic 

strategies.   
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Supplementary Results 

 

 

SFigure 1. Screening for NALCN in mammalian organs. a, conventional PCR for NALCN, 

GAPDH and TBP in organs from Rattus norvegicus ♂. b, conventional PCR for NALCN, 

GAPDH and TBP in organs from Mus musculus ♂. c, qRT-PCR for NALCN channelosome 

genes in brain from Mus musculus ♂. Data are normalized to GAPDH and TBP and are 

presented as mean values±SEM (n=3). 
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SFigure 2. Screening for NALCN channelosome in various human pancreatic and 

prostate cell lines. a, Screening for NALCN mRNA and protein expression in human 

pancreatic cell lines. b, Conventional PCR for NALCN, GAPDH and TBP in human prostate 

cancer (PCa) cell lines. c, QRT-PCR for NALCN channelosome genes in human prostate 

cancer cell lines. Data are normalized to GAPDH and TBP and are presented as mean 

values±SEM (n=5). d, NALCN protein level in human prostate cancer cell lines. Data are 

normalized to β-actin and calnexin and are presented as mean values±SEM (n=3). e, Table of 

genomic mutations corresponding to NALCN found in human prostate cancer cell lines 

endogenously expressing NALCN. 
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SFigure 3. Evaluation of NALCN channelosome functionality in human prostate cancer 

cell lines. a, NALCN was found in plasma membrane biotinylated fraction of human prostate 

cancer cells endogenously expressing the channel. E-Cadherin was used as plasmalemmal 

marker, whereas ER-residing protein calnexin – as a marker of cytoplasmic fraction. b, 

Illustrative representation of ‘Na+ switch’ protocol used to analyse basal Na+ influx throughout 

this study. c, Background Na+ influx measured in human prostate cancer cell lines using 

ratiometric dye SBFI-AM. The bar diagram plots: mean signal temporal densities (n=40-60). 

d, In weakly metastatic C4-2 cells basal Na+ influx was induced by NALCN overexpression. 

The bar diagram plots: mean signal temporal densities (n=27-62). e, In highly metastatic PC-3 

cells transient NALCN silencing (siNALCN) resulted in suppression of basal Na+ influx. The 

bar diagram plots: mean signal temporal densities (n=203-241). Data are mean±S.E.M. 

***P<0.001.   
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SFigure 4. Effect of NALCN silencing on the cellular growth features of prostate cancer 

cell lines endogenously expressing the channel. a, Cellular viability assessed by using trypan 

blue exclusion assay. b, Flow cytometry cell cycle analysis using propidium iodide DNA 

staining. c, Basal and d, Treatment-induced apoptosis assessed by Hoechst staining. DMSO – 

1 μM dimethyl sulfoxide, TG – 1 μM thapsigargin, CS – 1 μM cisplatin, TNF/CHX – 10 ng/ml 

tumour necrosis factor α in combination with 1 μM cycloheximide. e, Cellular proliferation 

assessed by sulforhodamine B assay. Data are mean±S.E.M (n=3). 
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SFigure 5. Role of NALCN in various cancer-associated hallmarks of strongly metastatic 

PC-3 cells. a, Transwell® migration and b, Matrigel invasion assays after transient NALCN 

suppression and overexpression. Data are presented as mean values mean±S.E.M (n=3). 

*P<0.05, **P<0.01. c, Representative images of boyden chambers analysed for Transwell® 

migration and Matrigel invasion assays. d, Cellular proliferation assessed by sulforhodamine 

B assay. Data are mean±S.E.M (n=3). e, Motility traces of individual control (shCTRL) and 

NALCN downregulated (shNALCN) cells (n=30). f, Cellular motility (calculated as μm2/hour) 

was remarkably inhibited in NALCN suppressed cells. Data are mean±S.E.M (n=838-1629). 

***P<0.001 g, Wound-healing is considerably slowed down in NALCN downregulated 

(shNALCN) cells. Data are mean±S.E.M (n=3). h, Representative images of the wound closure 

process: primary gap at 0 hours and after leaving the cells to migrate for 48 hours. i, Transwell® 

migration and Matrigel invasion assays for control (shCTRL) and cells with stable NALCN 

downregulation (shNALCN). Data are mean±S.E.M (n=3).  *P<0.05. k, Representative images 

of Cy3-gelatin degradation after cells were plated for 4 hours, 24 hours, and 48 hours. l, 

Invadopodia quantity and m, Area of gelatin degradation produced by control (shCTRL) and 

NALCN knockdown (shNALCN) cells. Data are mean±S.E.M (n=4). *P<0.05, **P<0.01, 

***P<0.001; # P<0.05, ## P<0.01. n, Intracellular pH measured in control (shCTRL) and cells 

with stable NALCN suppression (shNALCN) (n=17). o, Intrinsic buffering capacity (βi, 

expressed as mM/pH) in control (shCTRL) and cells with stable NALCN suppression 

(shNALCN) (n=17). **P<0.01. 
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SFigure 6. Role of NALCN in various cancer-associated hallmarks of strongly metastatic 

PC-3 cells. a, Representative confocal images of PC-3 cells transfected with Mito-GFP and 

NALCN-GFP plasmids revealing localisation of NALCN-expressing rosettes (GFP, in green) 

compared to the plasma membrane (Cell mask, in magenta). b, Representative immunoblot of 

NALCN localization in cytoplasmic, membraner and invadopodial fractions of control 

(shCTRL) and NALCN-downregulated (shNALCN) cells. c, Representative immunoblot with 

band intensities calculated for Src protein level in control (shCTRL) and cells with stable 

NALCN suppression (shNALCN). Src – total protein level, Src-pY419 – active form of Src, 

Src-pY530 – nonactive form of Src. d, Kinase activity assessed by ProFluor® Src-Family 

kinase assay. Data are mean±S.E.M (n=3). *P<0.05. e, Representative confocal images of 

NALCN co-localisation with invadopodia markers: cortactin and MT1-MMP.  
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SFigure 7. Spatio-temporal relationship between [Ca2+]c changes and formation of 

invadopodia punctae in PC-3 cells.  

PC-3 cells expressing LifeAct-mCherry and treated for 48 h with either siLuc (A) or siNALCN 

(B) were serum starved overnight. Confocal x-y time series imaging (at 0.3 Hz) of mCherry 

fluorescence from near-cell-bottom optical slice (< 0.6 µm) revealed that stimulation with 10% 

FBS triggers LifeAct-mCherry puncta formation (A) indicative of invadopodial precursor 

assembly (Sun et al., 2014). This process was suppressed by siNALCN treatment (B). In A and 

B, confocal images obtained before and after stimulation (top), the time course of relative 

changes in mCherry fluorescence intensity (middle; ΔF/F0) at 19 outlined regions (white 

circles; top right) and the galleries showing every 10th image during time-series protocol.   

A, Fluorescent confocal images of PC-3 cell expressing mCherry-labelled dynamin2 before 

(left) and 3 min after stimulation with 10% FBS (right). B, Plot (top) shows temporal profiles 

of self-normalised fluorescence intensity (F/F0) of fluo-4 (green trace), averaged within 

outlined region (inset: left, green outline), and mCherry (red trace), averaged within 14 circles 

(inset: right, red outlines). The galleries (bottom) show confocal images of fluo-4 (top) and 

mCherry (bottom) fluorescence captured during two periods of interests, POIs (depicted by 
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blue bars on the plot): POI1 (left gallery: each image) and POI2 (right gallery: every 100th 

image). Note that increase of the intensity of mCherry fluorescence reflects formation of 

dynamin puncta. C, The gallery (left) shows rainbow colour-coded images of fluo-4 

florescence captured during raising phase of the FBS-induced [Ca2+]c transient. The plot (right) 

compares the dynamics of fluo-4 response (F/F0) at the two regions of interest, ROIs: ROI1 – 

magenta, ROI2 – green (inset: boxed in corresponding colour). Note that the FBS-induced 

[Ca2+]c response is initiated at ROI1 and propagates towards ROI2.  
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SFigure 8. NALCN facilitates secretion in PC-3 cells. 

The secretory vesicles were labelled by 12 h incubation with 5 µM FM1-43 of PC-3 cells. 

Following FM1-43 washout, the dynamics of secretion induced by 10% FBS was assessed by 

combining confocal Z-sectioning with time-series imaging of FM1-43 fluorescence: individual 

Z-stacks were captured 10 s apart. The imaging protocol was performed on the cells untreated 

with Ca2+-helating agent (A), cells pre-incubated with fast Ca2+-helating agent, 50 µM 

BAPTA-AM (B) or slow Ca2+-helating agent, 50 µM EGTA-AM (C). Panels A - C show: the 

plot of relative change in total Z-stack fluorescence (ΔF/F0) over time (top) and the galleries 

of corresponding 3-D images (bottom): every 25th image is shown. D, The mean rate of 

secretion was calculated as signal mass (integrated relative decrease in FM1-43 fluorescence   

(∫(1 - ΔF/F0)/s) and compared for untreated (n=45) and BAPTA-AM (n=62) or EGTA-AM 

(n=35) – treated cells. ***P<0.001. Note that significant difference in the effect of BAPTA-

AM and EGTA-AM suggests regulation of secretion by Ca2+ influx within functional micro-

domains.  The secretory vesicles were labelled by 12 h incubation with 5 µM FM1-43 of PC-3 

cells pre-treated with either siLuc (A) or siNALCN (B). Following FM1-43 washout, the 

dynamics of secretion induced by 10% FBS was assessed by combining confocal Z-sectioning 

with time-series imaging of FM1-43 fluorescence: individual Z-stacks were captured 10 s apart. 

Panels A and B show: the overlay of transmitted-light and confocal image of FM1-43 

fluorescence from single cell (top left), confocal images from individual Z-stack (top middle) 

and corresponding reconstructed 3-D image (top right), the plot of relative change in total Z-
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stack fluorescence (ΔF/F0) over time (middle) and the galleries of corresponding 3-D images 

(bottom): every 25th image is shown. C,   The mean rate of secretion was calculated as signal 

mass (integrated relative decrease in FM1-43 fluorescence (∫(1 - ΔF/F0)/s) (left) and compared 

for siLuc (n=35) and siNALCN (n=40) -treated cells (right). ***P<0.001. 
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SFigure 9. Interplay between SOCE and NALCN in PC3 cells. a, Representative 

immunoblot with band intensities calculated for Src protein level in control, starved cells and 

FBS-stimulated cells after starvation (+FBS). b, c, Mean rate of Na+ influx calculated as SBFI-

AM signal mass (∫(ΔR/R0)/s) during different [Ca2+]e (b) and after ER depletion with 50 μM 
cyclopiazonic acid (CPA) and 1 μM thapsigargin (TG) (c). Data are presented as mean 

values±SEM (n=45-360). d, e, SOCE-induced changes of [Na+]c (SBFI) and [Ca2+]c (Fura-2) 

using 2 mM [Ca2+]e (d) and 4 mM [Ca2+]e (e). f, Mean rate of Na+ (SBFI) and Ca2+ (Fura-2) 

influx calculated as signal mass (∫(ΔR/R0)/s) during different SOCE components. Data are 

presented as mean values±SEM (n=283-360). g, h, SOCE-induced changes of [Na+]c (SBFI) 

and [Ca2+]c (Fura-2) in control (siCTRL) and after silencing of ORAI1 (siORAI1) (g) and 

STIM1 (siSTIM1) (h). i, Mean rate of Na+ (SBFI) and Ca2+ (Fura-2) influx calculated as signal 

mass (∫(ΔR/R0)/s) after silencing of major SOCE players. Data are presented as mean 
values±SEM (n=109-182). *P<0.05, **P<0.01, ***P<0.001. j, Representative immunoblot 
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with band intensities calculated for NALCN protein level in total cell lysate and biotinylated 

plasma membrane fraction in control, starved cells and FBS-stimulated cells after starvation 

(+FBS). N-Cadherin was used as plasmalemmal marker, whereas ER-residing protein calnexin 

and cytoskeletal β-actin – as markers of cytoplasmic fraction. k, l, Mean rate of Na+ (SBFI) 

and Ca2+ (Fura-2) influx calculated as signal mass (∫(ΔR/R0)/s) after pharmacological 
inhibition of NCX-reverse mode (1 μM KB-R7943) (k) and mitochondrial NCLX silencing 

(siNCLX) (l). Data are presented as mean values±SEM (n=134-289). *P<0.05. 
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SFigure 10. Data are not available yet. 
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SFigure 11. In vivo and ex vivo analysis of NALCN tumourigenesis. a, The mass of mice 

assessed after orthotopic injections of control (shCTRL) and stable NALCN-knockdown 

(shNALCN) PC-3 cells (n=10). b, Representative images of ex vivo bioluminescence analysis 

analysis of various organs with metastatic spread.  
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SFigure 12. Ex vivo analysis of metastatic spread. Bioluminescence analysis in mice organs 

12 weeks after orthotropic injections of PC-3-Luc-shCTL or PC-3-Luc-shNALCN cells. 

Counts per minute (c.p.m.) in a, seminal vesicles; b, testicles; c, liver; d, pancreas; e, lung; f, 

ganglion. 
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SFigure 13. Analysis of bone tissue desctruction. a, X-ray images: osteolysis (arrow) 31 days 

after intra-tibial injection of PC-3-Luc-shCTL or PC-3-Luc-shNALCN cells with 

corresponding area of osteolysis (mm2). Data are mean±S.E.M. b, Bioluminescence of mice 

31 days after intra-tibial injection of PC-3-Luc-shCTL or PC-3-Luc-shNALCN cells with 

corresponding signal analysis (photons/s). Data are mean±S.E.M. c, Correlation between 

osteolysis surface (mm2) and bone volume/total volume (BV/TV, %). P =0,009.  
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Materials and Methods 

1. Study approval 

Mice for orthotopic injections of prostate cancer cells were bred and housed at the In Vivo 

platform of the Canceropộle Grand Ouest at Animalerie UTE- IRS1 (Nantes, France) under 

the animal care license no. C44278. The project was approved by the French national ethical 

committee (APAFIS #2837-2015112314119496v2).  

PTEN null mice were approved by the Institutional Animal Care and Use Committee of the 

Emory University (Atlanta, GA), which is accredited by the American Association for the 

Accreditation of Laboratory Animal Care. 

Mice for bone metastasis were purchased from Charles River and handled according to the 

French Ministerial Decree No.87-848 of 19 October 1987. Experimental protocols were 

approved by the Institutional Animal Care and Use Committee at the Université Lyon-1 

(France) (CEEA-55 Comité d’Ethique en Expérimentation Animale DR2014- 32).  

2. Cell culture 

In this study, human prostate cancer cell lines of epithelial origin have been used. LNCaP, DU 

145 and PC-3 have been purchased from the American Type Culture Collection (ATCC®), 

whereas – C4-2 and PC-3M have been kindly provided by Dr Florence Cabon (Cancer 

Research Centre of Toulose, France) and Prof. Mustafa Djamgoz (Imperial College London, 

UK), respectively. These cancer cell lines derive from various metastatic sites and are relatively 

classified by their tumorigenic potential as follows: LNCaP – issue from lymph node, weakly 

metastatic (Horoszewicz, et al. 1980); C4-2 – derived from a chimeric tumour induced by co-

inoculating castrated mouse with LNCaP-derived subline and bone fibroblasts, weakly 

metastatic (Wu, et al. 1994);  DU 145 – issue from brain, moderately metastatic (Stone, et al. 
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1978); PC-3 – issue from bone, highly metastatic (Kaighn, et al. 1979); and PC-3M – derived 

from liver metastases induced by inoculating mouse with PC-3, highly metastatic (Kozlowski, 

et al. 1984). Cells were routinely cultured at 37ºC in a humidified atmosphere with 5% CO2 in 

RPMI 1640 medium (GibcoTM, Thermo Fischer Scientific) containing a final concentration of 

10% fetal bovine serum (GibcoTM) and 2 mM L-Glutamine (GibcoTM). Mouse-derived 

osteoblast precursor cell line MC3T3 E1 was cultured in MEMα medium (GibcoTM) containing 

10% fetal bovine serum and 1% Penicillin-Streptomycin (GibcoTM). Twice a week, cultures 

were split by treatment with 0.25% trypsin-EDTA (GibcoTM, Thermo Fischer Scientific) for 5 

min at 37ºC. All cells used in this study were validated as being mycoplasma free by using 

Hoechst staining. 

3. Plasmids 

The plasmids were provided by Dr Arnaud Monteil (IGF, Montpellier, France) and listed in 

the Table S1. 

4. Cell transfection 

Cells were transfected with 2 µg of each construct or 50 nM of siRNA and 0.2 µg of pmax GFP 

using either Nucleofector (Amaxa), X-tremeGene 9 DNA Transfection Reagent (Roche) and 

HiPerFect Transfection Reagent (QIAGEN). Control experiments were performed by 

transfecting the empty vector or siRNA against Luciferase.  Experiments were conducted 3 

days after transfection. For establishment of stable cell lines, 700 µg/ml G418 and 2 µg/ml 

puromycin were used. All siRNAs and shRNAs used in this study listed in the Table S2. 

5. Buffers and standard solutions 

Most chemicals were purchased from Invitrogen Life Technologies and Sigma Aldrich 

Chemicals unless stated otherwise. If needed, pH of solutions has been adjusted using 
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combined pH electrode InLab® Flex-Micro (Mettler Toledo). The media and other necessary 

materials were sterilized by autoclaving at 120ºC. Thermally-labile chemicals were filter-

sterilized with 0.2 μm pore polyethersulfone Acrodisc® Supor® membrane filters (514-4126, 

VWR). 

6. RNA purification, quantitative real-time RT-PCR 

Organ tissues and cells were preserved in RNAlaterTM (Sigma). Cellular RNA was purified 

with the NucleoSpin RNA Plus Kit (Macherey-Nagel). Organ tissues were homogenized with 

Precellys® Tissue Homogenizer and purified with TRIzolTM Reagent (Invitrogen). The 

generation of cDNA from RNA was performed with reverse transcription (Applied 

Biosystems) following the DNase treatment (Ambion). Conventional PCR was performed by 

using AmpliTaq Gold® (Applied Biosystems) on C1000 Touch™ Thermal Cycler (Bio-Rad), 

whereas quantitative - with SsoFastTM EvaGreen® (Bio-Rad) on CFX96 Touch™ Real-Time 

PCR Detection System. Primers used in this study are listed in the Table S3. 

7. Immunoblotting 

Organ tissues were homogenized with Precellys® Tissue Homogenizer.  The cells were lysed 

in 1xRIPA buffer with protease and phosphatase inhibitors, sonicated for 10 seconds at 30% 

intensity and centrifuged at 13000 g for 10 minutes in order to eliminate the nuclei fraction. 

The concentration of protein lysate was measured with Pierce® BCA Protein Assay (Thermo 

Fisher Scientific). 1xSample Reducing Agent and 1xLDS Sample Buffer (BoltTM, Thermo 

Fisher Scientific) were added to 50 μg of protein lysate and heated at 950C for 5 minutes. 

Proteins were resolved due to 3-8% Tris-acetate SDS-PAGE and transferred onto methanol-

activated PVDF membrane with Pierce G2 Fast Blotter (Thermo Fisher Scientific). Afterwards, 

the blots were blocked with 5% milk TBS-T buffer (15 mM Tris-HCl, 140 mM NaCl, 0.05% 

Tween20®, pH 7.4) for 1 hour, and then incubated with antibodies. For HRP-conjugated 
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secondary antibodies blots were developed using SuperSignal™ West Dura Extended Duration 

Substrate (Thermo Fisher Scientific), and images were captured with Amersham Imager 600 

(GE Healthcare Life Sciences). The antibodies used in this study listed in Table S4. Data was 

analysed with ImageJ software. 

8. Cell cycle analysis 

For cell cycle analysis, cells were fixed with ice-cold 70 % methanol for 30 minutes, 

resuspended in 100 µl PBS with 500 µg/ml Ribonuclease A, and stained with 50 µg/ml of 

propidium iodide for 1 hour at 40C. At least 10,000 events per condition were processed by 

CyAn™ ADP Analyser FACScan flow cytometer (Becton-Dickinson). 

9. Cellular viability 

Cellular viability was evaluated with Trypan Blue Exclusion assay (Thermo Fisher Scientific). 

10. Apoptosis assay 

The level of apoptosis was estimated from the number of apoptotic nuclei revealed by Hoechst 

staining. 

11. Proliferation assay 

Cells were plated into 96-well plate at 1 x 103 cells/well and left overnight at standard growth 

conditions. At each desired time point, cells were fixed with 50 % Trichloroacetic acid at 40C 

for 1 hour. After removing fixative solution, cells were stained with 0.4 % Sulforhodamine B 

(Santa Cruz) in 1 % acetic acid. Afterwards, dye up taken by the cells was completely dissolved 

in 10 mM Tris-base, pH 10.5. The absorbance was measured at 560 nm with TriStar2 

Multimodal Reader LB942 (Berthold Technologies). Blank was considered as well without 

cells and substituted from each data point during analysis. 
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12. Time-lapse video microscopy 

Cells were seeded at low density, stained with Hoechst and kept at 37°C under 5% CO2 in an 

incubator chamber for time-lapse video recording. Cell movements were monitored with an 

inverted microscope (Biostation; Nikon) using a 20× objective lens. To ensure long distance 

measurement, images mosaic (4 by 4 for tracking, and 8 by 3 for wound healing) were acquired 

and reconstructed as a single high resolution, high field of view image using FiJi (Schindelin 

2012 Nature Methods) Grid/Collection Stitching Plugin. 

13. Cellular motility 

Images were acquired every 30 minutes for a time lapse of 48 hours. Image stacks were 

analyzed using trackmate imageJ plugin on se reconstructed mosaic image (Tinevez 2016 

Methods). For each condition, segmentation was performed on Hoechst stained nucleus. The 

same optimized tracking parameters were used for each image series. Cells were then 

automatically tracked using the “simple lap tracker” algorithm and, tracks coordinates and 

individual tracks mean velocity were measured for each cells. Only cells tracked over a period 

of more than 5 hours were taken into account and at least 1000 cells tracks were analyzed per 

condition. 

14. Wound-healing assay 

The wound-healing assay was performed in Culture-Insert 2 Well in μ-Dish 35 mm high, 

IbiTreat (Ibidi) according to the manufacturer’s instructions. Images of the wound area were 

acquired every 30 minutes for a time lapse of 48 hours. Homemade plugin based on (James 

2014 Cell Adhesion and Migration) recommendations was developed for ImageJ to 

automatically detect cells and wound areas.  
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15. Transwell® migration and invasion assay 

Cells at 75 x 103 were plated into upper compartment of 8 μm pore Transwell® inserts 

(FalconTM) in a serum-free media, whereas lower compartment was filled with standard growth 

media, as a chemoattractant. For invasion assay inserts were pre-coated with 1.25 mg/ml 

MatrigelTM Basement Membrane Matrix (Becton Dickinson). After 16 hours at 370C, 5 % CO2 

cells were fixed in ice-cold 100% methanol and stained with 1% crystal-violet in 25 % 

methanol. Inserts were washed and the upper area of the filter was rubbed dry to eliminate the 

non-migrated cells. The data was obtained after counting five random fields of view under an 

inverted microscope DMIRE2 (Leica) at ×5 magnification. At least two inserts for each 

condition were analysed in each independent experiment.  

16. Electrophysiological recordings 

Sodium currents were recorded in perforated patches made to PC-3 cells at room temperature. 

Cell-attached patches were formed on control PC-3 cells as well as shScramle or shNALCN 

PC-3 cells lines, additionally treated with the corresponding siRNA as described above. The 

gramicidin-containing perforated patch pipette solution contained (in mM) 150 KCl, 1 MgCl2 

and 10 HEPES and the extracellular solution contained 140 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 

5 glucose and 10 Hepes (adjusted to pH 7.3 with KOH or NaOH). Gramicidin was first 

dissolved in DMSO to a concentration of 50 mg/ml and then diluted in the pipette solution, 

followed by vortexing at maximal speed and brief sonication, to a final concentration of 100 

μg/ml immediately before use. Patch pipettes were made from borosilicate glass capillaries 

(WPI). The resistance of the pipettes varied between 2 and 4 MΩ. The currents were acquired 

using an Axopatch 200B amplifier (Molecular Devices), and analyzed offline using pClamp 

(Molecular Devices) and Origin software (OriginLab Corporation). 
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17. Calcium and sodium imaging 

The Hank’s balanced salt solution (HBSS) comprised as follows (in mM): NaCl 150, KCl 5, 

MgCl2 1, CaCl2 2, D-Glucose 10, and HEPES 10, adjusted to pH 7.4 with 1 M NaOH. Na+-

free solution contained the following components (in mM): choline chloride 150, MgCl2 1, 

KCl 5, CaCl2 2, D-Glucose 5.6, and HEPES 10, adjusted to pH 7.4 with 1 M KOH. 

Extracellular solution with high Na+ concentration consisted of (in mM): NaCl 150, KCl 5, 

MgCl2 1, CaCl2 2, D-Glucose 5.6, and HEPES 10, adjusted to pH 7.4 with 1 M NaOH. Ca2+-

free solution contained the following components (in mM): EGTA-NMDG 5, NaCl 150, MgCl2 

3, KCl 5, D-Glucose 5.6, and HEPES 10, adjusted to pH 7.4 with 1 M NaOH. Extracellular 

solution with high Ca2+ concentration consisted of (in mM): NaCl 150, KCl 5, CaCl2 8, D-

Glucose 5.6, and HEPES 10, adjusted to pH 7.4 with 1 M NaOH. 

Cytosolic Ca2+ concentrations were measured using the ratiometric dye Fura-2-

acetoxymethyl ester (AM) (Interchim), whereas cytosolic Na+ concentrations – with SBFI-AM 

(Interchim) as previously described in Iamshanova et al. 2016. Dyes were reconstituted in 

dimethyl sulfoxide (DMSO) and diluted in HBSS containing 0.02 % of Pluronic® F127 to the 

final concentrations of 1 μM for Fura-2 and 7 μM for SBFI. Fluorescence was excited using an 

illumination DG4 system (Sutter) fitted with a xenon lamp (300 W). All recordings of Na+ 

fluorescence were acquired using objective 20× in the Superfluor Nikon Eclipse Ti- series 

inverted microscope coupled to an EMCCD camera Rolera EM-C2 (Qimaging) and processed 

using Metafluor 7.7.5.0 software (Molecular Devices). The excitation filters represented the 

following parameters in terms of wavelength and bandwidth: 340 nm/26 nm and 387 nm/11 

nm. The emission filters were as follows: 510 nm/84 nm for SBFI.  

For the confocal Ca2+ imaging, cells were loaded using 5 µM Fluo-4-AM as described 

previously (Povstyan et al., 2011; Shapovalov et al., 2013a; Dubois Cancer Cell). In brief, 
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experimental chambers containing the cells were placed on the stage of an Axiovert 200M 

inverted microscope attached to an LSM 510 META laser-scanning unit (Carl Zeiss). x-y 

confocal images of Fluo-4 fluorescence were acquired at 0.6 Hz using a Plan-Apochromat 40× 

1.3 NA objective lens (Carl Zeiss). Fluo-4 fluorescence was excited by the 488 nm line of a 

500 mW argon ion laser (Laser-Fertigung) and was captured at wavelengths 505 nm. The 

illumination intensity was attenuated to 0.6% with an acousto-optical tunable filter (Carl Zeiss). 

In all experiments, the photomultiplier gain was set at 688. To optimize signal quality, the 

pinhole was set to provide a confocal optical section <4 µm. 

18. Biotinylation 

Protein extraction from cell surface fraction was performed with EZ-Link™ Sulfo-NHS-LC-

LC-Biotin (Thermo Fisher Scientific). 

19. Invadopodia fractionation 

Protein extraction from invadopodia fraction was performed as described earlier in Busco et 

al. 2010. 

20. Src kinase activity assay 

After extraction of proteins (as described above) without proteinase and phosphatase inhibitors 

the Src activity was evaluated with ProFluor® Src-Family Kinase Assay (Promega). 

21. Secretion assay 

The vesical secretion was measured with FM® 1-43 dye (Thermo Fisher Scientific). 

22. Zymography 

Zymography was performed with 1 % gelatin 10% SDS-PAGE. The protein samples were 

extracted (as described above) without addition of reducing agents and boiling. The zymogram 
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were developed with 0.5 % Coomassie G-250 in 30 % ethanol, 10 % acetic acid. Data was 

analysed with ImageJ software. 

23. Patients and tissue biopsies 

Normal prostate tissues (n=58) was obtained from patients treated by cystoprostatectomy for 

bladder carcinoma, without incidental prostate cancer.  

Hormone naïve clinically localized cancer samples (HNCLC) (n=338), were obtained from 

patients treated by radical prostatectomy for localized PCa. 

Forty-eight cases of castration resistant prostate cancers (CRPC) were selected from patients 

treated with exclusive androgen deprivation therapy (ADT). Tissues were collected by 

transurethral resection, performed because of lower urinary tract symptoms associated with 

local tumor progression.  

Twenty one cases of metastatic prostate cancer were selected from patients with tissues 

available for analysis, either lymph nodes (n=14) or bone (n=7). Among these patients, 5 had 

been previously treated by hormone deprivation (all with bone metastasis) and were castration 

resistant.  

Written informed consents were obtained from patients in accordance with the requirements of 

the medical ethic committee. 

24. Immuno-histochemical analysis 

TMA Construction: TMAs were constructed using formalin-fixed paraffin-embedded tissue 

samples. Original slides stained with hematoxylin-eosin were reviewed using the 2009 TNM 

classification and the 2014 modified “Gleason” system. For each case, 3 cores 0.6 diameter 

were transferred from the selected areas to the recipient block, using a TMA workstation 
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(Manual Tissue Arrayer MTA Booster, Alphelys, France). Serial 3 µm sections of the TMA 

blocks were used for immunohistochemistry. One section on ten was stained with hematoxylin-

eosin to check that the cores adequately represented diagnostic areas.  

Immunohistochemistry: Slides were deparaffinized, rehydrated, and heated in citrate buffer pH 

6 for antigenic retrieval. After blocking for endogenous peroxidase with 3% hydrogen 

peroxide, the primary antibodies were incubated. The panel of primary antibodies included 

NLACN (Eurogentec, dilution 1/300, 1 hour), Src (Abcam, ab109381, dilution 1/500, 1 hour), 

TRPC1 (Novus Biological, NB 110-74946, dilution 1/4000, 1 hour), Stim1 (BD BioScience 

710954, dilution 1/1000, 1 hour), Stim2 (Sigma, S85-72, dilution 1/2000, 1 hour), Orai1 

(Lifespan, LS-C94375, dilution 1/4000, 1 hour), SK3 (Sigma, WPA 017990, , dilution 1/300, 

1 hour), and the proliferation marker Ki67 (DakoCytomation, dilution 1/50, 30 min). 

Immunohistochemistry was performed using the streptavidin-biotin-peroxydase method with 

diaminobenzidine as the chromogen (Kit LSAB, Dakocytomation, Glostrup, Denmark). Slides 

were finally counterstained with haematoxylin. Negative controls were obtained after omission 

of the primary antibody or incubation with an irrelevant antibody. 

Scoring of antibody staining: Staining for Nalcn, src, TRPC1, ORAI1, Stim1, Stim2 and SK3 

was scored as follows: -, no stained cells; +, low intensity; ++, high intensity. Ki67 positive 

cells were expressed as a percentage of total epithelial cells. 

Statistical analyses were carried out with StatView, version 5.0, software (Abacus Concepts, 

Berkeley, CA). Comparison between groups was performed using the χ2 test for categorical 

data and nonparametric Mann-Whitney U test and Kruskal-Wallis tests for continuous data. 
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25. In vivo xenografts 

While under isoflurane anaesthesia, six-week-old male NMRI Nude Mice (Charles River 

Laboratories) were injected into the prostate gland with two PC-3 Luc cell lines (shCTRL 10 

mice, shNALCN 10 mice) suspended in 50µl PBS. Photons emitted by cancer cells were 

counted by bioluminescent imaging (FimagerTM; BIOSPACE Lab) and expressed in counts 

per minute (c.p.m.). Tumour growth was monitored by bioluminescence imaging. Animal 

weight was measured every week. At necropsy, ex vivo BLI measurement for each collected 

organ was performed within 10 min of D-luciferin intraperitoneal injection (150 mg/kg). Mice 

were euthanized 12 weeks following implantation of tumour cells and metastatic 

bioluminescence was measured. 

Data were compared using either a 2-tailed Student’s t test corrected for multiple comparisons 

by a Bonferroni adjustment or repeated measures 2-way ANOVA, as indicated. Where 

necessary, the Shapiro–Wilk test was used to test for normality of the underlying sample 

distribution. Experimental sample sizes were chosen using power calculations with preliminary 

experiments or were based on previous experience of variability in similar experiments. 

Samples that had undergone technical failure during processing were excluded from analyses. 

The Kolmogorov–Smirnov test was used to evaluate the significance between different 

distributions. For adoptive transfer experiments, recipient mice were randomized prior to cell 

transfer. The products of perpendicular tumor diameters were plotted as the mean ± SEM for 

each data point, and tumor treatment graphs were compared by using the Wilcoxon rank sum 

test and analysis of animal survival assessed using a log-rank test. In all cases, P values of less 

than 0.05 were considered significant. Statistics were calculated using GraphPad Prism 7 

software (GraphPad Software Inc.). 
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SCID male mice, 6 weeks of age, were housed in barrier conditions under isolated laminar flow 

hoods. Mice bearing tumour xenografts were closely monitored for established signs of distress 

and discomfort and were humanely euthanized. PC-3 cells induce osteolytic lesions, PC-3 cells 

induce mixed lesions with lytic and osteoblastic regions in the bone marrow cavity (Fradet 

PLos One 2013). Intra-osseous tumour xenograft experiments were performed as previously 

described (Fradet PLos One 2013): two PC-3 Luc cell lines (shCTRL 10 mice, shNALCN 10 

mice) were suspended as 6 x 105 in 15µL PBS and injected in the bone marrow cavity (Fradet 

PLos One 2013). Mice were sacrificed after 31 days. Radiographs (LifeRay HM Plus, Ferrania) 

of animals were taken at that time after inoculation using X-ray (MX-20; Faxitron X-ray 

Corporation). Animals were sacrificed, hind limbs were collected for histology and 

histomorphometrics analyses. The bone lesion surface, that includes lytic and osteoblastic 

regions, was measured using the computerized image analysis system MorphoExpert 

(Exploranova). The extent of bone lesions for each animal was expressed in mm2. Tibiae were 

scanned using microcomputed tomography (Skyscan1174, Skyscan) with an 8.1 µM voxel size 

and an X-ray tube (50 kV; 80 µA) with 0.5 µm aluminum filter. Three-dimensional 

reconstructions and rendering were performed using the manufacturer’s suite (Respectively, 

NRecon&CTVox, and Skyscan). Bone Volume/Tissue Volume: (%BV/TV) includes residual 

trabecular and remaining cortical bone. Dissected bones were then processed for histological 

and histomorphometric analysis (as described in Fradet Cancer Res 2011). Results were plotted 

as the mean ± SD.  

26. Statistical analysis 

For tracking experiments, mean and standard error were calculated. Data were also compared 

using a two-tailed heteroscedastic T-test. While the distribution was not Gaussian, normalized 

frequency histograms were calculated to represent the overall samples distribution. Statistics 

were calculated using excel and software. 
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Statistical analysis was performed using GraphPad Prism software (San Diego,USA). Pairwise 

comparisons were tested using a non-parametric Mann-Whitney U test for bone metastases. In 

vitro data were analyzed using ANOVA and Student’s t-tests to assess the differences between 

groups. Results of P < 0.05 were considered significant. 

Plots were produced using Origin 8.0 (Microcal Software). Results are expressed as mean SE. 

Statistical analysis was performed using unpaired t tests or ANOVA tests followed by either 

Dunnett (for multiple control vs. test comparisons) or Student–Newman–Keuls posttests (for 

multiple comparisons). The Student t test was used for statistical comparison of the differences, 

and P < 0.05 was considered statistically significant 
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Supplementary Materials 

Plasmids used in this study are given in Table S1. 

Commercial plasmids 

Plasmid Description Source 

pcDNA3 5428 bp; AmpR; MCS is in the forward (+) orientation (CMV promoter); 

5' sequencing primer: CMV-FW; 3' sequencing primer: BGH-RV;  

NeoR (SV40 promoter); ColE1 origin 

Invitrogen 

pSilencer
TM 4.1-

CMV puro 

4781 bp; AmpR; cloning site for siRNA – HindIII(463) and BamHI(516) 

(CMV promoter); 5' sequencing primer: AGGCGATTAAGTTGGGTA; 

3' sequencing primer: CGGTAGGCGTGTACGGTG; 

PuroR (SV40 promoter); ColE1 origin 

Thermo Fisher 

Scientific 

Constructed plasmids 

Plasmid Usage Reference 

pcDNA3-GFP As control for protein expression with 

fluorescent tag 

Dr Arnaud Monteil  

(IGF, Montpellier, France) 

pcDNA3-hNALCN-GFP For NALCN overexpression with fluorescent 

tag 

Dr Arnaud Monteil  

(IGF, Montpellier, France) 

pSilencer
TM 4.1-CMV puro-

shNALCN 

For establishment of stable NALCN knock-

down cell line 

Constructed by Oksana 

Iamshanova for this study 

   

 

siRNA and shRNA used in this study are given in Table S2. 

Small interfering RNA (siRNA) 

Sequence Usage 

5’- GGUGAAGACUGGAACAAGAUU -3’ Designed by Oksana Iamshanova for this study 

 

Short interfering RNA (shRNA) 

Sequence Usage 

 

FW 5’ – GATCCGGTGAAGACTGGAACAAGATT 

TTCAAGAGAAATCTTGTTCCAGTCTTCACCTTTTTTGGAAA – 3’ 
 

To insert into 

pSilencerTM 4.1-CMV 

puro plasmid 

 
 

RV 5’ – 

AGCTTTTCCAAAAAAGGTGAAGACTGGAACAAGATTTCTCTTGAA 

AATCTTGTTCCAGTCTTCACCG – 3’ 
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Primers used in this study are given in Table S3. 

Primers 

Sequence Expected 

PCR 

product 

Usage Reference 

 

FW-5’- CAGCTTCCGGGAAACCAAAGTC -3’ 
RV-5’- AATTAAGCCGCAGGCTCCACTC - 3’ 

113 bp 18S as a loading  

control for qPCR 

(El Boustany et al., 2008) 

 

FW-5’- ACCCACTCCTCCACCTTTG -3’ 
RV-5’- CTCTTGTGCTCTTGCTGGG -3’ 

178 bp GAPDH as a loading  
control for qPCR 

Anne-Sophie Borowiec, et 
al, 2013 Plos One 

 

FW-5’- GCAAAGCAGAAGAAACCGATAC -3’ 
RV-5’- AACTTAAAAGCTGGTCCTCCTC -3’ 

584 bp NALCN screening 

for cPCR 

Dr Arnaud Monteil (IGF, 

Montpellier, France) 

 

FW-5’- CACAGGTGAAGACTGGAACAAGA -3’ 
RV-5’- CCACAGTCTGTTGCCCAGTATGTA -3’ 

96 bp NALCN screening 
for qPCR 

Designed by Oksana 
Iamshanova for this study 

 

FW-5’- AGCCACTTTTCTCTACGGTCC -3’ 
RV-5’- TACGGAGGCCTCTCCAGTTT -3’ 

136 bp NLF-1 screening 

for qPCR 

Designed by Alexandre 

Bokhobza for this study 

 

FW-5’- CTTGACCTAAAGACCATTGCACTTC -3’ 
RV-5’- AACTTCACATCACAGCTCC -3’ 

266 bp TBP as a loading  
control for cPCR 

Designed by Oksana 
Iamshanova for this study 

 

FW-5’- CTTGACCTAAAGACCATTGCACTTC -3’ 
RV-5’- GTTCTTCACTCTTGGCTCCTGTG -3’ 

154 bp TBP as a loading  

control for qPCR 

Designed by Oksana 

Iamshanova for this study 

 

FW-5’- TATGGTTCTTAGTGAGCCTCTGCAC -3’ 
RV-5’- CAATAGTCCTTCCTCCTGGGTGTC -3’ 

849 bp UNC79 screening 
for cPCR 

Designed by Oksana 
Iamshanova for this study 

 

FW-5’- GCATCTCGAAGGGTGAGTG -3’ 
RV-5’- CAATAGTCCTTCCTCCTGGGTGTC -3’ 

163 bp UNC79 screening 

for qPCR 

Designed by Oksana 

Iamshanova for this study 

 

FW-5’- CTGAGGAAGGCACTCAGTGGTC -3’ 
RV-5’- GTTTATGCAGGAGTCTGTGAGGC -3’ 

854 bp UNC80 screening 
for cPCR 

Designed by Oksana 
Iamshanova for this study 

 

FW-5’- GTCAAGGAAGTGCGATCTCAGATC -3’ 
RV-5’- GTTTATGCAGGAGTCTGTGAGGC -3’ 

201 bp UNC80 screening 

for qPCR 

Designed by Oksana 

Iamshanova for this study 
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Antibodies used in this study are given in Table S4. 

Antibodies used for immunoblotting 

Primary antibody 

(reference number) 

Working 

concentration 

Secondary 

antibody 

Source Band size 

Calnexin (MAB3126, 

C8.B6) 

1:1000 anti-mouse Merck Millipore 100 kDa 

Cortactin (sc-55578) 1:100 anti-mouse Santa-Cruz 80 kDa 

Dynamin-1/2 (MABT188) 0.5 µg/ml anti-mouse Merck Millipore 98 kDa 

E-Cadherin (sc-21791) 1:200 anti-mouse Santa-Cruz 135 kDa, 

120 kDa, 

80 kDa 

MT1-MMP (sc-377097) 1:100 anti-rabbit Santa-Cruz 63 kDa 

N-Cadherin (sc-59987) 1:200 anti-mouse Santa-Cruz 130 kDa 

NALCN 1:1000 anti-rabbit Eurogentec 

produced by our 

order 

250-300 

kDa 

p-Src-Y418 (ab40660) 1:1000 anti-rabbit Abcam 56 kDa 

p-Src-Y530 (sc-166860) 1:100 anti-mouse Santa-Cruz 60 kDa 

Src-total (ab109381) 1:1000 anti-rabbit Abcam 60 kDa 

Tks5 (sc-736241) 1:100 anti-mouse Santa-Cruz 140 kDa 

β-actin (A5441, AC-15) 1:1000 anti-mouse Sigma 42 kDa 
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3.2 Additional results 

3.2.1 Screening for NALCN expression  

Although previous studies reported on NALCN expression in some mammalian organs 

(e.g. brain and pancreas), little is yet known on the channel presence in other tissues. Therefore, 

we have performed qRT-PCR in order to compare the amount of NALCN mRNA expressed in 

different mice organs. For this purpose, we have designed qRT-PCR primers against NALCN and 

TATA box binding protein (TBP) genes. TBP was chosen because it was previously described 

being a suitable housekeeping/reference gene for qRT-PCR analysis within the prostate tissues 

and cell lines (Ohl et al., 2005; Schulz et al., 2010; Tsaur et al., 2013; Erdmann et al., 2014). 

Moreover, it was beneficial to use TBP, since, as it has appeared, in prostate tissues and cell lines 

its Ct values were around the same level as for NALCN. Prior to analysis, we have verified the 

efficiency of the designed qRT-PCR primers and optimized the reaction conditions such as the 

primers concentration, annealing temperature and amount of MgCl2 by using plasmid DNA and 

mice brain (Annex 7.1-7.7). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and ribosomal 

RNA 18S were already used in our laboratory as the reference genes (Annex 7.8). The result 

revealed that NALCN is expressed in prostate and pancreas 10 fold less than in brain (Figure 25A).  

 Furthermore, we have screened for NALCN mRNA in various cell lines by using cPCR. 

In addition to being expressed in prostate and pancreatic cell lines, we found NALCN mRNA in 

human fibroblast MRC-5 and IMR-90, human embryonic kidney cells HEK293, immortalized 

human prostate cells EP156T, cervical cancer cell line HeLa, immortalized human pancreatic 

stellate cells RLT-PSC and activated pancreatic stellate cells PSC1 (Figure 25B).  

3.2.2 Characterization of prostate cancer cell lines 

3.2.2.1 By the protein expression profile 

Throughout this study human prostate cancer cell lines with different metastatic potential were 

used: LNCaP and C4-2 are considered being weakly metastatic cell lines, DU 145 – moderate, PC-

3 and PC-3M – highly aggressive. Nevertheless, in order to verify our working models, we have 

performed analysis of the expression level of various proteins commonly referred to as promoters 

and suppressors of prostate cancer disease (Figure 26; Annex 7.9-7.10). For example, proline-rich 

kinase Pyk2 was reported to be expressed in healthy prostate epithelial cells and to inversely 

correlate with prostate tumour aggressiveness (Stanzione et al., 2001). Accordingly, in our cell 

lines Pyk2 was expressed in cells with low and moderate metastatic potential, but not in highly 

aggressive phenotype. Overexpression and activation of proto-oncogene Src kinase is often 
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Figure 25. Screening for NALCN mRNA expression. A, qRT-PCR in various organs from 
Mus ♂ (n=1). B, cPCR against NALCN and GAPDH on various cell lines. 
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Figure 26. Characterization of human prostate cancer cell lines by the protein expression 
profile. 
The levels of proteins expression were normalized to internal controls, β-actin and calnexin, 
and relatively compared to DU 145 cell line (n=1). 
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associated with cancer progression and worst patients’ outcome (Fizazi, 2007). Therefore, we have 

evaluated the level of active form (phosphorylated at Y418), non-active form (phosphorylated at 

Y530), and the total level of Src expression. One of the downstream target of Src kinase is Tks5, 

scaffold protein required for podosome formation, ECM degradation and cancer cell invasiveness 

(Courtneidge et al., 2005; Burger et al., 2014). Indeed, highly metastatic PC-3 and PC-3M were 

exhibiting the greatest levels of Src kinase and Tks5 within the cell lines tested (Figure 26). During 

tumourigenesis cancer cells interact with ECM and activate focal adhesion kinase (FAK) 

signalling pathway that assists in further disease dissemination (Jiang et al., 2015). Accordingly, 

the level of activated (phosphorylated) FAK and the total level of protein expression were 

increased in more advanced prostate cancer cell lines, but, surprisingly, not in PC-3M (Figure 26). 

Interestingly, stromal interaction molecule 1 (STIM1) was shown to possess multiple functions in 

prostate cancer. On the one hand, STIM1 was found to induce migration and epithelial-to-

mesenchymal transition of prostate cancer cells. On the other hand, analysis of human prostate 

biopsies indicated on the decreased level of STIM1 in malignant lesions when compared with 

normal tissues (Xu et al., 2015). Our results were in accordance with this findings – STIM1 

expression was reduced in human prostate cancer cell lines with the rise of phenotype 

aggressiveness.  

 Overall, the protein expression profile verified on the actuality of the previously established 

model of the relative metastatic potential within the human prostate cancer cell lines tested. 

However, additional precautions should be taken into account when manipulating with DU 145 

and PC-3M cell lines. Since DU 145 expresses the lowest level of proto-oncogene Src kinase and 

PC-3M possess reduced amount of FAK, the according downstream signalling pathways might be 

compromised in these cell lines. 

3.2.2.2 By store-operated calcium entry  

Many studies reported on the importance of SOCE to modulate multiple cellular events, such as 

gene expression, cell cycle, proliferation, cell motility, migration, and even being associated with 

various hallmarks of cancer (Prakriya & Lewis, 2015; Fiorio Pla et al., 2016). Interestingly, in 

addition to allowing substantial Ca2+ entry, SOCE signalling was also described to initiate Na+ 

influx due to the activity of non-selective transient receptor potential channels such as TRPM4 for 

prostate cancer cells (Holzmann et al., 2015). Therefore, we have investigated Ca2+ and Na+ influx 

triggered by the activation of SOCE in the number of human prostate cancer cell lines (Figure 27). 

Interestingly, Ca2+ entry was considerably decreased in PC-3 and PC-3M cell lines. However, 

SOCE-activated Na+ influx was the highest in PC-3 cell line. 
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Figure 27. SOCE-induced Ca2+ and Na+ influxes in human prostate cancer cell lines.  
Recordings of [Ca2+]i and [Na+]i were performed by using Fura-2-AM and SBFI-AM dyes, 
respectively. The ratios of fluorescence 340 nm/ 380 nm were normalized to the initial ratio 
values and presented as R/R0. 
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These data are in accordance with our previous findings, where the critical component of SOCE 

machinery that serves as [Ca2+]ER-sensing trigger, STIM1, is diminished in prostate cancer cells 

with the raise of the malignancy profile (Figure 26). Therefore, one can hypothesize that during 

cancer progression SOCE mechanisms are remodeled in a such way that they would lessen Ca2+ 

influx and promote Na+ entry instead. Once again, it highlights the importance of Na+ signalling 

during establishment of more aggressive phenotype in cancer cells. Nonetheless, in order to 

determine the functioning of SOCE-induced Na+ influx more profound analysis is required within 

the different cancer types and malignancy stages. 

3.2.2.3 By cytosolic calcium oscillations 

Cytosolic Ca2+ oscillations, is a particular feature of intracellular Ca2+ signalling, which is 

frequently present in aggressive cancer cells (Sun et al., 2014; Zhu et al., 2014; Rizaner et al., 

2016). Indeed, spontaneous Ca2+ oscillations were found in strongly malignant prostate cancer 

cells PC-3M, and absent in weakly metastatic LNCaP cells (Rizaner et al., 2016). Therefore, we 

investigated whether other human prostate cancer cell lines used in this study were able to 

potentiate basal cytosolic Ca2+ oscillations. Accordingly, spontaneous Ca2+ oscillations were 

detected in DU 145, PC-3 and PC-3M, but not in immortalized primary prostate cell line EP156T 

and weakly-metastatic LNCaP and C4-2 cells (Figure 28). Similarly, FBS stimulation evoked 

cytosolic Ca2+ oscillations in strongly metastatic DU 145, PC-3 and PC-3M cells, but not in LNCaP 

and C4-2 (Figure 29). It indeed implies on the possible attribution of this intracellular signalling 

to the cancer progression. 

3.2.3 Metastatic cancer cell behaviours 

In this study our main model of human prostate cancer was mainly represented by PC-3 cell line. 

However, we have performed additional set of experiments using other cell lines. These results 

were not included in the main article.  

Transient overexpression of NALCN in C4-2 cell line, that does not express the channel 

endogenously, resulted in increased migration rate, implying on the importance of NALCN to 

potentiate metastatic cancer cell behaviour (Figure 30; Annex 7.11-7.13). Interestingly, PC-3M 

was exhibiting similar effects to PC-3 after transient NALCN deregulation, whereas DU 145 – 

completely opposite (Figure 31A,B; Annex 7.14-7.15). Increased migration and invasion after 

transient NALCN silencing in DU 145 can be explained by the lack of channelosome proteins in 

this cell line, or by NALCN mutation found due to the genomic sequencing analysis. Therefore, 

one can hypothesize that NALCN represent some different function in DU 145 cell line. 
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Figure 28. Spontaneous cytosolic Ca2+ oscillations in human prostate cell lines.  
Recordings of [Ca2+]i were performed by using Fura-2-AM. The ratios of fluorescence 340 nm/ 
380 nm were normalized to the initial ratio values and presented as R/R0. 
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Figure 29. FBS-stimulated cytosolic Ca2+ oscillations in human prostate cell lines.  
Recordings of [Ca2+]i were performed by using Fura-2-AM. The ratios of fluorescence 340 nm/ 
380 nm were normalized to the initial ratio values and presented as R/R0. 
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Figure 30. Transwell® migration using C4-2 cells. A, Transwell® migration after transient 
NALCN overexpression in C4-2 cells, that do not express NALCN endogenously. Data 
presented as mean values ± SD (n=1). B, representative images of C4-2 migration after mock 
(CTRL) and NALCN overexpression (+NALCN). 
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Figure 31. Migration and invasion assay. A, Transwell® migration. Data presented as mean 
values ± SEM (n=3), **-p<0.01. B, Transwell® invasion. Data presented as mean values ± 
SEM (n=3), **-p<0.01. C, Wound-healing assay for PC-3M cells with representative images of 
the wound and single side migration (n=1). 
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 Surprisingly, the stable NALCN knockdown (Annex 7.15) in DU 145 had opposite effect 

to its transient gene silencing. Accordingly, in all cell lines tested DU 145, PC-3 and PC-3M stable 

NALCN knockdown resulted in suppressed motility, migration and invasion. It was investigated 

by using standard conditions as well as by using various pharmacological effectors (Figure 32, 

33).   

 Acidic extracellular pH ([pH]e) is an important feature of tumour microenvironment that 

subserve dissemination of cancer cells. Indeed, acidic [pH]e was shown to upregulate the ECM 

degrading enzyme, cathepsin B, and to increase invasiveness of PC-3 cells (Gao et al., 2015). We 

have performed similar experiment by using our stable NALCN knockdown cell lines. For this 

purpose, we have adjusted pH of the media (for both upper and lower compartments of the insert), 

filter sterilized it and left the cells to migrate as described before. Interestingly, acidic pH promoted 

migration of DU 145, PC-3, and PC-3M cells, whereas suppressed NALCN efficiently constrained 

their motility (Figure 34). Indeed, acidic [pH]e was previously reported to enhance cancer cell 

migration due to the remodelling of cell-substrate adhesions through regulation of integrin 

dynamics (Webb et al., 2011). Importantly, throughout this assay we were using RPMI media, 

which is based on bicarbonate buffer system that enables imitation of the physiological acid-base 

homeostatic mechanism (e.g. blood system). In brief, pH of the RPMI media is buffered due to the 

constant presence of 5% CO2 in the incubator, which is around 100 fold higher than in the air. 

Therefore, pH value in the incubator and outside would greatly vary. For example, the standard 

growth RPMI media outside the incubator was having pH 8.4, whereas theoretical pH is expected 

being around 7.0-7.4. Furthermore, cellular metabolism by itself may also have profound impact 

on pH of the growth media. Accordingly, we have compared pH values of growth media before 

and after the experiment and indeed the values were considerably changed: pH 6.4 became pH 7.2, 

pH 7.4 – pH 7.6, pH 8.4 -  pH 7.7, pH 9.4 – pH 7.9, and pH 10.4 – pH 8.1. In order to avoid [pH]e 

fluctuation an alternative buffering system, that does not depend on CO2 presence, could be used. 

For example, zwitterion buffers like HEPES represent strong buffering system. However, HEPES 

based buffers lack the nutritional value and are toxic at concentrations over 100 mM. Therefore, 

if HEPES is used as the primary buffer for stronger buffering capacity, it is still important to 

maintain sufficient bicarbonate in the medium for nutritional purposes and to avoid toxicity.  
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Figure 32. Cellular motility.  
Stable NALCN knockdown decreases the median speed of DU 145 and PC-3 cells. 
 Data presented as mean values ± SD (n=1). 
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Figure 33. Migration and invasion assay in stable NALCN knockdown cell lines using 
various pharmacological effectors.  
CTRL – control; PP1 and PP2 – 10 μM inhibitors of Src kinase; PP3 – 10 μM negative control 
for PP1 and PP2; EGF – 100 ng/ml epidermal growth factor; ACh – 100 μM acetylcholine; SP 
– 1μM substance P; NT – 1 μM neurotensin. Data presented as mean values ± SD (n=1). 
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Figure 34. Migration of stable NALCN knockdown cell lines at different extracellular pH.  
Initial [pH]e indicated as measured in bicarbonate-based RPMI media at room conditions 
(0.04% CO2, 250C). NALCN knockdown efficiently constrained acidic pH-evoked migration 
of DU 145, PC-3 and PC-3M cells. Data presented as mean values ± SD (n=1). 
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3.2.4 Effect of hypoxia on NALCN expression 

During tumourigenesis due to its high proliferative rate cancer cells outgrow their blood supply 

and hence create microenvironment with low oxygen content, named hypoxia. This phenomenon 

is very common in malignant tumours and is widely associated with resistance to anticancer 

therapies as well as with enhanced metastatic potential. Therefore, we have investigated whether 

hypoxia has any effect on human prostate cancer cells endogenously expressing NALCN (Figure 

35A). For this purpose, we have passed the same amount of cells into two separate 10 cm plates 

and left both of them in the standard growth conditions overnight. Afterwards, one plate was left 

in standard growth conditions, whereas the other was replaced into hypoxic conditions (incubator 

with constant humidity, 1.2% O2, 5% CO2, 370C) for 72 hours. Then the protein extraction was 

proceeded as usual. For immunoblot analysis we have used primary antibodies that could indicate 

on the aggressive potential of prostate cancer cells (Figure 35B). For example, Tks5 and Src kinase 

were found being important promoters of cancer development (Courtneidge et al., 2005; Burger 

et al., 2014), whereas proline-rich kinase Pyk2 was found being inversely correlated with 

malignancy progression (Stanzione et al., 2001). Interestingly, DU 145 cells exhibited reduction 

of cancer cells aggressiveness after growing 72 hours in hypoxic condition, whereas PC-3 and PC-

3M - increased their malignant profile (Figure 35B). Accordingly, NALCN protein level in DU 

145 was decreased, whilst in PC-3 and PC-3M – elevated. Therefore, short-term hypoxia indeed 

provokes more aggressive expression pattern together with NALCN upregulation in PC-3 and PC-

3M cells, but not in DU 145 cell line.  

3.2.5 Intracellular signalling regulated by NALCN 

In order to investigate the potential signalling pathways that might be regulated by NALCN 

expression, we have performed immunoblotting on cells with stable channel suppression. 

Interestingly, in NALCN knockdown the protein levels of Ca2+-independent phospholipase A2 

(iPLA2), cathepsin B, Tks5, FAK, Pyk2 and proto-oncogene Fyn kinase substantially changed, 

whereas the expression of cathepsin D, integrin α5, integrin β1 and dynamin 1/2 were not changed 

(Figure 36). The expression profile of cells with stable NALCN downregulation indeed indicates 

onto reversed malignant profile in these cancer cells.  
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Figure 35. Effect of hypoxia on NALCN expression and other markers of prostate cancer 
progression.  
A, representative images taken with 20x objective of cells grown for 72 hours in standard 
growth conditions (Normoxia) and at 1,2% O2 (Hypoxia). B, immunoblot revealed with 
antibodies against various markers of cancer aggressiveness. The values were normalized to the 
internal reference protein – calnexin (n=1). 
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Figure 36. Intracellular signalling regulated by NALCN expression.  
Immunoblots were revealed with antibodies against various markers of cancer aggressiveness. 
(n=1). 
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3.2.6 Effects of pharmacological agents on basal sodium influx 

Neuropeptides such as substance P and neurotensin were reported to activate NALCN 

channelosome (Lu et al., 2009; Wang & Ren, 2009; Kim et al., 2012; Yeh et al., 2017). 

Furthermore, Src kinase as the member of the channelosome was also suggested to potentiate its 

activity (Wang & Ren, 2009). Epidermal growth factor (EGF) evokes cytosolic Ca2+ oscillations 

and is known to be one of the promoters of cancer aggressiveness (Figure 33).  Therefore, we have 

tested whether basal Na+ leak could be modulated by potential activators and inhibitors of NALCN 

channelosome. In addition, we have tested mechanosensitivity of channel due to the application of 

synthetic lipids GS1197. Interestingly, acute application of the activators did not affect basal 

[Na+]i, whereas inhibitor of Src kinase, PP2, exhibited no effect on Na+ influx induced due to the 

switch of extracellular Na+ concentration (Figure 37). Nevertheless, long-term pre-incubation with 

these substances is required in order to verify the scarcity of the effect on Na+ influx. 

3.2.7 NALCN-mediated sodium influx after incubation with working antibody 

Ion channel blockage is the biological mechanism of ion flux prevention that may lead to the 

various intracellular physiological responses. Accordingly, ion channel modulators were 

suggested being potential substances for treatment of diverse pathological conditions, including 

cancer disease. Different molecules, such as cations, anions, amino acids, toxins and other 

chemicals might antagonize activity of ion channels. Additionally, antibodies targeting different 

channel proteins were found to regulate the ion channel activity by the mean of various 

mechanisms: direct block of ion permeation, modulation of ion channel gating, internalization and 

degradation upon surface clustering. To date, the highly specific modulators of NALCN 

channelosome activity were not yet discovered. Therefore, we have decided to check whether 

antibody targeting the channel could modulate NALCN-mediated Na+ influx. Of note, the antibody 

used throughout this study targets intracellular C-terminal of NALCN protein. Therefore, we have 

used graphene nanoparticles in order to allow antibody permeation inside of the cell. However, 

neither 5 minutes, nor 30 minutes incubations with antibody linked to graphene nanoparticles did 

not affect Na+ influx in prostate cancer cell line PC-3 (Figure 38). In conclusion, antibody targeting 

intracellular C-terminus of NALCN fails to modulate activity of the channel. Therefore, another 

strategy involving antibody targeting extracellular epitope should be considered, in particular 

designed against extracellular loop within S5 and S6, or so called turret (Xu et al., 2005; Naylor 

& Beech, 2009). 

 We have also tried using other type of nanoparticles (lipid nanocapsules) for siRNA 

transfection, but the toxicity rate was too high (Annex 7.16). 



121 
 

 

  

Figure 37. Effect of putative activators and inhibitors of NALCN channelosome on the 
basal Na+ leak in human prostate cancer cells.  
A, None of the putative activators of NALCN affected [Na+]i. B, inhibitor of Src kinase, PP2, 
did not change the rate of Na+ influx evoked by extracellular Na+ switch, when comparing with 
its negative control, PP3. Recordings of [Na+]i were performed by using SBFI-AM dyes. The 
ratios of fluorescence 340 nm/ 380 nm were normalized to the initial ratio values and presented 
as R/R0. (n=1). 
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Figure 38. Effect of NALCN-antibody linked to graphene nanoparticles on Na+ influx.  
A, 5 minutes of preincubation. B, 30 minutes of preincubation. Recordings of [Na+]i were 
performed by using SBFI-AM dyes. The ratios of fluorescence 340 nm/ 380 nm were 
normalized to the initial ratio values and presented as R/R0. (n=1). 
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3.2.8 NALCN mutations in human prostate cancer 

NALCN mutations were previously reported in various human pathological conditions, including 

cancer disease (Ding et al., 2010; Biankin et al., 2012; De Las Rivas et al., 2012; Lee et al., 2013). 

However, nothing was yet known about their implication in prostate tumourigenesis. In our study, 

we have demonstrated association of NALCN with prostate cancer progression. Therefore, the 

screening for NALCN mutations was performed by Prof Olivier Cussenot (University Pierre et 

Marie Curie, Paris, France) and Prof Gaelle Fromont-Hankard (University of Tours, Tours, 

France) on the samples of patients with particularly highly aggressive forms of prostate cancer. Of 

note, this work was part of ICGC program funded by INCa. 

According to the RNA sequencing (RNA-seq) results 3 SNPs were found within 25 patients 

analysed (Figure 39A). However, all of them were located in the non-coding regions (e.g. introns 

and 3’ flank), and thus theoretically should not affect the protein structure. Nonetheless, non-

coding elements might exhibit diverse roles in the regulation of protein-coding genes expression. 

Accordingly, sequence variants in non-coding regions may lead to gain or loss of DNA motifs that 

bind with repressors and transcription factors, whereas mutations in micro-RNA binding sites 

would result in enhanced target gene expression (Khurana et al., 2016). Furthermore, pseudogene 

deletion would affect the competition for micro-RNA binding with the parent gene, and hence 

would affect the expression of the latter. For example, pseudogene of phosphatase and tensin 

homolog (PTEN) was found deleted in prostate cancer, and as a result more micro-RNAs were 

binding to the 3ʹ- untranslated region (UTR) of the parental PTEN mRNA, leading to its 

downregulation (Poliseno et al., 2010). In addition, UTRs were shown to regulate the localization, 

stability, and translation of their cognate mRNA, and thus mutations occurring in these regions 

may also affect the protein production. Finally, modifications of intronic sequences can affect the 

binding of the splice factors, which in turn would lead to differentially spliced or truncated 

products (Rajan et al., 2009).  

 Importantly, in one patient NALCN was fused with LUC7L3 gene that encodes cisplatin 

resistance-associated overexpressed protein (CROP), which is localized in nucleus and could be 

involved in splicesome formation (Figure 39B) (Nishii et al., 2000). Fusion genes produce proteins 

with abnormal functions, and hence may contribute to tumour formation. One of the purposes of 

oncogenic fusion was proposed as follows: a proto-oncogene is fused to a stronger promoter, and 

thereby the oncogenic function is enhanced. Indeed, in lymphomas oncogene c-MYC was found 

juxtaposed to the promoters of the immunoglobulin heavy chain genes and associated with 

lymphomagenesis (Gostissa et al., 2009).  
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Figure 39. Summary of RNA-Seq for NALCN gene performed in 25 patients with 
aggressive prostate cancer.  
A, For NALCN gene 3 silent SNP mutations were identified out of 121689. RNA-Seq results 
did not exhibit significant difference between non-cancerous (n=3) and tumour tissues (n=25) 
(data not shown). B, Interestingly, 1 fusion of NALCN with other gene LUC7L3 that encodes 
nucleal cisplatin resistance-associated overexpressed protein was discovered. Of note, the 
nucleotide positions are indicated according to the previous assembly (dated by 2013), since 
the current assemblies were recently updated (October 2017). Of note, these results were 
provided by Prof Olivier Cussenot (University Pierre et Marie Curie, Paris, France) and Prof 
Gaelle Fromont-Hankard (University of Tours, Tours, France) as a part of ICGC program 
funded by INCa. 
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4. General conclusions 

The main objective of this project was to investigate the role of NALCN in oncogenesis, in 

particular on the model of prostate cancer disease. Throughout this study we have achieved our 

established aims as follows: 

4.1 Evolution of NALCN expression in human prostate cancer 

NALCN was found in human prostate cancer cells lines on both mRNA and protein levels. 

Specifically, NALCN was expressed in strongly metastatic cancer cells DU 145, PC-3 and PC-

3M, but not in the cells with low metastatic potential LNCaP and C4-2. In addition, screening 

within the pancreatic cells revealed NALCN presence in immortalized normal ductal cells HPDE6-

H6C7, and in cancer cells BxPC3, Panc-1, Capan-1, but not in AsPC-1 and MiaPaCa-2. In 

addition, NALCN was found in healthy rat and mice prostate. Indeed, the results of 

immunohistochemistry revealed low/none NALCN expression in non-cancerous and early stages 

of prostate carcinogenesis and high levels of NALCN at more advanced stages of the disease 

development. Specifically, NALCN was found being overexpressed in the sites of metastases, 

when comparing with its primary tumours. It supports the hypothesis that NALCN is exclusively 

required in cancer cells with enhanced migration and invasion.  

4.2 Functionality of NALCN channelosome in human prostate cancer cells  

NALCN channel complex was reported to provide background Na+ leak in neurons (Lu et al., 

2007), however, nothing was yet known about its function in cancer cells. Therefore, we screened 

for auxiliary subunits of NALCN channelosome in prostate cancer cells and compared their basal 

Na+ influx. Interestingly, only cells expressing NALCN exhibited endogenous plasmalemmal Na+ 

leak, whereas NALCN-negative cells were not changing their [Na+]i in response to [Na+]e switch. 

Of note, in DU 145 cells lacking UNC-80 subunit Na+ leak was substantially lower than in PC-3 

and PC-3M cells with full channelosome complex. Furthermore, C4-2 cells that possess high 

endogenous UNC-80 levels acquired remarkable Na+ leak after NALCN overexpression, whereas 

NALCN silencing in PC-3 cells considerably inhibited Na+ leak. Therefore, our results indicate 

that NALCN indeed represent Na+ leak channel in human prostate cancer cells.  

4.3 Prostate cancer cell behaviours regulated by NALCN 

In order to investigate which role NALCN plays in prostate cancer cells, we have performed a 

number of tissue culture assays. Interestingly, NALCN silencing did not affect cellular viability, 

basal and induced apoptosis, cell cycle, and proliferation. However, in PC-3 cells NALCN 
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downregulation significantly suppressed cellular motility, lateral and transverse migration, 

invasion, invadopodia formation, gelatin degradation, secretion and activity of MMPs. Therefore, 

due to this study it has been revealed that NALCN potentiates metastatic cancer cell behaviours 

and is not required for cellular growth of prostate cancer cells in vitro.  

4.4 Molecular mechanisms and signalling pathways involved in NALCN-mediated 

phenotype of the human prostate cancer cells 

One of the aims of this study was to understand by which means Na+ leak channel may contribute 

to the aggressive phenotype of prostate cancer cells. Importantly, previous studies reported on 

association of proto-oncogene Src kinase with NALCN channelosome (Lu et al., 2009; Swayne et 

al., 2009; Wang & Ren, 2009). Indeed, NALCN downregulation led to decreased expression and 

activity of Src kinase, supporting the previous findings that NALCN channelosome acts as a 

scaffold protein for the kinase. Recently, Ca2+ oscillations were demonstrated as an intrinsic 

molecular mechanism for Src kinase activation and invadopodia formation (Sun et al., 2014). 

Moreover, Ca2+ oscillations were suggested to control secretion process (Wollman & Meyer, 

2012). Interestingly, our results indicated that NALCN is an upstream regulator of Ca2+ oscillations 

and vesicle excretion in prostate cancer cells. Therefore, we suggest that NALCN potentiates 

invasion of cancer cells by the means of following mechanism: Na+ leak governs Ca2+ oscillations 

that initiate invadopodia assembly through channelosome-guided Src kinase activation and 

simultaneously provide secretion of ECM-degrading enzymes like MMPs (Figure 40).  

4.5 Role of NALCN on prostate carcinogenesis and tumour progression in vivo 

In order to further assess importance of NALCN in tumourigenesis, the mice were injected with 

PC-3 cells endogenously expressing NALCN and cells with stable channel downregulation. 

Interestingly, NALCN suppression constrained tumour growth and metastases spread. Of note, the 

most frequent site of prostate cancer dissemination is represented by the bones. Importantly, 

NALCN silencing inhibited skeleton metastases and destruction of the bone tissue. Therefore, our 

in vivo results were in accordance with our in vitro results, indicating onto importance of NALCN 

in prostate tumour progression and metastasis disease.  
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Figure 40. Schematic illustration of NALCN regulated molecular mechanism subserving 
into cancer cells invasiveness.  
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5. Perspectives 

5.1 Mutations of NALCN channel complex in prostate cancer disease 

Until now, the only evidence pointing onto NALCN channelosome implication in cancer disease 

was due to the results of genomic sequencing analysis. Indeed, NALCN was found within 

significantly mutated genes in basal-like breast cancer metastases and xenografts, pancreatic ductal 

adenocarcinoma, advanced non-small cell lung carcinoma, and glioblastoma (Ding et al., 2010; 

Biankin et al., 2012; De Las Rivas et al., 2012; Lee et al., 2013). In this study, the role of NALCN 

in tumourigenesis was shown for the first time by using the model of prostate cancer. Our 

preliminary results revealed several NALCN mutations in coding and non-coding regions within 

human prostate cancer patients (n=25) and cell lines DU 145, PC-3 and PC-3M. Therefore, it might 

be useful to expand the number of cancer patients in order to proceed with identification of cancer-

associated NALCN mutations and its oncogenic potential. Moreover, analysis of other 

channelosome members might provide additional information. 

5.2 Function of NALCN pore 

In this study, we significantly affected prostate cancer cells aggressiveness due to the changes in 

NALCN expression. However, there is still an open question: whether NALCN promotes prostate 

cancer progression due to its function as a leak channel or rather due to some ion-independent 

down-stream signalling? In order to investigate this question, different pore mutants could be 

utilized. When being first functionally characterized, NALCN was reported being a non-selective 

cation channel possessing not only Na+, but also K+ and Ca2+ permeability (Lu et al., 2007). The 

selectivity sequence was proposed as follows: PNa (1.3) > PK (1.2) > PCs (1.0) > PCa (0.5) (Lu et al., 

2007). Since Ca2+ represents ubiquitous intracellular second messenger and expression of K+ leak 

channels decreases in prostate cancer, NALCN contribution into Ca2+ and K+ signalling should be 

evaluated in human prostate cancer cells (Williams et al., 2013). Interestingly, due to site-directed 

mutagenesis EEKE pore of NALCN channel was mutated onto EEKA and reported to provide 

gadolinium (Gd3+)-resistant current with decreased Ca2+ permeability: PNa (1.3) = PK (1.3) > PCs 

(1.0) > PCa (0.1) (Lu et al., 2007). Furthermore, NALCN-EEEE mutant resembling the pore of 

voltage-gated Ca2+ channels (Cav1-2) was created, but it did not generate measurable currents in 

HEK293 cells and neurons (Lu et al., 2007). Similarly, in D. melanogaster EEEE mutant did not 

restore the phenotype of wild-type EEKE channel (Lear et al., 2005). Therefore, NALCN-EEKA 

and NALCN-EEEE overexpression in prostate cancer cells could be compared with the wild-type 



129 
 

NALCN-EEKE and assessed by Na+ imaging, Ca2+ imaging, K+ imaging, patch-clamp and tissue 

culture assays.  

5.3 Implication of auxiliary subunits in prostate cancer progression 

NALCN interacting proteins were shown being involved in the folding, stabilization, cellular 

localization, and to some extent activation of the channel. Therefore, investigation of the 

channelosome auxiliary subunits would provide more understanding in the mechanism of NALCN 

regulation during prostate carcinogenesis. Thus, UNC-80, UNC-79 and NLF-1 should be screened 

in healthy and non-cancerous prostate tissues. Furthermore, basal Na+ leak and cancer-associated 

behaviours could be investigated after overexpression and silencing of the auxiliary subunits in 

human prostate cancer cell lines (e.g. PC-3 and PC-3M cells with full channel complex). 

Importantly, our immunohistochemical analysis already exhibited high correlation between 

NALCN and proto-oncogene Src kinase in prostate tumour biopsies. Moreover, in PC-3 cells 

stable NALCN suppression resulted in decreased Src kinase levels. However, it was not tested 

whether NALCN overexpression would enable Src kinase upregulation. Furthermore, vice versa 

effect of Src silencing or constant activation on the level of NALCN expression and intracellular 

localization was not investigated yet in prostate cancer cells. Moreover, recent study in C. elegans 

revealed that NCA-1/NCA-2, orthologues of mammalian NALCN, are downstream targets of 

Gq/Rho kinase pathway, which is known to be implemented in cancer progression (Sahai & 

Marshall, 2002; Topalidou et al., 2017). Therefore, another axis of future studies could be focused 

on the investigation of NALCN regulation by Rho proteins during carcinogenesis. In addition, Rho 

proteins are known to be controlled by GPCRs and indeed NALCN has been reported to depend 

on functioning of the latter (Lu et al., 2009, 2010; Swayne et al., 2009). For example, M3R was 

shown to activate NALCN-current in pancreatic cells and to promote prostate cancer progression, 

which is in accordance with our current findings on NALCN (Swayne et al., 2009; Magnon et al., 

2013). Therefore, M3R receptor might provide additional pathway for NALCN upregulation 

during prostate carcinogenesis. Interestingly, CaSR was shown to potentiate prostate cancer 

aggressiveness, and to inhibit NALCN-mediated background current in neurons (Lu et al., 2010; 

Ahearn et al., 2016). However, in our model of prostate cancer cells NALCN basal Na+ leak was 

insensitive to [Ca2+]e. Therefore, it would be useful to investigate whether in prostate cancer cells 

CaSR affects NALCN in a similar manner as it was reported for neuronal cells or whether their 

relationship involves additional tissue-dependent mechanisms.  
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5.4 Store-operated calcium entry and NALCN 

In this study we show for the first time that NALCN is substantial contributor into SOCE 

mechanism. Interestingly, relationship between SOCE and Na+ influx was recently described on 

the model of HEK293T cells (Ben‐Kasus Nissim et al., 2017). Specifically, Ben-Kasus Nissim 

and colleagues pointed on the importance of mitochondrial Na+/Ca2+ exchanger, NCLX, during 

SOCE activation. Accordingly, NCLX prevents toxicity of mitochondrial Ca2+ overload due to the 

sequestration of Ca2+ in exchange for Na+ uptake and thus maintains SOCE activity. It highlights 

the significance of plasmalemmal Na+ influx during SOCE as an additional source of cytosolic 

Na+ required for cell survival. Indeed, our results revealed that during SOCE activation the 

presence of NALCN in plasma membrane as well as NALCN-mediated Na+ influx are enhanced. 

However, the mechanism of SOCE-induced NALCN trafficking remains elusive. Therefore, 

several research strategies could be utilized in order to clarify this subject.  

 Furthermore, the major SOCE players, ORAI and STIM proteins, were reported to interact 

with other channels and hence to activate supplementary pathways for plasmalemmal ion influx. 

For example, TRPC1 channel, was reported to contribute into SOCE and to regulate various 

functions in many cell types (Ambudkar et al., 2017). Indeed, STIM1 was shown to activate 

TRPC1 via its C-terminal polybasic domain, which is distinct from the STIM1-ORAI activating 

region. In addition, TRPC1 function critically depends on ORAI1-mediated Ca2+ entry which 

triggers recruitment of TRPC1 into the plasma membrane where it is then activated by STIM1 

(Ambudkar et al., 2017). Of note, staining for NALCN in human prostate biopsies significantly 

correlated with ORAI1, STIM1, and STIM2. Therefore, in order to investigate whether analogous 

to TRPC1 recruitment might be exploited during SOCE-induced NALCN trafficking, 

coimmunoprecipitation analysis between NALCN and major SOCE proteins, ORAI1-3 and 

STIM1-2, should be compared before and after ER store depletion in human prostate cancer cells.  
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5.5 NALCN-mediated molecular mechanisms and intracellular signalling  

Although in our study we suggest NALCN-mediated molecular mechanism and intracellular 

signalling pathway that promotes prostate cancer aggressiveness, some principal questions remain 

unaddressed.  

For example, in this study we suggested the link between NALCN and mitochondrial 

NCLX. Previously, NCLX was reported to regulate SOCE due to its role in preventing the 

production of ROS and subsequent ORAI inactivation (Ben‐Kasus Nissim et al., 2017). However, 

it was not confirmed in our model of prostate cancer cells. Therefore, it would be useful to verify 

whether indeed silencing of NCLX and NALCN leads to increased ROS levels in PC-3 cells.  

Furthermore, previous studies reported that Na+ influx provided by voltage-gated sodium 

channels, Nav, increases activity NHE1, which in turn increases H+ efflux and hence activates 

acidic-dependent ECM-degrading enzymes, cathepsins (Brisson et al., 2011). Thus, Na+ influx 

was suggested to potentiate cancer cell invasiveness due to the upregulation of NHE1. However, 

nothing is yet known about relationship between basal Na+ leak provided by NALCN and 

functioning of NHE1 during carcinogenesis.   

 In addition, we provided evidence that short-term hypoxia enhanced NALCN expression 

in strongly metastatic prostate cancer cells. However, the particular mechanism of this 

upregulation was not investigated.  

 Moreover, in our stable NALCN knockdown cells we observed some striking differences 

in the protein level of iPLA2, cathepsin B, src kinase, Fyn, Tks5, FAK, and Pyk2. Therefore, it 

should be investigated whether such changes in expression are conditioned by impaired 

transcription or by dysregulated protein degradation.  

 Interestingly, FAK and Pyk2 are both focal adhesion kinases. Importantly, NALCN 

suppression led to FAK inhibition and Pyk2 upregulation, which is consistent with less aggressive 

profile of prostate cancer (Stanzione et al., 2001). Therefore, attachment and detachment 

properties of prostate cancer cells should be changed upon NALCN downregulation. It could 

provide additional insights into NALCN-associated metastatic cancer cell behaviours, and should 

be determined in the further studies. 
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7. Annexes 

7.1 Mycoplasma test 

 

Figure 41. Mycoplasma test by using Hoechst staining. 
None of cell lines tested exhibit any mycoplasma-like staining by using Hoechst dye. 
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7.2 Optimization of cPCR efficiency for NALCN 

 

 

  

Figure 42. Temperature gradient cPCR against NALCN on cDNA from Mus ♂ brain. 
Temperature gradient (55-650C) was performed by cDNA from Mus ♂ brain. Each reaction 
was performed by using 1.25 ng of cDNA. Annealing temperature Ta=600C was chosen as the 
most optimal within the tested range. 
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7.3 Optimization of cPCR efficiency for TBP 

 

 

  

Figure 43. Temperature gradient cRT-PCR against TBP on cDNA from Mus ♂ brain. 
Temperature gradient (55-650C) was performed by cDNA from Mus ♂ brain. Each reaction 
was performed by using 1.25 ng of cDNA. Annealing temperature Ta=600C was chosen as the 
most optimal within the tested range. 
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7.4 Optimization of qRT-PCR efficiency for NALCN 

 

 

 

 

Figure 44. Temperature gradient qRT-PCR against NALCN on plasmid DNA. 
Temperature gradient (55-600C) was performed by using plasmid pcDNA5-FRT-hNALCN. 
Each reaction contained 300 nM of primers against NALCN and 4 mM MgCl2. Melting peak 
for each amplicon was yielding at the same temperature - Tm = 77.50C. Annealing temperature 
Ta=600C was chosen as the most optimal within the tested range. 
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Figure 45. Temperature gradient qRT-PCR against NALCN on cDNA from Mus ♂ brain. 
Temperature gradient (55-600C) was performed by using cDNA from Mus ♂ brain. Each 
reaction contained 300 nM of primers against NALCN and 4 mM MgCl2. Melting peak for each 
amplicon was yielding at the same temperature - Tm = 76.50C. Annealing temperature Ta=600C 
was chosen as the most optimal within the tested range. 
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Figure 46. Optimization of primer concentration for qRT-PCR against NALCN on cDNA 
from Mus ♂ brain. 
qRT-PCR was performed by using cDNA from Mus ♂ brain. Each reaction was performed at 
Ta=600C and contained different primers concentration (as indicated) and 4 mM MgCl2. Melting 
peak for each amplicon was yielding at the same temperature - Tm = 76.50C. For each primer 
(FW and RV) the final concentration of 300 nM was chosen as the most optimal within the 
tested range. 
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Figure 47. Optimization of MgCl2 concentration for qRT-PCR against NALCN on cDNA 
from Mus ♂ brain. 
qRT-PCR was performed by using cDNA from Mus ♂ brain. Each reaction was performed at 
Ta=600C and 300 nM primers concentration with 4 mM and 5 mM MgCl2. Melting peak for 
each amplicon was yielding at the same temperature - Tm = 76.50C. Concentration of MgCl2 of 
4 mM was chosen as the most optimal within the tested range. 
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Figure 48. Temperature gradient qRT-PCR against NALCN on cDNA from PC-3. 
Temperature gradient (55-600C) was performed by using cDNA from PC-3 cell line. Each 
reaction contained 300 nM of primers against NALCN and 4 mM MgCl2. Melting peak for each 
amplicon was yielding at the same temperature - Tm = 77.50C. Annealing temperature Ta=600C 
was chosen as the most optimal within the tested range. 
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Figure 49. Optimization of primer concentration for qRT-PCR against NALCN on cDNA 
from PC-3. 
qRT-PCR was performed by using cDNA from PC-3 cell line. Each reaction was performed at 
Ta=600C and contained different primers concentration (as indicated) and 4 mM MgCl2. 
Melting peak for each amplicon was yielding at the same temperature - Tm = 77.50C. For each 
primer (FW and RV) the final concentration of 300 nM was chosen as the most optimal within 
the tested range. 
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Figure 50. Optimization of MgCl2 concentration for qRT-PCR against NALCN on cDNA 
from PC-3. 
qRT-PCR was performed by using cDNA from PC-3 cell line. Each reaction was performed at 
Ta=600C and 300 nM primers concentration with 4 mM and 5 mM MgCl2. Melting peak for 
each amplicon was yielding at the same temperature - Tm = 77.50C. Concentration of MgCl2 of 
4 mM was chosen as the most optimal within the tested range. 
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7.5 Optimization of qRT-PCR efficiency for UNC-80 

 

  

Figure 51. Temperature gradient qRT-PCR against UNC-80 on plasmid DNA. 
Temperature gradient (57.6-63.60C) was performed by using hUNC80irese2eGFP plasmid. 
Each reaction contained 300 nM of primers against UNC-80 and 4 mM MgCl2. Melting peak 
for each amplicon was yielding at the same temperature - Tm = 84.00C. Of note, amplicons from 
Mus ♂ brain and prostate cancer cell lines were having their melting peaks at Tm = 84.00C. 
Annealing temperature Ta=600C was chosen as the most optimal within the tested range. 
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7.6 Optimization of qRT-PCR efficiency for UNC-79 

 

  

Figure 52. Temperature gradient qRT-PCR against UNC-79 on cDNA from PC-3. 
Temperature gradient (57.6-63.60C) was performed by using cDNA frpm PC-3 cell line. Each 
reaction contained 300 nM of primers against UNC-80 and 4 mM MgCl2. Melting peak for each 
amplicon was yielding at the same temperature - Tm = 83.00C. Annealing temperature Ta=600C 
was chosen as the most optimal within the tested range. 
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7.7 Optimization of qRT-PCR efficiency for TBP 

 

  

Figure 53. Temperature gradient qRT-PCR against TBP on cDNA from PC-3. 
Temperature gradient (55-600C) was performed by cDNA from PC-3 cell line. Melting peak 
for each amplicon was yielding at the same temperature - Tm = 82.00C. Annealing temperature 
Ta=600C was chosen as the most optimal within the tested range. 



163 
 

7.8 Verification of internal control genes  

 

  

Figure 54. Validation of housekeeping/reference genes as suitable internal controls for 
qRT-PCR. 
The following experiment was conducted to validate the effect of transfection on the expression 
of 18S, GAPDH and TBP genes as standard candidates for internal control genes. DU 145, PC-
3 and PC-3M cell lines were mock transfected (NT) and transfected with 50 nM siRNA against 
Luciferase (siLuc), gene which is not expressed in mammals, and 50 nM siRNA against NALCN 
(siNALCN). Samples were collected after 48 hours of transfection, mRNA extracted, converted 
into cDNA and subjected to qRT-PCR. The fold change in gene expression was calculated by 
using 2-ΔCt method, where ΔCt = (Ct(siRNA)-Ct(NT)) as described by (Livak & Schmittgen, 2001).  
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7.9 Protein standard curve 

 

 

 

 

Figure 55. Protein standard curve according to Pierce™ BCA Protein Assay Kit.  
The protein standard curve was done using albumin standards provided with the assay kit 
according to the manufacturer’s instructions.  
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7.10 Optimization of immunoblotting conditions 

 

Figure 56. Optimization of protein transfer from SDS-PAGE onto membrane. 
A, 3-8% SDS-PAGE loaded with different amount of protein extract from DU 145 cells and 
stained with Coomasie Brilliant Blue R-250. B, Semi-dry transfer was performed on the PVDF 
and nitrocellulose membranes. SDS-PAGE gels were stained with Coomasie Brilliant Blue R-
250 in order to visualize the excess of proteins that were not transferred. The blots were revealed 
using antibody against NALCN and β-actin. Since the expected size of NALCN bands (200-
300 kDa) appeared more efficiently transferred onto PVDF, this membrane was used in further 
experimental procedures. The optimal protein amount for an assay was determined as 25 μg. 
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7.11 Transfection efficiency of nucleofection 

 

  

Figure 57. Transfection efficiency by using nucleofection method in various cell lines. 
Buffer and program conditions are indicated for each cell line and resulted in following level 
of transfection: LNCaP – 49%, C4-2 – 48%, DU-145 – 8%, PC-3 – 19%, PC-3M – 10%, and 
HEK293 – 22%. The images were taken 48 hours after nucleofecting 1 μg of pmax-GFP 
plasmid. 
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7.12 Pattern of NALCN overexpression  

 

  

Figure 58. Representative images of NALCN-GFP overexpression in human prostate 
cancer cell lines. 
Overexpression of NALCN is represented by some special structures, or so called punctae and 
rosettes.   
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7.13 Optimization of siRNA knock-down 

 

 

Figure 59. Representative images of human prostate cancer cells after transient NALCN 
knockdown. 
The images were taken after 48 hours of transfection with 20x objective. 
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Figure 60. Validation of siRNA quantity sufficient to create NALCN knockdown in human 
prostate cancer cell lines. 
The level of NALCN knockdown was verified by qRT-PCR after 48 hours of mock (NT) and 
HiPerfect siRNA transfection. Interestingly, the level of UNC-80 mRNA was dependent on 
NALCN expression (n=1). The quantity of 50 nM siRNA against NALCN was considered as 
optimal within all cell lines tested to create NALCN knockdown. 
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7.14 Verification of transient NALCN knockdown 

 

  

Figure 61. Representative images of human prostate cancer cells after transient NALCN 
knockdown with siNALCN-1. 
The images were taken with 20x objective. 
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Figure 62. Verification of transient NALCN knockdown in human prostate cancer cell 
lines. 
A, on mRNA level by using qRT-PCR. Data presented as mean values ± SEM (n=3). B, on 
protein level by using immublotting technique. Representative images of immnuoblots are 
shown (n=3). 
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7.15 Verification of stable NALCN knockdown 

 

 

  

Figure 63. Verification of stable NALCN knockdown in human prostate cancer cell lines. 
A, representative cell images taken with 20x objective. B, on mRNA level by using qRT-PCR. 
*-p<0.05 (n=3). B, on protein level by using immunoblotting.  
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7.16 siRNA transfection by using nanoparticles 

 

  

Figure 64. Na+ influx in PC-3 cells after transfection with siRNA linked to lipid 
nanocapsules LNC25.  
At the low doses there is no difference between Na+ influx produced in control cells (siLuc) or 
cells treated with siRNA against NALCN (siNALCN). However, the higher doses inhibited Na+ 
influx more likely due to the toxicity of the nanocapsules themselves.  
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7.17 Apoptosis induction in human prostate cancer cell lines 

 

  

Figure 65. Representative images of DU 145 cells after apoptosis induction. 
Images were taken after 72 hours of transfection with siRNA and 48 hours after apoptosis 
induction with 20x objective. 
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Figure 66. Representative images of PC-3 cells after apoptosis induction. 
Images were taken after 72 hours of transfection with siRNA and 48 hours after apoptosis 
induction with 20x objective. 
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Figure 67. Representative images of PC-3M cells after apoptosis induction. 
Images were taken after 72 hours of transfection with siRNA and 48 hours after apoptosis 
induction with 20x objective. 
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7.18 Calibration of ProFluor® Src-Family Kinase assay 

 

Figure 68. Calibration curves using protein lysates from different human prostate cancer 
cell lines for ProFluor® Src-Family Kinase assay. 
Rhodamine 110 (R110) is essentially nonfluorescent in the bisamide form. When R110 peptide 
substrate is not phosphorylated, it is cleaved due to the protease acitvity, subsequently amino 
acid residues are removed and R110 becomes fluorescent. When this substrate is 
phosphorylated (presumably by Src-Family kinase activity), protease activity is blocked, and 
R110 is left in nonfluorescent form. Thus, the measured R110 fluorescence intensity is inversely 
correlated with kinase activity. The control AMC substrate (alanine-alanine-phenylalanine 
linked to 7-amino-4-methylcoumarin) has different excitation and emission wavelength than 
the R110 substrate, and will identify any false negatives in the assay. AMC substrate contains 
no phosphorylation site, and thus its cleavage is independent of kinase activity.  
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7.19 Invadopodia fractionation 

 

 

Figure 69. Representative images of different steps within invadopodia fractionation 
assay.  
All images were taken with 20x objective.    
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