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Abstract

Autophagy  is  a  tightly  regulated  cellular  pathway  the  main  purpose  of  which  is

lysosomal degradation and subsequent recycling of cytoplasmic material to maintain normal

cellular  homeostasis.  Defects  in  autophagy are  linked to a  variety  of  pathological  states,

including cancer. Cancer is the disease associated with abnormal tissue growth following an

alteration in such fundamental cellular processes as apoptosis, proliferation, differentiation,

migration and autophagy.

Calcium  is  a  ubiquitous  secondary  messenger  which  regulates  plethora  of

physiological and pathological processes such as aging, neurodegeneration and cancer. The

role of calcium and calcium-permeable channels in cancer is well-established, whereas the

information about molecular nature of channels regulating autophagy and the mechanisms

of this regulation is still limited. The role of autophagy in cancer is complex, as it can promote

both  tumor  prevention  and  survival/treatment  resistance.  Elevated  autophagy  is  often

detected in cancer cells in response to radiation and chemotherapy. Furthermore, autophagy

seems  to  contribute  to  the  therapeutic  resistance  of  some  cancers.  It's  now  clear  that

modulation of autophagy has a great potential in cancer diagnosis and treatment. 

Our findings identified intracellular calcium as an important regulator of autophagy.

We propose a possible link between calcium, calcium permeable ion channels, autopohagy

and cancer progression. Further, our results revealed a new autophagy modulator ML-9 as an

attractive tool for targeting autophagy in cancer therapy.



Résumé

L'autophagie est une voie cellulaire strictement régulée dont le but principal est la

dégradation lysosomale et le recyclage ultérieur du matériel cytoplasmique afin de maintenir

l'homéostasie  cellulaire  normale.  Des  défauts  dans  l'autophagie  sont  liés  à  une  variété

d'états pathologiques, dont le cancer. Le cancer est une maladie associée aux modifications

des  processus  cellulaires  fondamentaux  tels  que  l'apoptose,  la  prolifération,  la

différenciation, la migration et l'autophagie.

Le calcium est un second messager ubiquitaire qui  régule une série  de processus

physiologiques  et  pathologiques  tels  que le  vieillissement,  la  neurodégénérescence  et  le

cancer.  Si  le  rôle  du  calcium  et  des  canaux  calciques  dans  le  cancer  est  bien  établi,

l'information  sur  la  nature  moléculaire  des  canaux  régulant  l’autophagie  ainsi  que  les

mécanismes de cette régulation reste encore limitée.  Le rôle de l'autophagie dans le cancer

est complexe. En effet, elle  peut favoriser à la fois la prévention tumorale, le résistance aux

traitements  et  la  survie  des  patients.  Autophagie  est  souvent  détectée  dans  les  cellules

cancéreuses  en  réponse  aux  expositions  aux  rayons  et  la  chimiothérapie.  De  plus,

l'autophagie  semble  contribuer  à  la  résistance  thérapeutique  de  certains  cancers.  Il  est

maintenant bien établi que la modulation de l'autophagie peut potentiellement contribuer à

la mise en œuvre des méthodes de traitement du cancer. 

Dans  cette  étude,  nos  travaux  ont  permis  d’identifier  le  calcium  intracellulaire,

comme un régulateur  important  de l'autophagie.  Ainsi,  nous  proposons  un lien possible

entre le calcium, les canaux calciques, l’autophagie et la progression du cancer. De plus, nous

avons mis en évidence un nouveau modulateur de l’autophagie, le ML-9. Cet outil pourrait

potentiellement cibler l'autophagie et être utilisé dans le traitement des cancers.
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Glossary

2-APB      2-aminodiethyldiphenyl borate

3-MA 3-methyl adenine

AC adenylyl cyclase 

ADPR adenosine diphosphoribose

AMPK    adenosine monophosphate activated protein kinase

AR androgen receptor

ATCC american type culture collection

ATG autophagy related protein

Atg autophagy related gene

ATP                     adenosine 5'-triphosphate

Ca2+ calcium

[Ca2+]i intracellular calcium 

cd2+ cadmium 

CAD        CRAC activation domain 

CAI                     Carboxyamidotriazole

cAMP                            3'5' cyclic adenosine monophosphate

CaN                   calcineurin

CREB                 cAMP response element binding protein 

CICR          calcium induced calcium release

CMA chaperone mediated autophagy



CQ chloroquine

DAG  diacylglycerol 

DAPK  dependent death associated protein kinase

DMEM dulbecco’s modified Eagle’s medium

DMSO dimethyl sulfoxide

DSCR1 Down’s syndrome critical region 1

DYRK1A dual-specificity tyrosine-phosphorylated and regulated kinase 1A

EDTA éthylène diamine tétraacétique 

ER endoplasmic reticulum 

ERK  extracellular signal-regulated kinase 

GFP              green fluorescent protein

HEK-293 human embryonic kidney 293 cells

ICRAC calcium release activated calcium current 

IGF  Insulin like growth factor 

IP3              inositol triphosphate

IP3R inositol triphosphate receptor

LC3 light chain 3

Li 3+ Lithium

LNCaP Lymph node carcinoma of the prostate

LRRK2 leucine-rich repeat kinase-2 

MAPK mitogen activated protein kinase

MCU mitochondrial calcium uniporter



MCUR1 mitochondrial calcium uniporter regulator 1 

MLCK myosin light chain kinase

MPT mitochondrial permeability transition

MPTP Mitochondrial Permeability Transition Pore

mtor mammalian target of rapamycin 

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

tetrazolium salt

MW molecular weight 

NAADP nicotinic acid adenine dinucleotide phosphate

NE neuroendocrine

NF-AT nuclear factor of activated T cell 

Orai1 calcium release activated calcium channel protein1

PBS phosphate buffered saline

PC3 prostate adenocarcinoma

PE phosphatidylethanolamine

PI3K phosphoinositide 3 kinase 

PIP3 phosphatidylinositol (3,4,5)

PLC                phospholipase C

PM plasma membrane

PMCA plasma membrane calcium ATPases

prApe1 precursor form of aminopeptidase I

PSA prostate specific antigen 



PTEN phosphatase and TENsin 

PTP permeability transition pore

Rb retinoblastoma

Rheb Ras homology enriched in brain

ROCs receptor operated channels

RT-PCR reverse transcription polymerase chain reaction

RyR ryanodine receptor 

SAM sterile α-motif

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

SERCA sarcoendoplasmic reticular calcium ATPases

siRNA small interfering Ribonucleic acid

SOAR STIM-Orai activating region

SOC Store operated calcium 

SOCE store operated calcium entry

STIM1 Stromal interaction molecule 1 

TG thapsigargin

TPCs two pore channels

TRP transient receptor potential 

TRPA transient receptor potential ankyrin-like

TRPC        transient receptor potential canonical 

TRPML transient receptor potential mucolipin 

TRPM transient receptor potential melastatin



TRPP transient receptor potential polycystin

TRPV transient receptor potential valinoid

tor target of rapamycin

Tsc tuberous sclerosis complex

VEGF vascular endothelial growth factor

VGCCs voltage-gated calcium channels

VOCs voltage operated channels

XeB xestospongin



Introduction



I- Cancer

A- Hallmarks of Cancer

Cancer  affects  the  young  and  old,  the  rich  and  poor,  men,  women  and  children

without discrimination and represents a burden on patients, families and societies. Cancer is

considered to be a chronic disease formed due to dynamic changes in the genome, where

the oncogenes have dominant gain of function as compared to tumor suppressor genes with

recessive loss of  function.  It  is  a succession of  genetic  alterations causing the change of

normal cells to malignant cancers. Even though, the human body has different mechanisms

for maintaining the genome and DNA sequence information in order, like the presence of

checkpoints  that  act  at  critical  times,  cancer  can  still  develop  due  to  malfunction  of

components of this genome. Thus, causing genome instability and generation of mutant cells

(Kreuzaler et al., 2012). 

Cancer is one of the leading causes of death in the world, particularly in developing 

countries. In 2008, cancer accounted for 7.6 million deaths which is equivalent to 13% of 

deaths in the world. Moreover, the deaths from cancer are projected to continue to rise to 

over 13.1 million in 2030 worldwide (http://www.who.int/cancer/en/index.html). Lung 

cancer causes the most cancer deaths each year. It is followed in death’s frequency by 

prostate cancer, with approximately one out of six men are being diagnosed with prostate 

cancer worldwide. The research done in this thesis was conducted mainly on prostate cancer 

cells, so there will be a focus on cancer in general and prostate cancer in specific. Prostate 

cancer can develop fast due to metastasis leading to eventual death of about 250,000 men 

yearly. In 1990, the prostate specific antigen was discovered which lead to the diagnosis of 

this cancer in its early stages paving the way for the ability to stop cancer in its early form, 

significantly increasing chances of arresting disease in its benign stage (Lilja et al., 2012). 

Since that time, intensive research was done to treat cancer in its all stages. However, further

investigations must be done to reach a proper understanding of changes that lead to the 

progression from a pre-cancerous lesion to a malignant prostate tumor. These changes could 

be a result of various cellular interactions.

There are more than 100 types of cancer, each has specific genotype. However, most

of these genotypes can be classified in terms of six alterations in physiology that characterize



malignant growth (Hanahan and Weinberg, 2011). The six essential alterations and hallmarks

of cancer are as the following and as shown in (Figure 1).

-  Sustained  proliferation: Cancer  cells  secrete  mitogens  as  well  intrinsic  growth  factors

represented  by  neuroendocrine  (NE)  differentiated  cells.  NE  differentiation  occurs  in

carcinomas  such  as  colorectal,  lung,  breast  and  prostate.  The  ability  of  tumor  cells  to

produce  their  own  growth  signals  through  the  activation  of  Ras  oncogene  makes  them

independent  of  obtaining  growth  factors  from  other  cells  within  the  tissues  or  induces

neighboring cells to secrete growth signals so as these tumor cells can proliferate. Normal

cells  cannot  proliferate  without  such stimulatory  signals  (Hanahan and Weinberg,  2000).

However, cancer cells can also activate signaling pathways operating downstream of growth

receptors (Hanahan and Weinberg, 2011). Cancer cell genomes show somatic mutations in

certain  human  tumors  causing  activation  of  signaling  pathways  usually  stimulated  by

activated growth factor  receptors  (Davies  and Samuels,  2010).  Cancer  tumors could also

show catalytic mutations in phosphoinositide 3-kinase (PI3K) pathway, causing hyperactivity

in PI3K signaling including Akt that is its key transducer (Jiang and Liu, 2009).

It is also worth noting that defects in negative feedback mechanisms that are usually

responsible in attenuating proilerative signaling enhances proliferation in tumors (Wertz and

Dixit,  2010). An example to this would be RAS oncoprotein. Ras is oncogenic not due its

hyperactivation but due to mutations in its genes compromising Ras GTPase activity that

usually  operates  as  a  negative  feedback  mechanism.  Another  mechanism  involves  PTEN

phosphatase which usually degrades PI3K product phosphatidylinositol (3,4,5)triphosphate

(PIP3)  and thus counteracts PI3K (Jiang and Liu, 2009). During tumorigenesis, loss of function

mutations in PTEN amplifies PI3K signaling and thus sustain proliferation.  Phosphate and

TENsin (PTEN) expression is usually lost by promoter methylation in human tumors (Yuan and

Catley, 2008).

Another example is mammalian target of rapamycin (mtor) kinase, the cell growth

and  metabolism  regulator.  Activation  of  mtor  by  negative  feedback  loop  inhibits  PI3K

signaling (Sudarsanam and Johnson, 2010). However, when mtor is inhibited in cancer cells,

the  activity  of  PI3K  is  increased  due  to  the  loss  of  negative  feedback,  thus  achieving

sustained proliferation in those cells. 



Finally, in some cases the ever increasing expression of some oncoproteins like RAS

does not  result in increased cancer proliferation but rather non proliferative but viable state

known as senescence (Collado and Serrano, 2010). 

-  Evading  gorwth  suppressors:  Tissue  homeostasis  depends  on  the  action  of  multiple

mitogens  and  extracellular  growth  inhibitory  signals  that  limit  proliferation  by  inducing

proliferation arrest, apoptosis, differentiation or senescence. Cancer cells are able to escape

such anti proliferative signals through the disruption of retinoblastoma (Rb) and P53 protein

pathways. The loss of Rb suppressor and liberation of transcription genes that usually control

the progression from G1 to S phase allows cell proliferation regardless of antigrowth signals

that  demands  cells  to  be  quiescent.  Therefore,  when  Rb,  the  gatekeeper  of  cell  cycle

progression,  is  not  present  proliferation  is  sustained  (Hanahan  and  Weinberg,  2000).

Inhibiting proliferation depends on other factors as well. P53 senses abnormalities , stress

and if the genomic damage is enormous P53 prevents cell cycle progression until the damage

is  removed  or  apoptosis  takes  place  (Burkhar  and  Sage,  2008).  Moreover,  cancer  cells

overexpress c-myc oncoprotein which allows the impairement of differentiation and promote

growth.

Finally, it has been shown that cell to cell contact formed by dense populations of

cells suppress cell proliferation. However, this cell to cell contact inhibition is abolished in

various  types  of  cancer  cells  where  the  mechanisms  of  contact  inhibition  are  being

investigated (Hanahan and Weinberg, 2011).

- Resisting cell death:  The ability of tumor cells to expand in number depends not only on

the proliferation rate of the cells but also on the rate of cell death by the programmed cell

death,  apoptosis.  Cancer cells are able to resist apoptosis through production of survival

factors and through mutation in the tumor suppressor p53 protein. The inactivation of p53

protein is found in more than 50 % of human cancers and results in defects in the apoptotic

machinery (Hanahan and Weinberg,  2000).  In fact,  apotosis  is  attenuated in tumors that

become malignant and resistant to therapies (Adams and Cory, 2007). Tumors can escape

apoptosis by increasing the expression of antiapoptotic regulators like Bcl-2 and/ or down

regulating  the  proapoptotic  factors  like  Bax,  Bim and Puma.  Recent  research  has  shown

interconnections  between  the  pathways  governing  apoptosis,  autophagy  and  celluar



homeostatsis. For example, they share PI3K, AKT and mtor pathway. It could be that nutrient

deprivation, radiotherapy and other stresses can induce elevated levels of autophagy that

could be the reason for cancer cells survival due to the cytoprotective role of autophagy

(Hanahan and Weinberg, 2011).

Another form of cell death that can be programmed is necrosis. Necrotic cell death, unlike

apoptosis  and  autophagy,  releases  inflammatory  signals  into  the  surrounding  tissues.

Evidences show that immune inflammatory cells can be tumor promoting allowing cancer

cell proliferation, angiogenesis and invasiveness. Thus, these tumor promoting inflammatory

cells can be beneficial for the survival of cancer cells (White et al., 2010; Levine and Kroemer,

2008).

- Enabling replicative immortality: Normal cells possess an intrinsic program that limits their

proliferative growth to 60, 70 divisions. The prevention of chromosomal telomere shortening

during the replication of  cancer cells  due to the enhanced activity  of  telomerase makes

tumor cells immortal and that is to multiply without limit (Hanahan and Weinberg, 2000).

Cells are considered immortal when they emerge from a population in crisis/dying  which

have escaped senescence and thus exhibited an unlimited replicative potential (Hanahan and

Weinberg, 2011).

- Inducing angiogenesis: The presence of oxygen and nutrients and evacuating carbondioxide

and  metabolic  wastes  are  crucial  events  for  keeping  cell  integrity.  Thus,  for  tumors  to

progress they must stimulate the growth of new blood vessels from the endothelium of the

existing vasculature which is  known as  angiogenesis.  During tumor development,  tumors

activate the angiogenic switch from vascular quiescence by playing around with the balance

between angiogenesis inducers and inhibitors especially with increasing the production of

the  vascular  endothelial  growth  factor  (VEGF)  (Hanahan  and  Weinberg,  2000).  Other

proangiogenic  signals,  such  as  fibroblast  growth  factor  family  help  sustain  tumor

angiogenesis  (Baeriswyl  and  Christofori,  2009).   Recently,  it  has  been  shown  that  cells

originating from the bone marrow have a role in pathological angiogenesis associated with

tumor growth, such cells include macrophages  and neutrophils (Qian and Pollard, 2010).

- Activating invasion and metastasis: Tumor cells can penetrate blood or lymphatic vessels,

circulate through the intravascular system and then proliferate at another site; the process



known as metastasis. Metastasis is the cause of 90 % of human cancer deaths. The most

important  alteration  observed  in  cancer  metastasis  concerning  the  cell-environment

interaction is  the inactivation of  E-cadherin,  a  cell  to  cell  interaction molecule  found on

epithelial cells. Most of the epithelial cancers have inactive E-cadherin or beta catenin genes,

transcriptional  repression  or  proteolysis  of  cadherin  extracellular  domain  (Hanahan  and

Weinberg, 2000). Another factor that affects the invasive and metastatic property of cancer

is  protease  genes  that  are  up  regulated  and  protease  inhibitor  genes  that  are  down

regulated.  It  is  thought  that  successful  invasion  and  metastasis  occurrence  requires  the

involvement of all  of  the above mentioned hallmarks of cancer (Hanahan and Weinberg,

2000).  Novawadays,  the  process  of  invasion  and  metastasis  is  known  as  an  invasion-

metastasis cascade beginning with a local invasion, intravasation of cancer cells into nearby

blood and lymphatic vessels , transit of cancer cells through the lymphatic systems, followed

by extravasation and that is by the escape of cancer cells into the parenchyma of distant

tissues,  the  formation  of  small  nodules  of  cancer  cells   known  as  micrometastasis  and

followed by the last step known as colonization through the growth of microscopic lesions

into macroscopic tumors (Talmadge and Fidler, 2010).

Figure 1: The hallmarks of cancer (Hanahan and Weinberg, 2011). 



B- Enabling charactersistics and emerging hallmarks

All of the above mentioned hallmarks of cancer are aquired functional capabilities

that allow the cancer cells to grow, survive, proliferate and spread. However, their acquisition

is made possible by two enabling characteristics (Figure 2). The first is genome instability and

mutation. The development of genomic instability in cancer cells generates rare mutations

including rearrangement of chromosomes all  of which leads to the formation of hallmark

capabilities as stated above. The second one is tumor promoting inflammation where the

inflammatory state of premalignant and malignant lesions that are formed by cells of the

immune  system  could  promote  tumor  progression  by  various  means  (Hanahan  and

Weinberg, 2011). 

Moreover,  it was proposed that other hallmarks could be added to the list since may

facilitate  the  development  and  progression  of  many  human  cancers  and  thus  would  be

considered as emerging hallmarks of cancer as also shown in Figure 2. Two of which were

thought to be compelling (Negrini et al., 2010). The first involves reprogramming of cellular

energy metabolism in order to support continuous cell growth and proliferation. The second

involves active evasion by cancer cells from attack and elimination by immune cells (Hanahan

and Weinberg, 2011).

Figure 2: Emerging hallmarks and enabling characteristics (Hanahan and Weinberg, 2011).



C- The tumor microenvironment

It is not enough to study tumors by cancer cell characteristics of individual cell types

within it but also by studying the whole tumor microenvironment that cancer cells construct

during tumorigenesis. The tumor is not just a group of homogeneous cancer cells as shown

Figure 3  but rather includes a subclass of neoplastic cells within tumors known as cancer

stem cells (Cho and Clarke, 2008). For example, in carcinomas the neoplastic epithelial cells

constitute  the  parenchyma that  is  different  from  the  mesenchymal  cells  that  forms  the

tumor  associated  stroma.  The  multiple  stromal  cell  types  create  a  succession  of  tumor

microenvironments that change as tumors invade normal tissues. Therefore, the stromal cell

types and the extracellular matrix change during primary, invasive and metastatic growth

(Singh et al., 2010).

Figure 3: The cells of the tumor microenvironment (Hanahan and Weinberg, 2011).



II- Calcium in physiology and pathology

             A- Calcium Signaling in cell survival and cell death

Each cell type has a special signaling pathway for delivering calcium signals with the

spatial  and  temporal  properties  corresponding  to  its  specific  function  and  physiology.

Signaling pathways have one thing in common and that is the ability to generate calcium

transients  (Berridge  and  Roderick  et  al.,  2003).  A  transient  is  a  small  increase  in  free

intracellular  calcium.  it  is  organized  into  regular  oscillations.  An  increase  in  intracellular

calcium can be due to calcium entry or release from internal stores. Inositol triphosphate

(IP3) has roles in integrating the process of calcium entry and release. It can act locally at

membrane to promote calcium entry  through a conformational  coupling mechanism and

that is through stimulating inositol triphosphate receptors (IP3Rs) that are coupled to entry

channels. IP3 can also indirectly activate calcium entry by stimulating uncoupled IP3Rs in

junctional zones to switch on store operated calcium (SOC) pathway to ensure that internal

stores  remain  filled.  However,  the  calcium  that  enters  is  taken  mostly  by  endoplasmic

reticulum (ER) increasing calcium in lumen. When there is overload in internal stores, calcium

is released through increasing the sensitivity of uncoupled IP3R to participate in regenerative

release of calcium. Whatever is the entry mechanism, the important issue is that entry brings

calcium into the cell before a spike during an oscillation. Therefore, calcium response starts

with IP3 induced calcium entry and when there is luminal overload there will be regenerative

calcium release or a spike (Berridge, 2004).  Moreover, calcium entry can be activated by

other ways as well.

Calcium signaling  plays  a  significant  role  in  cell  survival  and cell  death.  The  tight

interplay between ER and mitochondria is a key determinant of cell  function and survival

through  the  control  of  intracellular  calcium  signaling.  The  physical  platform  for  the

association between the ER and mitochondria is a domain of the ER called the mitochondrial

associated membrane (Higo et  al.,  2010).  It  is  crucial  for  highly  efficient  transmission of

calcium from the ER to mitochondria,  thus controlling fundamental  processes involved in

energy production and also determining cell fate by triggering or preventing apoptosis. 

Normal ER to mitochondria calcium signaling should remain within a relatively small

physiological  range  (Higo  et  al.,  2010).  Overload of  calcium uptake  by  the  mitochondria



stimulates the calcium sensitive matrix dehydrogenases and thus mitochondrial adenosine 5'

trisphosphate  (ATP)  production.  Mitochondrial  calcium  overload  was  for  a  long  time

recognized as a determinant in apoptotic and necrotic cell death and was related to the role

of the mitochondrial permeation transition pore (PTP). Persistent PTP opening is followed by

mitochondrial  depolarization and calcium release,  cessation of oxidative phosphorylation,

matrix swelling with inner membrane remodeling, and eventually outer membrane rupture

with release of cytochrome c and other apoptotic proteins (Bernardi et al., 2007). On the

other hand, sufficient calcium supply by constitutive activity of the IP3R is needed to provide

calcium to the mitochondria for efficient oxygen consumption and ATP production (Cardenas

et al., 2010 and Higo et al., 2010). In the absence of this calcium transfer, cells are prone to

activation of autophagy to sustain their survival (Cardenas et al., 2010).

Physiological  calcium influx is essential for cell  survival  by virtue of all  the cellular

responses mediated by calcium from gene regulation to neurotransmission. Calcium influx is

required to maintain all forms of calcium signals from puffs to oscillations to calcium waves

(Lee et al., 2010). Yet, excessive calcium influx is highly toxic leading to cell death. This has

been widely documented for  cell  death programs in neurons (Berliocchi  et  al.,  2005 and

Berna-Erro et al., 2009) and in blood cells (Kummerow et al., 2009). Calcium toxicity and cell

death due to calcium influx activated by excessive receptor stimulation and by other cell

stressors lead to several pathologies (Petersen et al., 2009).

B- Role of calcium in physiology

 Calcium signals  could  be  of  two functions  due  to  spatial  localization of  calcium:

elementary  activating  physiological  cellular  processes  in  the  channels  like  membrane

excitability, mitochondrial metabolism, vesicle secretion, smooth muscle relaxation, mitosis

or it could be deeper through channels producing an intracellular calcium wave that cause a

global action on the cell like fertilization, smooth, skeletal and cardiac muscle contractions,

liver metabolism, gene transcription and cell proliferation also it produces intercellular global

calcium  wave  that  spreads  from  one  cell  to  the  other  enhancing  their  communication

(Berridge and Lipp et al., 1998). 



According to the physiological function of the cell, different frequency modulation of

calcium can be used. For example, in order for the muscle of the heart to contract,  cells

should increase the frequency of calcium sparks and activate gene transcription. Cells have

also developed special ways to sense the frequency and duration of calcium oscillations or

signals through the action of calcium dependent transcription factor cAMP response element

binding protein (CREB) and enzymes like Calmodulin-dependent protein kinase II, the down

stream  effector  of  calcium  sensor  protein  Calmodulin.  Cells  are  also  able  to  sense  the

changes in amplitude of calcium signaling. For example, calcium oscillator can be driven for

10-20  hours  during  the  physiological  process  of  fertilization  due  to  the  activation  of

phospholipase C that produces IP3. Later in fertilization, calcium signals are important for the

differentiation of specific cell types and in development of heart, for example, they help in

the  production  of  the  heart’s  septum  and  valves  through  calcium  sensitive  protein

phosphatase calcineurin (CaN) activating the transcription of nuclear factor of activated T cell

(NF-AT) (Clapham 2007).

Calcium signaling plays also an important role in the development of nervous system.

In case of neurons, when a signal is received calcium enters the spines from external sources

through receptor operated channels (ROCs) or voltage operated channels (VOCs) and from

internal sources like channels activated by IP3 to amplify the signal. Moreover, in case of

electrical signals, calcium entering through VOCs causes the release of neurotransmitters and

these  signals  are  usually  fast.  However,  localized  calcium  release  from  ER has  a  role  in

neurons excitability  (Berridge and Lipp et al.,  1998).  In  addition,  in case  of  learning and

memory,  calcium  activates  3′,5′-cyclic  adensosine  monophosphate  (cAMP)  and  mitogen

activated protein kinase (MAPK) and PI3K signaling pathways to control synaptic strength.

Calcium signaling is also involved in the proliferation of immune cells in response to foreign

antigens producing IP3 causing the release of calcium from internal stores that are refilled by

SOC in order to maintain a prolonged increase of  calcium. This  increase also causes the

activation of NF-AT (Berridge 2012).

The stability of calcium signaling depends on the transcription of genes responsible

for regulating the calcium signaling pathway. For example, NF-AT activates the transcription

of genes like endothelin, the transient receptor potential (TRP) family member canonical TRP



channel 3 (TRPC3) and TRPC6, IP3R, NF-AT2, Down’s syndrome critical region 1 (DSCR1), dual-

specificity  tyrosine-phosphorylated  and  regulated  kinase  1A (DYRK1A)  and  the  large

conductance K+ channels. When there is increase in intracellular calcium, CREB activates the

expression of the anti-apoptotic factor Bcl-2 which can inhibit calcium release by the IP3Rs

and activated CaN dephosphorylates NF-AT (Figure 4) (Berridge 2012).

Figure 4: Calcium dependent transcription factors and calcium signaling components 

(Berridge 2012).

C- Role of calcium in pathology

The  role  of  calcium in  many cell  signaling  pathways  lead  to  calcium homeostasis

characterized by a steady state of calcium influx, efflux and storage. In fact, each cell whether

normal or pathological is characterized by a special calcium signaling mechanism depending

on its duration, frequency, amplitude and cellular localization. Calcium signaling through IP3

is very important in the control mechanisms in most cell types. In non-excitable cells, it is

involved in cell activation. In excitable cells, the fast-acting voltage-sensitive calcium entry

ways provide calcium signal for cell activation, whereas the IP3 calcium pathway modulates



the intensity of calcium signaling. Many of the serious diseases in humans seem to result

from defects in calcium signaling especially defects in the function of IP3 calcium signaling

pathway in controlling the activity of excitable cells such as cardiac cells in heart diseases and

neurons  in  neurological  diseases  (Berridge,  2012)  and  cancer.  Moreover,  deregulated

cytosolic  calcium  concentration  obtained  due  to  abnormalities  or  mutations  in  calcium

channels,  calcium  transporters,  calcium pumps  and  calcium binding  proteins  can  induce

multiple pathologies.

In case of heart diseases, there is an increase in cardiac hormones like endothelin and

adrenergic agents that leads to the elevated production of IP3 causing an increase in the

force of heart contractions and fast heart beats due to the increase in calcium release. Also,

cardiac  hypertrophy and congestive  heart  failure  are  induced by  hormones that  operate

through the IP3 calcium pathway where IP3 triggers elevation in nuclear calcium signaling

(Berridge, 2006). Remodeling of calcium signaling and defects in IP3 calcium pathway can

lead to severe neural diseases like Alzheimer’s disease, bipolar disorders and schizophrenia.

For  example,  in  Alzheimer’s  disease,  it  is  thought  that  abnormal  amyloid  metabolism

remodels calcium signaling homoeostasis which causes the progressive decline in memory

and the increase in neuronal cell apoptosis. Elevation of calcium in the resting levels due to

the increased activity of IP3 receptors is detected in this disease (Berridge, 2012). However,

irregular calcium entry through SOC leads to autoimmune diseases (Izquierdo et al., 2013)

and kidney diseases (Pochynyuk et al., 2013). Further, decreased calcium in lumen of ER may

lead to diseases that have gained less attention so far  but yet  are  serious as  the above

mentioned and may induce apoptosis and cell death (Mekahli et al., 2011).

Moreover,  deregulation  in  calcium homeostasis  leads  serious  diseases  like  cancer.

Cancer is caused by defects in the mechanisms underlying cell proliferation, apoptosis and

migration.  Calcium is  central  to  the proper functioning of  all  of  these mechanisms since

disruption  in  calcium  homeostasis  and  altered  expression  and  or  function  of  calcium

channels lead to promotion and progression of cancer cells. It is unquestionable now that

calcium channels and transporters play a role in all stages of cancer disease from initiation to

metastasis since is being involved in nearly all of the hallmarks of cancer (Pederson et al.,

2013). 



Calcium signaling of long durations is important for growth signals in many cells like in

case of fertilization. Defects in calcium signaling can cause problems in cell growth leading to

cancer.  It  is  known  that  in  cancer  cells  calcium  requirement  is  reduced  for  cell  growth

(Berridge  1993).  The  role  of  calcium is  well  established in  many cell  signaling  pathways

involved in carcinogenesis like cell prferation, differentiation and apoptosis (Prevarskaya et

al.,  2011).  The  involvement  of  calcium  permeable  channels  in  regulation  of  cellular

proliferation and apoptosis has been established since 1980. The transformation of a normal

cell into a cancer cell is affected by defects in calcium pumps, sodium/calcium exchangers

and calcium channels, which lead to abnormal cell growth and abnormal death mechanisms

(Prevarskaya  et  al.,  2007).  Calcium  release  from  internal  stores  has  a  role  in  impairing

apoptosis in prostate cancer (Shapovalov et al., 2013).

III- Calcium regulatory systems

A- Calcium pumps and exchangers

ATPase pumps actively moves calcium into the ER through sarcoendoplasmic reticular

calcium ATPases  (SERCA)  pumps  or  moves  it  out  of  the  cell  through  plasma membrane

calcium ATPases  (PMCA)  pumps.  These  pumps  have  low capacities  for  calcium but  high

affinities  which enables  them to keep the low resting levels  of  calcium at  about  100nM

(Strehler and Treiman, 2004). 

The  sodium/calcium  exchangers  and  the  sodium/calcium  potassium  exchangers

exchange one calcium ion for three sodium ions or cotransport one potassium ion with one

calcium ion in  exchange for  four  sodium ions.  The sodium/calcium exchangers  have  low

affinities for calcium but high capacities and this enables them to function at the beginning

of  the  recovery  process  in  order  to  quickly  remove  calcium.  Therefore,  the  PMCAs  are

effective at maintaining low internal calcium over long durations, whereas sodium/calcium

exchangers  and  sodium/calcium  potassium  exchangers  can  make  the  rapid  adjustments

needed during generation of action potentials (Hilgemann et al., 2006).



B- Channels

The sources of calcium at the cellular level could be internal from calcium stores or

channels  on different organelles  or  could be from external  sources  through channels  on

plasma membrane. Calcium signals that originate from channels in the plasma membrane or

internal stores constitute the major blocks in calcium signaling.

1. Calcium channels of intracellular membranes

The two major classes of intracellular calcium channels involved in regulation of cell fate

and release of calcium from internal stores are IP3Rs and Ryanodine receptor (RyR) families.

These channels  are  activated by calcium,  enabling these release channels  to excite  each

other to create intracellular calcium waves during the globalization of calcium signals.

a- IP3R

IP3R  is  a  membrane  glycoprotein  complex  which  represents  a  dominant  second

messenger leading to the release of calcium from intracellular stores. IP3Rs constitute the

network  of  ER  or  sarcoplasmic  reticulum  the  major  calcium  stores,  where  they  control

cellular processes like excitation-contraction coupling, apoptosis and autophagy (Shapovalov

et  al.,  2013).  IP3Rs  increase  intracellular  calcium  from  100nM  to  about  1µM.  They  are

activated upon binding to IP3 produced by G protein coupled receptors and protein tyrosine

kinase  linked  receptors  that  are  coupled  to  different  phospholipase  C  isoforms  which

hyrolyzes PIP2 into IP3 and diacylglycerol (DAG). IP3 can bind to the ER membrane calcium

permeable IP3Rs and cause them to open realeasing the stored calcium into the cytosol

(Clapham., 2007). Three homologues genes: ITPR1, ITPR2 and ITPR3 encode for the three

IP3R types. The three types are IP3R1, IP3R2 and IP3R3. They have multiple splice variants in

mammalian cells including humans. The isoforms have distinct and overlapping patterns of

expression with most cells expressing more than one isoform. The IP3Rs are ubiquitously

expressed  (Foskett  et  al.,  2007).  The  diversity  of  IP3R  expression  is  impressive,  but  the

functional implications of this diversity, both at the single channel as well as cellular levels, are

still only poorly explored. This diversity suggests that cells require distinct IP3Rs to regulate

specific  functions.  Cerebellar  Purkinje  neurons  express  the  type  1  isoform predominately,



whereas insulin secreting βcells express primarily the type 3 channel (Taylor et al., 1999), and

cardiac myocytes express predominately the type 2 isoform (Perez et al., 1997). 

IP3R  channels  depend  on  various  ligands  such  as  IP3,  ATP,  and  cytosolic  calcium

allowIing the investigation of spatiotemporal phenomena such as the spatial transmission of

calcium signals within and between cells by calcium waves (Siekmann et al., 2012). 

b- RyR

RyR channels are found in skeletal and smooth muscle cells as well as neurons. It is

the major  cellular  mediator  of  calcium induced calcium release (CICR)  in mammals.  It  is

activated  by  nucleotide  messenger,  cyclic  ADP-ribose  that  target  RYRs  on  ER  to  ensure

intracellular  calcium  release  and  can  also  be  gated  via  protein-protein  interaction  with

plasma membrane  (PM) voltage  gated  calcium channels,  a  mechanism characteristics  of

skeletal muscles (Lee et al., 2011). There is 3 isoforms: RyR1 found in skeletal muscles, RyR2

found in smooth muscles of heart and RyR3 found in brain. Like the IP3R, RyRs are massive

tetrameric channels permeant to calcium. The primary natural agonist of RyR is calcium like

most calcium permeant channels where higher cytoplasmic calcium near the mouth of the

channel inhibits gating and prevents calcium overload. Eighty percent of the RyR’s mass is

cytoplasmic,  where  it  interacts  with  several  binding  proteins.  RyRs  may  interact  with

members of the TRPC family (Darszon et al., 2011). In physiological conditions; IP3 or RyR

receptors stimulate the activaton of store operated channels (Capoid et al., 2011). 

c- Other channels of intracellular membrane

There is a novel class of endolysosomally localized nicotinic acid adenine dinucleotide

phosphate (NAADP) sensitive two pore channels (TPCs). It is a small family of two members

that forms cation selective ion channels. They are found within the endolysosomal system as

calcium  channels  that  release  calcium  in  response  to  NAADP  (Berridge  2012).  Calcium

released locally from the endolysosomes can be further coupled to the realease from the ER

via CICR, thereby inducing global calcium signals. Notably, in lymphokine activated killer cells,

NAADP was shown to increase lysosome related intracellular calcium signaling, as well as

migration suggesting a role of NAADP in calcium dependent migratory behaviours (Rah et al.,

2010).



Also several subtypes of mammalian TRP channel are located within the membranes of

intracellular  organelles  and  mediate  calcium  release  in  mammalian  cells  like  transient

receptor potential cation channel mucolipin subfamily member 2 (TRPML), transient receptor

potential  melastatin  (TRPM)  and  transient  receptor  potential  valinoid  (TRPV)  as  shown

(Figure 5).

Figure 5: Cytosolic calcium regulation (Yassine Maya)

2. Plasma membrane calcium permeable channels

a- SOC channels

Refilling of  intracellular  stores,  typically  the ER,  occurs  via  store  operated calcium

entry (SOCE). The decrease in ER calcium activates SOC channels in the plasma membrane,

leading to influx of extracellular calcium (Muller et al., 2014).

SOC channels are located in the plasma membrane of non-excitable cells. Normally,

when ER calcium content decreases below threshold it triggers stromal interaction molecule

1  (STIM1)  to  relocate  to  PM and  to  oligomerize  to  interact  with  Orai1  (calcium release

activated calcium channel protein 1) protein which is the first step in SOCE activation. The

first calcium current regulated by store depletion was named the calcium release activated



calcium current (ICRAC).  TRP channels were the first  channels thought to produce ICRAC

current through SOC activity (Darszon et al., 2011). Many scientific studies have shown that

SOC activity is triggered by blocking SERCA pump that causes the gradual store depletion of

calcium.  SOCE  is  involved  in  muscle  contraction,  exocytosis  and  sperm  chemotaxis.  The

physiological and pathological importance of SOCE has been implicated in many diseases,

especially in immune disorders and cancer since it has a role in apoptosis,  proliferatiion,

invasion, migration and metastasis regulation (Chen et al., 2013).

a.1 STIM1 protein

Stromal interacting molecule 1 (STIM1) is a transmembrane protein integral to the ER

membrane that forms the ER calcium sensing component (Muller et al., 2014). However, at

least two families of proteins mediate the associated entry of calcium across the PM and

they are the TRP channels and Orai proteins (Liou et al., 2005). Upon activation of the IP3R,

the calcium concentration in the ER decreases, that is sensed by STIM1 through its EF hand

domain. STIM1 activates Orai1 in the PM via protein-protein interaction. STIM molecules,

STIM1 and STIM2, are the single transmembrane proteins that are mainly localized in the ER

membrane. The important functional domains of STIM1 include a canonical EF hand calcium-

binding domain and a sterile α-motif (SAM) protein interaction domain in the luminal  N-

terminal  end,  and  a  STIM-Orai  activating  region  (SOAR),  which  is  similar  to  the  CRAC

activation domain (CAD), in the cytoplasmic C-terminal end (Chen et al., 2010). The EF hand

domain  enables  STIM1  to  sense  small  decreases  in  ER  luminal  calcium  concentration,

whereas the SAM domain mediates the STIM1 oligomerization. When ER calcium is depleted,

STIM1 proteins oligomerize into multiple punctae and redistribute to the PM, known as the

ER-PM junctions as shown in (Figure 6).  Following puncta formation, STIM1 directly interacts

with SOCE channels in the plasma membrane, either TRP channels  or pores formed by Orai

proteins (Huang et al.,  2011). Triggered by STIM1 these channels open, allowing influx of

Ca21 and subsequent refilling of stores through uptake of calcium ions into the ER by SERCA

pumps. Although STIM2 molecule is similar in the overall structure and properties to STIM1,

such as in ER localization, luminal calcium binding and redistribution to puncta at ER-plasma

membrane junctions upon calcium store depletion, its role in SOCE activation is still not clear

(Soboloff et al., 2012).



a.2 Orai1 protein

Mammals possess three types of Orai proteins (Orai1, 2 and 3) of which Orai1 is the

most characterized. Although all three Orai proteins form functional SOC channels when co-

expressed with STIM1, they differ in tissue distribution and in the selectivity and calcium

conductivity.  Orai1  protein,  a  four  transmembrane  domain  calcium  channel  in  the  PM,

translocates  to  the  STIM1-containing  ER-plasma  membrane  junctions  following  store

depletion and opens to mediate calcium entry as shown in  (Figure 6). The opening of the

Orai1 calcium channel is mediated by the direct physical interaction between the cytoplasmic

C-terminal domain of Orai1 and the cytoplasmic C-terminal SOAR/CAD domain of STIM1.

Figure 6: STIM1 dependent SOCE activation (Soboloff et al., 2012).

b- Voltage gated calcium channels

Voltage gated calcium channels (VGCCs) are commonly associated with excitable cells

and physiological processes such as neurotransmitter release, excitation-contraction coupling

or  hormone secretion  and are  activated  by  depolarizing  membrane  potentials.  They  are

classified as  slow,  intermediate and high voltage activated channels.  For  example,  L-type

calcium channel (Long-Lasting) responsible for long lasting action potential in cardiac cells

and  dendrites  and  P-type  calcium  channel  (Purkinje)  found  in  Purkinje  neurons,  Q-type



calcium channel found in cerebellar cells and N-type calcium channel (Neural/Non-L) found

in brain and peripheral nervous system are high voltage activated channels. R-type calcium

channel  (Residual)  found  in  cerebellar  cells  and  some  neurons  are  intermediate  voltage

activated calcium channels and T-type calcium channel (Transient) found in neurons, cells

that have pacemaker activity and bone cells are low voltage activated channels (Murata et

al., 2005). 

c- Ligand gated calcium channels

They are transmembrane ion channels that open to allow ions like calcium to cross

the membrane as activated by ligands such neurotransmitters. These proteins are typically

composed of at least two different domains: a transmembrane domain which includes the

ion  pore,  and  an  extracellular  domain  which  includes  the  ligand  binding  site.  They  are

classified  into  3  subfamilies Cys-loop receptors,  Ionotropic  glutamate  receptors  and ATP-

gated  channels.  They  are  involved  in  fast  chemical  synaptic  transmission  in  the  nervous

system but they can also be found extrasynaptically as well as outside the nervous system

(Murata et al., 2005). The cys-loop receptors are named after a characteristic loop formed by

a disulfide bond between two cysteine residues in the N terminal extracellular domain. They

are subdivided with respect to the type of ion that they conduct anionic or cationic and

further into families defined by the endogenous ligand. The ionotropic glutamate receptors,

for example NMDA, bind the neurotransmitter glutamate. They form tetramers with each

subunit  consisting  of  an  extracellular  amino  terminal  domain  that  involves  tetramer

assembly, an extracellular ligand binding domain that binds glutamate, and a transmembrane

domain that forms the ion channel. ATP gated channels open in response to binding ATP.

They  form  trimers  with  two  transmembrane  helices  per  subunit  and  both  the  C  and  N

termini are on the intracellular side. P2X purinergic ionotropic receptor families have several

members that open in response to the binding of extracellular ATP. Ligand gated calcium

channels are involved in several cellular processes like cardiac contraction, chronic pain and

apoptosis (Connolly et al., 2004).



d- TRP channels

I  will  be  talking  in  more  detail  about  these  channels  because  of  our  laboratory

interest  in the effect  of  some members of  TRP channels  (and SOC channels)  in  prostate

cancer.  TRP  channels  are  mammalian  homologues  of  the  Drosophila  TRP  channel  gene

encoding a family of around twenty eight ion channel proteins that are further sub grouped

according to homology and function: TRPC (canonical), TRPV (valinoid), TRPM (melastatin),

TRPML (mucolipin), TRPA (ankyrin-like) and TRPP (polycystin). These channels are structurally

related to a superfamily of voltage-gated channel proteins. The channel subunits have six

transmembrane  segments  that  form tetramers  of  non-selective  cationic  channels,  which

allow for the influx of calcium ions into the cell, and therefore they are involved in several

cellular regulatory mechanisms. The S6 segment or domain is considered to be the most

conserved and the most important for gating of these channels (Figure 7). Activity of most of

the  TRP channels  is  modulated  by  voltage or  ligands.  TRP  channels  can  be  activated by

chemicals, mechanical and physical stimulus as well as changes in surrounding environment.

The activity of TRP channels can cause cells depolarization from their resting potentials and

increase their intracellular calcium (Clapham et al., 2001). 

Although most members of TRP channels are cationic non selective, they have been

considered  to  be  the  first  candidates  for  store  SOC  channels  activity.  It  could  be

hypothetically because of their direct gating by IP3R, formation of a second messenger that

diffuses  from  ER  to  the  channels  and  the  exocytotic  fusion  of  vesicles  containing  SOC

channels. In short, TRP channels exhibit various sensory properties but regulating calcium

homeostasis in the cell is being the most significant deciding the fate of the cell simply by

regulating the balance between cellular proliferation and apoptosis. Increased expression of

TRP channels in PM often promotes calcium dependent proliferation leading to inhibition of

apoptosis in affected cells and tumorigenesis (Roderick et al.,  2008). To date, TRP activity

linked to cancer progression included only alterations in expression levels of TRP channels

rather  than  mutations  (Shapovalov  et  al.,  2013).  Therefore,  deregulation  of  calcium

permeable  channels  is  linked  to  a  number  of  diseases  such  as  cancer  making  them  a

therapeutic target.



d.1 TRPV 

The TRPV family has five members grouped into three subfamilies: TRPV1 and TRPV2

are the vanilloid receptors. TRPV4 is the osm-9-like and TRPV5 and TRPV6 are the calcium

selective channels.

TRPV1 was isolated by cloning from a rat dorsal-root-ganglion library using the hot

pepper compound capsaicin and is sensitive to heat. It  is found in brain, spinal cord and

sensory neurons. TRPV2 is, like TRPV1, more permeable to calcium ions than to sodium ions.

It  is  present in neurons,  spinal  cord,  spleen and lung.  It  is  sensitive to heat and growth

factors.  TRPV4  is  present  in  liver,  kidney,  heart  and  nervous  system and  is  activated  by

reducing  the  extracellular  osmolarity  leading  to  cell  swelling.  TRPV5  is  present  in  the

intestine, kidney and placenta. It is highly calcium selective and its co-localization with 1,25

dihyroxyvitamin  D3  suggests  a  role  in  regulation  of  low  intracellular  calcium.  TRPV6  is

present in intestine, placenta, kidney, prostate and salivary gland. It has physical properties

like ICRAC and is  highly calcium selective.  It  is  activated by low intracellular  calcium and

inactivated by higher. It is suggested that more than 50 % of TRPV6 current is activated by IP3

and thapsigargin mediated store depletion in the presence of low intracellular calcium (Yue

et al., 2001). However, concerning its gating whole cell patch clumping experiments were not

able to show a corresponding whole cell current related to TRPV6 under normal conditions.

Therefore, experiments were to be done via fura-2 measurements. 

                                d.2 TRPC 

The TRPC family is divided into four subfamilies according to homology and function:

TRPC1, TRPC4, 5, TRPC3, 6, 7 and TRPC2. TRPC1 is supposed to be the first member of the

TRP family to be an ion channel. It  is a non-selective cationic channel. The second TRPC

family  TRPC4,  5  form homomeric  cation  channels.  TRPC4  is  present  in  the  brain,  testis,

placenta, adrenal gland and endothelial cells where TRPC5 is found only in brain. They are

proposed to be regulated by receptor-operated stimulus  or  store  depletion but  it  is  still

unclear (Clapham et al., 2001). The third TRPC family, consisting of TRPC3, 6 ,7 are cationic

non-selective  channels  present  mainly  in  brain  and  muscles.  TRPC3  is  proposed  to  be

activated by IP3R suggesting a possible link between SOCs and TRPs (Berridge 2004) and the

membrane-bound DAG whereas TRPC6,7 are activated by DAG. 



                                d.3 TRPM 

The TRPM family has eight members divided into four groups according to sequence

homology.  The  first  subgroup  includes  the  founding  member  TRPM1  (melastatin)  and

TRPM3. The second subgroup includes TRPM7 and TRPM6. The third subgroup has TRPM2

and TRPM8. The fourth subgroup has TRPM5 and TRPM4. This family of channels is non-

selective.

TRPM7 is  the first  member to be identified as  an ion channel  in  this  family.  It  is

present in the kidney, heart, liver, spleen, lung and brain. Its activity depends on the kinase

activity of its own carboxy terminal kinase. TRPM2 is present in fetal and adult brain. TRPM 8

was first  cloned as a gene specific to prostate whose expression is  increased in prostate

cancer in the presence of high levels of androgen. It is sensitive to cold and methanol and

has an established role as a chemical sensor in the peripheral nervous system. Moreover, an

interesting property of TRPM8 is that it can exist in multiple splice variant. The full length

form is normally found on the PM while the shorter isoforms are localized to the ER being as

a  calcium  release  channel  (Bidaux  et  al.,  2007).  The  mechanisms  which  determine  the

localization of TRPM8 and its physiological role is not fully clarified. Moreover, TRPM2 on

plasma membrane is responsible for calcium influx. Cyclic ADP ribose dependent calcium

influx via TRPM2 causes insulin secretion (Lee et al., 2011).

                                 d.4 TRPML 

TRPML comprises a group of three evolutionarily related proteins that belongs to the

large family of transient receptor potential ion channels. The three members of the TRPML

("ML" for mucolipin) sub-family are not extremely well characterized. TRPML1 is known to be

localized in late endosomes. This subunit also contains a lipase domain between its S1 and S2

segments. While the function of this domain is unknown it has been proposed that it  is

involved in  channel  regulation.  Physiological  studies  have described TRPML1 channels  as

proton  leak  channels  in  lysosomes  responsible  for  preventing  these  organelles  from

becoming  too acidic.  TRPML2 and  TRPML3 are  more  poorly  characterized  than TRPML1

(Nilius et al., 2007).



                                 d.5 TRPA 

The  only  member  of  the  TRPA sub-family,  TRPA1,  contains  14  N-terminal  ankyrin

repeats and is believed to function as a mechanical stress sensor. It is expressed in the dorsal

root  ganglion,  trigeminal  ganglion,  and  hair  cells.  It  is  temperature  sensitive  with  some

reports claiming that it is activated by noxiously cold stimuli. TRPA1 is known to be activated

by compounds capable of forming covalent chemical bonds with the protein's cystein like

isothiocyanates, which are the pungent chemicals found in food substances (Nilius et al.,

2007).

                                 d.6 TRPP 

TRPP is a family of transient receptor potential ion channels which when mutated can

cause polycystic kidney disease. All of the members of this group contain a coiled coil region

in their C-terminus involved in the interaction with the polycystin-1 group. TRPP1 and TRPP3

form constitutively active cation-selective ion channels that are permeable to calcium. TRPP2

has also been implicated in sour taste perception (Nilius et al., 2007).

e- Arachidonate regulated calcium entry channels 

They are activated in response to receptor mediated derivation of arachidonic acid

and thus can be classified as second messenger operated channels. They cause oscillatory

calcium signals in various cells. The activation of these channels requires STIM1 that is always

present on the PM in addition to Orai1 and Orai3 which constitute the pore of the channel

(Prevarskaya et al., 2011).

IV- Calcium channels and cancer

If to consider invasion and metastasis as the major hallmark of cancer, it is worth noting

that  calcium and the calcium permeable  channels  are  crucial  regulators  of  cell  ability  to

migrate (Prevarskaya et al., 2011). They also play important roles in the other hallmarks of

cancer. 



Differentiation  to  occur  requires  calcium signaling.  Lymph  node  carcinoma of  the

prostate  (LNCaP)  cells  require  T  type  voltage  dependent  calcium  channels  for  their

differentiation.  The  TRP  family  member  TRPM8  promotes  the  secretion  of  mitogens  in

several  cancers  like  breast,  colon  and skin  cancers.  Due  to  excessive  mitogen secretion,

cancer  cells  become  sensitive  to  them  and  thus  develop  an  uncontrolled  proliferation

because of altered expression or function of receptors and ion channels that receive these

signals. Moreover,  evading growth suppressors by malignant cells results from their altered

calcium homeostasis including expression of calcium permeable ion channels (Prevarskaya et

al., 2007) (Figure 7). Also, to evade apoptosis, cancer cells must reduce or stop calcium influx

either by down regulating the expression of calcium permeable channels and or the signaling

pathways that lead to their activation. For example, hormone-refractory apoptosis-resistant

phenotypes  of  prostate  cancer  cells  are  characterized  by  reduced  levels  of  SOCE  that

prevents calcium overload in response to pro-apoptotic stimuli (Prevarskaya et al., 2010). In

addition,  ionotropic  purinergic  P2X7  receptors  belonging  to  the  ligand  gated  calcium

permeable channels play an important role in evading apoptosis of some cancer cells.  In

cervical cancer cells, decreased P2X7 expression together with the dominant-negative action

of a short P2X7 splice variant results in the down regulation of the functional P2X7 receptor,

thereby preventing calcium influx needed for apoptosis induction. Calcium influx through

voltage gated channels or TRP members promote the activation of telomerase making tumor

cells immortal. Calcium permeable channels and calcium signaling in general are important

for the process of angiogenesis (Prevarskaya et al.,  2007). Usually,  the morphological and

adherence  changes  observed  during  cell  migration  are  accompanied  by  changes  in

intracellular  calcium concentration.  Also,  the calcium permeable  TRP channels  like TRPC,

TRPV1 are involved in increased motility and invasion in fibrosarcoma and hepatoblastoma

cells  respectively  and  TRPV2  is  involved  in  increased  migration  and  invasion  in  prostate

cancer cells.  SOCE constituents Orai1 and STIM1 are involved in increased migration and

higher  rate  of  focal  adhesion  turn  over  in  breast  cancer  cells.  Further,  IP3R  and  RyRs

responsible for calcium release both showed increase in migration in several types of cancer

cells (Prevarskaya et al., 2011).



Figure  7: Schematic  representation  of  the  malignant  transformation  of  prostatic  cells

resulting  from  enhanced  proliferation,  NE  differentiation,  and  apoptosis  resistance

(Prevarskaya et al., 2007).

A- TRP channels involved in prostate cancer

TRP  channels  activity  is  affected  by  cell’s  integrity  which  is  modulated  during

carcinogenesis. This could be the reason for the role played by some of the TRP channels in

prostate cancer progression and could characterize the cancer cell phenotype of the tumor.

(Figure 8).

1) TRPM 

TRPM8 is the specific TRP channel with the most studies done and found in literature

concerning prostate cancer.  The initial  identification of the channel happened in prostate

since  it  was  highly  expressed.  It  was  found  in  epithelial  cells,  apical  epithelial  cells  and

smooth muscles of  human prostate.  Further studies,  have shown the importance of  this

channel in the progression of prostate cancer, where it was shown that the expression level

of  this  channel  was  increased  in  cancerous  cells  (Bidaux  et  al.,  2005)  and  when  it  is



overexpressed on both ER and PM it increases apoptosis and inhibits the migration of the

prostate  adenocarcinoma3  (PC3)TRPM8  cells.  It  inhibits  migration  in  PC3  cells  upon

activation by icilin or the prostate specific antigen (PSA) (Gkika et al.,  2010). Other study

shows that  TRPM8 inhibits  migration  in  PC3  cells  through inactivation  of  focal  adhesion

kinase (Yang et al., 2003). TRPM8 expression level is affected by prostate cancer progression

since its expression is regulated by androgen receptors in prostate. Its expression level is

decreased in androgen insensitive cells. It has been proposed that according to the balance

between the expression levels of the isoforms of this channel on PM or the ER, TRPM8 may

shift the calcium homeostasis in the cells toward proliferation or apoptosis of prostate tissue,

so it is all about the balance in gene expression. The activation of the shorter isoform of

TRPM8 located  on  ER  by  cold  or  menthol  in  LNCaP  cells  resulted  in  ER  store  depletion

followed by SOCE. It  is  believed that increased activity of  the shorter  isoforms increases

proliferation  and  shift  cell  cycle  to  malignant  transformation  (Prevarskaya  et  al.,  2007).

Finally, TRPM8 role in cell migration inhibition makes it a “Good” channel in prostate cancer

fighting with more to be uncovered about the role that is played by TRPM8 shorter isoform.

There is  increasing evidence that  TRPM2 is  involved in  prostate  cancer  where its

expression  is  elevated.  Selective  knock  down  of  TRPM2  inhibits  the  growth  of  prostate

cancer cells but not normal ones. Further, it was shown that this channel is relocated from

the PM to the nucleus in PC3 and DU-145 prostate cell lines inhibiting nuclear ribosylation

(Zeng et al., 2010).

Further, TRPM1, TRPM4 and TRPM5 channels regulate cell survival and proliferation

of cancerous cells  other than prostate.  Various  expression levels  were shown for  TRPM4

channel in androgen independent prostate. TRPM7 channel is up-regulated in breast cancer

increasing the proliferation rate of cells (Shapovalov et al., 2011).

2) TRPC 

TRPC1 channel is involved in prostate cancer but its expression is decreased in the

androgen independent phase of progression. It plays a proproliferative role in normal cells

and a pro-apoptotic role in transformed cells.  It is also possible that the colocalization of

TRPC1 with different receptors could lead to a difference in function of TRPC1 at different

stages of prostate cancer progression (Thebault et al., 2006).



The other TRPC subfamily member that is involved in prostate cancer is TRPC3. It is

reported that after  prolonged store depletion (24-48 hrs)  in LNCaP prostate cancer cells,

TRPC3  channel  expression  level  is  increased.  Further,  suppression  of  TRPC3  affects  the

antiapoptotic  signaling  in  DU-145  prostate  cancer  cells.  TRPC4  is  thought  to  cause  ATP

induced growth arrest in prostate cancer cells and is thought to be possibly involved in SOCE

in  addition  to,  its  pro-apoptotic  action.  Further,  it  was  shown  that  the  activation  of

calcium/calmodulin/CaN  dependent  transcription  factor  NF-AT  cell  pathway  leads  to

proliferation in the primary human prostate cancer epithelial cells by calcium entry through

TRPC6 (Thebault et al.,2006). 

3) TRPV 

The most member of TRPV subfamily to be studied and focused on its role in prostate

cancer  is  TRPV6.  It  is  expressed  in  epithelial  cells  of  several  organs  and  is  involved  in

trancellular  calcium  movement.  The  activity  of  this  channel  depends  on  vitamin  D,

progesterone,  estrogen,  tamoxifen  all  of  which  modulating  proliferation  and  survival  of

cancer cells (Bolanz et al., 2008). TRPV6 is proposed to be a prognostic marker of prostate

cancer progression. Its expression is increased in LNCaP and PC3 cells as the cancer is moving

toward its late stages regardless of the presence of androgen, more or less, depending on the

metastasis  of  the  cancer.  However,  some  studies  showed  that  TRPV6  channel  is  not

expressed in androgen independent prostate cancer cell  lines like PC3 and DU-145,  thus

leaving androgen dependence of TRPV6 an open question. TRPV6 has a pro-proliferative and

anti-apoptotic effects in cancer tissues, mainly this being related to supplemental calcium

entry necessary for influencing cell cycle regulators (Lehen’kyi et al., 2012). Lehen’ky showed

that TRPV6 is directly involved in the control of proliferation as its silencing slowed down the

proliferation rate and decreased the accumulation of LNCaP cells in the S phase of cell cycle.

Last but not least, TRPV6 ion channel has been thought of as a possible participant in SOCE

and was proposed to be one of the primary pathways responsible for the calcium uptake in

prostate cancer. In short, TRPV6 could be considered a “Bad” guy in prostate cancer, whose

inhibition could be good for  controlling the progression  of  prostate  cancer  (Gkika et  al.,

2010). 



TRPV1 is thought to be an important player in controlling prostate cancer progression.

It  is  expressed  in  LNCaP  and  PC3  cells  and  in  human  prostate  tissue.  Its  expression  is

increased with the progression of the cancer in order to suppress the tumor by inducing

apoptosis through causing an intracellular overload of calcium (Lehen’kyi et al., 2007).

TRPV2 is elevated in androgen independent PC3 and DU-145 cells in metastatic stages

facilitating  cell  migration  and  invasion.  Silencing  of  this  channel  drastically  reduces  the

migration of prostate cancer cells, whereas its overexpression increases their migration. The

mechanism of action of TRPV2 in invasion would be through maintaining an elevated level of

cytosolic  calcium  in  cancer  cells  derived  from  castration  resistant  tumors  due  to  its

constitutive  channel  activity  (Monet  et  al.,  2010).  Further,  activation  of  TRPV2  by

lysophospholipids stimulates calcium influx and increases the migration potential of prostate

cancer cells (Hao et al., 2007).
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Figure 8: TRP channels affects cancer progression (Yassine Maya)

B- SOC channels and prostate cancer

Mostly,  when  apoptosis  is  triggered  by  excessive  calcium,  SOCE  is  thought  to  be

involved since a prolonged calcium signaling is needed. However, it is not always the case

that the over activity of SOCE is the only reason for triggering apoptosis because apoptosis

itself can be triggered through different pathways. Cancerous cells often have reduction in



SOCE entry to prevent calcium overload and therefore inhibit apoptosis. In prostate, Orai1

acts as a source of calcium influx triggering apoptosis. Studies have shown that the down

regulation of Orai1 and thus SOCE prevents the cells from undergoing cell death in prostate

cancer cells (Huang et al., 2011). Moreover, the coupling of STIM1 and Orai1 is important for

the pro-apoptotic effects of SOCE.

In  general,  in  all  cancer  cells  calcium  homeostasis  is  remodeled  during  tumor

progression since calcium influx is increased through STIM1 and Orai1 upregulation. STIM1

and Orai1 through interactions between actomyosin and focal adhesion turnover cause cell

migration. STIM1 also influences cancer cell proliferation through cell cycle regulators p21

and  cdc25C.  Additionally,  STIM1  mediated  SOCE  plays  an  important  role  in  tumor

angiogenesis by production of VEGF from cancer cells, or cell cycle progression of vascular

endothelial cells (Abdullaev et al., 2008) as shown in (Figure 9).

Figure 9: STIM1/Orai1-mediated calcium signaling in tumor biology (Chen et al., 2013).

C- IP3R and RyRs and prostate cancer

In prostate cancer, there exist two modes of calcium entry associated with calcium

release from ER through SOC and IP3R (Figure 10). Special treatment of LNCaP with cadmium

ion showed increased proliferation due to increased levels of intracellular IP3 and cytosolic



calcium.  RyR  channels  also  affect  calcium  homeostasis  in  prostate  cancer  cells.  Their

stimulation  by  RyR  specific  agonist  promoted  calcium  release  from  Ryanodine  sensitive

stores and stimulated apoptosis of prostate cancer cells (Charbel C et al., 2013).

Figure 10: Major calcium entry pathways through SOC and IP3R (Charbel C et al., 2013)

D- VGCCs and prostate cancer

These channels that are associated with excitable cells also have a role in regulating

cell proliferation and cell death in prostate cancer. A fraction of epithelial rat prostate cells

that undergo apoptosis in absence of androgen was found to be sensitive to VGCC blockers.

Many trials to find VGCC current in cancerous cells was not succeeding until a low voltage

activated calcium current, related to T-type calcium channel was detected in undifferentiated

LNCaP cells. This channel was shown to be overexpressed during NE differentiation (Gackière

et  al.,  2013).  Moreover,  in  prostate  cancer  PC3  cells,  the  peptide  ghrelin  induced

overexpression of T-type VGCCs and triggered apoptosis. In a recent study, it was shown that

T-type channels  in  coordination with potassium channels  are  involved in  proliferation of

prostate cancer cells . The T type channel could be involved in the stimulation of mitogenic

factor secretion and could therefore be a target for  therapeutic strategies (Mariot et  al.,

2002).



V- Calcium channels and drug therapy 

Deregulation of above mentioned calcium permeable channels is linked to cancer and

thus makes them an interesting therapeutic target.

To start with calcium channels and treatment for heart arrhythmias, the IP3 induced

cardiac  arrhythmias  can  be  prevented  by  adding  the  channel  inhibitor  2-

aminodiethyldiphenyl borate (2-APB), which is known to act by blocking calcium release from

the IP3R. The fact that 2-APB can completely restore the normal calcium transients suggests

that the IP3R may be a very significant target for the development of drugs to prevent the

cardiac arrhythmia that are one of the main causes of sudden heart death (Berridge 2012).

Moreover,  Calcium  channel  blockers  are  being  tested  in  clinical  trials  for  their  effect  in

delaying the onset and progression of Alzheimer disease. Memantine, a current treatment

used in  this  disease,  exerts  some of  its  beneficial  effects  by blocking calcium entry  into

neurons (Goodison et al., 2012). 

Calcium channels  are attractive tools for  drug therapy.  TRP channels can be good

candidates since they have extracellular domains that can bind ligands or antibodies and

they affect important steps in prostate cancer progression such as proliferation, apoptosis

and  migration.  Indeed  drugs  can  affect  ion  channel  function  through  several  different

mechanisms ranging from the classic pore block, over allosteric regulation due to specific

drug  binding  to  the  target  protein,  to  the  allosteric  regulation  that  arises  from  more

nonspecific  drug induced changes in lipid  packing adjacent  to the protein and in  bilayer

material  properties (Prevarskaya et  al.,  2010).  This  area of  research is  developing as  the

potential for the pharmacological modulation of channels is one of the key advantages over

other targets, which may be restricted to siRNA or gene therapy approaches. For instance,

the  newly  identified  carboxamide  WS-12  is  the  most  potent  TRPM8  agonist  and  could

constitute  a  good  candidate  for  drug  development.  In  addition,  the  development  of

humanized inhibitory antibodies to extracellular domains of TRPV6 and TRPV2 channels may

provide the desired specificity for a successful use in vivo. Finally, in vivo and on human trials

will have to define the real potentials and limitations of TRP channels as a drug targets and

until then more research should be done (Hippert et al., 2006).



Since most channels are not cancer specific and are found in different tissues, they

should be targeted selectively because the pharmacological impairment of channel function

could be toxic  to normal  cells.  A possible solution might be the coupling of  a  drug to a

targeting moiety to produce a drug derivative that can only be activated inside tumors. For

instance, the so called “smart bomb” for  prostate cancer that combines the SERCA inhibitor

thapsigargin (TG), which induces apoptosis through the activation of ER stress and calcium

entry  pathways,  with  a  targeting  peptide  representing  the  substrate  for  prostate  cancer

specific  serine  protease.  Such  an  inactive  prodrug  has  been  shown  to  demonstrate

preferential toxicity only to PSA producing prostate cancer cells (Prevarskaya et al., 2010).

VI- Autophagy, a mechanism depending on calcium and playing a role in cancer

A- History and definition

The  word  “autophagy”  was  invented  by  Christian  de  Duve,  the  discoverer  of

lysosomes, when he observed autophagosomes and realized that cells could degrade their

own components. He was the first to prove the involvement of lysosomes in the autophagy

machinery.  The word “autophagy” was invented on the occasion of  the Ciba Foundation

Symposium on Lysosomes,  which took place in  London on February 12–14,  1963. When

Christian de Duve introduced the term autophagy, he did not imagine that later, it would

become  a  major  topic  in  biology  and  that  a  new  journal  would  be  entitled Autophagy

(Martens et al., 2013). 

Autophagy  is  a  Greek  word  that  means  “self-eating”.  It  is  a  catabolic  process,  in

eukaryotic  cells,  that delivers cytoplasmic material  to  the lysosomes for  degradation and

reuse by the cells.  When cells are starving they can digest protein aggregates, long lived

proteins  and  organelles  to  release  amino  acids  to  maintain  cellular  homeostasis.  At  the

beginning, scientists were able to study autophagy by examining autophagosomes and their

fusion  with  lysosomes  using  electron  microscopes.  However,  the  auotophagy  field  has

developed and new methods for detecting autophagy were used starting from the 1990’s

(Klionsky et al., 2007).



B- Types of autophagy

There is three types of autophagy:

- Macroautophagy and is usually referred to as autophagy. 

- Chaperone mediated autophagy (CMA) involves the direct translocation of cytosolic

proteins  across  the  lysosomal  membrane  which  requires  protein  unfolding  by

chaperone proteins. 

- Microautophagy involves inward invagination of lysosomal membrane which delivers

a small portion of cytoplasm into the lysosomal lumen.

C- Autophagy machinery

Autophagy is conserved from yeast to mammals and is marked by the formation of

autophagosomes.  When autophagy  is  initiated,  a  small  vesicular  sac  called  the  isolation

membrane or phagophore expands and encloses a portion of cytoplasm, which results in the

formation  of  a  double  membraned  structure,  the  autophagosome.  Then,  the  outer

membrane of the autophagosome fuses with lysosome to form an autolysosome, leading to

the  degradation  of  the  enclosed  materials  together  with  the  inner  autophagosomal

membrane and like this the cell would be consuming part of itself. The endosome, which is

the result of endocytosis,  can also fuse with the autophagosome to form an amphisome

before fusion with the lysosome and in this case the cell would be consuming materials from

outside of the cell. Amino acids and other small molecules that are generated by autophagic

degradation are delivered back to the cytosol for recycling or energy production  (Klionsky,

2007). 

The autophagy related gene (Atg) ULK/Atg1 kinase complex, the autophagy specific

PI3K  complex,  Beclin1/Vps34  complex  and  their  related  proteins  are  important  for  the

nucleation step, whereas the Atg12- and microtubule associated protein light chain 3 (LC3)

conjugation systems are important for the elongation step  (Figure 11). However, there is a

still  unanswered question related to the origin of  the autophagosome membrane.  Some

studies have indicated that the origin of the membrane is the ER, mitochondria, golgi, plasma

membrane and endosomes. A recent study, suggests a role for the ER (Axe et al.,  2008).



Another study shows that the outer membrane of the mitochondria with some parts from

the ER are the major source for the autophagososmal membrane (Castro Obregon, 2010).

Other proteins required for autophagosome-lysosomal fusion, lysosomal acidification,

and lysosomal digestion are involved in autophagy. To date, only LC3, a mammalian homolog

of yeast Atg8, is known to exist on autophagosomes, and therefore, this protein is considered

a marker for autophagosomes. The identification of the autophagic machinery has greatly

facilitated  the  detection  of  autophagy  through  LC3  based  biochemical  and  microscopic

techniques,  as  well  as  the  ability  to  experimentally  manipulate  the  autophagy  pathway

through knockout or knockdown of autophagy genes. The autophagy pathway can also be

manipulated with agents that regulate autophagosome formation or their degradation (Axe

et al., 2008).

Figure 11: The autophagic machinery (Rabinowitz and White, 2010).

1. Autophagy inhibitors

Several  pharmacological  and  genetic  approaches  inhibit  autophagy.  As

autophagosome formation requires class III PI3K activity, one of the most commonly used

pharmacological agents to inhibit autophagy in vitro involves the use of PI3K inhibitors such



as  wortmannin,  LY294002,  or  3-methyladeninie  (3-MA)  shown  (Figure  12).  However,  it

should be noted that all of these reagents can inhibit both class I PI3K activity which inhibits

autophagy as well as class III PI3K activity which is required for autophagy (Ravikumar et al.,

2004), and some of the PI3K inhibitors, such as wortmannin, also inhibit mtor, an autophagy

inhibitory molecule by targeting its ATP binding site. Moreover, PI3K both class I and class III

regulate diverse cell signaling and membrane trafficking processes, these PI3K inhibitors are

not  autophagy  specific.  Another  concern  is  that  3-MA,  which  is  used  at  very  high

concentrations to inhibit autophagy (usually 10 mM), can target other kinases and affect

other cellular processes. Indeed, 3-MA can suppress proteolysis even in Atg5-deficient cells,

suggesting  that  its  effects  on  protein  degradation  extend  beyond  its  role  in  autophagy

inhibition  (Mizushima  et  al.,  2008).  Although  PI3K  inhibitors  block  the  formation  of

autophagosomes, the other major pharmacological inhibitors in experimental use block the

later  stages  of  autophagy.  More  specific  inhibition  of  the  autophagy  pathway  can  be

achieved  by  knockout  or  knockdown  of  different  autophagy  genes.  To  date,  autophagy

deficiency or reduction has been confirmed in cells lacking Atg3, Atg5 and Beclin 1 (Sou et al.,

2008).

2. Autophagy activators

There is growing interest in activators of autophagy, not only for research purposes

and also for therapeutic purposes. Similar to the case with autophagy inhibitors, there are

several different methods to activate autophagy, but they lack complete specificity for the

autophagy pathway.

a- mtor dependent pathway

Autophagy usually takes place in the cell in normal basal conditions to ensure cell

integrity. Eventhough, the best known physiological inducer of autophagy is starvation, which

induces such effects both in vitro and in vivo. In most cell lines, autophagy induction can be

observed within 1 hr of amino acid withdrawal; a notable exception is that certain tumor cell

lines may be resistant to starvation induced autophagy. Another way to activate autophagy is

through the  modulation  of  nutrient  sensing  signaling  pathways.  The  best  target  is  mtor,

which  is  a  potent  suppressor  of  autophagy.  Rapamycin,  an  inhibitor  of  mtor,  activates

autophagy both in vitro and in vivo (Ravikumar et al., 2004) (Figure 12). Mammalian Atg 13 ,



ULK1  and  ULK2  have  recently  been  identified  as  direct  targets  of  mtor.  Atg13  binds

ULK1/ULK2 so they would interact with FIP200. Under nutrient rich conditions, mtor is part

of this complex. Inhibition of mtor, leads to its dissociation from the complex and results in

partial dephosphorylation of Atg 13 and ULK1/2 which leads to the activation of ULK1/2 and

thus phosphorylation of FIP200 and thus induction of autophagy (Ravikumar et al., 2009).

Insulin  like  growth factor  signaling  activates  mtor  via  PI3K  and  Akt.  Activation  of

adenosine  monophosphate  activated  protein  kinase  (AMPK)  inhibits  mtor  activity  by

tuberous sclerosis complex (Tsc)1, Tsc2 and Ras homology enriched in brain (Rheb) (Hall et

al., 2008). p53, a commonly mutated gene in human cancers, can positively and negatively

regulate  autophagy  via  the  mtor  pathway.  Activated  P53  can  stimulate  autophagy  by

activating AMPK or by upregulating PTEN and Tsc1. Genetic or chemical inhibition of p53 can

also activates autophagy (Levine and Abrams, 2008). 

Figure12: Autophagic regulatory pathways that have been targeted pharmacologically for 
experimental or clinical purposes. Inhibitors and activators of autophagy are shown in red 
and green, respectively (Kroemer et al., 2008). 



b- mtor independent pathway

Several mtor independent autophagy activators have also been reported like Lithium

(Figure 12),  a drug used to treat neurodegenerative diseases induces autophagy through

inhibition of inositol monophosphatase which is mtor independent (Sarkar et al., 2005). 

D- Methods for autophagy detection 

The  following  methods  detect  different  stages  of  the  autophagy  pathway  like

autophagosome,  autolysosome,  autophagic  degradation  products.  One  should  use  more

than one method concurrently  in order to determine whether an increase in any of  the

autophagic markers in the pathway represents a true increase in autophagic degradation or

just a block in the completion of the autophagic pathway. 

1. Electron microscopy

Mammalian  autophagy  was discovered in  1950’s  by  electron microscopists  during

their work on lysosomes. An autophagosome is defined as a double membraned structure

containing undigested cytoplasmic contents, which has not fused with a lysosome as shown

in  (Figure  13).  Although  this  may  be  the  case  in  “bulk  autophagy,”  there  is  increasing

evidence for organelle-specific autophagy, including pexophagy, mitophagy, ribophagy, and

reticulophagy  (Van  der  Vaart  et  al.,  2008).  In  contrast  to  an  autophagosome containing

cellular cargo which is usually easy to identify, the distinction of autolysosomes from other

cellular membranous compartments is often more difficult. The autolysosome is an organelle

generated by the fusion of an autophagosome and a lysosome, an endosome can also be

involved, which has a single limiting membrane and contains cytoplasmic materials at various

stages  of  degradation.  At  early  stages,  the inside materials  can  be  recognized  as  having

originated  from  cytoplasm.  However,  if  degradation  proceeds  too  far,  it  is  not  easy  to

determine whether the inside materials are of intracellular origin (Mizushima et al., 2010).



Figure 13: Autophagososmes and autolysosomes under the electron microscope (Kroemer

et al., 2008)

2. Fluorescence microscopy

The mammalian protein of autophagy LC3 is considered a widely used marker for

autophagososmes. Among the three LC3 isoforms (A,B and C), LC3B is the most widely used

(Klionsky et al., 2012) . Soon after synthesis, formed LC3 is processed at its C terminus by

Atg4 and becomes LC3-I, which has a glycine residue at the C-terminal end. LC3-I is after

being  conjugated  with  phosphatidylethanolamine  (PE)  to  become  LC3-II  (LC3-PE)  by  a

ubiquitination-like enzymatic reaction. In contrast to the cytoplasmic localization of LC3-I,

LC3-II is found in both the outer and inner membranes of the autophagosome. After fusion

with the lysosome, LC3 on the outer membrane is cleaved off by Atg4 and LC3 on the inner

membrane  is  degraded by  lysosomal  enzymes,  resulting  in  very  low  LC3  content  in  the

autolysosome. Thus, endogenous LC3 or green fluorescent protein (GFP)-LC3 is visualized by

fluorescence microscopy either as a diffuse cytoplasmic pool or as punctate structures that

represent autophagosomes. Although the number of punctate LC3 or GFP-LC3 structures per



cell  is  usually  an  accurate  measure  of  autophagosome  number,  this  assay  has  some

difficulties. The number of punctate structures can be counted visually or automatically using

computerized software image analysis programs (Mizushima et al., 2010) (Figure 14A-B).

Another assay that helps in autophagy detection requires the use of fluorescence

microscopy  and  that  is  measuring  florescence  in  acidic  compartments  (Figure  14C) like

delivery of mRFP-GFP-LC3 to the lysososomes.

Figure 14: GFP-LC3 and mRFP-GFP-LC3 Puncta Formation Assays. (A) NIH 3T3 cells in culture stably

expressing GFP-LC3 with (right) or without (left) 2 hr of starvation (depletion of both amino acids and

serum). There is not only an increase in GFPLC3 puncta number, but also a decrease in total GFP-LC3

fluorescent  signals  during  the  2  hr  incubation  period.  (B)  Example  of  an  analysis  of  GFP-LC3

transgenic mice. Skeletal muscle and heart muscle samples were prepared from GFP-LC3 transgenic

mice before or after 24 hr of starvation. (C) Mouse embryonic fibroblasts expressing mRFP-GFP-LC3

(left)  were  subjected  to  starvation  treatment  (2  hr)  with  (right)  or  without  (middle)  100  nM

bafilomycin A1 to inhibit autophagosome/lysosome fusion. Note that both yellow (autophagosome)

and red (autolysosome) puncta increase in the middle panel, whereas most puncta in the right panel

(Mizushima et al., 2010).



 3. Biochemistry Assays

LC3 can be also detected in biochemical assays to assess autophagosome numbers.

The conversion from endogenous LC3-I to LC3-II and from GFP-LC3-I to GFP-LC3-II can be

detected by immunoblotting with antibodies against LC3 and GFP, respectively. Although the

actual molecular weight (MW) of LC3-II is larger than that of LC3-I, LC3-II (apparent MW is 14

kD) migrates faster  than LC3-I  (apparent MW is 16 kD) in SDS-PAGE because of  extreme

hydrophobicity of LC3-II. The amount of LC3-II usually correlates well with the number of

autophagosomes. However, when components of the autophagic machinery are inactivated

due to genetic or pharmacological reasons, it is still possible that autophagy is suppressed

even  if  LC3-II  is  detected.  In  such  cases,  other  approaches  including  GFP-LC3  labeling

methods and autophagic flux assays are required to study autophagic activity.

4. Detecting autophagic flux

a- LC3 turnover assays

One of the principal methods to measure autophagic flux is the monitoring of LC3

turnover, which is based on the observation that LC3-II is degraded in autolysosomes. If cells

are treated with lysosomotropic reagents such as ammonium chloride, chloroquine (CQ), or

bafilomycin A1, which inhibit acidification inside the lysosome or inhibit autophagosome-

lysosome fusion, or with inhibitors of lysosomal proteases such as E64d and pepstatin A, the

degradation of LC3-II is blocked, resulting in the accumulation of LC3-II (Tanida et al., 2005).

Accordingly, the differences in the amount of LC3-II between samples in the presence and

absence of lysosomal inhibitors represent the amount of LC3 that is delivered to lysosomes

for degradation and that is what is called autophagic flux (Klionsky et al., 2012).

For  example,  levels  of  LC3-II  are  increased  by  treatment  with  CQ  even  under

nonstarvation conditions  (compare lanes 1 and 3,  Figure 15A). However, the difference in

LC3-II  levels  in  the  presence  and  absence  of  CQ  is  larger  under  starvation  conditions

(compare lanes  3 and 4  Figure 15B), indicating  that  autophagic  flux  is  increased during

starvation.



Figure  15:  LC3  turn  over  assays.  (A)  Steady-state  levels  of  LC3  expression.  Mouse  embryonic

fibroblasts were cultured in regular Dulbecco’s modified Eagle’s medium (DMEM) culture medium

(lane 1), DMEM without amino acids and serum (lane 2), and regular DMEM containing 20 μM CQ

(lane 3) for 1 hr. Cell lysates were subjected to immunoblot analysis with an anti-LC3 antibody. The

positions of LC3-I and LC3-II are indicated. (B) LC3 turnover assay for measuring autophagic flux. Cells

were cultured as in (A), and the difference in LC3-II levels between samples with and without CQ was

compared under nonstarvation and starvation conditions. (Mizushima et al., 2010). 

b- Degradation of selective substrates

Besides LC3, levels of other autophagy substrates can be used to study autophagic

flux. Recent studies have revealed that several specific substrates are preferentially degraded

by autophagy, of which the best studied example is p62 (also known as SQSTM1/sequestome

1). p62 is selectively incorporated into autophagosomes through direct binding to LC3 and is

degraded by autophagy; thus, the total cellular expression levels of p62 inversely correlate

with autophagic activity.  For example, a starvation-induced reduction in p62 levels is  not

observed in autophagy-deficient cells but instead p62 accumulates (Yoshimori et al, 2007).

Overall, this assay seems quite promising. 



c- Delivery of mRFP-GFP-LC3 to the Lysosome

Another  useful  method  to  measure  autophagic  flux  is  based  on  the  concept  of

lysosomal quenching of GFP in GFP labeled autophagic substrates such as LC3. GFP is a stably

folded protein and relatively resistant to lysosomal proteases. However, the low PH inside

the lysosome quenches the fluorescent signal of GFP, which makes it difficult to trace the

delivery of  GFP-LC3 to  lysosomes.  Most  GFP-LC3 punctate  signals  do  not  colocalize  with

lysosomes (Kabeya et al., 2000). In contrast, RFP (and other red fluorescent proteins, such as

mCherry)  exhibits  more  stable  fluorescence  in  acidic  compartments  and  mRFP-LC3  can

readily be detected in autolysosomes. By exploiting the difference in the nature of these two

fluorescent proteins (like lysosomal quenching of GFP fluorescence versus lysosomal stability

of RFP fluorescence), autophagic flux can be morphologically traced with an mRFP-GFP-LC3

tandem  construct  (Figure  14C). With  this  novel  construct,  autophagosomes  and

autolysosomes  are  labeled  with  yellow  (mRFP  and  GFP)  and  red  (mRFP  only)  signals.  If

autophagic  flux  is  increased,  both  yellow  and  red  punctae  are  increased.  However,  if

autophagosome  maturation  into  autolysosomes  is  blocked,  only  yellow  punctae  are

increased without a concomitant increase in red punctae (Mizushima et al., 2010).

VII- The role of autophagy in physiology and pathology 

The process of autophagy takes place in the cells at all times but at basal conditions.

Normally autophagy removes damaged proteins and organelles to sustain homeostasis and

as to say to keep quality control  of the cell.  However, induced autophagy like in case of

starvation or  stress,  removes bulk  intracellular  components to be degraded and recycled

providing  building  blocks  for  metabolic  pathways  and  for  synthesis  of  required  stress

response proteins needed to keep cell’s integrity. Failure in autophagy leads to accumulation

of reactive oxygen species, metabolic deficiency and toxicity all of which can make the cell

susceptible to various diseases and the initiation of tumor development  (Ravikumar et al.,

2009). 



A- Autophagy in physiology

Genetic targeting of key autophagy regulators in the mouse germ line has further

highlighted the importance of autophagy for normal mammalian development. For example,

Atg5  deficient  mice  were born but  died within  1  day  of  birth  due to  a  dependence  on

autophagy  of  the  heart  and  diaphragm  for  nutrients  and  energy  during  the  immediate

postnatal period (Barth et al., 2010). Similar phenotypes were observed for mice lacking Atg7

or  Atg3.  Further,  tissue-specific  knockout  of  Atg5  or  Atg7  in  brain  led  to  the

neurodegeneration and difficulties in motor function, while loss of Beclin 1 (Atg6) resulted in

early  embryonic  lethality  characterized  by  reduced embryo size.  In  addition,  fertilization

induces autophagy. Autophagy defective oocytes derived from oocyte specific Atg 5 knockout

mice failed to develop beyond the four and eight cell stages if they were fertilized by Atg5-

null sperm (Tsukamoto et al.,  2008). Autophagy also appears to regulate the clearance of

apoptotic corpses during development (Qu et al., 2007). Further, autophagy is considered to

be a good way for clearing the body from intracellular bacteria, viruses and protozoans but

may promote pathogen replication at some conditions. It participates in antigen formation as

part of the adaptive immune response (Ravikumar et al., 2009). In the heart, it has a house

keeping role under normal conditions and it  is  enhanced during cardiac aging and acute

ischemia.  It  prevents  accumulation  of  toxic  proteins  that  may  result  in  physiological

dysfunction. It prevents liver dysfunction by removal of nonfunctional ER that results from

accumulation of aggregate prone proteins. Moreover, autophagy removes associated protein

aggregates such as mutant huntingtin which causes Huntington’s disease, and mutant forms

of  α-synuclein  which causes  forms of  familial  Parkinson’s  disease.  The  clearance of  such

proteins is impaired when autophagy is compromised. This function of autophagy might also

be relevant physiologically, because protein aggregates form in the brain and some other

tissues  from  endogenous  ‘normal’  proteins  in  Atg5  or  Atg7  knockout  mice,  which  have

compromised  autophagy.  Such  a  mechanism  might  also  contribute  to  other

neurodegenerative  diseases.  For  instance,  recent  studies  suggest  that  autophagosome-

lysosome  fusion  is  impaired  in  a  form  of  fronto-temporal  dementia  that  is  caused  by

mutations  in  a  gene  in  the  ESCRT  complex,  and  by  mutations  in  the  dynein-complex

component dynactin that cause a form of motor neuron disease (Munch et al., 2004). This



will  impair  the  clearance  of  autophagic  substrates  and  predispose  cells  to  aggregate

formation (Figure 16).
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B- Autophagy in cancer

Research  has  become  more  interested  in  knowing  the  relationship  between

autophagy  and  cancer  especially  its  role  in  regulation  of  cancer  development  and

progression. In addition to the role that autophagy plays in defining the destiny of cells upon

introduction to anticancer therapy. 

The regulation of autophagy overlaps signaling pathways that regulate tumorigenesis.

Several  tumor  suppressor  genes  involved  in  the  upstream  inhibition  of  tor  signaling,

including  PTEN,  Tsc1,  Tsc2,  dependent  death  associated  protein  kinase  (DAPK)  and LKB1

stimulate autophagy and, conversely, tor activating oncogene products such as bcl-2 class I

PI3K and Akt inhibit autophagy (Kroemer and Levine 2008). Indeed, a number of autophagy

related proteins (ATG) including beclin1, ATG5, ATG4and ATG7 have been shown to be tumor

suppressors (Kondratskyi and Yassine et al., 2013). One of the possible mechanisms for the

anti-tumorigenic functions of autophagy is based on its cytoprotective role.

However, evidence for the importance of autophagy in protecting against nutritional

stress comes from studies where tumor cells are deprived of survival  factors,  lead to an

increase in autophagy that prevented the cells from dying. Moreover, when autophagy is

prevented under these conditions,  the cells  undergo apoptosis  (Boya et al.,  2005).  Thus,

when tumor cells  are starved,  autophagy stops  them from dying by inhibiting apoptosis.

Autophagy keeps tumor cells alive when limited angiogenesis leads to nutrient deprivation

 Figure 16: The role of autophagy in health
(Yassine Maya) 



and  hypoxia;  therefore,  we  would  expect  that  increased  autophagy  would  promote  the

growth of solid tumors and Ras driven cancers, whereas reduced autophagy might provide a

useful way to limit established tumor growth.  Suppression of essential autophagy proteins

was shown to inhibit cell growth indicating that autophagy maintains tumor cell survival and

suggesting that blocking autophagy in estabished tumors and tumors that are addicted to

autophagy,  such as  Ras-driven cancers,  may be an effective treatment  (Figure 17).  Thus,

Inhibition of autophagy in already established tumor cells has been shown to enhance the

efficacy  of  anticancer  drugs,  supporting  its  role  in  cytoprotection  (Mathew  and  White.,

2011).

Figure 17: The role of autophagy in supporting the growth of aggressive cancers (White et

al., 2012).

Knowing that autophagy helps tumors in advanced stages to grow and survive, it can

also have a preventive anticancer role and that is by inhibiting early tumor fromation (Figure

18 a).  It is a matter of balance between oncogenesis and tumor suppression in early and

established tumors. Studies indicate an anticancer role for autophagy. The autophagy gene

Beclin 1 (which is part of a type III PI3K complex) required for autophagic vesicle formation, is

a tumor suppressor in mice and is lost in human breast, ovarian, and other tumors (Kondo et

al., 2005). 75% of ovarian cancers, 50% of breast cancers and 40% of prostate cancers are

haploinsufficient for beclin 1 (White et al., 2012). Also, another autophagy gene ATG5 acts as



a tumor suppressor in leukemia and is required for maintaining cell survival and proliferation

(Kreuzaler et al., 2012). The molecular link between defective autophagy and tumorigenesis

is  the accumulation of  the autophagy substrate p62 that leads to production of  reactive

oxygen species  and DNA damage causing  DNA instability  (Zhineng et  al.,  2011)  inducing

cellular stress and increasing the potential of tumor development. Moreover, p53 and PTEN,

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

Conversely, the oncogenic protein Bcl-2 directly interacts with Beclin 1 to inhibit autophagy

(Pattingre et al.,  2005). Because oncogenes can inhibit autophagy and tumor suppressors

induce autophagy this suggests that autophagy serves an anticancer role. The mechanism

through which autophagy inhibits tumor development is unclear. Possibilities include limiting

tumor cell  growth or  reducing  mutagenesis  or  other  damage caused by reactive  oxygen

species by removal of damaged mitochondria and other organelles. Alternatively, autophagy

may kill developing tumor cells. In support of this idea, a cell death pathway that involves

both  autophagy  and  apoptosis  is  suggesting  that  autophagy  prevents  early  tumor

development. Therefore, increasing autophagy to prevent tumor formation in persons with

risk for cancer and reducing it if a tumor is already established would be a good idea (Figure

18).

Many anticancer  agents  have been reported  to  induce  autophagy,  leading  to the

suggestion that autophagic cell death may be an important mechanism of tumor cell killing

by these agents. However, autophagic cell death remains a debatable issue since autophagy

occurs in tumor cells before their death and it more known as a protective mechanism by

cells and not killing. It could only mean that the chemotherapeutic drugs induced autophagy

and  then  the  cells  died.  In  short,  “It  has  become  clear  with  increased  research  that

autophagy constitutes a futile attempt of dying cells to adapt to lethal stress rather than a

mechanism to execute a cell death program”, as said by Kroemer (Kroemer et al., 2011).



Figure 18:  Autophagy and cancer progression and cancer treatment ( Kroemer et al., 2011)

VIII- The dual role of calcium in autophagy

It is worth emphasizing that cancer and autophagy are considered to be both calcium

dependent  mechanisms,  the  idea  behind  the  work  done  in  this  thesis.  Recent  findings

identified intracellular calcium as a key regulator of both basal (Cardenas et al., 2010) and

induced (Hoyer-Hansen et al., 2007) autophagy. The complex role for calcium  in autophagy

regulation  has  become obvious  since 1993,  when the first  report  linking autophagy and

intracellularly sequestered calcium was published (Gordon et al., 1993). Indeed, Gordon et

al.  demonstrated  that  decrease  as  well  as  increase  in  cytosolic  calcium  levels  inhibited

autophagy in rat hepatocytes (Gordon et al., 1993). And till now, the data on the mechanisms

by which calcium controls autophagy remain rather controversial. Several groups reported

inhibitory actions of calcium on autophagy, while another proposed mechanisms for calcium

to activate autophagy (Decuypere et al.,  2011a; Cardenas and Foskett,  2012; Parys et al.,

2012).  Indeed,  Hoyer-Hansen  and  colleagues  provided  evidence  that  a  rise  in  the  free

cytosolic calcium is a potent inducer of macroautophagy (Hoyer-Hansen et al., 2007). They

demonstrated  that  calcium  mobilizing  agents,  namely  vitamin  D3,  thapsigargin,  ATP  and



ionomycin, stimulate autophagy via a signaling pathway involving calcium activated kinase

CAMKK-beta, which directly activates AMPK to inhibit mTOR (Hoyer-Hansen et al.,  2007).

Recently,  this  pathway  was  shown  to  be  required  for  amyloid-beta  peptide  induced

autophagosome formation (Son et al., 2012). Calcium/CAMKK-beta/AMPK pathway, although

mTOR-independent,  has  been  found  to  be  involved  in  the  leucine-rich  repeat  kinase-2

(LRRK2) induced autophagy (Gomez-Suaga et al., 2012). Authors proposed the mechanism in

which LRRK2 activates NAADP receptors, in particular TPC2, leading to calcium mobilization

from acidic  stores  that  in  turn  stimulates  calcium induced calcium release  from ER and

subsequent CAMKK-beta/AMPK pathway activation (Gomez-Suaga et  al.,  2012).  In  all  the

cases discussed above, buffering of cytosolic calcium with BAPTA-AM effectively inhibited

autophagosomes accumulation, confirming the role of calcium. Another evidence supporting

stimulatory effect of calcium on autophagy is that exogenously introduced calcium in the

form of calcium phosphate precipitates induces macroautophagy, which is Beclin1, Atg5 and

PI3K class III dependent (Gao et al., 2008). This effect could be antagonized by extra- or intra-

cellular calcium chelation.

In line with activatory role of calcium in autophagy, Sakaki et al. showed that (Ca2+)

calcium  dependent  activation  of  protein  kinase  Ctheta  is  required  for  ER-stress  induced

autophagy but not for starvation induced autophagy (Sakaki et al., 2008).

In  another  studies  Ca2+/calmodulin  DAPK  was  shown  to  positively  regulate

autophagy  in  a  Beclin1  dependent  manner.  Thus,  DAPK phosphorylates  Beclin1,  thereby

promoting its dissociation from Bcl-XL and Bcl-2 inhibitory proteins (Zalckvar et al., 2009 a,b).

On the contrary, Khan et al suggested that basal autophagic flux may be negatively

regulated by IP3R-dependent Ca2+ release from the ER (Khan and Joseph, 2010). The authors

proposed a mechanism in which cytosolic Ca2+ elevation acts to maintain an elevated mtor

complex 1 activity through AMPK independent pathway (Khan and Joseph, 2010). 

Studies have shown that mtor independent pathway that is marked by reduced levels

of IP3, is regulated by intracellular Ca2+ levels cAMP, and have revealed additional drugs that

might  induce  autophagy,  such  as  verapamil,  an  L-type  Ca2+-channel  antagonist,  and

clonidine, an imidazoline receptor agonist that reduces cAMP levels (Williams et al., 2008). In

this pathway, autophagy is inhibited when intracellular cAMP levels are increased by adenylyl



cyclase  (AC),  which  influences  autophagy  by  activating  the  guanine  nucleotide  exchange

factor Epac. Epac then activates Rap2B, which inhibits autophagy by activating phospholipase

C (PLCε),  resulting in the production of IP3, which mediates the release of Ca2+ from ER

stores. Increased intracytosolic Ca2+ blocks autophagy by activating calpains that are a family

of Ca2+-dependent cysteine proteases which mediate their effects on autophagy through

Gsα, which is activated after calpain cleavage. This, in turn, increases AC activity to increase

cAMP levels, thus forming a loop.

Furthermore, amino acids were shown to induce an increase in [Ca2+]i, supposedly

through the influx of extracellular Ca2+, which acts to enhance the binding of Ca2+/CaM to

hVps34, resulting in mtor activation (Gulati et al.,  2008). This pathway could also lead to

autophagy inhibition.

Thus, calcium is likely to have different regulatory effects on autophagy  (Figure 19).  It

depends on spatial and temporal parameters of calcium signaling, nutrient and growth factor

availability,  as  well  as  pathology (cancer,  neurodegenerative disorders,  inflammation etc.)

(Decuypere et al., 2011).

            IX- The role of known calcium permeable channels in autophagy regulation. 

            A- IP3R, autophagy and mitochonrial bioenergetics

Modulation of calcium permeable channels expression/function affects intracellular

Ca2+ concentrations and, consequently calcium dependent processes, such as proliferation,

apoptosis  and  autophagy.  The  role  of  calcium-permeable  channels  for  proliferation  and

apoptosis  is  largely  recognized  (Monteith  et  al.,  2007;  Flourakis  and  Prevarskaya,  2009;

Prevarskaya et  al.,  2010;  Dubois  et  al.,  2013),  whereas  the information about  molecular

nature  of  channels  regulating  autophagy  and  the  mechanisms  of  this  regulation  is  still

limited.

Most  reports  considering  calcium  permeable  channels  as  autophagy  regulators

focused on IP3R, the main intracellular Ca2+ release channel (Parys et al., 2012). Together

these reports suggested a complex role for IP3R, since both stimulatory as well as inhibitory

functions  for  IP3R  toward  autophagy  have  been  described.  Thus,  in  one  paper  it  was

suggested that cadmium (Cd2+) induces autophagy through elevation of cytosolic calcium via



IP3R  and  subsequent  extracellular  signal-regulated  kinase  (ERK)  activation  (Wang  et  al.,

2008). As a proof for this, the authors showed that 2-APB, a blocker of IP3R, suppressed,

while knockdown of CaN, a putative IP3R inhibitor, increased Cd2+ induced autophagy (Wang

et al.,  2008). However, 2-APB was shown to modulate a number of TRP channels,  SERCA

pump and SOCs (Peppiatt et al., 2003; Clapham, 2007) and as to CaN, its role in the IP3R

regulation is debated at present (Bultynck et al., 2003).

In another study, IP3R was shown to be required for differentiation factor DIF-induced

autophagic  cell  death  in  Dictyostelium  discoideum  (Lam  et  al.,  2008).  Through  random

insertional mutagenesis, the authors showed that inactivation of the iplA gene, the only gene

encoding an IP3R in this organism, prevented autophagic cell death (Lam et al., 2008).

The  stimulatory  role  of  IP3R  on  starvation  induced  autophagy  has  been  recently

shown (Decuypere et al., 2011b). The authors showed that the Ca2+ chelator BAPTA-AM as

well  as  the  IP3R  inhibitor  xestospongin  B  abolished  starvation  induced  increase  in  LC3

lipidation  and GFP-LC3-puncta  formation.  Moreover,  starvation  lead  to  IP3R sensitization

through increased Beclin1 binding to the IP3R (Decuypere et al., 2011b).

To date, most reports on IP3R-dependent regulation of autophagy suggest inhibitory

role for IP3R toward autophagy (Parys et al., 2012). Thus, lithium (Li+) was found to induce

mtor independent autophagy through inhibition of inositol monophosphatase and further

decrease in IP3 levels (Sarkar et al., 2005). Consistently, another study demonstrated that

IP3R  inhibitor  xestospongin  (XeB)  or  IP3R  knockdown  induced  autophagy  in  HeLa  cells

(Criollo et al., 2007). One of the mechanisms, by which XeB and starvation induce autophagy

was  proposed  by  Vicencio  et  al.  (2009).  The  authors  suggested  that  XeB  and  nutrient

starvation  disrupt  a  molecular  complex  formed  by  the  IP3R,  Beclin  1  and  Bcl-2,  and

presented evidence that the IP3R represses autophagy through Bcl-2-mediated binding of

Beclin 1, thus suggesting Ca2+-independent mechanism (Vicencio et al., 2009).

As three IP3R isoforms exist, some groups studied the impact of IP3R on autophagy in

the triple IP3R-deficient DT40 cells (Cardenas et al., 2010; Khan and Joseph, 2010). These

cells  demonstrate  higher  basal  autophagy  levels,  compared  to  wild-type.  Interestingly,

expression of IP3R3, but not of ryanodine receptor type 2, rescued elevated autophagy in

these cells  (Cardenas  et  al.,  2010).  In  contrast,  expression  of  Ca2+ impermeable  mutant



D2550A-IP3R3 failed to suppress constitutive autophagy, suggesting a necessity of the Ca2+-

release activity for IP3R. The authors proposed the mechanism in which constitutive IP3R

mediated Ca2+ release and uptake of this Ca2+ by mitochondria is fundamentally required to

maintain mitochondrial bioenergetics and ATP production in resting cells thereby suppressing

autophagy. Absence of this Ca2+ transfer results in inhibition of pyruvate dehydrogenase and

activation  of  AMPK,  which  activates  prosurvival  macroautophagy  in  mTOR  independent

manner (Cardenas et al., 2010).

             B- TRPML1

Along with IP3R some other calcium permeable channels were shown to be involved

in autophagy regulation.  Among them, TRPML1, also known as mucolipin-1,  ubiquitously

expressed  TRP  channel  primarily  localized  to  the  late  endosomal  and  lysosomal

compartments  (Zeevi  et  al.,  2009;  Cheng  et  al.,  2010).  Direct  patch-clamp  of  enlarged

lysosomes revealed that TRPML1 is a Ca2+ permeable channel (Dong et al., 2008). The main

physiological  function  of  TRPML1  channel  is  considered  to  serve  as  a  late

endosomal/lysosomal  Ca2+  release  channel.  Loss  of  function  mutations  in  the  human

TRPML1 gene result in mucolipidosis type IV, a neurodegenerative lysosomal storage disorder

characterized by mental retardation and retinal degeneration (Bach, 2001; Altarescu et al.,

2002).  Fibroblasts  from  mucolipidosis  type  IV  patients  exhibit  enlarged  vacuoles  with

accumulated  lipids  and  acid  mucopolysacharides,  suggesting  the  role  for  TRPML1  in

trafficking of proteins and lipids (Riedel et al., 1985; Goldin et al., 1999; Slaugenhaupt et al.,

1999). Loss of TRPML1 has been shown to be accompanied by impairment in the lysosomal

pH,  accumulation  of  autophagosomes  and  abnormal  mitochondria,  accumulation  and

aggregation of  p62 and ubiquitin  proteins,  all  of  which suggested a defective  autophagy

(Jennings et al., 2006; Soyombo et al., 2006; Vergarajauregui et al., 2008; Curcio-Morelli et

al.,  2010).  Indeed,  several  studies  have  proposed  TRPML1  as  autophagy  regulator

(Vergarajauregui et al., 2008; Venugopal et al., 2009; Curcio-Morelli et al., 2010; Wong et al.,

2012a;  Venkatachalam et  al.,  2013).  Vergarajauregui  et  al.  showed that  accumulation  of

autophagosomes  in  TRPML1-deficient  fibroblasts  obtained  from  mucolipidosis  type  IV

patients was due to increased Beclin 1 dependent autophagosome formation and delayed

fusion  of  autophagosomes  with  late  endosomes/lysosomes.  The  authors  claimed  that



TRPML1 is necessary for efficient fusion of both autophagosomes and late endosomes with

lysosomes although it is not clear if the Ca2+ channel function of the TRPML1 is essential

here (Vergarajauregui et al., 2008). In another study, group of S. Slaugenhaupt showed that

CMA is impaired in mucolipidosis type IV fibroblasts (Venugopal et al., 2009). The authors

showed  that  TRPML1  directly  interacts  with  Hsc70  and  Hsp40,  members  of  molecular

chaperone  complex  required  for  CMA,  and  hypothesized  that  this  interaction  may  be

required for intralysosomal Hsc70 to facilitate the translocation of CMA substrate proteins

across the lysosomal membrane. The authors alo speculated that TRPML1 channel activity is

required for CMA (Venugopal et al., 2009).

In  2010,  same  group  investigated  macroautophagy  in  neurons  isolated  from

cerebellum of TRPML1−/− mouse embryos (Curcio-Morelli et al., 2010). These cells displayed

higher levels of basal  autophagy markers compared to wild-type ones. In addition, LC3-II

clearance was affected in these cells, suggesting impairment of lysosomal function. However,

the link  between observed defects in  autophagy and functionality  of  TRPML1 as  a  Ca2+

permeable  channel  is  missing.  Recently,  Wong  et  al  showed  that  Drosophila  TRPML  is

required for tor complex 1 activation (Wong et al., 2012a). Authors demonstrated defects in

amphisomes/lysosomes fusion and elevated late endosomal/lysosomal Ca2+ levels in flies

lacking  TRPML1.  Authors  also  showed  decreased  tor  complex  1  activity  and  increased

induction of autophagy in TRPML1− mutants. Moreover, authors suggested that tor complex

1 regulates the subcellular localization of TRPML1. Thus, this study points out to TRPML1 as a

Ca2+  channel  present  in  amphisomes  which  releases  luminal  Ca2+  to  facilitate  Ca2+

dependent fusion of amphisomes with lysosomes (Wong et al., 2012a).

             C- TRPML3 

In  addition  to  TRPML1,  another  member  of  mucolipin  family,  TRPML3  has  been

shown to be involved in autophagy regulation. In contrast to TRPML1, TRPML3 exhibits more

restrictive  tissue  distribution,  and  is  primarily  localized  to  early  as  well  as  late

endosomes/lysosomes and less to the PM (Zeevi et al., 2009; Cheng et al., 2010).

It has been shown that overexpression of TRPML3 leads to increased autophagy in

HeLa  cells  (Kim  et  al.,  2009).  Moreover,  TRPML3  is  recruited  to  autophagosomes  upon

induction of autophagy. Additionally,  expression of dominant negative mutant TRPML3 or



knockdown of endogenous TRPML3 by siRNA reduces autophagy. Thus, it has been proposed

that TRPML3 provides Ca2+ that is required for fusion and fission events in autophagy (Kim

et  al.,  2009).  Further,  heteromultimerization  of  TRPML  channels  was  shown  to  affect

autophagy (Zeevi et al., 2010).

             D- TRPV1

Also,  TRPV1 was proposed to regulate autophagy in thymocytes (Farfariello et  al.,

2012). The authors showed that capsaicin, an activator of TRPV1, induces Beclin 1 dependent

accumulation of LC3-II protein. This effect can be antagonized by capsazepine, a blocker of

TRPV1 and compound C,  an AMPK inhibitor,  suggesting AMPK involvement.  The authors

proposed that capsaicin induced autophagy is calcium dependent, as cotreatment with EDTA

markedly  reduced  LC3-II  accumulation.  Moreover,  it  was  shown  that  capsaicin  induces

accumulation of ATG4C and triggers its oxidation in a ROS dependent manner, thus regulating

LC3 lipidation levels (Farfariello et al., 2012). However, capsaicin was shown to have TRPV1-

independent  effects,  such  as  inhibition  of  VGCCs  (Hagenacker  et  al.,  2005),  cancer  cell

growth inhibition and apoptosis induction (Mori et al., 2006; Chow et al., 2007). Additionally,

upon  prolonged  exposure  to  capsaicin,  TRPV1  desensitization  occurs  and  its  activity

decreases (Caterina et al., 1997). Thus, additional experiments using more specific agonists

and antagonists as well as siRNA knockdown are needed to confirm the role of TRPV1 in

autophagy regulation. It would be interesting as well to compare the effect of capsaicin on

autophagy in TRPV1-expressing and TRPV1-null cells.

             E- L type calcium channels and autophagy

Some ion channels, which do not belong to the family of TRP channels, were also

proposed  to  regulate  autophagy.  Williams  et  al.  found  that  L-type  calcium  channels

antagonists,  namely  verapamil,  loperamide,  nimodipine,  nitrendipine  and  amiodarone

induce mtor independent autophagy (Williams et  al.,  2008).  Conversely,  the L-type Ca2+

channel  agonist  (±)-BAY  K  8644  that  increases  cytosolic  Ca2+  levels,  inhibits  autophagy.

Authors demonstrated that elevated cytosolic  Ca2+,  presumably due to activity of  L-type

calcium  channels  on  the  plasma  membrane,  can  activate  calpains,  a  family  of  Ca2+-

dependent cysteine proteases, which cleave and activate the α-subunit of heterotrimeric G

proteins Gsα. Gsα activation, in turn, increases adenylyl cyclase activity leading to increase in



cAMP  levels.  Next,  elevated  intracellular  cAMP  levels  negatively  regulate  autophagy  by

promoting  IP3  production  via  cAMP-Epac-Rap2B-PLC-ε  pathway.  Finally,  IP3,  via  IP3R

influence cytosolic Ca2+ levels, which can again activate calpains, thus creating a potential

positive feedback loop for autophagy inhibition (Williams et al., 2008). 

Again,  it  is  important  to  mention  that  although  several  different  L-type  calcium

channel inhibitors as well as agonist were used in the study, the data showing the effect of

siRNA mediated knockdown of  L-type calcium channels  and/or  channel-dead mutants  on

autophagy are missing. It would be interesting as well to check the effect of these inhibitors

on “negative control” cells lacking L-type calcium channels. In addition, verapamil is known

to passively diffuse into the lysosome, where it  becomes protonated and could cause an

increase in lysosomal pH (Lemieux et al., 2004). This could lead to the inhibition of lysosome

function and thus block fusion with the autophagosome.

             F- Two pore channels and autophagy

TPCs have been also proposed to regulate autophagy (Pereira et al., 2011; Gomez-

Suaga et al., 2012). Mammalian TPC family comprise two members TPC1 and TPC2, widely

expressed  in  humans  and  localized  intracellularly  on  endolysosomes,  with  TPC2  being

specifically  targeted  to  lysosomes.  Several  groups  proposed  TPC  as  a  mediator  of

endolysosomal  calcium  release  in  response  to  the  elevation  of  the  second  messenger,

NAADP (Calcraft et al., 2009; Galione et al., 2009). Recently Pereira et al. demonstrated that

NAADP stimulates autophagy via TPCs in rat astrocytes (Pereira et al.,  2011). The authors

showed that NAADP mediated increase in the number of LC3-GFP puncta was reduced in

cells, transfected with dominant negative TPC2 L265P construct, suggesting the importance

of TPC2 for autophagy (Pereira et al.,  2011). TPC2 channel has been also proposed to be

involved in LRRK2 induced autophagy (Gomez-Suaga et al., 2012).

             G- Mitochondrial calcium uptake channel and autophagy

The mitochondrial calcium uptake (MCU) that was recently identified as a channel

responsible for mitochondrial Ca2+ uptake (Baughman et al., 2011; De Stefani et al., 2011)

has been demonstrated to have the role in autophagy regulation. Indeed, Cardenas et al.

showed that  the uniporter  inhibitor  Ru360 inhibited cell  O2 consumption rate,  activated



AMPK,  and  induced autophagy  (Cardenas  et  al.,  2010).  In  line  with  these  data,  MCUR1

(mitochondrial  calcium  uniporter  regulator  1)  was  shown  to  regulate  autophagy

(Mallilankaraman  et  al.,  2012).  MCUR1 represents  an  integral  membrane  protein  that  is

required for MCU-dependent mitochondrial Ca2+ uptake. Knockdown of MCUR1 in HeLa and

HEK293T  cells  reduced  cell  O2  consumption  rate,  activated  AMPK,  and  induced

macroautophagy (Mallilankaraman et al., 2012). Importantly, stable knockdown of MCU in

HeLa  cells  elicited  essentially  the  same  effects,  confirming  the  regulatory  role  for  MCU

toward autophagy (Mallilankaraman et al., 2012).

MPTP has been also suggested to be implicated in autophagy regulation. Elmore et al.

proposed  that  mitochondrial  permeability  transition  (MPT)  initiates  autophagy  in  rat

hepatocytes. Although the mechanism by which the MPT signals autophagic sequestration

was not investigated in this work, the authors hypothesized that factors released from the

mitochondrial intermembrane space as a consequence of MPT could stimulate autophagy

(Elmore et al., 2001). It is not clear if the Ca2+ release channel function of the (mitochondrial

permeability transition pore). MPTP is essential here as well. A functional MPTP was also

shown to be required for starvation-induced mitochondrial autophagy (Carreira et al., 2010).

The authors demonstrated that starvation induced mitochondrial depolarization in cardiac

cells.  This  depolarization  was  prevented  by  cyclosporin  A  (MPT  inhibitor).  Further,  the

authors showed that cyclophilin D a component of the MPTP, is required for mitochondrial

removal by starvation-induced autophagy. Interestingly, cardiomyocytes from cyclophilin D

deficient mice failed to upregulate autophagy in response to nutrient deprivation, suggesting

that  MPTP  is  essential  here  (Carreira  et  al.,  2010).  Again  the  role  of  calcium  and  the

importance  of  calcium  permeability  for  MPTP  in  the  regulation  of  autophagy  were  not

assessed in this study.



Figure 19:  Stimulatory and inhibitory functions  for  calcium towards autophagy (Yassine

Maya).

             X- The implication of autophagic and calcium modulators in cancer treatment

             A- Autophagy modulators

For a long time, it was suggested that autophagy acts as a tumor suppressor in several

cancers. However, it is not the case in established tumors where it acts as a mechanism to

support the survival of established cancer cells.

Thus,  it  is  not  surprising  that  inhibition  of  autophagy  sensitize  tumor  cells  to

chemotherapy treatments (Guo et al., 2012; Selvakumaran et al., 2013). Examples include

camptothecin in breast cancer and cisplatin in oesophageal cancer cell line and proteasome

inhibitors in prostate cancer cells and monoclonal antibodies in breast cancer cells (Kreuzaler

et al., 2012). Therefore, autophagy inhibition as an adjuvant to chemotherapy represents a

promising strategy in the treatment of some cancers (Amaravadi et al., 2011; White, 2012).

Indeed,  more  than  20  clinical  trials  are  currently  evaluating  the  efficacy  of  CQ  and

hydroxychloroquine,  autophagy  inhibitors,  in  treatment  of  different  cancers  either  in

monotherapy or  in  combination with other  anticancer  agents.  The preliminary results  of

many of these trials show apparent anti-tumor activity (Yang et al.,  2011b; Kimura et al.,



2013). In addition, CQ and hydroxychloroquine another autophagy inhibitors, including 3-

MA, bafilomycin A1 and pepstatin A have been shown to enhance the anti-tumor efficacy of

chemotherapeutic  drugs  both  in  vitro  and  in  vivo  (Hsu  et  al.,  2009;  Li  et  al.,

2010;Cheongetal.,2012;Lamoureux and Zoubeidi,2013). However, it should be noted that all

these autophagy inhibitors are not specific and can modulate other cellular processes, such

as endocytosis, lysosomal function etc. Hence, unexpected side effects could occur when

treating patients with these drugs. Therefore, more specific and potent autophagy inhibitors

are clearly needed. Thus, figuring out whether to stimulate or  inhibit  autophagy in each

particular case will provide a powerful approach to treat cancer.

             B- Calcium channel modulators

Calcium channels are considered to be important players in cancer regulation. There

are signs of promising developments of calcium channel modulators in clinical applications

concerning  cancer  treatment.  The  importance  of  calcium  modulators  is  highlighted  till

nowadays  by  the  use  of  immunosuppressant  drugs  such  as  cyclosporine  that  works  by

inhibiting calcium dependent activation of NFAT factors. Also, SOC channels in PM might be

the target of calcium influx inhibitor that has been in clinical trials to slow down the growth

of malignant cancers (Berridge 2012). Carboxyamidotriazole (CAI) is a cytostatic inhibitor of

non-voltage-operated calcium channels and calcium channel-mediated signaling pathways

that suppress angiogenesis, tumor growth, invasion and metastasis, and is already in clinical

trials as an orally active antineoplastic agent (http://clinicaltrials.gov/). Moreover, the T type

calcium channel inhibitor mibefradil reduces cell viability and clonogenic potential as well as

induces apoptosis in glioblastoma mutliforme brain tumors that are usually resistant to radio

and chemotherapy. As a result of using such inhibitor,  reduced phosphorylation of AKt is

observed suggesting  inhibition  of  mtor  complex  2/Akt  pathway  and thus  making  T  type

calcium channels a new molecular target for tumor therapy (Valerie et al., 2013). In addition,

the results of experiments done by Zhang et al using LNCaP cells indicate that TRPM8 is

required for cell survival. These results indicate that TRPM8 is an important determinator of

calcium homeostasis in prostate epithelial cells and may be a potential target for the action

of  drugs  in  the  management  of  prostate  cancer  using  TRPM8’s  antagonist  capsazepine

(Zhang et al 2012). Therefore, more channel blockers and modulators should be investigated.



Objectives



Cancer has been identified as a chronic disease. In an attempt to battle this disease

the world health organization have developed many programs to improve early screening

and find therapies to improve survival and quality of life for the patients in late stages of

cancer.  For  example,  prostate  cancer  moves  from  androgen  dependent  to  androgen

independent stage and metastasize fast which makes it harder for treatment. 

The role of calcium in controlling mechanisms that underlie cancer is well established.

Defects  in  the  cellular  pathway  autophagy  lead  to  several  diseases  including  cancer.

Regardless of the complex role that autophagy plays in cancer; it was shown that modulation

of autophagy has a great impact on cancer prognosis and treatment. This makes autophagy

an interesting target for cancer therapy. In addition, recent findings identified the importance

of intracellular calcium in autophagy regulation.

Due to the fact that the role of calcium and calcium permeable channels are well

studied in cancer but still limited in the field of autophagy. In addition, both calcium and

autophagy are implicated in cancer progression. We were interested in this thesis to study

calcium  dependent  mechanisms  of  autophagy  regulation  and  its  importance  in  treating

cancer. The three factors we studied were: 

- The possibility of involvement of calcium permeable channels in autophagy 

  regulation in prostate cancer.

-  The link  between calcium,  calcium permeable  channels,  autophagy  and cancer  

   progression and therapy of prostate cancer.

- The use of autophagy modulators to enhance the efficacy of prostate cancer   

   treatment. 



Materials and Methods



I. Cellular culture

A- Cell Lines

1) Cancerous cell Lines

In this study, different prostatic cell lines were used:

-  The androgen dependent  LNCaP cells  were purchased from the American Type Culture

Collection (ATCC). LNCaP are a cell line of human cells used in the cancer field. LNCaP cells

are  androgen-sensitive  human  prostate  adenocarcinoma  cells  derived  from  the  left

supraclavicular lymph node metastasis from a 50 year old caucasian male in 1977. The LNCaP

cell line was established from a metastatic lesion of human prostatic adenocarcinoma. The

LNCaP cells grow readily in vitro in a medium rich with androgens and their doubling time is

60 hr. They have specific androgen and estrogen receptors. LNCaP cells also express PSA.

-  The androgen independent PC3 cells were purchased from ATCC. The PC3 cell lines were

established in 1979 from bone metastasis of grade IV of prostate cancer in a 62-year-old

Caucasian male. These cells do not respond to androgens, glucocorticoids, or epidermal or

fibroblast growth factors. They can grow and proliferate in the absence of androgens since

they do not have a functional androgen receptor. They do not express PSA. PC3 cells have

high  metastatic  potential  compared to  DU-145  cells  and to  LNCaP cells  which  have  low

metastatic potential.

- The androgen independent DU-145 cells were purchased from ATCC. The DU-145 cell line

was derived from brain metastasis. DU-145 are not hormone sensitive and do not express

PSA. DU-145 cells have moderate metastatic potential. 

- Several pancreatic cancer cell lines were also used that were purchased from ATCC. 

2) Transformed cell lines

Human  Embryonic  Kidney  293  (HEK-293)  cells  were  generated  in  the  early  70s  by

transformation  of  cultures  of  normal  human  embryonic  kidney  cells  with  sheared



adenovirus. HEK-293 cells are very easy to grow and transfect very readily and are of interest

to  us  because  they  have  low  expression  levels  of  endogenous  ion  channels  on  plasma

membranes so they can serve as a standard cell model.

B- Culture conditions

1) Media used

Prostate  cancer  cell  lines  LNCaP,  PC3  and  DU-145  were  cultured  in  RPMI  1640

medium (31870,  Gibco-Life  Technologies)  supplemented  with  5  mM L-glutamine  (25030,

Gibco) and 10% fetal  bovine serum (F7524, Sigma). In case of starvation, no fetal bovine

serum  was  added  to  the  medium.  HEK-293  cells  were  cultured  in  Dulbecco's  minimal

essential  medium  DMEM+GlutaMAX  (31966,  Invitrogen,  Life  Technologies  Inc.)

supplemented  with  10%  fetal  bovine  serum  (F7524,  Sigma).  Pancreatic  cancer  cell  lines

ASPC1 and BxPC3 were cultured in  RPMI 1640 medium (31870,  Gibco-Life  Technologies)

supplemented with 5 mM L-glutamine (25030, Gibco) and 10% FCS (PAA Gold).

The cells were placed in incubator of 37°C and 5% CO2. When adherent cells reach around 80

% confluency, they are to be detached from incubator flasks using Trypsin-EDTA, 0.25%, ICN,

USA. The effect of Trypsin is inhibited by the addition of complete culture media to the cells

to be placed in new T75 flasks ( 50,000 cells/ml) after splitting is done using Trypsin. Culture

media is to be changed every two days.

2) Cell conservation (Freezing down and thawing)

After trypsinization, 1 ml of culture freezing media (Recovery Cell  Culture Freezing

Medium, Gibco) is to be added on around one million of cells needed to be conserved and

frozen down in special freezing tubes. Then, the tubes are placed in a special freezing box

filled with isopropanol  and kept in -80°C for overnight.  The isolation of the tubes in the

isopropanol  box  allows  the  cells  in  frozen  media  to  loose  around  1°  per  minute  and

therefore, allowing the gradual freezing down of cells. If frozen cells are to be kept conserved

for  long  periods  of  time,  cells  in  their  freezing  media  should  be  put  in  cryotubes  and

conserved in liquid nitrogen tanks.

It is preferred to place the frozen tube of cells in a water bath of about 37°C in case of

thawing, for several minutes. The cells are then transferred to T25 or T75 flasks of complete



medium so as to grow. Media is adviced to be changed the second day. 

II- Measuring cell viability 

A- Cell proliferation Assay

Cells were seeded at 10000 cells/well on 96-well plates in normal medium.

The cells were treated either with DMSO or the indicated concentrations of treatments for

up to 72 h in full or serum-starved media. Cell viability was monitored using the Cell Titer 96

Aqueous  One  Solution  cell  proliferation  assay  (Promega),  on  the  basis  of  the  cellular

conversion  of  the  colorimetric  reagent  MTS  [3,4-(5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium  salt]  into  soluble  formazan  by

dehydrogenase enzymes found only in metabolically active cells.  Following treatment the

cells  were  incubated  with  reagent  solution  and  absorbance  was  recorded  at  490  nm

wavelength using an ELISA plate reader (Molecular Devices).

B- Trypan blue

The cell viability was also assessed by trypan blue exclusion assay. After treatment with

either DMSO or the required treatment, the cells were collected by trypsin-EDTA, incubated

with  trypan  blue  and  the  viable  cells  as  well  as  dead  (blue)  cells  were  counted  using

hemcytometer.

III- Transient and stable transfection

LNCaP  cells  stably  expressing  eGFP-LC3  (LNCaP-eGFP-LC3)  were  generated  by  stable

transfection with eGFP-LC3 plasmid (kind gift from Prof. Geert Bultynck KU Leuven, Belgium)

using  Xtremegene  HP transfection  reagent  (Qiagen)  and selection with  500  μg/mL G418

(Sigma-Aldrich).

LNCaP  cells  were  transiently  transfected  with  mCherry-eGFP-LC3B  construct  (kindly

provided by Prof. Terje Johansen Institute of Medical Biology, University of Tromso, Norway)

using Nucleofector technology (Lonza) as described by the manufacturer. Briefly, 1 million of

cells were transfected with 2 μg of mCherry-eGFP-LC3B plasmid and seeded on tissue culture

dishes with cover glass bottom (FluoroDish, FD35, World Presicion Instruments, Inc.). Two



days after plating cells were used for treatments and subsequent confocal imaging.

LNCaP cells were transfected with 40 nM of siRNA against STIM1 (Eurogentec) adjust the

total volume to 100µL using medium without fetal bovine serum and mix with 6 μl Hyperfect

transfection reagent using the lipofection technique (Qiagen Inc.) usually 5 minutes is the

incubation time at room temperature so the complex of transfection is formed, following the

manufacturer's instructions. 

IV- Immunodetection

A- Extraction of proteins

Cells were washed with cold PBS and lysed in ice-cold buffer containing:

1% Triton X-100, 150 mM NaCl, 5 mM EDTA, 1% Sodium deoxycholate, 10 mM PO4Na2/K

buffer,  a  protease  inhibitor  cocktail  (Sigma-Aldrich)  and  a  phosphatase  inhibitor  cocktail

PhosSTOP (Roche). The lysates were centrifuged at 15,000×g at 4°C for 15 minutes to remove

cell debris and supernatant protein concentration was determined by the BCA protein assay

kit (Pierce Biotechnology).

B- Westernblot

30  μg  of  total  protein  were  subjected  to  SDS-PAGE  (Sodium  Dodecyl  Sulfate-

Polyacrylamide Gel Electrophoresis) for an around 2 h migration of 50 mA intensity fixed per

one gel followed by transfer to PVDF membranes using the Trans-Blot® SD semi-dry transfer

cell (Bio-Rad) at 25 volts and 50 mA per gel for a minimum of 1h30. The membranes were

blocked in a 5% fat-free milk containing TNT buffer (Tris-HCl,  pH 7.5, 140 mM NaCl,  and

0.05%  Tween  20)  for  1  h  at  room  temperature.  The  membranes  were  next  incubated

overnight  at  4°C  with  primary  antibodies,  and  then  for  1  h  at  room  temperature  with

secondary antibodies conjugated to horseradish peroxidase. After washing, the membranes

were processed for  chemiluminescence detection using Luminata Western HRP substrate

(Milipore). Image J software was employed for quantitative analysis.



Primary antibody Company Dilution Secondary

antibody

Molecular

weight (kDa)
Beta actine Sigma 1/2000 Mouse 42
Akt 193H12 Cell signaling 1/1000 Rabbit 60
pAkt(Ser 473) Cell signaling 1/1000 Rabbit 60
mtor Cell signaling 1/1000 Rabbit 289
pmTOR(Ser2448) Cell Signaling 1/1000 Rabbit 289
LC3 B (L7543) Sigma 1/1667 Rabbit 16 and 18
P62 (GP62-C) PROGEN 1/1000 Pig 62
Beclin1 Sigma 1/1000 Rabbit 60
pPERK(Thr 981) Santa Cruz 1/200 Rabbit 125 
Orai1 ProScience 1/500 Mouse 55
STIM1 BD transduction 1/250 Mouse 84
TRPV6 Santa Cruz 1/200 Rabbit 85 and 100
TRPC1 Novus 1/250 Rabbit 80
Lamp2 sc-18822 Santa Cruz 1/250 Mouse 120

Table 1: List of primary antibodies used to study protein expression

C- Flurorescence microscopy

LNCaP-GFP-LC3 cells  were grown on glass  coverslips.  Following treatments cells  were

rinsed with PBS, fixed with 4% paraformaldehyde-1X PBS for 15 min, washed with PBS and

incubated with DAPI for 10 min. After three washes with PBS the slides were mounted with

Mowiol®  on  glass  slides  and  subjected  to  subsequent  fluorescence  analysis  using  Zeiss

Axiovert microscope.

V- Electron microscopy

Cell pellets were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4 for at

least 30 minutes at  4°C.  After fixation,  the specimens were thoroughly washed in 0.1 M

cacodylate buffer and then postfixed with 1% osmium tetroxide in the same buffer for 1 hour



at  room temperature,  stained  with  2% uranyl  acetate  in  distilled  water  for  15  minutes,

dehydrated in graded acetonitrile, and embedded in Epon. Ultrathin sections (80 to 90 nm

thick) were cut on a Leica UC7, transferred on 150-mesh grids and contrasted with 2% uranyl

acetate solution and Reynolds lead citrate solution. The electron micrographs were taken

with a Hitachi  H600 transmission electron microscope at  75 kV accelerating voltage.  For

immuno-electron microscopy, the cells were fixed overnight at 4°C in 8% paraformaldehyde

and 0.05 % glutaraldehyde in PBS buffer, thoroughly washed in the same buffer and infused

in sucrose 2.3 M containing 20% polyvinyl pyrrolidone 10000 in phosphate buffer 0.1 M. The

pellets  were  mounted  on  microtome  supports  and  rapidly  frozen  in  melting  nitrogen.

Ultrathin sections of about 90–100 nm were obtained using a Leica UC7 cryoultramicrotome

equipped  with  a  FC7  device.  Sections  were  first  incubated in  blocking  medium (0.05  M

glycine, 5% fish gelatine in 0.1 M PBS buffer) for 30 min. The grids were incubated with the

antibody anti-LAMP2 for 1 hour at 37°C or overnight at 4°C. After washing, sections were

incubated at room temperature for 30 min in the secondary gold conjugates (18 nm, Jackson

Immuno Research) diluted in the same buffer. Following a final thorough wash in PBS alone,

the grids were fixed in 2% glutaraldehyde for 10 min at room temperature and washed in

water.  After  staining  with  0.5%  uranyl  acetate  in  1.5%  methyl  cellulose,  sections  were

observed on a Hitachi H600 transmission electron microscope at 75 kV accelerating voltage.

VI- Confocal microscopy and acridine orange staining

Live cell images were obtained using confocal laser scanning microscope (LSM 700, Carl

Zeiss  MicroImaging  GmbH)  with  a  Plan  Apochromat  40×/1.3  numerical  aperture  oil

immersion objective, 340 nm and equipped with a CO2 and thermocontrolled chamber. The

images were analyzed in Zeiss LSM Image Browser software and prepared for publication in

Adobe Photoshop.

LNCaP cells were seeded on tissue culture dishes with cover glass bottom (FluoroDish,

FD35,  World  Presicion  Instruments,  Inc.).  Two days  after  plating  cells  were  treated  with

normal,  serum-starved or  certain  treatment  containing  medium for  12  h.  At  the  end of

treatments acridine orange was added to the cells (1 μg/ml final concentration) for 15 min in

37°C.  Then  the  cells  were  washed  2  times  with  appropriate  medium  and  subjected  to

confocal imaging.



VII- Calcium Imaging

LNCaP cells were grown on glass coverslips to carry out calcium imaging experiments.

Changes  in  [Ca2+]i  in  LNCaP  cells  were  imaged  using  the  high-affinity  fluorescent  Ca2+

indicator  fluo-4,  which  was  loaded  by  1-hour  incubation  of  the  cells  with  5  μM  fluo-4

acetoxymethyl ester followed by 1-hour wash to allow time for de-esterification. Confocal

[Ca2+]I imaging was performed as described previously.55 Briefly,  experimental  chambers

with the cells were placed on the stage of Axiovert 200M inverted microscope attached to a

LSM 510 META laser-scanning unit (Zeiss, Oberkochen, Germany). The x-y confocal images of

the fluo-4 fluorescence were acquired at 0.15 Hz using a Zeiss plan-Apochromat 40× 1.3 N.A.

objective. Fluo-4 fluorescence was excited by the 488 nm line of a 500 mW argon ion laser

(Laser-Fertigung, Hamburg, Germany) and was captured at wavelengths above 505 nm. The

illumination intensity was attenuated to 0.6% with an acousto-optical tunable filter (Zeiss,

Oberkochen). In all  the experiments the photomultiplier gain was set at 688. To optimise

signal  quality  the  pinhole  was  set  to  provide  a  confocal  optical  section  <4  μm.  The

composition of the Ca2+/Mg2+-free external solution used during experiments was (in mM):

140 NaCl, 5KCl, 5 Glucose, 10 Hepes (pH 7.4). Alternatively, ratiometric dye Fura-2/AM was

used as a Ca2+ indicator. LNCaP cells were loaded with 2 μM Fura-2/AM for 45 min at 37oC

and 5%CO2 in RPMI medium and subsequently washed three times with external solution

containing (in mM): 140 NaCl, 5KCl, 1 MgCl2, 2 CaCl2, 5 Glucose, 10 Hepes (pH 7.4). The

coverslip  was  then transferred  in  a  perfusion  chamber  on  the  stage  of  Nikon  Eclipse  Ti

microscope.  Fluorescence  was  alternatively  excited  at  340  and  380  nm  with  a

monochromator  (Polychrome  IV,  TILL  Photonics  Gmbh)  and  captured  at  510  nm  by  a

QImaging  CCD  camera  (QImaging).  Acquisition  and  analysis  was  performed  with  the

MetaFluor 7.7.5.0 software (Molecular Devices Corp.).

VIII- RT-PCR

RNA  was  isolated  using  the  guanidium  thiocyanate–phenol–chloroform  extraction

procedure, reverse transcribed using moloney murine leukemia (MuLV) reverse transcriptase

(Perkin  Elmer,  Courtaboeuf,  France).  DNA  amplification  conditions  included  the  initial

denaturation step of 7 min at 950C, and 36 cycles of 30 s at 950C, 30 s at 600C, and 30 s at

720C, and finally 7 min at 720C. 



IX- Statistical analysis 

Data  were  analyzed  using  Origin  7.0  (Microcal  Software).  Results  are  expressed  as

mean±SEM. Statistical analysis was performed using Student’s t-test, and p<0.05 was 

considered as significant. Asterisks denote: * - p<0.05, and ** - p<0.01.



Results
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Abstract

The  growing  number  of  studies  suggested  that  inhibition  of  autophagy

enhances the efficacy of Akt kinase inhibitors in cancer therapy. Here we provide

evidence  that  ML-9,  a  widely  used  inhibitor  of  Akt  kinase,  MLCK  and  stromal

interaction  molecule  1  (STIM1)  represents  the  “two-in-one”  compound  which

stimulates  autophagosome formation (by downregulating Akt/mTOR pathway)  and

inhibits  their  degradation  (by  acting  like  a  lysosomotropic  agent  and  increasing

lysosomal pH). We show that ML-9 as a monotherapy effectively induces prostate

cancer cell death associated with the accumulation of autophagic vacuoles. Further,

ML-9  enhances  the  anticancer  activity  of  docetaxel,  suggesting  its  potential

application as an adjuvant to existing anticancer chemotherapy. Altogether our results

revealed  the  complex  effect  of  ML-9  on  autophagy  and  indentified  ML-9  as  an

attractive tool for  targeting autophagy in cancer therapy through dual inhibition of

both the Akt pathway and autophagy.
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Introduction

The phosphatidylinositol 3-kinase 
(PI3K)/Akt/mammalian target of rapamycin 
(mTOR) signaling pathway is a vital pathway 
that is implicated in a variety of cellular 
processes, deregulation of which could 
contribute to the malignant transformation. 
Accordingly, this pathway has been linked to 
tumorigenesis and resistance to anticancer 
therapy in different cancers.1-2 Considering 
this, a number of novel inhibitors targeting 
PI3K, Akt or mTOR are currently being 
investigated in clinical trials for cancer therapy.
However, it was reported that inhibition of the 
different components of the PI3K/Akt/mTOR 
pathway often stimulates prosurvival 
processes, such as autophagy, limiting the 
anticancer efficacy of the aforementioned 
inhibitors.3-4

Autophagy, a cellular process comprising 
degradation and recycling of protein 
aggregates, long-lived proteins and damaged 
organelles, is essential to maintain cellular 
homeostasis.5-6 At basal and stress conditions 
autophagy assures cytoprotective response to
support cell survival. In contrast, a growing 
number of studies suggests that autophagy 
may contribute to cell death.7 Defects in 
autophagy are linked to a number of 
pathological states including cancer.8 Indeed, 
accumulated evidence suggests that 
autophagy inhibition facilitates apoptotic cell 
death, inhibits tumor cells growth and 
sensitize tumor cells to chemotherapy 
treatments.9-13 
Recently, it was proposed that inhibition of 
autophagy represents a prospective strategy 
to increase the therapeutic efficacy of Akt 
inhibitors.14-16

A naphthalene sulphonamide derivative, 1-(5-
chloronaphthalene-1-sulphonyl)-1H-
hexahydro-1,4-diazepine (ML-9) is a 
membrane permeable organic substance 
(Supplementary Figure S1) which is widely 
used as an inhibitor of Akt kinase,17-18 myosin 
light-chain kinase (MLCK) 19 and stromal 
interaction molecule 1 (STIM1).20 ML-9 has 
been previously shown to promote apoptotic 
cell death and inhibit invasion and adhesion in
certain cancer cell lines. 21-23 Recently, ML-9 
was identified as a compound that increases 

the number of GFP-LC3 vesicles in human 
glioblastoma H4 cells.24

Given the increasing interest in development of 
novel autophagy modulators as well as inhibitors 
of the Akt/mTOR pathway for cancer treatment, 
we investigated the mechanisms of autophagy 
regulation by ML-9 and assessed its potential 
application as an anticancer drug. 

Results

ML-9 stimulates autophagy by 
downregulating Akt/mTOR pathway in 
prostate cancer cells. Akt phosphorylation is 
widely established to be one of the key-stone 
events involved in the regulation of prostate 
cancer cell survival.25-28 Since ML-9 has been 
suggested to be the potent inhibitor of Akt 
phosphorylation in other cell models, we firstly
checked for this function of ML-9 in prostate 
cancer cells. In LNCaP cells ML-9 (30 µM) 
reduced the phosphorylation of Akt kinase 
suggesting its inhibition (Figure 1a). Since 
mTOR kinase acts downstream of Akt kinase, 
we further examined the effect of ML-9 on 
mTOR activity. We found that phosphorylation 
of mTOR was significantly reduced by ML-9 in
a dose-dependent manner which suggests the
inhibition of mTOR kinase activity (Figure 1b). 
As mTOR kinase represents a central player 
in autophagy regulation we next tested the 
effect of ML-9 on autophagy by analyzing the 
levels of endogenous LC3-II protein, the most 
widely used marker for autophagosomes.29 
ML-9 significantly increased LC3-II levels in 
LNCaP cells in a dose- and time-dependent 
manner (Figures 1c and d). In addition, in 
LNCaP cells stably expressing eGFP-LC3 
(LNCaP-eGFP-LC3), treatment with ML-9 
resulted in accumulation of eGFP-LC3 puncta 
(Figure 1e). 
Further, transmission electron microscopy 
(TEM) analysis revealed the increased 
number of large autophagosome-like and 
autolysosome-like vacuoles in ML-9-treated 
cells compared to the control ones (Figure 1f).
Moreover, the accumulation of multi-lamellar 
membrane structures, small vesicles, 
cytoplasmic material and organelles at 
different stages of degradation has been 
detected within the lumen of the numerous 
expanded vacuoles after ML-9 treatment 
(Figure1f). Importantly, we have noted that 



apparent autolysosomes were significantly 
greater in number than autophagosomes 
(Figure 1f and Supplementary Figure S2). In 
addition, immuno-TEM analysis showed the 
presence of immunogold-labeled lysosomal 
protein Lamp2 in these vacuoles 
(Supplementary Figure S3). These findings 
suggest autophagic/lysosomal origin of these 
vacuoles.
ML-9 also caused an increase in LC3-II levels 
in prostate cancer PC-3 cells, human 
embryonic kidney HEK-293 cells, pancreatic 
cancer ASPC1 and BxPC3 cells, but not in 
DU-145 cells lacking full-length ATG5 30 
(Supplementary Figure S4a and S4b), 
suggesting the necessity of the functional 
autophagic pathway. 
Overall, these data suggest that ML-9 stimulates 
autophagy and induces accumulation of 
autophagic vacuoles and functional autophagic 
machinery is required for this.

ML-9 blocks autophagic flux. An 
accumulation of autophagic vacuoles can be 
the consequence of two different processes: 
increased autophagosome formation and/or 
block in autophagosome 
maturation/degradation. Therefore, we 
analyzed autophagic flux in LNCaP cells using
the lysosome inhibitor chloroquine (CQ). We 
showed that at concentrations up to 20 µM 
ML-9 induced LC3-II accumulation without 
inhibiting autophagic flux, as clear increase in 
LC3-II levels was detected upon addition of 
CQ (50 µM for 1h). In contrast, CQ failed to 
increase LC3-II levels induced by higher 
concentrated ML-9 (30 µM -50 µM) (Figure 
2a). In addition, combined treatment of LNCaP
cells with ML-9 (30 µM) and bafilomycin A1 
(another inhibitor of lysosomal acidification) 
did not elevate LC3-II levels compared to the 
treatment with ML-9 alone (Supplementary 
Figure S5). These results suggest that at 
concentrations >30 µM ML-9 effectively 
inhibits autophagic flux.
Consistent with immunoblotting experiments CQ 
failed to enhance ML-9-induced eGFP-LC3 puncta 
accumulation in LNCaP-eGFP-LC3 cells, while a 
clear increase in eGFP-LC3 puncta has been 
observed in basal and serum-starved conditions 
(Figure 2b). 
We next confirmed these results by analyzing 
the levels of autophagy substrate protein p62 

– another widely used autophagy marker, 
which is degraded by autophagy.31-32 ML-9 
induced p62 accumulation in LNCaP cells in a 
dose-dependent manner, once again 
supporting the inhibitory role for ML-9 in 
autophagy (Figure 2c).
Interestingly, we found that ML-9 blocked serum-
starvation-induced autophagic flux. Addition of CQ
to LNCaP cells treated with ML-9+starvation 
caused no further increase in LC3-II and p62 levels 
(Figure 2d). Thus, these results demonstrate that 
ML-9 arrests basal and induced autophagic flux.

ML-9 affects maturation of 
autophagosomes and increases lysosomal
pH. Next, to confirm these results we utilized a
tandem mCherry-GFP reporter fluorescence 
assay designed to monitor autophagic flux 
(see Materials and Methods). 32 LNCaP cells 
were transiently transfected with mCherry-
GFP-LC3B and treated with normal, serum-
starved, or ML-9 (30 µM) containing medium 
for 12h. The colocalization of GFP and 
mCherry signals was analyzed. Under 
starvation conditions both the number of 
puncta and fraction of red-only puncta 
increased, indicating that fusion with acidic 
endosomes/lysosomes occurs rapidly after 
autophagosome formation. In contrast, ML-9 
treatment caused a dramatic decrease in the 
proportion of red-only puncta, thus the vast 
majority of the puncta were double positive 
mCherry+/GFP+ (Figure 3a). Thus, the 
accumulation of enlarged double positive 
mCherry+/GFP+ LC3-puncta (as it follows 
from confocal microscopy) together with the 
accumulation of autolysosomes (as it goes 
from TEM) following ML-9 treatment suggest 
that ML-9 inhibits autophagic flux mainly 
through the increase in endosomal/lysosomal 
pH and impairment of proteolytic degradation 
of autophagy substrates inside the 
autolysosomes, but not through the prevention
of fusion between autophagosomes and 
endosomes/lysosomes. 
To test this assumption we utilized acridine 
orange, an acidotropic dye which is widely used as
an indicator of acidification. LNCaP cells stained 
with acridine orange exhibited green fluorescence 
with a few red puncta in basal medium. Serum-
starvation induced accumulation of red puncta, 
indicating an increase in autolysosomes number. 
In contrast, ML-9-treated cells showed an 



accumulation of enlarged vesicles emitting in both
green and red, indicating increase in 
intraorganellar pH (Figure 3b). This effect of ML-9 
could be explained by its weak base properties 
(pKa=8.04, calculated using Marvin software by 
ChemAxon). Thus, it seems that ML-9 behaves like 
a lysosomotropic agent which is accumulated in 
the lysosomes and leads to an increase in 
lysosomal pH. We confirmed these results by 
assessing Lamp1 immunofluorescence in LNCaP 
cells transfected with mCherry-GFP-LC3B. ML-9 
visibly increased the size of Lamp1-positive 
vesicles/puncta (Supplementary Figure S6a). In 
addition, ML-9 induced accumulation of mCherry-
GFP-LC3B puncta, which were largely colocalized 
with Lamp1-positive vesicles/puncta 
(Supplementary Figure S6b). 
Altogether these data suggest that ML-9 
represents a “two-in-one” compound which 
stimulates autophagosome formation (by 
downregulating Akt/mTOR pathway) and inhibits 
their degradation (by acting like a lysosomotropic 
agent and increasing lysosomal pH).

ML-9 stimulates autophagy via both Vps34-
dependent and -independent mechanisms. 
Next, we assessed the levels of another 
important autophagy protein Beclin1 upon 
treatment with ML-9. Western blot analysis 
showed that ML-9 induced an increase in 
Beclin1 levels (Figure 4a). To test if Vps34-
Beclin1-complex is important in ML-9-induced 
accumulation of autophagic vacuoles, we 
treated LNCaP cells with ML-9 or serum-
starved medium, followed by the addition of 
100 nM wortmannin (an inhibitor of Vps34) for 
1,5 h. Wortmannin effectively reduced the 
LC3-II levels in LNCaP cells treated with low 
concentrations of ML-9 (up to 20 µM). In 
contrast, wortmannin showed no significant 
effect when cells were treated with higher 
concentrations of ML-9 (Figure 4b). This could
be due to the inability of wortmannin to 
influence autophagosome degradation. To test
this possibility, we used another Vps34 
inhibitor 3-MA and pretreated our cells with 
5mM 3-MA for 1h before treatments with full, 
serum-starved or ML-9 containing medium for 
6h in the continuous presence of 3-MA. 3-MA 
effectively reduced LC3-II levels in basal and 
serum-starved conditions as well as in LNCaP
cells treated with 20 µM ML-9. In contrast, 
30 µM ML-9 induced LC3-II accumulation 

even following pretreatment with 3-MA (Figure
4c). In line with this, ML-9 (30 µM) was 
effective in increasing the number of eGFP-
LC3 positive puncta in LNCaP-eGFP-LC3 
cells pretreated with wortmannin (Figure 4d).
Overall, these results suggest that ML-9 stimulates
autophagy via both Vps34-dependent and 
-independent mechanisms. 

ML-9 induces prostate cancer cell death. 
Considering the previously reported data, 
suggesting that combination of Akt inhibitors 
with late stage autophagy inhibitors promotes 
cancer cell death,14-16 we next assessed the 
effect of ML-9 on prostate cancer cell viability. 
MTS and trypan blue staining assays revealed
that ML-9 reduced the viability of LNCaP cells 
in a concentration-dependent manner. 
Moreover, this cell-killing effect of ML-9 was 
strikingly potentiated in a serum-free medium 
(Figures 5a and b). Next, we assessed if ML-9
induce apoptosis in LNCaP cells. First, we 
checked if ML-9 could induce cleavage of 
PARP. Treatment of LNCaP cells with ML-9 
(30 µM) for 24 h resulted in the appearance of
a cleaved PARP 89-kD fragment characteristic
of apoptosis. PARP cleavage was significantly
higher when cells were treated with ML-9 in 
serum-starved conditions (Figure 5c). These 
results indicate that ML-9 induces apoptosis in
LNCaP cells. To confirm this we determined 
the level of apoptosis by Annexin V/Propidium 
iodide double staining. Treatment with ML-9 
(30 µM) for 24 h significantly increased the 
percentage of Annexin V-positive LNCaP cells 
and serum-free medium greatly potentiated 
this effect (Figure 5d).
In addition to LNCaP cells ML-9 effectively 
reduced the viability of PC-3, DU-145 as well 
as HEK-293 cells, although these cell lines 
exhibited greater resistance to ML-9-induced 
cell death compared to LNCaP cells, with DU-
145 being the most resistant (Supplementary 
Figure S7). At high concentrations (50 µM – 
100 µM) ML-9 induced pronounced rounding 
up and detachment of LNCaP cells within the 
first 2 h of treatment. Again, this effect was 
intensified by the removal of serum from 
medium (data not shown). 
Of note, after 4 hours of treatment with ML-9 
(30 µM -50 µM) we detected vacuolization of 
the majority of LNCaP cells under the light 
microscope (Supplementary Figure S8). This 
effect correlates well with the weak base 



properties of ML-9 and the accumulation of 
autophagic vacuoles (as revealed by TEM and
fluorescence microscopy). 
Thus, we conclude that ML-9 as a monotherapy 
effectively induces prostate cancer cell death 
associated with the accumulation of autophagic 
vacuoles. 

ML-9 accelerates cell death in combination 
with chemotherapy. Given that ML-9 
effectively induces cell death in prostate 
cancer cells, our next step was to see if ML-9 
could be useful as an adjuvant to anti-cancer 
chemotherapy. LNCaP, PC3 and DU-145 cells
were treated with docetaxel (5 nM), ML-9 (30 
µM) or combination of docetaxel+ML-9 for 48 
h. As shown in Figure 5e, cell viability was 
significantly reduced when docetaxel was 
combined with ML-9 compared to either drug 
alone. These results suggest that ML-9 could 
potentially be considered as an adjuvant to 
existing anti-cancer chemotherapy.

ML-9 modulates Ca2+ homeostasis and 
stimulates autophagy in a calcium-
dependent manner. Previous reports 
demonstrated that ML-9 could influence 
cellular calcium homeostasis.20, 33-35 As calcium
was shown to be an important autophagy 
regulator, we next investigated if calcium-
related mechanisms are involved in ML-9-
induced autophagy. First, we checked whether
ML-9 influences cytosolic calcium levels in 
LNCaP cells using a Ca2+ ionophore 
ionomycin and an inhibitor of 
sarco/endoplasmic reticulum Ca2+ ATPase 
(SERCA) thapsigargin (TG). Application of 2 
µM ionomycin in the absence of extracellular 
Ca2+ caused a transient increase in cytosolic 
calcium which was significantly less when 
cells were pretreated with 30  µM ML-9 for 6 
h (Figure 6a). Consistent with this, ML-9 
treatment significantly reduced both TG-
induced calcium release and store operated 
calcium entry (SOCE) (Figure 6b), suggesting 
that ML-9 reduces both calcium content of 
intracellular calcium stores and SOCE in 
LNCaP cells.
It is well known that depletion of ER calcium 
content can trigger ER stress.36-37 ER stress 
has been linked to both autophagy and cell 
death.38-39 Given that ML-9 induces Ca2+ 
release from intracellular stores and slows 

down its refilling by the inhibition of SOCE, we
hypothesized that in prolonged treatments 
ML-9 could induce ER stress. To test this 
hypothesis, we assessed the GRP78 (a widely
used ER stress marker) level and 
phosphorylation of PERK, a protein kinase 
representing a major sensor of unfolded 
protein response. Treatment with ML-9 (50 
µM) induced an increase in both the GRP78 
level and the phosphorylation level of PERK, 
suggesting ER stress induction (Figure 6c), 
which could potentially contribute to ML-9-
induced autophagy and cell death.
It is known that Ca2+ mobilizing agents, such 
as ionomycin and thapsigargin, regulate 
autophagy in a calcium-dependent manner.40 
We therefore tested if ML-9-induced 
autophagy is calcium-dependent using an 
intracellular calcium chelator BAPTA/AM. 
Addition of 20 µM BAPTA/AM together with 30
 µM ML-9 to LNCaP cells for 3 hours 
completely abolished the ML-9-induced 
increase in LC3-II levels (Figure 6d) indicating
that Ca2+ is required for ML-9-induced 
autophagosome formation.
Recent reports demonstrated that the 
inhibitory effect of ML-9 on SOCE is 
attributable to its inhibition of Stim1 
redistribution.20 We therefore tested whether 
the effect of ML-9 on autophagy is mediated 
by the inhibition of Stim1. Silencing of Stim1 
by siRNA did not induce accumulation of LC3-
II in LNCaP cells (Supplementary Figure. 
S9a). In line with this result, treatment of 
LNCaP cells with BTP2, another inhibitor of 
SOCE, was without effect on LC3-II 
(Supplementary Figure S9b). These results 
indicate that ML-9 exerts its effects on 
autophagy independently of Stim1 and SOCE 
inhibition. 

Discussion

In this study we provide evidence that ML-9, a 
widely used inhibitor of Akt kinase, MLCK and 
stromal interaction molecule 1 (STIM1) represents 
the “two-in-one” compound which stimulates 
autophagosome formation and inhibits their 
degradation. We also demonstrate that cytosolic 
calcium is essential for ML-9-induced 
autophagosome formation, however neither 
STIM1 nor SOCE are necessary. Further, we show 
that ML-9 as a monotherapy effectively induces 



prostate cancer cell death associated with the 
accumulation of autophagic vacuoles. In addition, 
ML-9 enhances the anticancer activity of 
docetaxel, suggesting its potential application as 
an adjuvant to existing anticancer chemotherapy. 
We also demonstrate that ML-9 significantly 
reduces ER calcium content and induces ER-stress, 
which could contribute to its cytotoxicity. 
Altogether our results revealed the complex effect 
of ML-9 on autophagy and indentified ML-9 as an 
attractive tool for targeting autophagy in cancer 
therapy through dual inhibition of both the Akt 
pathway and autophagy.
Recently Zhang L. et al. performed high-
throughput image-based screening for small-
molecule regulators of autophagy and among 
others identified ML-9 as a compound that 
increases GFP-LC3 vesicles in human 
glioblastoma H4 cells.24 In another study ML-
7, a structurally related analog of ML-9, was 
shown to induce accumulation of vesicle-like 
structures in Schwann cells.41 
The evidence presented here clearly demonstrates
that the reported increase in GFP-LC3 vesicles by 
ML-9 is in fact the consequence of both the 
stimulation of autophagosome formation and 
inhibition of their degradation. To reach this 
conclusion, we used a number of approaches 
including LC3 protein detection, electron 
microscopy for direct visualization of autophagic 
process, fluorescence and confocal microscopy for 
GFP-LC3+ and mCherry-GFP-LC3+ puncta analysis 
as well as endogenous autophagy substrate (p62) 
degradation analysis.
We demonstrated that ML-9 stimulates autophagy
through inhibition of mTOR kinase. Several 
mechanisms may contribute to the inhibition of 
mTOR by ML-9. First, as mTOR acts downstream of
Akt and Akt is known to positively regulate mTOR, 
inhibition of Akt by ML-9 could consequently 
induce mTOR inhibition and activation of 
autophagy. Second mechanism is based on the 
fact that during autophagy the nutrients 
generated by degradation of cargo in the 
autolysosomes stimulate mTOR, representing a 
feedback regulatory loop. Accordingly, ML-9-
induced lysosomal dysfunction leads to a decrease
in autophagic flux thereby decreasing nutrients 
availability and promoting mTOR inhibition. 
Intriguingly, we discovered that ML-9 being an 
autophagy activator inhibits autophagy in the late 

stages. This effect of ML-9 could be attributed to 
its weak base properties. We propose that ML-9 as
a lipophilic weak base enters the cell by simple 
diffusion. At neutral pH ML-9 is in its non-
protonated form. When ML-9 enters acidic 
vacuoles (such as lysosomes and amphisomes) it 
becomes positively charged through protonation 
and trapped in these vacuoles. Then the increased 
osmotic pressure in these vacuoles stimulates 
water influx and vacuoles enlargement. All these 
events result in the increased intravacuolar pH, 
subsequent inhibition of lysosomal enzymes and 
block in degradation of the autolysosomal 
content. Based on the immuno-TEM and 
immunofluorescence analysis we concluded that 
the majority of the vacuoles represent 
autolysosomes favoring the hypothesis that ML-9 
does not prevent fusion between 
autophagosomes and lysosomes. 
Surprisingly, the early stage autophagy 
inhibitors 3-MA and wortmannin did not 
prevent accumulation of autophagic vacuoles 
induced by high doses of ML-9 (>30 µM). This
result could indicate that ML-9 could at once 
induce both canonical and non-canonical 
autophagy via different pathways.
A number of studies reported the modulation 
of cellular Ca2+ homeostasis by ML-9.20, 34-35 
ML-9 has been shown to inhibit redistribution 
of STIM1 and it is widely used as a SOCE 
inhibitor.20 However, our data demonstrate that
STIM1 and SOCE do not contribute to ML-9-
induced autophagy. In contrast, ML-9 induces 
increase in GRP78 level and PERK activation 
(suggesting ER-stress induction) presumably 
through the decrease in ER calcium content. 
Interestingly, ER-stress has been shown to 
negatively regulate Akt/mTOR pathway and as
such stimulate autophagy.42 Of note, it was 
proposed that ML-9 promotes calcium release
through the IP3 receptor.33 The accumulated 
data suggested a complex role for IP3R in 
autophagy regulation.43-45 Thus, IP3R-pathway
as well as PERK-pathway46-47 could potentially
contribute to both ML-9-induced autophagy 
and cell death. In addition, we demonstrated 
that cytosolic calcium is essential factor for 
ML-9-induced autophagy, as its removal by 
chelation blocks autophagy at an early stage 
prior to autophagosome formation. A graphic 
model for ML-9’s mode of action is 
represented on Figure 7.



Recently, it was proposed that dual inhibition 
of Akt kinase and autophagy represents a 
prospective strategy in anticancer therapy.14-16 
Indeed, one of the most important functions of 
Akt kinase is cell survival. This kinase is often 
upregulated in cancer and promotes cell 
proliferation, cell growth and resistance to 
apoptosis. Thus, inhibiting Akt kinase appears 
to be an effective approach in cancer 
treatment. Similarly, autophagy is thought to 
be predominantly a cell-survival mechanism. 
Elevated autophagy is often detected in 
cancer cells in response to radiation and 
chemotherapy.13, 48-49 Furthermore, autophagy 
seems to contribute to the therapeutic 
resistance of some cancers. Thus, autophagy 
inhibition also seems to represent a promising
therapeutic strategy in the treatment of 
cancer. The combination of these two 
approaches shows additive efficacy in 
anticancer therapy. 
Our results suggest that ML-9 represents a 
dual inhibitor of both Akt pathway and 
autophagy and thus is potentially interesting 
for cancer treatment. Indeed, ML-9 as a 
monotherapy effectively induces prostate 
cancer cell death as well as enhances the 
anticancer activity of docetaxel, indicating its 
potential application as an adjuvant to existing
anticancer chemotherapy. These data are in 
line with the previously published studies 
showing that ML-9 and its structurally related 
analog ML-7 promote apoptotic cell death in a 
variety of cell lines, although these effects 
have been linked to MLCK inhibition.21-23 
Moreover, ML-7 was proposed as a promising 
candidate for treating cancer.22 Interestingly, 
we found that cell-killing effect of ML-9 was 
strikingly potentiated in a serum-free medium. 
This result can be explained by the dual 
inhibition of androgen receptor (AR) and 
Akt/mTOR signaling pathways in these 
conditions. Indeed, serum-free medium 
mimics steroid-deprived conditions and thus 
inhibits androgen receptor (AR) signaling 
pathway. It should be noted, that interaction 
between AR and Akt/mTOR pathways has 
been reported to be involved in 
tumorigenesis.25, 50 Moreover the use of 
Akt/mTOR inhibitors in combination with AR 
antagonists has been demonstrated to 
improve anticancer efficacy.51-52 Thus, 
combining inhibitors of Akt, AR and autophagy

could potentially constitute a novel strategy in 
prostate cancer therapy.
Overall our data suggest that ML-9 represents an 
attractive tool for targeting autophagy in cancer 
through dual inhibition of AKT pathway and 
autophagy. Further, the chemical structure of ML-
9 could serve as a “template” for the synthesis of 
improved structurally related and more selective 
compounds, which could potentially be used for 
cancer treatment.

Materials and Methods

Antibodies and reagents. Rabbit anti-LC3B 
(L7543), mouse anti-betaActin (A5441) were 
from Sigma. Guinea pig anti-p62 (GP62-C) 
was from PROGEN Biotechnik GmbH. Rabbit 
anti-mTOR (2972S), rabbit anti-p-
mTOR(2971S) were from Cell Signaling. 
Rabbit anti-p-Akt, rabbit-anti-p-PERK (sc-
32577), mouse-anti-Lamp2 (sc-18822) were 
from Santa Cruz Biotechnology.
ML-9 (105637) was from Enzo Life Sciences. 
Acridine orange (A-3568) was from Life 
Technologies. Bafilomycin A1 (1334) was from 
Tocris. Chloroquine (C6628), Wortmannin 
(W1628), trypan blue solution (T8154) were from 
Sigma.

Constructs. The pDest-mCherry-eGFP-LC3B
plasmid was kindly provided by Prof. Terje 
Johansen (Institute of Medical Biology, 
University of Tromso, Tromso, Norway). The 
pcDNA3.1(-)-GFP-LC3 plasmid was a kind gift
from Prof. Geert Bultynck (KU Leuven, 
Leuven, Belgium).

Cell culture and transfection. Prostate 
cancer cell lines LNCaP, PC3 and DU-145 
were purchased from the American Type 
Culture Collection (ATCC) and cultured in 
RPMI 1640 medium (31870, Gibco-Life 
Technologies) supplemented with 5 mM L-
glutamine (25030, Gibco) and 10% fetal 
bovine serum (F7524, Sigma). HEK-293 cells 
were cultured in Dulbecco's minimal essential 
medium DMEM+GlutaMAX (31966, 
Invitrogen, Life Technologies Inc.) 
supplemented with 10% fetal bovine serum 
(F7524, Sigma). Pancreatic cancer cell lines 
ASPC1 and BxPC3 were purchased from the 
ATCC and cultured in RPMI 1640 medium 
(31870, Gibco-Life Technologies) 



supplemented with 5 mM L-glutamine (25030, 
Gibco) and 10% FCS (PAA Gold). 
LNCaP cells stably expressing eGFP-LC3 (LNCaP-
eGFP-LC3) were generated by stable transfection 
with eGFP-LC3 plasmid using Xtremegene HP 
transfection reagent (Qiagen) and selection with 
500 μg/mL G418 (Sigma-Aldrich).
LNCaP cells were transiently transfected with 
mCherry-eGFP-LC3B construct using 
Nucleofector technology (Lonza) as described
by the manufacturer. Briefly, 1 million of cells 
were transfected with 2 μg of mCherry-eGFP-
LC3B plasmid and seeded on tissue culture 
dishes with cover glass bottom (FluoroDish, 
FD35, World Presicion Instruments, Inc.). Two
days after plating cells were used for 
treatments and subsequent confocal imaging. 
Tandem mCherry-GFP reporter fluorescence 
assay is based on the use of the pH-sensitive 
fluorescent tag consisting of a tandem fusion 
of the red, acid-insensitive mCherry and the 
acid-sensitive GFP.32 Under neutral pH both 
mCherry and GFP fluoresce and colocalize 
indicating an autophagosome which is not 
fused with acidic lysosome. Alternativelly, 
colocalization of mCherry and GFP signals 
could point on an amphisome or 
autolysosome with decreased acidification 
and/or impaired proteolytic degradation. In 
contrast, mCherry signal without GFP 
corresponds to an amphisome or 
autolysosome with physiologically acidic 
interior.32

LNCaP cells were transfected with 40 nM of siRNA 
against STIM1 (Eurogentec) using 6 μl Hyperfect 
transfection reagent (Qiagen Inc.), following the 
manufacturer's instructions. 

Cell viability. Cells were seeded at 10000 
cells/well on 96-well plates in normal medium. 
The cells were treated either with DMSO or 
the indicated concentrations of ML-9 for up to 
72 h in full or serum-starved media. Cell 
viability was monitored using the CellTiter 96 
Aqueous One Solution cell proliferation assay 
(Promega), on the basis of the cellular 
conversion of the colorimetric reagent MTS 
[3,4-(5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium salt] into soluble formazan by 
dehydrogenase enzymes found only in 
metabolically active cells. Following treatment 
the cells were incubated with reagent solution 

and absorbance was recorded at 490 nm 
wavelength using an ELISA plate reader 
(Molecular Devices).
The cell viability was also assessed by trypan blue 
exclusion assay. After treatment with either DMSO
or ML-9, the cells were collected by trypsin-EDTA, 
incubated with trypan blue and the viable cells as 
well as dead (blue) cells were counted.

Apoptosis assays. The level of apoptosis 
was determined by Alexa Fluor® 488 Annexin 
V/Propidium iodide double staining. At the end
of the treatments, both floating and attached 
cells were collected by trypsinization, 
centrifuged, washed with PBS and stained 
with Alexa Fluor® 488 Annexin V and 
Propidium iodide according to the 
manufacturer instructions (Alexa Fluor® 488 
Annexin V/Dead Cell Apoptosis Kit, Life 
Technologies). Cells were examined by 
fluorescence microscopy on Zeiss Axio 
Imager A1 microscope. The percentage of 
Alexa Fluor® 488 Annexin V-positive cells was
determined by counting at least 500 cells in 
random fields.

Electron microscopy. Cell pellets were fixed 
with 2.5% glutaraldehyde in 0.1 M cacodylate 
buffer, pH 7.4 for at least 30 minutes at 4°C. 
After fixation, the specimens were thoroughly 
washed in 0.1 M cacodylate buffer and then 
postfixed with 1% osmium tetroxide in the 
same buffer for 1 hour at room temperature, 
stained with 2% uranyl acetate in distilled 
water for 15 minutes, dehydrated in graded 
acetonitrile, and embedded in Epon. Ultrathin 
sections (80 to 90 nm thick) were cut on a 
Leica UC7, transferred on 150-mesh grids and
contrasted with 2% uranyl acetate solution 
and Reynolds lead citrate solution. The 
electron micrographs were taken with a 
Hitachi H600 transmission electron 
microscope at 75 kV accelerating voltage.
For immuno-electron microscopy, the cells were 
fixed overnight at 4°C in 8% paraformaldehyde and
0.05 % glutaraldehyde in PBS buffer, thoroughly 
washed in the same buffer and infused in sucrose 
2.3 M containing 20% polyvinyl pyrrolidone 10000 
in phosphate buffer 0.1 M. The pellets were 
mounted on microtome supports and rapidly 
frozen in melting nitrogen. Ultrathin sections of 
about 90–100 nm were obtained using a Leica UC7
cryoultramicrotome equipped with a FC7 device. 



Sections were first incubated in blocking medium 
(0.05 M glycine, 5% fish gelatine in 0.1 M PBS 
buffer) for 30 min. The grids were incubated with 
the antibody anti-LAMP2 for 1 hour at 37°C or 
overnight at 4°C. After washing, sections were 
incubated at room temperature for 30 min in the 
secondary gold conjugates (18 nm, Jackson 
Immuno Research) diluted in the same buffer. 
Following a final thorough wash in PBS alone, the 
grids were fixed in 2% glutaraldehyde for 10 min at
room temperature and washed in water. After 
staining with 0.5% uranyl acetate in 1.5% methyl 
cellulose, sections were observed on a Hitachi 
H600 transmission electron microscope at 75 kV 
accelerating voltage.

Western blotting. Cells were washed with 
cold PBS and lysed in ice-cold buffer 
containing: 1% Triton X-100, 150 mM NaCl, 5 
mM EDTA, 1% Sodium deoxycholate, 10 mM 
PO4Na2/K buffer, a protease inhibitor cocktail 
(Sigma-Aldrich) and a phosphatase inhibitor 
cocktail PhosSTOP (Roche). The lysates were
centrifuged at 15,000×g at 4°C for 15 minutes 
to remove cell debris and supernatant protein 
concentration was determined by the BCA 
protein assay kit (Pierce Biotechnology). 30 
μg of total protein were subjected to SDS-
PAGE followed by transfer to PVDF 
membranes using the Trans-Blot® SD semi-
dry transfer cell (Bio-Rad). The membranes 
were blocked in a 5% fat-free milk containing 
TNT buffer (Tris-HCl, pH 7.5, 140 mM NaCl, 
and 0.05% Tween 20) for 1 h at room 
temperature. The membranes were next 
incubated overnight at 4oC with primary 
antibodies, and then for 1 h at room 
temperature with secondary antibodies 
conjugated to horseradish peroxidase. After 
washing, the membranes were processed for 
chemiluminescence detection using Luminata 
Western HRP substrate (Milipore). Image J 
software was employed for quantitative 
analysis.

Immunocytochemistry and fluorescence 
microscopy. LNCaP-GFP-LC3 cells were 
grown on glass coverslips. Following 
treatments cells were rinsed with PBS, fixed 
with 4% paraformaldehyde-1X PBS for 15 
min. After three washes with PBS the slides 
were mounted with Mowiol® on glass slides 

and subjected to subsequent fluorescence 
analysis using Zeiss Axiovert microscope. 

Acridine orange staining. LNCaP cells were 
seeded on tissue culture dishes with cover 
glass bottom (FluoroDish, FD35, World 
Presicion Instruments, Inc.). Two days after 
plating cells were treated with normal, serum-
starved or ML-9 (30 µM) containing medium 
for 12 h. At the end of treatments acridine 
orange was added to the cells (1 µg/ml final 
concentration) for 15 min in 37oC. Then the 
cells were washed 2 times with appropriate 
medium and subjected to confocal imaging. 
Upon excitation by blue light acridine orange 
emits at 525 nm (green). Due to its weak base
properties acridine orange accumulates in 
acidic organelles, such as lysosomes and 
autolysosomes, where it precipitates and 
emits at around 650 nm (red). Thus healthy 
acidic vesicles appear as red puncta in green 
cytoplasm. When the pH inside the acidic 
organelles increases, acridine orange 
fluorescence switches from red to green.

Confocal Microscopy. Live cell images were 
obtained using confocal laser scanning 
microscope (LSM 700, Carl Zeiss 
MicroImaging GmbH) with a Plan Apochromat 
40×/1.3 numerical aperture oil immersion 
objective and equipped with a CO2 and 
thermocontrolled chamber. The images were 
analyzed in Zeiss LSM Image Browser 
software and prepared for publication in 
Adobe Photoshop.

Calcium imaging. Ratiometric dye Fura-2/AM
was used as a Ca2+ indicator. LNCaP cells 
were loaded with 2 μM Fura-2/AM for 45 min 
at 37oC and 5%CO2 in RPMI medium and 
subsequently washed three times with 
external solution containing (in mM): 140 
NaCl, 5KCl, 1 MgCl2, 2 CaCl2, 5 Glucose, 10 
Hepes (pH 7.4). The coverslip was then 
transferred in a perfusion chamber on the 
stage of Nikon Eclipse Ti microscope. 
Fluorescence was alternatively excited at 340 
and 380 nm with a monochromator 
(Polychrome IV, TILL Photonics Gmbh) and 
captured at 510 nm by a QImaging CCD 
camera (QImaging). Acquisition and analysis 
was performed with the MetaFluor 7.7.5.0 
software (Molecular Devices Corp.).



Statistical analysis. Data were analyzed 
using Origin 7.0 (Microcal Software). 
Statistical analysis was performed using 
Student’s t-test, and p<0.05 was considered 
as significant. Asterisks denote: * - p<0.05, ** -
p<0.01 and *** - p<0,001.
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Titles and legends to figures

Figure 1. ML-9 stimulates autophagy by 
downregulating Akt/mTOR pathway in prostate
cancer cells. (a) ML-9 inhibits Akt. To assess 
Akt phosphorylation LNCaP cells were treated
with full or 30 µM ML-9-containing medium for 
12 h. Densitometric quantitation for 
normalized p-Akt and total Akt relative to Actin
is shown. Values represent means±sem. n=3. 
(b) ML-9 inhibits mTOR. LNCaP cells were 
incubated in full medium, serum-starved 
medium or full medium with indicated 
concentrations of ML-9 for 12 h. The 
expression levels of p-mTOR, mTOR and 
beta-Actin were analyzed. Densitometric 
quantitation for normalized p-mTOR and 
mTOR relative to Actin is shown. Values 
represent means±sem. n=3. (c) ML-9 
increases LC3-II levels in LNCaP cells in a 
dose-dependent manner. LNCaP cells were 
incubated in full medium, serum-starved 
medium or full medium with indicated 
concentrations of ML-9 for 6 h. Densitometric 
quantitation for LC3-II/(LC3-II+LC3-I) ratio is 
shown. Values represent means±sem. n=3. 
(d) ML-9 increases LC3-II levels in LNCaP 
cells in a time-dependent manner. LNCaP 
cells were untreated or treated with 30 µM 
ML-9 for 2, 6, 12 and 24 hours. Densitometric 
quantitation for LC3-II/(LC3-II+LC3-I) ratio is 
shown. Values represent means±sem. n=4. 
(e) LNCaP cells stably expressing eGFP-LC3 
(green) were incubated in full, serum-starved 
or 30 µM ML-9-containing media for 6h. 
Quantitation shown on the right represents 
means±S.D. GFP positive puncta per cell (n = 
50) from three independent experiments. (f) 
TEM images of LNCaP cells untreated and 
treated with 30 µM ML-9 for 12 h showing 
autophagosome (black arrow) and 
autolysosomes/amphisomes (white arrows). 
N: nucleus.

Figure 2. ML-9 blocks autophagic flux. (a) 
Chloroquine does not increase LC3-II levels 
induced by elevated concentrations of ML-9. 
LNCaP cells were incubated in full, serum-
starved or ML-9-containing media for 6 h in 
the absence or presence of 50 µM 
chloroquine for the last hour. Densitometric 
quantitation showing autophagic flux (change 
in LC-II levels induced by chloroquine) is 
represented. Values represent means±sem. 

n=3. (b) Chloroquine fails to increase the 
number of eGFP positive puncta following ML-
9 treatment. eGFP-LC3 expressing LNCaP 
cells were treated with full, serum-starved or 
30 µM ML-9-containing media for 6 h in the 
absence or presence of 50 µM chloroquine for
the last hour. Quantitation shown on the right 
represents means±S.D. GFP positive puncta 
per cell (n = 50) from three independent 
experiments. (c) ML-9 induces p62 
accumulation. LNCaP cells were treated with 
full, serum-starved or ML-9 containing media 
for 12 h. Densitometric quantitation for 
normalized p62 relative to Actin is shown. 
Values represent means±sem. n=3. (d) ML-9 
blocks starvation induced autophagic flux. 
LNCaP cells were treated with full, serum-
starved, 30 µM ML-9-containing full medium 
or 30 µM ML-9-containing serum-starved 
medium for 6 h in the absence or presence of 
50 µM chloroquine for the last hour. 
Densitometric quantitation showing 
autophagic flux (change in LC-II levels 
induced by chloroquine) as well as normalized
p62 relative to Actin is shown. Values 
represent means±sem. n=3.

Figure 3. ML-9 affects maturation of 
autophagosomes and increases lysosomal 
pH. (a) LNCaP cells were transiently 
transfected with mCherry-GFP-LC3B and 
treated with full, serum-starved, or ML-9 (30 
µM) containing medium for 12 h. The 
colocalization of GFP and mCherry signals 
was analyzed. Quantitation shown on the right
represents means±S.D. mCherry positive/GFP
negative puncta per cell (n = 20). (b) ML-9 
decreases lysosomal acidification. LNCaP 
cells were treated with full, serum-starved, 30 
µM ML-9-containing full medium or 30 µM ML-
9-containing serum-starved medium for12 h, 
stained with acridine orange and analyzed 
using confocal microscopy.

Figure 4. ML-9 stimulates autophagy via both 
Vps34-dependent and -independent 
mechanisms. (a) ML-9 increase Beclin1 levels
in LNCaP cells. LNCaP cells were incubated 
in full medium, serum-starved medium or full 
medium with indicated concentrations of ML-9
for 12 h. Densitometric quantitation for 
normalized Beclin1 relative to Actin is shown. 
Values represent means±sem. n=3. (b) 
Wortmannin effectively reduces LC3-II levels 



induced by ML-9 at low concentrations but is 
almost ineffective in reducing LC3-II levels 
induced by ML-9 at high concentrations. 
LNCaP cells were incubated in full medium, 
serum-starved medium or full medium with 
indicated concentrations of ML-9 for 6 h in the 
absence or presence of 100 nM wortmannin 
for the last 1,5 hours. Densitometric 
quantitation for normalized LC3-II relative to 
Actin is shown. Values represent means±sem.
n=3. (c) 3-MA does not preclude ML-9 induced
LC3-II accumulation. LNCaP cells were 
incubated in full medium, serum-starved 
medium, 20 µM ML-9-containing medium or 
30 µM ML-9-containing medium for 6 h. 
Alternatively, LNCaP cells were pretreated 
with 5mM 3-MA for 1 h followed by the 6 h 
treatment with full medium, serum-starved 
medium, 20 µM ML-9-containing medium or 
30 µM ML-9-containing medium in the 
continuous presence of 5 mM 3-MA. 
Densitometric quantitation for normalized 
LC3-II relative to Actin is shown. Values 
represent means±sem. n=3. (d) eGFP-LC3 
expressing LNCaP cells were treated with full, 
serum-starved or 30 µM ML-9-containing 
media for 6 h in the absence or presence of 
100 nM wortmannin. Quantitation shown on 
the right represents means±S.D. GFP positive
puncta per cell (n = 30).

Figure 5. ML-9 induces prostate cancer cell 
death. (a) ML-9 reduced cell viability in a 
concentration-dependent manner. LNCaP 
cells, plated on 96-well plate, were treated 
with different doses of ML-9 in full or serum-
starved media for 24 h. Cell viability was 
monitored using the CellTiter 96 Aqueous One
Solution cell proliferation assay (MTS assay). 
Following treatment the cells were incubated 
with reagent solution and absorbance was 
recorded at 490 nm wavelength using an 
ELISA plate reader. Values represent 
means±sem. n=3. (b) Cell viability was 
assessed by trypan blue exclusion assay. 
LNCaP cells were treated with different 
concentrations of ML-9 in full or serum-
starved media for 24 h, the cells were 
collected by trypsin-EDTA, incubated with 
trypan blue and viable cells as well as dead 
(blue) cells were counted using 
haemocytometer. Values represent 
means±sem. +++ - p<0,001. n=4. (c) ML-9 
induces PARP cleavage. LNCaP cells were 

treated with full, serum-starved, 30 µM ML-9-
containing full medium or 30 µM ML-9-
containing serum-starved medium for 24 h. (d)
ML-9 induces apoptosis in LNCaP cells. 
LNCaP cells were treated as in (c). At the end 
of the treatment cells were collected, stained 
with Annexin V/PI and subjected to 
fluorescence microscopy analysis. Data is 
represented as means±sem. n=4. (e) LNCaP, 
PC3 and DU145 cells, plated on 96-well plate,
were treated with docetaxel (5 nM), ML-9 (30 
µM) or combination of docetaxel+ML-9 for 48 
h. Cell viability was monitored using the 
CellTiter 96 Aqueous One Solution cell 
proliferation assay (MTS assay). 

Figure 6. ML-9 modulates Ca2+ homeostasis 
and stimulates autophagy in a calcium-
dependent manner. (a) LNCaP cells were 
pretreated with full medium or 30 µM ML-9-
containing medium for 6 h, loaded with 
Fura2/AM probe and subjected to calcium 
imaging experiment. 2 µM ionomycin-induced 
transients in calcium-free extracellular 
medium were analyzed. (b) ML-9 reduces 
both calcium content of intracellular calcium 
stores and SOCE in LNCaP cells. LNCaP 
cells were treated as in (a). 2 µM TG-induced 
transients in calcium-free extracellular 
medium as well as SOCE were analyzed. (c) 
ML-9 induces ER-stress. LNCaP cells were 
treated with full medium, 1 µM TG-containing 
medium or 50 µM ML-9-containing medium for
24 h. The levels of p-PERK and GRP78 were 
analyzed. Densitometric quantitation for 
normalized p-PERK and GRP78 relative to 
Actin is shown. Values represent means±sem.
n=3. (d) Ca2+ is required for ML-9-induced 
autophagy. LNCaP cells were treated with full,
serum-starved, 30 µM ML-9-containing full 
media in the absence or presence of 20 µM 
BAPTA/AM for 3h. Densitometric quantitation 
for normalized LC3-II relative to Actin is 
shown. Values represent means±sem. n=3.

Figure 7. A model for ML-9’s mode of 
action. ML-9 as a lipophilic weak base enters 
the cell by simple diffusion. ML-9 
downregulates Akt/mTOR pathway and as 
such stimulates autophagosome formation. 
ML-9 induces calcium release from ER and 
provokes ER stress. ER stress is a well known
autophagy inducer. At neutral pH ML-9 is in its



non-protonated form. When ML-9 enters 
acidic vacuoles (such as lysosomes, late 
endosomes, amphisomes and 
autolysosomes) it becomes positively charged
through protonation and trapped in these 
vacuoles. Then the increased osmotic 
pressure in these vacuoles stimulates water 

influx and vacuoles enlargement. All these 
events result in the increased intravacuolar 
pH, subsequent inhibition of lysosomal 
enzymes and block in degradation of the 
autolysosomal content as well as 
accumulation of autophagic vacuoles. 
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SUPPLEMENTARY FIGURES

Supplementary Figure 1

Supplementary Figure 1. Chemical structure of ML-9.



Supplementary Figure 2

Supplementary Figure 2. ML-9 induces accumulation of autophagic vacuoles.
TEM images of LNCaP cells untreated and treated with 30  µM ML-9 for 12 h. The
numerous autophagosomes and autolysosomes/amphisomes are clearly visible upon
ML-9 treatment. Accumulation of multi-lamellar membrane structures, small vesicles,
cytoplasmic  material  and  organelles  at  different  stages  of  degradation  is  evident
suggesting induction of phospholipodosis.



Supplementary Figure 3

Supplementary  Figure  3. ML-9  induces  accumulation  of  Lamp2-positive
autophagic vacuoles. To the right - immuno-TEM image of LNCaP cell treated with 30
µM ML-9 for  12 h shows the  presence of  immunogold-labeled lysosomal  protein
Lamp2 in large vesicles with degraded content.  To the left  – control  of specificity
(secondary antibodies without primary antibodies).



Supplementary Figure 4

Supplementary Figure 4.  (a) ML-9 caused an increase in LC3-II levels in a
range of cell lines. PC-3, HEK-293, ASPC1 and BxPC3 cells were treated with full,
serum-starved or 30 µM ML-9-containing media for 12 h. Increase in LC3-II levels is
obvious in  all  the cell  lines.  (b)  ML-9 failed to  increase LC3-II  and p62 levels  in
DU145 cells.  DU145 cells  were  treated  with  full,  serum-starved or  30  µM ML-9-
containing media for 12 h.

Supplementary Figure 5

Supplementary Figure 5. ML-9 blocks autophagic flux.  Bafilomycin A1 (100
nM) does not increase LC3-II  levels induced by elevated concentrations of ML-9.
LNCaP cells were incubated in full, serum-starved or 30 µM ML-9-containing media
for 6 h in the absence or presence of 100 nM bafilimycin A1 for the last hour.



Supplementary Figure 6

Supplementary  Figure  6. ML-9  affects  maturation  of  autophagosomes and
induces lysosome swelling.  (a)  ML-9 visibly increased the size of  Lamp1-positive
vesicles/puncta.  LNCaP  cells  were  treated  with  full  medium  or  ML-9  (30  µM)
containing medium for 12 h. (b) ML-9 induces accumulation of mCherry-GFP-LC3B
puncta, which are largely colocalized with Lamp1-positive vesicles/puncta. LNCaP
cells were transiently transfected with mCherry-GFP-LC3B and treated with ML-9 (30
µM) containing medium for 12 h.



Supplementary Figure 7

Supplementary Figure 7. ML-9 induces cell death in normal and cancer cells.
(a) ML-9 reduced cell viability in a concentration-dependent manner. LNCaP, PC3
and DU145 cells, plated on 96-well plate, were treated with different doses of ML-9 in
full media for 24 h. Cell viability was monitored using the CellTiter 96 Aqueous One
Solution  cell  proliferation  assay (MTS assay).  Following treatment  the  cells  were
incubated with reagent solution and absorbance was recorded at 490 nm wavelength
using an ELISA plate reader. Values represent means±sem. n=3. (b) ML-9 reduced
HEK-293  cell  viability  in  a  concentration-dependent  manner.  HEK-293  cells  were
treated as in (a). Cell viability was monitored as in (a). Values represent means±sem.
n=3.



Supplementary Figure 8

Supplementary  Figure  8. ML-9  induces  vacuolization.  LNCaP  cells  were
treated with 30 µM ML-9 in full or serum-starved media for 12 h. Scale bars represent
20 µm. 

_______________________________________________________________
Supplementary Figure 9

Supplementary Figure 9. ML-9 stimulates autophagy independently of Stim1
and SOCE inhibition. (a) LNCaP cells were untransfected or transfected with siSTIM1
and the LC3-II  levels were analyzed. n=3. (b) LNCaP cells were treated with  full
medium  or  10  µM  BTP2-containing  medium  for  6h  and  the  LC3-II  levels  were
analyzed.
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Abstract

The store-operated calcium channels (SOCs) represent  one of the major calcium-
entry pathways in non-excitable cells. SOCs and in particular their major components ORAI1
and STIM1 have been shown to be implicated in a number of physiological and pathological
processes such as apoptosis, proliferation and invasion. Here, we demonstrate that ORAI1
and STIM1 mediate store-operated calcium entry (SOCE) in pancreatic adenocarcinoma cell
lines. We show that both ORAI1 and STIM1 play pro-survival antiapoptotic role in pancreatic
adenocarcinoma cell lines, as siRNA mediated knockdown of ORAI1 and/or STIM1 increase
apoptosis  induced by chemotherapy drugs 5-fluorouracil  (5-FU) or  gemcitabine.  We also
demonstrate that both 5-FU and gemcitabine treatments increase SOCE in Panc1 pancreatic
adenocarcinoma cell line via upregulation of ORAI1 and STIM1. Altogether, our results reveal
the novel  calcium-dependent mechanism of  action of  the chemotherapy drugs 5-FU and
gemcitabine  and  emphasize  the  antiapoptotic  role  of  ORAI1  and  STIM1  in  pancreatic
adenocarcinoma cells.

Keywords:calcium,SOCE,pancreatic adenocarcinoma,apoptosis,chemotherapy, resistance

Abbreviations:  PDAC,  pancreatic  ductal  adenocarcinoma;  SOCE,  store  operated
calcium entry;  SOCs,  store-operated  calcium channels;  STIM1,  stromal  interaction
molecule  1;  5-FU,  5-fluorouracil;  TG,  thapsigargin;  SERCA,  sarco/endoplasmic
reticulum Ca2+ ATPase; siRNA, small interfering RNA.
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Calcium-permeable ion channels in control of autophagy and
cancer
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Autophagy, or cellular self-eating, is a tightly regulated cellular pathway the main purpose of
which is lysosomal degradation and subsequent recycling of cytoplasmic material to maintain
normal cellular  homeostasis.  Defects in  autophagy are linked to  a  variety of  pathological
states,  including  cancer.  Cancer  is  the  disease  associated  with  abnormal  tissue  growth
following an  alteration  in  such fundamental  cellular  processes  as  apoptosis,  proliferation,
differentiation, migration and autophagy. The role of autophagy in cancer is complex, as it can
promote  both  tumor  prevention  and  survival/treatment  resistance.  It’s  now  clear,  that
modulation  of  autophagy has  a  great  potential  in  cancer  diagnosis  and treatment.  Recent
findings identified intracellular calcium as an important regulator of both basal and induced
autophagy.  Calcium  is  a  ubiquitous  secondary  messenger  which  regulates  plethora  of
physiological and pathological processes such as aging, neurodegeneration and cancer. The
role of calcium and calcium-permeable channels in cancer is well established, whereas the
information about molecular nature of channels regulating autophagy and the mechanisms of
this regulation is still limited. Here we review existing mechanisms of autophagy regulation
by calcium and calcium-permeable ion channels.  Furthermore,  we will  also discuss  some
calcium-permeable channels as the potential new candidates for autophagy regulation. Finally
we will propose the possible link between calcium permeable channels, autophagy and cancer
progression and therapeutic response.

Keywords: calcium, autophagy, TRP, ion channels, cancer



Autophagy
Autophagy is  a cellular  catabolic  process  for
the  degradation  and  recycling  of  protein
aggregates,  long-lived  proteins  and  damaged
organelles  to  maintain  cellular  homeostasis
(Ravikumar  et  al.,  2010;Chen  and  Klionsky,
2011). Normally, autophagy occurs under basal
conditions but it can be stimulated in response
to  different  types  of  cellular  stress,  such  as
nutrient  starvation,  hypoxia,  endoplasmic
reticulum  (ER)  stress,  oxidative  stress,
mitochondrial  damage  as  well  as  treatment
with some pharmacological agents (Kroemer et
al.,  2010).  To date,  three  types  of  autophagy
have  been  described,  including
macroautophagy,  microautophagy,  and
chaperone-mediated  autophagy  (Klionsky,
2005). These types differ in their functions and
regulatory  mechanisms.  During
macroautophagy,  further  mentioned  as
autophagy,  cytoplasmic  components  are
engulfed  by  double  membrane  structures
termed autophagosomes that mature by fusing
first  with  late  endosomes  or  directly  with
lysosomes to form autolysosomes. Finally, the
content of autolysosome together with its inner
membrane  is  degraded  by  lysosomal
hydrolases to be reused in the cell (Ravikumar
et al., 2010;Chen and Klionsky, 2011). 
The  process  of  autophagosome  formation
consists  of  several  stages,  namely  initiation,
elongation  and  maturation  and  fusion.  At
present, around 30 autophagy-related genes are
identified, and most of them have mammalian
orthologs  (Ravikumar  et  al.,  2010).  These
genes  are  implicated  in  different  stages  of
autophagy.  Thus,  the  autophagosome
formation requires the activity of the class III
phosphatidylinositol  3-kinase  (PI3K),  Vps34.
Mammalian Atg18 homolog WIPI-1 binds to
PI3P,  the  product  of  Vps34  activity,  and  is
recruited to autophagosomal membrane. Vps34
is  a  part  of  a  protein  complex  containing
Beclin1/Atg6,  p150/Vps15  and  Atg14/barkor
proteins  (He  and  Levine,  2010).  Another
complex  implicated  in  the  initiation  stage  of
autophagosome formation is the focal adhesion
kinase  family interacting  protein  FIP200-
ULK1/2/Atg1-Atg13  complex,  where  Atg13,
ULK1 and ULK2 proteins have been shown to
be  direct  targets  of  the  mammalian  target  of
rapamycin (mTOR) (Mizushima, 2010). Under

nutrient-rich  conditions,  mTOR  is  associated
with  this  complex,  whereas  under  starvation
conditions  inhibition  of  mTOR  causes  its
dissociation  from  the  complex  and  leads  to
activation  of  ULK1/2,  subsequent
phosphorylation  of  FIP200  and  autophagy
induction (Mizushima, 2010;Kim et al., 2011).
The elongation stage requires cleavage of the
microtubule-associated protein 1 light chain 3
(Atg8/LC3) by Atg4, resulting in the formation
of cytosolic LC3-I protein, which is conjugated
to  phosphatidylethanolamine  (PE)  to  form
membrane bound LC3-II (Tanida et al., 2004).
Another stage is the formation of Atg5–Atg12–
Atg16L1  protein  complex  which  facilitates
LC3-I  conjugation  to  PE and determines  the
sites  of  LC3  lipidation.  Thus,  LC3-II  is
specifically  targeted  to  the  autophagosome
membrane  and  remains  associated  with
autophagosome  even  after  fusion  with  the
lysosomes  (Geng  and  Klionsky,
2008;Ravikumar et al., 2010). This peculiarity
makes  it  a  useful  marker  for  autophagy
research (Klionsky et al., 2012).

Autophagy in Cancer
Autophagy is  thought  to  be  predominantly a
cell-survival  mechanism.  Under  basal
conditions,  autophagy  helps  to  maintain
cellular homeostasis through the elimination of
damaged  organelles  and  protein  aggregates,
whereas in stress autophagy provides nutrients
from  macromolecules,  produces  energy,
removes  potentially  dangerous  elements  thus
assures cytoprotective response to support cell
survival (Mizushima et al., 2008;Ravikumar et
al., 2010). Deregulation of autophagy is known
to affect many physiological processes and has
been implicated in a number of diseases, such
as  neurodegenerative  disorders  and  cancer
(Choi et al., 2013). In cancer, current evidence
indicate,  that  autophagy may act  as  a  tumor
suppressor, in particular at the early stages of
tumor  initiation  (White,  2012).  Indeed,  a
number  of  autophagy  related  proteins,
including Beclin1 (Liang et al., 1999;Yue et al.,
2003), ATG5 (Yousefi et al., 2006;Takamura et
al.,  2011),  ATG4c (Marino et  al.,  2007),  and
ATG7 (Takamura et al., 2011) as well as some
accessory proteins  (Bif1,  UVRAG)  (Liang  et
al.,  2007a;Takahashi  et  al.,  2007)  have  been
shown  to  be  tumor  suppressors.  In  addition,



several  oncosuppressor  proteins,  such  as
DAPK (Inbal et al., 2002), PTEN (Arico et al.,
2001),  TSC1/2,  p53  (Feng  et  al.,  2005)  and
LKB1 (Liang et al., 2007b) have been recently
shown to stimulate autophagic process, while a
number of oncoproteins, like Bcl-2 (Pattingre
et al., 2005), AKT and class I PI3K (Arico et
al.,  2001)  negatively  regulate  autophagy
(Rubinsztein et al., 2012). One of the possible
mechanisms  for  antitumorigenic  functions  of
autophagy is based on its cytoprotective role.
More specifically, inhibition of autophagy will
favor  DNA damage,  genomic  instability  and
thus  tumorigenesis  through  the  accumulation
of  protein  aggregates,  damaged mitochondria
and  reactive  oxygen  species  (ROS)  (White,
2012). 
In  contrast,  in  established  tumors,  autophagy
being  a  primarily  survival  mechanism  can
support  cancer  cell  survival  in  harsh
conditions,  characterized  by  nutrient
deficiency  and  hypoxia  (Degenhardt  et  al.,
2006;White, 2012).  Indeed, accumulated data
suggest that autophagy inhibition by genetic or
chemical means facilitates apoptotic cell death
and  inhibits  tumor  cells  growth  in  several
cancers  (Amaravadi  et  al.,  2007;Takamura  et
al., 2011;Yang et al., 2011a;Yang et al., 2011b).
In  addition,  elevated  autophagy  is  often
detected in cancer cells in response to radiation
and chemotherapy (Ito  et  al.,  2005;Kondo et
al.,  2005;White,  2012).  Furthermore,
autophagy  seems  to  contribute  to  the
therapeutic  resistance  of  some  cancers,  as
inhibition  of  autophagy  has  been  shown  to
sensitize  tumor  cells  to  chemotherapy
treatments (Guo et al.,  2012;Selvakumaran et
al.,  2013).  Therefore,  autophagy inhibition as
an  adjuvant  to  chemotherapy  represents  a
promising  strategy in  the  treatment  of  some
cancers (Amaravadi et al., 2011;White, 2012).
Indeed,  more  than  20  clinical  trials  are
currently  evaluating  the  efficacy  of
chloroquine  and  hydroxychloroquine
(autophagy inhibitors) in treatment of different
cancers  either  in  monotherapy  or  in
combination with other anticancer agents. The
preliminary  results  of  many  of  these  trials
show apparent antitumour activity(Yang et al.,
2011b;Kimura  et  al.,  2013).  In  addition  to
chloroquine  and  hydroxychloroquine  another
autophagy  inhibitors,  including  3-
Methyladenine, bafilomycin A1 and pepstatin

A have been shown to enhance the antitumour
efficacy  of  chemotherapeutic  drugs  both  in
vitro and  in  vivo (Hsu et  al.,  2009;Li  et  al.,
2010;Cheong  et  al.,  2012;Lamoureux  and
Zoubeidi, 2013). However, it should be noted
that  all  these  autophagy  inhibitors  are  not
specific  and  can  modulate  other  cellular
processes,  such  as  endocytosis,  lysosomal
function  etc.  Hence  unexpected  side  effects
could occur when treating patients with these
drugs.  Therefore,  more  specific  and  potent
autophagy inhibitors are clearly needed.
Thus,  figuring  out  whether  to  stimulate  or
inhibit  autophagy in each particular case will
provide a powerful approach to treat cancer.

Calcium, Ca2+-permeable ion channels  and
cancer
Changes  in  the  cytosolic  free  Ca2+

concentration,  play  a  central  role  in  many
fundamental  cellular  processes  including
muscle  contraction,  transmitter  release,  cell
proliferation, differentiation, gene transcription
and cell death (Berridge et al., 2000). Giving
that  Ca2+ controls  so  many  vital  processes,
disturbance of the Ca2+ homeostasis regulatory
mechanisms leads to a vast variety of severe
pathologies, including cancer. Indeed, the role
of  Ca2+ is  well  established  in  many  cell
signaling pathways involved in carcinogenesis
(Monteith  et  al.,  2007;Prevarskaya  et  al.,
2011;Monteith et al., 2012).
Increase in  cytosolic  calcium can occur  as  a
result  of  Ca2+ influx  from  the  extracellular
space  and  Ca2+ release  from  intracellular
sources. Both Ca2+ influx and Ca2+ release are
tightly  controlled  by  numerous  regulatory
systems  that  provide  the  specific  spatial  and
temporal  characteristics  of  an  intracellular
calcium signal that are required for sustaining
certain  cellular  functions  (Berridge  et  al.,
2000). 
Mitochondrial,  ER,  lysosomal  and  cytosolic
calcium  levels  are  regulated  by  calcium
permeable ion channels localized either on the
membranes of the intracellular organelles or on
the  plasma  membrane  (Berridge  et  al.,
2003;Rizzuto  et  al.,  2012).  The  calcium
permeable  channels,  including  families  of
transient  receptor  potential  (TRP)  channels,
store-operated channels (SOCs), voltage-gated
calcium  channels,  two-pore  channels,
mitochondrial  permeability  transition  pore
(MPTP),  mitochondrial  calcium  uniporter



(MCU),  IP3  and  ryanodine  receptors  and
others  contribute  to  changes  in  [Ca2+]i  by
providing Ca2+ entry pathways, by modulating
the driving force for the Ca2+ entry, and also by
providing  intracellular  pathways  for  Ca2+

uptake/release  into/from  cellular  organelles
(Berridge  et  al.,  2003;Pedersen  et  al.,
2005;Bernardi and von Stockum, 2012;Rizzuto
et al., 2012).
Thus,  modulation  of  calcium  permeable  ion
channel’s  expression/function  affects
intracellular  Ca2+ concentrations  and
consequently  calcium  dependent  processes,
such as proliferation, apoptosis and autophagy
(Flourakis and Prevarskaya, 2009;Decuypere et
al., 2011a;Dubois et al., 2013). Indeed, defects
in  Ca2+ channels  expression/function  are
involved in a number of pathologies, including
tumorigenesis,  since  increased  expression  of
Ca2+ channels could lead to elevated cytosolic
Ca2+ levels  and  promotion  of  Ca2+-dependent
proliferative  pathways  (Nilius,
2007;Prevarskaya et al., 2010). As an example,
several  members  of  the  TRP  family  of  ion
channels,  namely  TRPC1,  TRPC3,  TRPC6,
TRPV1,  TRPV6,  TRPM1,  TRPM4,  TRPM5,
TRPM7 and TRPM8, show altered expression
in cancer cells (Shapovalov et al., 2011). The
involvement  of  SOCs,  MPTP,  MCU,  IP3
receptors  and  ryanodine  receptors  in  the
regulation of cell death has also been described
(Hajnoczky  et  al.,  2000;Boehning  et  al.,
2004;Flourakis  et  al.,  2010;Wong  et  al.,
2012b;Bernardi,  2013;Curry  et  al.,
2013;Dubois et al., 2013;Qiu et al., 2013).

Role of Ca2+ in Autophagy
Recent findings identified intracellular calcium
as a key regulator of both basal (Cardenas et
al.,  2010)  and  induced (Hoyer-Hansen et  al.,
2007) autophagy. The complex role for Ca2+ in
autophagy  regulation  has  become  obvious
since  1993,  when  the  first  report  linking
autophagy  and  intracellularly  sequestered
calcium was published (Gordon et al., 1993).
Indeed,  Gordon  et  al.  demonstrated  that
decrease as well as increase in cytosolic Ca2+

levels  inhibited  autophagy in  rat  hepatocytes
(Gordon et al., 1993). And till now, the data on
the  mechanisms  by  which  calcium  controls
autophagy remain rather controversial. Several
groups reported inhibitory actions of calcium
on  autophagy,  while  another  proposed
mechanisms for calcium to activate autophagy

(Decuypere  et  al.,  2011a;Cardenas  and
Foskett,  2012;Parys  et  al.,  2012).  Indeed,
Hoyer-Hansen  and  colleagues  provided
evidence  that  a  rise  in  the  free  cytosolic
calcium is a potent inducer of macroautophagy
(Hoyer-Hansen  et  al.,  2007).  They
demonstrated,  that  Ca2+ mobilizing  agents,
namely  vitamin  D3,  thapsigargin,  ATP  and
ionomycin, stimulate autophagy via a signaling
pathway  involving  Ca2+ -activated  kinase
CAMKK-beta, which directly activates AMPK
to inhibit mTOR (Hoyer-Hansen et al., 2007).
Recently,  this  pathway  was  shown  to  be
required  for  amyloid-beta  peptide  induced
autophagosome  formation  (Son et  al.,  2012).
Ca2+/CAMKK-beta/AMPK  pathway,  although
mTOR-independent,  has  been  found  to  be
involved  in  the  leucine-rich  repeat  kinase-2
(LRRK2) induced autophagy (Gomez-Suaga et
al., 2012). Authors proposed the mechanism in
which LRRK2 activates NAADP receptors, in
particular TPC2, leading to Ca2+ mobilization
from acidic stores, that in turn stimulates Ca2+-
induced Ca2+ release from ER and subsequent
CAMKK-beta/AMPK  pathway  activation
(Gomez-Suaga  et  al.,  2012).  In  all  the  cases
discussed  above,  buffering  of  cytosolic  Ca2+

with  BAPTA-AM  effectively  inhibited
autophagosomes accumulation, confirming the
role  of  Ca2+.  Another  evidence  supporting
stimulatory effect of Ca2+ on autophagy is that
exogenously introduced calcium in the form of
calcium  phosphate  precipitates  induces
macroautophagy,  which  is  Beclin1,  Atg5 and
PI3K class  III  dependent  (Gao et  al.,  2008).
This effect could be antagonized by extra- or
intracellular calcium chelation.
In  line  with  activatory  role  of  calcium  in
autophagy,  Sakaki  et  al.  showed  that  Ca2+-
dependent  activation of protein kinase Ctheta
is  required  for  ER-stress  induced  autophagy
but  not  for  starvation  induced  autophagy
(Sakaki et al., 2008).
In  another  studies  calcium/calmodulin
dependent  death  associated  protein  kinase
(DAPK)  was  shown  to  positively  regulate
autophagy  in  a  Beclin1  dependent  manner.
Thus, DAPK phosphorylates Beclin1, thereby
promoting  its  dissociation  from  Bcl-XL and
Bcl-2  inhibitory  proteins  (Zalckvar  et  al.,
2009a;Zalckvar et al., 2009b).
On  the  contrary,  Khan  et  al  suggested  that
basal  autophagic  flux  may  be  negatively



regulated by IP3R-dependent Ca2+ release from
the ER (Khan and Joseph, 2010). The authors
proposed a mechanism in which cytosolic Ca2+

elevation  acts  to  maintain  an  elevated
mTORC1 activity through AMPK independent
pathway  (Khan  and  Joseph,  2010).
Furthermore,  amino  acids  were  shown  to
induce  an  increase  in  [Ca2+]i,  supposedly
through the influx of extracellular Ca2+, which
acts  to  enhance  the  binding  of  Ca2+/CaM to
hVps34, resulting in mTOR activation (Gulati
et al., 2008). This pathway could also lead to
autophagy inhibition.
Thus,  calcium  is  likely  to  have  different
regulatory effects on autophagy, depending on
spatial  and  temporal  parameters  of  Ca2+

signaling,  nutrient  and  growth  factor
availability,  as  well  as  pathology  (cancer,
neurodegenerative  disorders,  inflammation
etc.) (Decuypere et al., 2011a).

Calcium permeable channels in the control
of autophagy
Modulation  of  calcium  permeable  channels
expression/function  affects  intracellular  Ca2+

concentrations  and,  consequently  calcium
dependent  processes,  such  as  proliferation,
apoptosis and autophagy. The role of calcium-
permeable  channels  for  proliferation  and
apoptosis  is  largely recognized  (Monteith  et
al.,  2007;Flourakis  and  Prevarskaya,
2009;Prevarskaya  et  al.,  2010;Dubois  et  al.,
2013),  whereas  the  information  about
molecular  nature  of  channels  regulating
autophagy  and  the  mechanisms  of  this
regulation is still limited.
Hereafter, we will provide an overview of the
literature  on  this  subject  and  discuss  the
possible involvement of calcium permeable ion
channels in the regulation of autophagy.
Most  reports  considering  calcium  permeable
channels  as  autophagy regulators  focused  on
the  inositol  trisphosphate  receptor  (InsP3R),
the  main  intracellular  Ca2+ release  channel
(Parys  et  al.,  2012).  Together  these  reports
suggested a complex role for IP3R, since both
stimulatory as well as inhibitory functions for
IP3R towards autophagy have been described.
Thus,  in  one  paper  it  was  suggested  that
cadmium (Cd2+ )  induces  autophagy through
elevation  of  cytosolic  calcium via  IP3R  and
subsequent  extracellular  signal-regulated
kinase (ERK) activation (Wang et  al.,  2008).
As a proof for this, the authors showed that 2-

aminoethoxydiphenil  borate  (2-APB),  a
blocker of IP3R, suppressed, while knockdown
of  calcineurin,  a  putative  IP3R  inhibitor,
increased  Cd2+-induced  autophagy  (Wang  et
al.,  2008).  However,  2-APB  was  shown  to
modulate a number of TRP channels, SERCA
pump and store-operated channels (Peppiatt et
al., 2003;Clapham, 2007) and as to calcineurin,
its  role  in  the  IP3R  regulation  is  debated  at
present (Bultynck et al., 2003).
In  another  study,  IP3R  was  shown  to  be
required for differentiation factor DIF-induced
autophagic  cell  death  in  Dictyostelium
discoideum (Lam  et  al.,  2008).  Through
random  insertional  mutagenesis,  the  authors
showed that inactivation of the  iplA gene, the
only gene encoding an IP3R in this organism,
prevented  autophagic  cell  death  (Lam  et  al.,
2008).
The  stimulatory  role  of  IP3R  on  starvation-
induced  autophagy  has  been  recently  shown
(Decuypere et al., 2011b). The authors showed
that the Ca2+ chelator BAPTA-AM as well as
the  IP3R inhibitor  xestospongin  B  abolished
starvation induced increase in  LC3 lipidation
and  GFP-LC3-puncta  formation.  Moreover,
starvation  lead  to  IP3R sensitization  through
increased  Beclin1  binding  to  the  IP3R
(Decuypere et al., 2011b).
To  date,  most  reports  on  IP3R-dependent
regulation of autophagy suggest inhibitory role
for  IP3R  towards  autophagy  (Parys  et  al.,
2012).
Thus, lithium (Li+) was found to induce mTOR
independent  autophagy  through  inhibition  of
inositol monophosphatase and further decrease
in IP3 levels (Sarkar et al., 2005). Consistently,
another study demonstrated that IP3R inhibitor
xestospongin  (XeB)  or  IP3R  knockdown
induced autophagy in HeLa cells (Criollo et al.,
2007). One of the mechanisms, by which XeB
and starvation induce autophagy was proposed
by Vicencio et al. (Vicencio et al., 2009). The
authors  suggested  that  xestospongin  B  and
nutrient starvation disrupt a molecular complex
formed by the IP3R, Beclin 1 and Bcl-2, and
presented  evidence  that  the  IP3R  represses
autophagy through Bcl-2-mediated binding of
Beclin  1,  thus  suggesting  Ca2+ independent
mechanism (Vicencio et al., 2009).
As  three  IP3R  isoforms  exist,  some  groups
studied the impact of IP3R on autophagy in the
triple IP3R-deficient DT40 cells (Cardenas et



al., 2010;Khan and Joseph, 2010). These cells
demonstrate  higher  basal  autophagy  levels,
compared  to  wild-type.  Interestingly,
expression  of  IP3R3,  but  not  of  ryanodine
receptor type 2, rescued elevated autophagy in
these cells (Cardenas et al., 2010). In contrast,
expression  of  Ca2+ impermeable  mutant
D2550A-IP3R3 failed to suppress constitutive
autophagy, suggesting a necessity of the Ca2+-
release activity for IP3R. The authors proposed
the  mechanism  in  which  constitutive  IP3R
mediated Ca2+ release and uptake of this Ca2+

by mitochondria is  fundamentally required to
maintain mitochondrial bioenergetics and ATP
production in resting cells thereby suppressing
autophagy. Absence of this Ca2+ transfer results
in  inhibition  of  pyruvate  dehydrogenase  and
activation  of  AMPK,  which  activates
prosurvival  macroautophagy  in  mTOR
independent manner (Cardenas et al., 2010). 
Along  with  IP3R  some  other  calcium
permeable channels were shown to be involved
in  autophagy  regulation.  Among  them,
TRPML1,  also  known  as  mucolipin-1,
ubiquitously expressed TRP channel primarily
localized to the late endosomal and lysosomal
compartments (Zeevi et al., 2009;Cheng et al.,
2010).  Direct  patch-clamp  of  enlarged
lysosomes  revealed  that  TRPML1  is  a  Ca2+

permeable  channel  (Dong  et  al.,  2008).  The
main  physiological  function  of  TRPML1
channel  is  considered  to  serve  as  a  late
endosomal/lysosomal  Ca2+ release  channel.
Loss-of-function  mutations  in  the  human
TRPML1  gene  results  in  mucolipidosis  type
IV,  a  neurodegenerative  lysosomal  storage
disorder  characterized  by  mental  retardation
and retinal degeneration (Bach, 2001;Altarescu
et  al.,  2002).  Fibroblasts  from mucolipidosis
type IV patients exhibit enlarged vacuoles with
accumulated  lipids  and  acid
mucopolysacharides,  suggesting  the  role  for
TRPML1  in  trafficking  of  proteins  and
lipids(Riedel  et  al.,  1985;Goldin  et  al.,
1999;Slaugenhaupt  et  al.,  1999).  Loss  of
TRPML1 has been shown to be accompanied
by  impairment  in  the  lysosomal  pH,
accumulation  of  autophagosomes  and
abnormal  mitochondria,  accumulation  and
aggregation of p62 and ubiquitin proteins, all
of  which  suggested  a  defective  autophagy
(Jennings  et  al.,  2006;Soyombo  et  al.,
2006;Vergarajauregui  et  al.,  2008;Curcio-

Morelli  et  al.,  2010).  Indeed,  several  studies
have  proposed  TRPML1  as  autophagy
regulator  (Vergarajauregui  et  al.,
2008;Venugopal et al., 2009;Curcio-Morelli et
al., 2010;Wong et al., 2012a;Venkatachalam et
al.,  2013).  Vergarajauregui  et  al.  showed that
accumulation of autophagosomes in TRPML1-
deficient  fibroblasts  obtained  from
mucolipidosis  type  IV  patients  was  due  to
increased  Beclin-1  dependent  autophagosome
formation  and  delayed  fusion  of
autophagosomes  with  late
endosomes/lysosomes.  The  authors  claimed
that TRPML1 is necessary for efficient fusion
of  both  autophagosomes  and  late  endosomes
with lysosomes although it is not clear if the
Ca2+-channel  function  of  the  TRPML1  is
essential here (Vergarajauregui et al., 2008). In
another  study,  group  of  S.  Slaugenhaupt
showed  that  chaperone-mediated  autophagy
(CMA) is  impaired in  mucolipidosis type IV
fibroblasts  (Venugopal  et  al.,  2009).  The
authors showed that TRPML1 directly interacts
with Hsc70 and Hsp40, members of molecular
chaperone  complex  required  for  CMA,  and
hypothesized  that  this  interaction  may  be
required for intralysosomal Hsc70 to facilitate
the  translocation  of  CMA substrate  proteins
across  the  lysosomal  membrane.  The authors
also speculated that TRPML1 channel activity
is required for CMA (Venugopal et al., 2009).
In  2010  same  group  investigated
macroautophagy  in  neurons  isolated  from
cerebellum  of  TRPML1-/- mouse  embryos
(Curcio-Morelli  et  al.,  2010).  These  cells
displayed  higher  levels  of  basal  autophagy
markers  compared  to  wild-type  ones.  In
addition,  LC3-II  clearance  was  affected  in
these  cells,  suggesting  impairment  of
lysosomal function. However, the link between
observed  defects  in  autophagy  and
functionality of TRPML1 as a Ca2+ permeable
channel  is  missing.  Recently,  Wong  et  al
showed that Drosophila TRPML is required for
TORC1  activation  (Wong  et  al.,  2012a).
Authors  demonstrated  defects  in
amphisomes/lysosomes  fusion  and  elevated
late  endosomal/lysosomal  Ca2+ levels  in  flies
lacking  TRPML1.  Authors  also  showed
decreased  TORC1  activity  and  increased
induction of autophagy in TRPML1- mutants.
Moreover,  authors  suggested  that  TORC1
regulates  the  subcellular  localization  of
TRPML1.  Thus,  this  study  points  out  to



TRPML1  as  a  Ca2+ channel  present  in
amphisomes  which  releases  luminal  Ca2+ to
facilitate Ca2+-dependent fusion of amphisomes
with lysosomes (Wong et al., 2012a).
In  addition  to  TRPML1,  another  member  of
mucolipin family, TRPML3 has been shown to
be  involved  in  autophagy  regulation.  In
contrast to TRPML1, TRPML3 exhibits more
restrictive tissue distribution, and is primarily
localized  to  early  as  well  as  late
endosomes/lysosomes  and less  to  the  plasma
membrane  (Zeevi  et  al.,  2009;Cheng  et  al.,
2010).
It  has  been  shown  that  overexpression  of
TRPML3  leads  to  increased  autophagy  in
HeLa  cells  (Kim  et  al.,  2009).  Moreover,
TRPML3 is recruited to autophagosomes upon
induction  of  autophagy.  Additionally,
expression  of  dominant  negative  mutant
TRPML3  (D458K)  or  knockdown  of
endogenous  TRPML3  by  siRNA  reduces
autophagy.  Thus,  it  has  been  proposed  that
TRPML3  provides  Ca2+ that  is  required  for
fusion and fission events in autophagy (Kim et
al.,  2009).  Further,  heteromultimerization  of
TRPML  channels  was  shown  to  affect
autophagy (Zeevi et al., 2010).
Also  TRPV1  was  proposed  to  regulate
autophagy  in  thymocytes  (Farfariello  et  al.,
2012). The authors showed, that capsaicin, an
activator  of  TRPV1,  induce  Beclin-1
dependent  accumulation  of  LC3-II  protein.
This effect can be antagonized by capsazepine,
a  blocker  of  TRPV1  and  compound  C,  an
AMPK  inhibitor,  suggesting  AMPK
involvement.  The  authors  proposed  that
capsaicin  induced  autophagy  is  calcium
dependent,  as  cotreatment  with  EDTA
markedly  reduced  LC3-II  accumulation.
Moreover, it was shown that capsaicin induces
accumulation  of  ATG4C  and  triggers  its
oxidation  in  a  ROS-dependent  manner,  thus
regulating LC3 lipidation levels (Farfariello et
al.,  2012).  However,  capsaicin was shown to
have  TRPV1-independent  effects,  such  as
inhibitition of voltage-gated calcium channels
(Hagenacker et al.,  2005), cancer cell  growth
inhibition and apoptosis induction (Mori et al.,
2006;Chow  et  al.,  2007).  Additionally,  upon
prolonged  exposure  to  capsaicin,  TRPV1
desensitization  occurs  and  its  activity
decreases  (Caterina  et  al.,  1997).  Thus,
additional  experiments  using  more  specific

agonists  and  antagonists  as  well  as  siRNA
knockdown are needed to confirm the role of
TRPV1 in autophagy regulation.  It  would be
interesting  as  well  to  compare  the  effect  of
capsaicin on autophagy in TRPV1-expressing
and TRPV1-null cells.
Some ion channels, which do not belong to the
family of TRP channels, were also proposed to
regulate autophagy. Williams et al. found that
L-type  calcium channels  antagonists,  namely
verapamil,  loperamide,  nimodipine,
nitrendipine  and  amiodarone  induce  mTOR-
independent autophagy (Williams et al., 2008).
Conversely,  the  L-type  Ca2+ channel  agonist
(±)-BAY K 8644, that increases cytosolic Ca2+

levels,  inhibits  autophagy.  Authors
demonstrated  that  elevated  cytosolic  Ca2+,
presumably due to activity of L-type calcium
channels  on  the  plasma  membrane,  can
activate  calpains,  a  family of  Ca2+-dependent
cysteine proteases,  which cleave and activate
the a-subunit of heterotrimeric G proteins Gsα.
Gsα activation,  in  turn,  increases  adenylyl
cyclase  activity leading to  increase in  cAMP
levels.  Next,  elevated  intracellular  cAMP
levels  negatively  regulate  autophagy  by
promoting  IP3  production  via  cAMP-Epac-
Rap2B-PLC-ε pathway. Finally, IP3, via IP3R
influence  cytosolic  Ca2+ levels,  which  can
again  activate  calpains,  thus  creating  a
potential positive feedback loop for autophagy
inhibition (Williams et al.,  2008). Again, it is
important  to  mention,  that  although  several
different L-type calcium channel inhibitors as
well as agonist were used in the study, the data
showing  the  effect  of  siRNA  mediated
knockdown of L-type calcium channels and/or
channel-dead  mutants  on  autophagy  are
missing.  It  would  be  interesting  as  well  to
check  the  effect  of  these  inhibitors  on
“negative control” cells lacking L-type calcium
channels.  In  addition,  verapamil  is  known to
passively diffuse into the  lysosome,  where it
becomes  protonated  and  could  cause  an
increase  in  lysosomal  pH  (Lemieux  et  al.,
2004).  This  could  lead  to  the  inhibition  of
lysosome function and thus block fusion with
the autophagosome.
Two-pore  channels  (TPC)  has  been  also
proposed to regulate autophagy (Pereira et al.,
2011;Gomez-Suaga et  al.,  2012).  Mammalian
TPC family comprise two members TPC1 and
TPC2,  widely  expressed  in  humans  and
localized  intracellularly  on  endolysosomes,



with  TPC2  being  specifically  targeted  to
lysosomes. Several groups proposed TPC as a
mediator of endolysosomal calcium release in
response  to  the  elevation  of  the  second
messenger, nicotinic acid adenine dinucleotide
phosphate  (NAADP)  (Calcraft  et  al.,
2009;Galione et al., 2009). Recently Pereira et
al.  demonstrated  that  NAADP  stimulates
autophagy via TPCs in rat astrocytes (Pereira
et al., 2011). The authors showed that NAADP
mediated increase in the number of LC3-GFP
puncta was reduced in cells,  transfected with
dominant  negative  TPC2  L265P  construct,
suggesting  the  importance  of  TPC2  for
autophagy (Pereira et al., 2011). TPC2 channel
has  been  also  proposed  to  be  involved  in
leucine-rich repeat kinase-2 (LRRK2) induced
autophagy (Gomez-Suaga et al., 2012). 
The  mitochondrial  calcium uniporter  (MCU)
that  was  recently  identified  as  a  channel
responsible  for  mitochondrial  Ca2+ uptake
(Baughman et al., 2011;De Stefani et al., 2011)
has  been  demonstrated  to  have  the  role  in
autophagy regulation.  Indeed, Cardenas et al.
showed  that  the  uniporter  inhibitor  Ru360
inhibited  cell  O2 consumption  rate,  activated
AMPK, and induced autophagy (Cardenas et
al.,  2010).  In  line  with  these  data,
MCUR1(mitochondrial  calcium  uniporter
regulator 1) was shown to regulate autophagy
(Mallilankaraman  et  al.,  2012).  MCUR1
represents an integral membrane protein that is
required  for  MCU-dependent  mitochondrial
Ca2+ uptake. Knockdown of MCUR1 in HeLa
and  HEK293T  cells  reduced  cell  O2

consumption  rate,  activated  AMPK,  and
induced macroautophagy (Mallilankaraman et
al.,  2012).  Importantly,  stable  knockdown  of
MCU  in  HeLa  cells  elicited  essentially  the
same effects, confirming the regulatory role for
MCU towards autophagy (Mallilankaraman et
al., 2012). 
Mitochondrial  permeability  transition  pore
(MPTP)  has  been  also  suggested  to  be
implicated in autophagy regulation. Elmore et
al.  proposed  that  mitochondrial  permeability
transition  (MPT)  initiates  autophagy  in  rat
hepatocytes.  Although  the  mechanism  by
which  the  MPT  signals  autophagic
sequestration was not investigated in this work,
the authors hypothesized that factors released
from the  mitochondrial  intermembrane  space
as  a  consequence  of  MPT  could  stimulate
autophagy (Elmore et al., 2001). It is not clear

if  the  Ca2+-release  channel  function  of  the
MPTP is essential  here  as well.  A functional
MPTP  was  also  shown  to  be  required  for
starvation-induced  mitochondrial  autophagy
(Carreira  et  al.,  2010).  The  authors
demonstrated  that  starvation  induced
mitochondrial  depolarization  in  cardiac  cells.
This  depolarization  was  prevented  by
cyclosporin  A (MPT  inhibitor).  Further,  the
authors  showed  that  cyclophilin  D  a
component  of  the  MPTP,  is  required  for
mitochondrial  removal  by  starvation-induced
autophagy. Interestingly, cardiomyocytes from
cyclophilin  D  deficient  mice  failed  to
upregulate  autophagy in  response  to  nutrient
deprivation, suggesting that MPTP is essential
here (Carreira et al., 2010). Again the role of
calcium  and  the  importance  of  calcium
permeability  for  MPTP in  the  regulation  of
autophagy were not assessed in this study. 

Potential  new  candidates  for  autophagy
regulation in cancer treatment
Aside from ion channels, described above, all
the  other  calcium  permeable  channels  could
potentially  be  involved  in  autophagy
regulation, as they contribute to the changes in
cytosolic calcium levels. Here, we will provide
several hypotheses for autophagy regulation by
some of the calcium permeable channels that
have not been shown to be directly involved in
autophagy regulation. Further, we will propose
the possible  link between calcium permeable
channels,  autophagy  and  cancer  progression
and  therapeutic  response.  Considering  both
physiological  roles  as  well  as  cellular
localization  we  selected  several  calcium
permeable  channels,  which  in  our  opinion
could have an impact on autophagy.
TRPML2 channel, a member of the mucolipin
family, has been shown to localize to late and
recycling  endosomes  as  well  as  lysosomes
(Zeevi et al., 2009;Cheng et al., 2010). Recent
study claimed that TRPML2 does not appear to
play  a  role  in  starvation-induced  autophagy
(Zeevi  et  al.,  2010).  However,  TRPML2
knockdown  was  demonstrated  to  induce
lysosomal  inclusions  accumulation  in  HEK
cells (Zeevi et al., 2009). This fact along with
the  endolysosomal  distribution  of  TRPML2
indicates the potential role of TRPML2 in the
regulation  of  basal  as  well  as  other  types  of
autophagy.



TRPM2 is known as a chanzyme, combining
two  functions:  as  an  ion  channel  and  an
enzyme,  since  the  C-terminal  of  TRPM2
contains  enzymatically  active  adenosine
diphosphoribose  (ADPR)  hydrolase  domain
(Sumoza-Toledo  and  Penner,  2011).  TRPM2
has been shown to be activated and regulated
by variety of  stimuli  including ADPR,  H2O2,
NAADP,  pH  and  cytosolic  calcium.  It  is
involved in numerous physiological processes,
such  as  production  of  cytokines,  insulin
secretion, oxidative stress, apoptosis (Jiang et
al.,  2010).  TRPM2  functions  as  a  Ca2+

permeable  channel  on  the  cell  surface,  but
recently TRPM2  has  been  shown  to  be  also
localized intracellularly on the late endosomal
and lysosomal membranes where it  functions
as a lysosomal Ca2+ release channel (Lange et
al.,  2009).  Thus  it  can  possibly  affect
autophagy in the same manner as TRPML and
TPC channels. Interesting, that both Ca2+-entry
and Ca2+-release channel functions of TRPM2
were shown to be important in H2O2-induced
beta-cell  death  (Lange  et  al.,  2009).  Further,
H2O2 is a known activator of autophagy (Chen
et al.,  2008). Thus, potentially TRPM2 could
be involved in H2O2-induced autophagy.
Another  interesting  candidate  is  the  cold
receptor  TRPM8,  which  is  found  in  sensory
neurons,  where  it  constitutes  the  principal
detector  of  cold  (<~28oC)  (Bautista  et  al.,
2007). In addition to its role as plasmalemmal
Ca2+ channel,  TRPM8  could  function  as
intracellular  Ca2+-release  channel  on  the  ER
membrane (Zhang and Barritt,  2004;Thebault
et  al.,  2005).  Initially,  TRPM8  was  cloned
from the  human  prostate  as  prostate-specific
gene, which is upregulated in malignant tissues
(Tsavaler et al., 2001). The role of TRPM8 in
cancer was extensively studied in recent years,
and published data suggest, that TRPM8 could
be involved in proliferation, differentiation and
apoptosis  in  cancer  cells  (Zhang  and  Barritt,
2004;Thebault  et  al.,  2005).  Given  the
localization  of  TRPM8  on  ER,  it  would  be
interesting  to  study  the  possible  autophagy
regulation  by  TRPM8-mediated  Ca2+ release
from the ER. The potential mechanisms could
be the same as for IP3 receptor.
It  is  worth  to  note,  that  TRPV1  channel,
discussed  above,  has  also  been  found  to  be
expressed  intracellularly  at  the  endoplasmic
reticulum and trans-Golgi network (Turner et

al.,  2003),  so  apart  from  the  autophagy
modulating  mechanism  provided  above,
TRPV1  could  also  be  involved  in  another
autophagy related signaling pathways.
TRPP2,  the  product  of  the  gene  mutated  in
autosomal dominant polycystic kidney disease
(ADPKD),  is  another  possible  candidate  for
autophagy regulation.  It  is  widely expressed,
with  a  highest  level  in  the  kidney,  and
primarily localized in cilia, where it seems to
function as  a mechanosensor  involved in  the
nodal ciliary movement (Delmas et al., 2004).
TRPP2 might function as a plasma membrane
calcium-permeable  channel  (when  interacting
with TRPP1) or as a calcium release channel
located in the endoplasmic reticulum (Hanaoka
et al., 2000;Cahalan, 2002;Koulen et al., 2002).
Interesting, TRPP2 was shown to function as a
calcium-activated intracellular calcium release
channel  –  property  reminiscent  of  IP3
receptors  and ryanodine  receptors  (Koulen  et
al.,  2002).  Thus,  potentially  TRPP2  could
regulate autophagy in a way similar to IP3R.
Interesting, although ryanodine receptor (RyR)
constitutes  the  major  cellular  mediator  of
calcium-induced calcium release,  the  data  on
its role in autophagy is very scarce. As it was
mentioned above, overexpression of ryanodine
receptor type 2 in triple IP3R-deficient DT40
cells  was  without  effect  on  constitutive
autophagy  (Cardenas  et  al.,  2010).  Despite
this,  we  believe  that  more  experiments  are
required  to  unravel  the  role  of  RyR  in
autophagy regulation.
The  next  candidate,  TRPV2,  is  a  Ca2+

permeable  nonselective  cationic  channel,
which  has  been  found  to  be  activated  by
noxious heat (>50oC), growth factors (i.e. IGF)
and stretch (Caterina et al., 1999;Kanzaki et al.,
1999;Muraki  et al.,  2003).  It  was shown that
insulin induced translocation and insertion of
TRPV2 into the plasma membrane in a PI3K-
dependent  manner  (Aoyagi  et  al.,  2010).
Recent studies revealed the role for TRPV2 in
promoting  prostate  cancer  migration  and
progression to androgen resistance (Monet et
al.,  2010).  Interestingly,  Saito  et  al.
demonstrated the function of 2-APB activated
and  Rutenium  Red-inhibited  calcium-
permeable  ion  channel  in  early  endosomes
(Saito et al.,  2007). The authors reported that
this channel has similar pharmacology to that
of TRPV2. As early endosomes, and fusion of



autophagosomes  with  functional  early
endosomes have been shown to be essential for
autophagy (Razi et al., 2009), we hypothesize
that  TRPV2,  which  apparently  forms  early
endosomal  Ca2+ release  channel,  could  be
involved in autophagy where it  may regulate
fusion  between  autophagosomes  and  early
endosomes. Function on the plasma membrane
as  well  as  dependence  on  PI3K  suggest
possible complex role in autophagy regulation.
ORAI1 (the calcium release-activated calcium
channel  protein 1)  which constitutes  a  major
molecular  component  of  store-operated
calcium (SOC) channels (Hewavitharana et al.,
2007)  also  represents  an  attractive  candidate
for  autophagy  regulation.  Recently,
Abdelmohsen  et  al.  reported  that  microRNA
miR-519  stimulates  autophagy  through  the
downregulation  of  ORAI1  and  ATP2C1
proteins, increase in the cytosolic Ca2+ levels,
activation of Ca2+-activated calmodulin kinase
II  (CaMKII)  as  well  as  glycogen  synthase
kinase  3β (GSK3 β)  and  subsequent  p21
upregulation  (Abdelmohsen  et  al.,  2012).
However,  the  direct  link  between  autophagy
stimulation  and  functionality of  ORAI1  as  a
Ca2+ permeable  channel  is  missing.  Thus,
additional experiments using specific agonists
and antagonists as well as siRNA knockdown
of  ORAI1  are  needed  to  confirm its  role  in
autophagy regulation.
A  subset  of  other  channels,  found  to  be
localized  both  on  plasma  membrane  and
intracellular  vesicles  (i.e.  recycling
endosomes),  including  TRPC3,  TRPV6  and
TRPV5,  could  also  potentially  modulate
autophagy, although at present it’s not clear if
these  channels  are  functional  intracellularly
(Dong et al., 2010;Toro et al., 2011). A graphic
overview  of  the  calcium-related  mechanisms
of autophagy regulation is presented in Fig. 1.
Thus,  available  data  strongly  suggests  that
calcium  permeable  channels  represent  good
candidates  for  autophagy  regulation.  Given
that  both  autophagy  and  calcium-permeable
ion channels have a role in cancer, this can be
highly  valuable  in  order  to  achieve  specific
outcomes in anti-cancer therapy. Ion channels
could  provide  some  advantages,  when
targeting  autophagy  in  vivo for  cancer
treatment.  Indeed,  most  ion  channels  are
localized  on  cell  surface,  thus  they  can  be
subjected to antibody-based targeting, that can
be  particularly useful  in  the  case  of  channel

upregulation in cancer. Moreover, anti-channel
antibodies  could  be  used  as  carriers  for
radionuclides,  toxic  molecules  or
nanoparticles,  which  can  themselves  affect
autophagy and as such influence cell fate.
The growing number of studies pointing on the
fact that inflammation increases the incidence
of cancer (Mantovani et al., 2008). Autophagy
has  been  linked  to  both  cancer  and
inflammation,  and  is  often  defective  in  the
inflammatory conditions (White et al.,  2010).
Among them, Crohn’s disease and pancreatitis
have been associated with an increased risk of
colorectal and pancreatic cancers, respectively
(Freeman,  2008;Raimondi  et  al.,  2010).
Accordingly,  these  pathological  states  are
characterized by the accumulation of damaged
organelles  and  poly-ubiquitinilated  protein
aggregates, ROS production and DNA damage,
the  factors  that  create  a  cancer-promoting
environment (Gukovsky et al., 2012;Nguyen et
al.,  2013). Hence, this implies that functional
autophagy stimulation, to eliminate dangerous
garbage, may constitute an effective approach
to cancer prevention. Interestingly, a number of
calcium-permeable  ion  channels,  including
TRPV1,  TRPV4,  TRPA1  and  TRPM8,  were
shown  to  be  regulated  by  inflammatory
mediators (Nilius et al., 2007;Kochukov et al.,
2009;Zhang et al., 2012). Thus, these channels
can  represent  potential  targets  to  stimulate
autophagy in inflammatory conditions in order
to avert tumorigenesis initiation. Additionally,
lysosomal dysfunctions have been reported in
pancreatitis (Gukovsky et al.,  2012), therefore
it  could  be  interesting  to  consider  lysosomal
ion channels as well.
On  the  other  hand,  in  existing  tumors
autophagy may favor survival and progression.
Thus, the possible anticancer therapy should be
focused on autophagy inhibition. In this case,
considering  calcium-permeable  channels  as  a
potential tool to target autophagy could also be
useful.  More  specifically,  as  we  discussed
above,  a  number  of  calcium-permeable  ion
channels  exhibit  altered  expression  in  cancer
cells.  For instance,  TRPM8 is upregulated in
androgen-dependent  prostate  cancer  cells
(Zhang  and  Barritt,  2004;Thebault  et  al.,
2005).  This  could  possibly  influence
intracellular  calcium levels  and  consequently
autophagy. Hence, targeting TRPM8 as well as
another  channels  overexpressed  in  cancers
could  provide  an  additional  control  over



autophagy,  particularly  during  chemotherapy,
and as such contribute to cancer treatment.

Conclusions
Calcium permeable ion channels have emerged
as important  regulators of autophagy and the
effect of such regulation most likely depends
on  Ca2+ signals  in  a  spatially  restricted
subcellular  domains.  Apparently,  such
regulation  can  represent  a  fundamental
mechanism  of  fine  tuning  the  autophagy.
However,  the  data  concerning  this  subject  is
very limited, thus further studies are needed to
understand  the  variety  of  mechanisms,  by
which  calcium  channels  can  influence
autophagy.
Accumulated  data  proves  that  both  calcium-
permeable  ion  channels  and  autophagy  are
implicated in cancer initiation and progression
as  well  as  chemotherapy  resistance.
Paradoxically, autophagy has opposite roles in
cancer,  with  both  tumorigenesis  suppressor
action, in particular at the early stages of tumor
initiation and cancer promotion effect resulting
in tumor cell survival, chemotherapy resistance
and cancer progression. Thus, it is important to
unravel autophagy regulating pathways to most
effectively  target  autophagy  to  cure  cancer.
Identification  of  the  connections  between
calcium channels and autophagy could define a
new strategy in cancer treatment, and identify
useful tools and biomarkers for the elaboration
of effective anti-cancer therapies. Moreover, as
malfunction of autophagy has been linked to a
wide  range  of  human  pathologies  including
liver  disease,  neurodegeneration,  Crohn’s
disease  and  cancer,  uncovering  novel
mechanisms  of  autophagy  regulation  by
calcium permeable ion channels could have a
broad  impact  on  the  “Autophagy”  field  and
contribute to the developing of autophagy as a
potential clinical approach to cure diseases. 
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Figure 1 | Calcium and calcium-permeable channels in the control of autophagy.
Inhibitory and stimulatory actions of Ca2+  on autophagy as well as calcium-permeable channels that
could be potentially involved in autophagy regulation are depicted.
Ca2+ mobilizing agents, such as vitamin D3, thapsigargin and ionomycin, lead to increase in cytosolic
Ca2+ ([Ca2+]cyt)  concentration  and  subsequent  activation  of  CAMKK-beta,  followed  by  AMPK-
dependent mTOR inhibition and autophagy stimulation. ER-stress induced elevation of [Ca2+]cyt levels
activate  PKCQ  which  stimulates  autophagy.  Additionally,  increased  [Ca2+]cyt induce  activation  of
DAPK,  which  phosphorylates  Beclin1,  thereby promoting  its  dissociation from Bcl-XL and  Bcl-2
inhibitory proteins, and thus stimulate autophagy. Cadmium induces autophagy through elevation of
cytosolic Ca2+ via IP3R and subsequent ERK activation. In contrast, constitutive IP3R mediated Ca 2+

release  to  mitochondria  maintains  ATP  production  and  AMPK  inhibition,  thereby  suppressing
autophagy. The inhibition of IMPase by Li+ causes a decrease in IP3 levels and autophagy induction.
Further, IP3R-dependent Ca2+ release from the ER as well as amino acids-induced increase in [Ca2+]cyt

maintain  an  elevated  mTORC1  activity,  thus  inhibiting  autophagy.  In  addition,  IP3R  represses
autophagy through Bcl-2-mediated binding of Beclin1. Also, increased Ca2+ influx through L-type
calcium  channels  on  the  plasma  membrane  activates  calpains  and  consequently  Gsa/Adenylyl
cyclase/cAMP/Epac/Rap2B/PLC-ε pathway which negatively regulate autophagy by promoting IP3
production, IP3R activation and Ca2+ release. 
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As proposed earlier, the possibility of involvement of calcium permeable channels in autophagy 
regulation and in order to understand the calcium dependent mechanisms of autophagy regulation in
treating prostate cancer, several experiments were done and more experiments are in progress right 
now to further verify the following results so as to be published.

Figure 1: Intracellular calcium regulates autophagy in prostate cancer cells in basal and induced 
conditions depending on type of autophagy inducer and spatial parameters of calcium signaling. 
LNCaP cells were left untreated or treated with TG of 1µM and oxaliplatin of 40 µM for 6 hours in 
RPMI medium. When indicated calcium chelators (EGTA of  0.1, 0.5, 1mM and BAPTA-AM of 20 µM) 
were added.

Figure 2: SOC channels in basal and induced autophagy. STIM1 is essential for TG induced autophagy 
and suppression of Orai1 decreases TG induced  LC3 accumulation.
LNCaP cells were left untreated or treated with siLuc, siOrai1 or STIM1 for 48 hours.When indicated 
TG of 1µM was added for 6 hrs.



    

Figure 3: TRPV6, a selective calcium channel, is essential for basal autophagy in LNCaP cells.
LNCaP cells were left untreated or treated with siLuc, siTRPV6 for 48 hours or were transfected with 
YFP-TRPV6 plasmid. Chloroquine of 20µM was added for 2 hours.
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Figure 4: TRPV6 overexpression increases both basal and induced autophagy.
LNCaP cells were left transfected or untransfected with YFP-TRPV6 plasmid. Cells were treated witth 
serum free RPMI medium or with oxaliplatin 40µM for 6 hours. 
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Figure 5: TRPC1 increases basal autophagy. It increases autophagosomes formation.
LNCaP cells were left untreated or treated with siLuc or siTRPC1 for 48 hours or were transfected with
YFP-TRPC1 plasmid.
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Figure 6: SOC inhibitors have little or no effect on autophagy except for ML-9. It induces 
autophagosomes formation. 
LNCaP cells were left untreated or treated with ML-9 of 30 µM or BTP-2 of 1µM for 6 hours.
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Figure1: LNCaP cells were transfected with siLuc, siSTIM1, siOrai1 (A), siTRPC1 (B) and si TRPV6 (C) for
48 hours. Effeciency of transfection was tested by westernblots against the following antibodies 
(STIM1 at 84 kDa, Orai1 at 55 kDa, TRPV6 at 95 kDa, TRPC1 at 80 kDa).
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Figure2: RT-PCR was done to verify the efficiency of  Orai1 transfection (A)

   Q-PCR was  done to verify the efficiency ot TRPV6 transfection (B)
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Figure 3: TRPV6 is essential for basal autophagy. It increases LC3 accumulation and decreases p62 
levels.
LNCaP cells were transfected with siLuc or siTRPV6 (siV6) for 48 hours.



Discussion



As shown in unpublished results section, TRPC1, TRPV6, Orai1 and stim1 channels

have  a  potential  role  in  regulating  autophagy  that  needs  to  be  further  investigated

concerning the role of these channels in autophagy regulation and functionality as calcium

permeable channels. Aside from the calcium permeable channels that were mentioned in

introduction as in literature showing a role in autophagy regulation, we assume that other

channels could potentially be involved in autophagy regulation since they contribute to the

changes in cytosolic calcium levels. Therefore, we propose a link between calcium permeable

channels,  autophagy  and  cancer  progression  and  therapeutic  response.  Due  to  cellular

localization and physiological roles, we selected several calcium permeable channels, which

in our opinion could have an impact on autophagy. 

TRPML2 channel, a member of the mucolipin family, has been shown to localize to

late and recycling endosomes as well as lysosomes (Zeevi et al., 2009; Cheng et al., 2010).

Recent  study claimed that  TRPML2 does not  appear  to play a  role  in starvation-induced

autophagy (Zeevi et al., 2010). However, TRPML2 knockdown was demonstrated to induce

lysosomal inclusions accumulation in HEK cells (Zeevi et al., 2009). This fact along with the

endolysosomal  distribution  of  TRPML2  indicates  the  potential  role  of  TRPML2  in  the

regulation of basal as well as other types of autophagy.

TRPM2 is known as a chanzyme, combining two functions: of an ion channel and an

enzyme,  since  the  C-terminal  of  TRPM2  contains  enzymatically  active  adenosine

diphosphoribose (ADPR) hydrolase domain (Sumoza-Toledo and Penner, 2011). TRPM2 has

been  shown  to  be  activated  and  regulated  by  variety  of  stimuli  including  ADPR,  H2O2,

NAADP, pH, and cytosolic calcium. It is involved in numerous physiological processes, such as

production of  cytokines,  insulin  secretion,  oxidative stress,  apoptosis  (Jiang et  al.,  2010).

TRPM2 functions as a Ca2+ permeable channel on the cell surface, but recently TRPM2 has

been  shown  to  be  also  localized  intracellularly  on  the  late  endosomal  and  lysosomal

membranes where it  functions as a lysosomal Ca2+ release channel (Lange et al.,  2009).

Thus,  it  can possibly affect autophagy in the same manner as TRPML and TPC channels.

Interestingly that both Ca2+ entry and Ca2+ release channel functions of TRPM2 were shown

to be important in H2O2-induced beta-cell  death (Lange et al.,  2009). Further, H2O2 is a



known activator of autophagy (Chen et al., 2008). Thus, potentially TRPM2 could be involved

in H2O2-induced autophagy.

Another interesting candidate is the cold receptor TRPM8, which is found in sensory

neurons, where it constitutes the principal detector of cold (<~28°C) (Bautista et al., 2007). In

addition to its role as plasmalemmal Ca2+ channel, TRPM8 could function as intracellular

Ca2+ release channel on the ER membrane (Zhang and Barritt, 2004; Thebault et al., 2005).

Initially,  TRPM8 was cloned from the human prostate as  prostate-specific  gene,  which is

upregulated in malignant tissues (Tsavaler et al.,  2001). The role of TRPM8 in cancer was

extensively  studied  in  recent  years,  and  published  data  suggest  that  TRPM8  could  be

involved in  proliferation,  differentiation and apoptosis  in  cancer  cells  (Zhang and Barritt,

2004; Thebault et al., 2005). Given the localization of TRPM8 on ER, it would be interesting to

study the possible autophagy regulation by TRPM8-mediated Ca2+ release from the ER. The

potential mechanisms could be the same as for IP3 receptor.

It is worth to note that TRPV1 channel, discussed above, has also been found to be

expressed intracellularly at the ER and trans-Golgi network (Turner et al.,  2003), so apart

from the autophagy modulating mechanism provided above, TRPV1 could also be involved in

another autophagy related signaling pathways.

TRPP2, the product of the gene mutated in autosomal dominant polycystic kidney

disease, is another possible candidate for autophagy regulation. It is widely expressed, with a

highest level in the kidney, and primarily localized in cilia, where it seems to function as a

mechanosensor involved in the nodal ciliary movement (Delmas et al., 2004). TRPP2 might

function as a plasma membrane calcium-permeable channel (when interacting with TRPP1)

or as a  calcium release channel  located in the ER (Hanaoka et al.,  2000; Cahalan,  2002;

Koulen  et  al.,  2002).  Interesting,  TRPP2  was  shown  to  function  as  a  calcium-activated

intracellular calcium release channel—property reminiscent of IP3 receptors and ryanodine

receptors (Koulen et al., 2002). Thus, potentially TRPP2 could regulate autophagy in a way

similar to IP3R.

Interesting, although RyR constitutes the major cellular mediator of calcium-induced

calcium release, the data on its role in autophagy is very scarce. As it was mentioned above,

overexpression of ryanodine receptor type 2 in triple IP3R-deficient DT40 cells was without



effect on constitutive autophagy (Cardenas et al., 2010). Despite this, we believe that more

experiments are required to unravel the role of RyR in autophagy regulation.

The  next  candidate,  TRPV2,  is  a  Ca2+  permeable  non-selective  cationic  channel,

which has been found to be activated by noxious heat (>50°C), growth factors (i.e., IGF) and

stretch (Caterina et al., 1999; Kanzaki et al., 1999; Muraki et al., 2003). It was shown that

insulin induced translocation and insertion of TRPV2 into the plasma membrane in a PI3K-

dependent  manner  (Aoyagi  et  al.,  2010).  Recent  studies  revealed  the  role  for  TRPV2  in

promoting prostate cancer migration and progression to androgen resistance (Monet et al.,

2010). Interestingly, Saito et al. demonstrated the function of 2-APB-activated and Rutenium

Red-inhibited calcium-permeable ion channel in early endosomes (Saito et al.,  2007). The

authors  reported that  this  channel  has  similar  pharmacology  to  that  of  TRPV2.  As  early

endosomes,  and  fusion  of  autophagosomes  with  functional  early  endosomes  have  been

shown to be essential for autophagy (Razi et al., 2009), we hypothesize that TRPV2, which

apparently forms early endosomal  Ca2+ release channel,  could be involved in autophagy

where it may regulate fusion between autophagosomes and early endosomes. Function on

the  plasma membrane as  well  as  dependence on  PI3K  suggest  possible  complex role  in

autophagy regulation.

Also,  ORAI1  which  constitutes  a  major  molecular  component  of  SOC  channels

(Hewavitharana  et  al.,  2007)  also  represents  an  attractive  candidate  for  autophagy

regulation.  Recently,  Abdelmohsen  et  al.  reported  that  microRNA  miR-519  stimulates

autophagy  through  the  downregulation  of  ORAI1  and  ATP2C1  proteins,  increase  in  the

cytosolic Ca2+ levels, activation of Ca2+ activated calmodulin kinase II as well as glycogen

synthase kinase 3β and subsequent p21 upregulation (Abdelmohsen et al., 2012). However,

the  direct  link  between  autophagy  stimulation  and  functionality  of  ORAI1  as  a  Ca2+

permeable  channel  is  missing.  Thus,  additional  experiments  using  specific  agonists  and

antagonists  as  well  as  siRNA  knockdown  of  ORAI1  are  needed  to  confirm  its  role  in

autophagy regulation. 

Our findings identified intracellular calcium as an important regulator of autophagy.

All  of  the  above  assures  the  importance  of  autophagy  regulation  for  cancer  treatment.

However, autophagy seems to contribute to the therapeutic resistance of some cancers and



it is elevated upon introduction of chemotherapy. Thus, modulation of autophagy has a great

potential in cancer diagnosis and treatment. Now, we will be discussing the work done on

ML-9,  new autophagy modulator,  as an attractive tool  for  targeting autophagy in  cancer

therapy.

In this work, we provide evidence that ML-9, a widely used inhibitor of Akt kinase,

MLCK and STIM1 represents the “two-in-one” compound which stimulates autophagosome

formation (by downregulating Akt/mtor pathway) and inhibits their degradation (by acting

like  a  lysosomotropic  agent  and  increasing  lysosomal  pH).  We  also  demonstrate  that

cytosolic calcium is essential for ML-9-induced autophagosome formation, however neither

STIM1 nor SOCE are necessary. Further, we show that ML-9 as a monotherapy effectively

induces prostate cancer cell death associated with the accumulation of autophagic vacuoles.

In  addition,  ML-9  enhances  the  anticancer  activity  of  docetaxel,  suggesting  its  potential

application as an adjuvant to existing anticancer chemotherapy. We also demonstrate that

ML-9 significantly reduces ER calcium content and induces ER-stress, as revealed by PERK

activation, which could contribute to its cytotoxicity. 

Recently Zhang L. et al. performed high-throughput image-based screening for small

molecule regulators of autophagy and among others identified ML-9 as a compound that

increases GFP-LC3 vesicles in human glioblastoma H4 cells (Zhang et al., 2007). In another

study ML-7,  a structurally related analog of  ML-9, was shown to induce accumulation of

vesicle-like structures in Schwann cells (Leitman et al, 2011).

The evidence presented in our study clearly demonstrates that the reported increase

in  GFP-LC3  vesicles  by  ML-9  is  in  fact  the  consequence  of  both  the  stimulation  of

autophagosome formation and inhibition of their degradation. To reach this conclusion, we

used a number of approaches including LC3 protein detection, electron microscopy for direct

visualization of autophagic process, fluorescence and confocal microscopy for GFP-LC3+ and

mCherry-GFP-LC3+  puncta  analysis  as  well  as  endogenous  autophagy  substrate  (p62)

degradation analysis.

We demonstrated that ML-9 stimulates autophagy through inhibition of mtor kinase.

Several mechanisms may contribute to the inhibition of mtor by ML-9. First, as mtor acts

downstream of Akt and Akt is known to positively regulate mtor, inhibition of Akt by ML-9



could consequently induce mtor inhibition and activation of autophagy. Second mechanism

is based on the fact that during autophagy the nutrients generated by degradation of cargo

in the autolysosomes stimulate mtor, representing a feedback regulatory loop. Accordingly,

ML-9-  induced  lysosomal  dysfunction  leads  to  a  decrease  in  autophagic  flux  thereby

decreasing nutrients availability and promoting mtor inhibition. Third, one cannot exclude

the possibility of the direct interaction of ML-9 with mtor. 

Intriguingly, we discovered the dual role of ML-9 in autophagy regulation. Namely,

ML-9 being an autophagy activator inhibits autophagy in the late stages. This effect of ML-9

could be attributed to its weak base properties (the predicted pKa value is 8.04 as calculated

using Marvin software by ChemAxon). We propose that ML-9 as a lipophilic weak base enters

the cell by simple diffusion. At neutral pH ML-9 is in its non-protonated form. When ML-9

enters acidic vacuoles (such as lysosomes, late endosomes, amphisomes and autolysosomes)

it becomes positively charged through protonation and trapped in these vacuoles. Then the

increased  osmotic  pressure  in  these  vacuoles  stimulates  water  influx  and  vacuoles

enlargement. All these events result in the increased intravacuolar pH, subsequent inhibition

of lysosomal enzymes and block in degradation of the autolysosomal content. Based on the

immuno-TEM  analysis  we  concluded  that  the  majority  of  the  vacuoles  represent

autolysosomes  favoring  the  hypothesis  that  ML-9  does  not  prevent  fusion  between

autophagosomes and lysosomes.

Surprisingly,  the early stage autophagy inhibitors 3-MA and wortmannin, although

being  effective  at  low  sub-toxic  ML-9  concentrations  (1  μM  -  20  μM),  did  not  prevent

accumulation of autophagic vacuoles induced by higher doses of ML-9 (>30 μM). This result

could indicate that ML-9 could at once induce both canonical and non-canonical autophagy.

Although a clear differentiation between these two processes could constitute a challenge,

potentially  this  situation  can  exist,  as  with  increasing  the  concentration  of  ML-9  it  may

nonspecifically  affect  more  and  more  targets  which  could  stimulate  diverse  autophahic

pathways. A number of studies reported the modulation of cellular Ca2+ homeostasis by ML-

9 (Smyth et al., 2008, Tran et al., 2001, Watanabe et al., 1996). ML-9 has been shown to

inhibit redistribution of STIM1, and thus it is widely used as a SOCE inhibitor (Smyth et al.,

2008).  However,  our  data demonstrate  that  STIM1 and SOCE do not  contribute  to ML-9



induced  autophagy.  In  contrast,  ML-  9  induces  PERK  activation  (suggesting  ER-stress

induction) presumably through the decrease in ER calcium content. ER-stress has been linked

to both autophagy activation and cell death (Ogata et al., 2006, Hoyer-Hansen et al., 2007).

Interestingly, ER-stress has been shown to negatively regulate Akt/mtor pathway and as such

stimulate autophagy (Qin et al., 2010). Of note, it was proposed that ML-9 promotes calcium

release through the IP3 receptor (Norwood et al., 2000). The accumulated data suggested a

complex role for IP3R in autophagy regulation, since both stimulatory as well as inhibitory

functions for IP3R towards autophagy have been described (Decuypere et al., 2011, Wang et

al., 2008). Thus, IP3R-pathway as well as PERK-pathway could potentially contribute to both

ML-9 induced autophagy and cell death (Avivar-Valderas et al., 2011, Verfaillie et al., 2010).

In  addition,  we demonstrated that  cytosolic  calcium is  essential  factor  for  ML-9-induced

autophagy,  as  its  removal  by  chelation  blocks  autophagy  at  an  early  stage  prior  to

autophagosome formation. 

Recently, it was proposed that dual inhibition of Akt kinase and autophagy represents

a prospective strategy in anticancer therapy (Degtyarev et al., 2008, Lamoureux et al., 2013).

Indeed, one of the most important functions of Akt kinase is cell survival. This kinase is often

upregulated  in  cancer  and  promotes  cell  proliferation,  cell  growth  and  resistance  to

apoptosis.  Thus,  inhibiting  Akt  kinase  appears  to  be  an  effective  approach  in  cancer

treatment. Similarly, autophagy is thought to be predominantly a cell survival mechanism.

Elevated  autophagy  is  often  detected  in  cancer  cells  in  response  to  radiation  and

chemotherapy  (White  et  al.,  2012,  Ito  et  al.,  2005,  Kondo  et  al.,  2005).  Furthermore,

autophagy  seems  to  contribute  to  the  therapeutic  resistance  of  some  cancers.  Thus,

autophagy  inhibition  also  seems  to  represent  a  promising  therapeutic  strategy  in  the

treatment of cancer. The combination of these two approaches shows additive efficacy in

anticancer therapy. 

Our results suggest that ML-9 represents a dual inhibitor of both Akt pathway and

autophagy  and  thus  is  potentially  interesting  for  cancer  treatment.  Indeed,  ML-9  as  a

monotherapy  effectively  induces  prostate  cancer  cell  death  as  well  as  enhances  the

anticancer activity of docetaxel, indicating its potential application as an adjuvant to existing

anticancer  chemotherapy.  These  data  are  in  line  with  the  previously  published  studies

showing that ML-9 and its structurally related analog ML-7 promote apoptotic cell death in a



variety of cell lines and these effects have been linked to MLCK inhibition (Connell et al.,

2006,  kaneko et  al.,  2002).  Moreover,  ML-7  was  proposed as  a  promising  candidate  for

treating cancer (Gu et al., 2006). Interestingly, we found that cell-killing effect of ML-9 was

strikingly  potentiated in  a  serum-free medium.  This  result  can be explained by the dual

inhibition of androgen receptor (AR) and Akt/mtor signaling pathways in these conditions.

Indeed,  serum-free  medium  mimics  steroid-deprived  conditions  and  thus  inhibits  AR

signaling pathway. It should be noted, that interaction between AR and Akt/mtor pathways

has been reported to be involved in tumorigenesis (Bitting et al.,  2013, Schayowitz et al.,

2010). Moreover the use of Akt/mtor inhibitors in combination with AR antagonists has been

demonstrated improve anticancer efficacy (Festuccia et al., 2005, Schayowitz et al., 2008).

Thus,  combining inhibitors of Akt,  AR and autophagy could potentially constitute a novel

strategy in prostate cancer therapy.

In conclusion, we have proposed some new calcium permeable channels as potential

regulators  of  autophagy.  We  have  showed  that  cytosolic  calcium  is  essential  for  ML-9-

induced autophagosome formation, however independently from STIM1 and SOCE. Finally,

revealed ML-9 as a novel autophagy modulator in cancer treatment.



Perspectives



Available  data  strongly  suggests  that  calcium permeable  channels  represent  good

candidates for autophagy regulation. Given that both autophagy and calcium-permeable ion

channels  have  a  role  in  cancer  this  can  be  highly  valuable  in  order  to  achieve  specific

outcomes  in  anti-cancer  therapy.  Ion  channels  could  provide  some  advantages,  when

targeting autophagy in vivo for cancer treatment. Indeed, most ion channels are localized on

cell surface, thus they can be subjected to antibody-based targeting that can be particularly

useful in the case of channel upregulation in cancer. Moreover, anti-channel antibodies could

be used as carriers for radionuclides, toxic molecules or nanoparticles, which can themselves,

affect autophagy and as such influence cell fate.

The growing number of studies pointing on the fact that inflammation increases the

incidence of cancer (Mantovani et al., 2008). Autophagy has been linked to both cancer and

inflammation, and is  often defective in the inflammatory conditions (White et  al.,  2010).

Among them, Crohn's disease and pancreatitis have been associated with an increased risk

of colorectal and pancreatic cancers, respectively (Freeman, 2008; Raimondi et al., 2010).

Accordingly,  these pathological  states are characterized by the accumulation of  damaged

organelles and poly-ubiquitinilated protein aggregates, ROS production and DNA damage,

the factors that create a cancer-promoting environment (Gukovsky et al., 2012; Nguyen et

al., 2013). Hence, this implies that functional autophagy stimulation, to eliminate dangerous

garbage, may constitute an effective approach to cancer prevention. Interestingly, a number

of  calcium-permeable  ion  channels,  including  TRPV1,  TRPV4,  TRPA1,  and  TRPM8,  were

shown to be regulated by inflammatory mediators (Nilius et al., 2007; Kochukov et al., 2009;

Zhang  et  al.,  2012).  Thus,  these  channels  can  represent  potential  targets  to  stimulate

autophagy in inflammatory conditions in order to avert tumorigenesis initiation. Additionally,

lysosomal dysfunctions have been reported in pancreatitis (Gukovsky et al., 2012), therefore

it could be interesting to consider lysosomal ion channels as well.

On the other hand, in existing tumors autophagy may favor survival and progression.

Thus,  the possible anticancer therapy should be focused on autophagy inhibition.  In this

case, considering calcium-permeable channels as a potential tool to target autophagy could

also be useful. More specifically, as we discussed above, a number of calcium-permeable ion

channels exhibit altered expression in cancer cells. For instance, TRPM8 is upregulated in



androgen-dependent prostate cancer cells (Zhang and Barritt, 2004; Thebault et al., 2005).

This could possibly influence intracellular calcium levels and consequently autophagy. Hence,

targeting TRPM8 as well  as another channels  overexpressed in cancers could provide an

additional control over autophagy, particularly during chemotherapy, and as such contribute

to cancer treatment.

Concerning cancer targeted therapy, high-throughput screening of chemical libraries

to  identify  small-molecule  inhibitors  of  autophagy  is  ongoing.  Biomarkers  to  measure

autophagy  modulation  during  treatment  should  be  an  important  component  of  drug

development efforts. Although important efforts have been made, several key issues remain

unresolved,  including  how  autophagy  is  exactly  regulated  in  tumor  cells,  the  interplay

between autophagy and apoptosis, and the specific mechanism by which autophagy confers

treatment resistance and the role of calcium permeable channels in autophagy regulation

are questions to be answered.

Perspectives:

Kondratski et Yassine, 2013



Conclusion



Calcium-permeable ion channels have emerged as important regulators of autophagy

and  the  effect  of  such  regulation  most  likely  depends  on  calcium  signals  in  a  spatially

restricted  subcellular  domains.  Apparently,  such  regulation  can  represent  a  fundamental

mechanism of fine tuning the autophagy. However, the data concerning this subject is very

limited, thus further studies are needed to understand the variety of mechanisms, by which

calcium channels can influence autophagy and in this work we have proposed some calcium

permeable channels as potential candidates for autophagy regulation. In addition, we have

identified a novel autophagy modulator for cancer treatment.

Accumulated data proves that both calcium-permeable ion channels and autophagy

are  implicated  in  cancer  initiation  and  progression  as  well  as  chemotherapy  resistance.

Paradoxically, autophagy has opposite roles in cancer, with both tumorigenesis suppressor

action,  in  particular  at  the  early  stages  of  tumor  initiation  and cancer  promotion  effect

resulting in tumor cell survival, chemotherapy resistance and cancer progression. Thus, it is

important to unravel autophagy regulating pathways to most effectively target autophagy to

cure  cancer.  Identification  of  the  connections  between  calcium channels  and  autophagy

could define a new strategy in cancer treatment, and identify useful tools and biomarkers for

the elaboration of effective anti-cancer therapies. Moreover, as malfunction of autophagy

has  been  linked  to  a  wide  range  of  human  pathologies  including  liver  disease,

neurodegeneration, Crohn's disease and cancer, uncovering novel mechanisms of autophagy

regulation by calcium permeable ion channels could have a broad impact on the Autophagy

field and contribute to the developing of autophagy as a potential clinical approach to cure

diseases.

Abundant preclinical evidence indicates that stress induced autophagy in tumor cells

is predominantly cytoprotective and that inhibition of autophagy can enhance cell death by

diverse anticancer therapies. These data establish autophagy as a novel therapeutic target

whose modulation presents new opportunities for cancer treatment and overall, our results

suggest that ML-9 represents an attractive tool for targeting autophagy in cancer through

dual  inhibition of  AKT and autophagy pathways.  Further,  the chemical  structure  of  ML-9

could serve as  a  “template” for  the synthesis  of  structurally  improved related and more

selective compounds, which could potentially be used for cancer treatment.



 Finally,  autophagy  maintains  nutrient  and  energy  homeostasis  and  defends

mammalian cells against microbial attack and many diseases. The activation of autophagy,

however,  is  not  without  potential  risks.  Autophagy  may help keep alive  those  cells  that

should die, such as chemotherapy-treated tumor cells, or, if present in excess kill cells that

should live. At the end, it could be just a matter of balance in Calcium-the life and death

signal.



Annexes



Solutions pour extraction de protéines

Tampon RIPA : 

• Trion X100 : 1 %

• Sodium Déoxycholate : 1 %

• Tampon Phosphate (PO4 Na2/K) : 10 Mm

• pH : 7,2 

            

Solutions pour immunofluorescence

Tampon citrate :

• Acide citrique 0,1 M

• Citrate de soude 0,1 M

• pH 6 

Solution de PBS :

• NaC1 : 8 g /L

• KC1 : 0,2 g/L

• Na2HPO4 : 1,44 g/L

• KH2PO4 : 0,24 g/L

• pH : 7,4 

Para-Formaldéhyde (PFA) :

• Tampon phosphate (PO4 Na2/K) 200 Mm

• PFA : 10 %



Solution de saturation pour immunofluorescence :

• PBS

• Sérum d’ane : 5 %

• BSA : 0,2 %

• Triton X100 : 0,2 %

• pH 7,4 

Solution pour électrophorèse

Tampon TBE :

• Tris HCl : 108 g/L 

• Acide Borique : 55 g/L

• EDTA : 9,3 g/L

• pH : 8,3 

Tampon TAE :

• Tris HCl : 108 g/L

• Acide Acétique : 55 g/L 

• EDTA : 9,3 g/L

• pH  

Solution (run-SDS) pour électrophorese SDS-PAGE :

• Tris : 25 Mm

• Glycine : 192 Mm

• SDS : 0,1 %

• pH : 8,3 – 8,5 



Solution de transfert : 

• Tris : 48 Mm

• Glycine : 39 Mm

• SDS : 0,037 %

• Méthanol : 10 %

Tampon de charge et marqueurs de poids moléculaire 

Tampon de charge pour protéin (Tampon de laemelli) :

• Tris pH 6,8 / 62,5 mM

• SDS : 2 % 

• Saccharose : 10 %

• Bleu de Bromophénol : 0,001 %

• DTT : 100 mM

Tampon de charge pour ADN : 

• 50 cl de bleu concentré (0,25% de bleu de Bromophenol + 0,25 de xyléne cyanate

dans H2O).

• 950 cl d’un mix Tris-HCl  10mM finale (pH 8) + 40 % glycérol.

Marqueur de poids moléculaire pour ADN /ARN :

• Tampon << bleu >> de charge : 15 %

• Marqueur << 1 Kb >> : 10 %

Autres solutions 

Tampon TE (TRIS-EDTA) :

• Tris HCl : 1,21 g/L



• EDTA : 0,37 g/L 

• pH : 7,9 

HBSS:

• Nacl : 140 mM

• KCl / 5 mM

• CaCl2 : 2 mM

• MgCl2 : 2 

• Na2PO4 : 0,3 mM

• KH2PO4 : 0,4 Mm

• NaHCO3 : 4mM

• Glucose : 5 mM

• HEPES : 10 mM (pH 7,3, osmolalité 330mosmol/l) 
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